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The Triassic Dehnow pluton of NE Iran is a garnet-bearing I-type calc-alkaline metaluminous diorite-tonalite-granodiorite
intrusion. The parental magma formed as the result of partial melting of intermediate to felsic rocks in the lower crust.
Petrological and geochemical evidence, which indicates a magmatic origin for the garnet, includes: large size (~10-20 mm)
of crystals, absence of reaction rims, a distinct composition from garnet in adjacent metapelitic rocks, and similarity in the
composition of mineral inclusions (biotite, hornblende) in the garnet and in the matrix. Absence of garnet-bearing enclaves
in the pluton and lack of sillimanite (fibrolite) and cordierite inclusions in magmatic garnet suggests that the garnet was not
produced by assimilation of meta-sedimentary country rocks. Also, the 5'®0 values of garnet in the pluton (8.3-8.7%o) are
significantly lower than 3'%0 values of garnet in the metapelitic rocks (12.5—13.1%0). Amphibole-plagioclase and garnet-
biotite thermometers indicate crystallization temperatures of 708°C and 790°C, respectively. A temperature of 692°C
obtained by quartz-garnet oxygen isotope thermometry points to a closure temperature for oxygen diffusion in garnet.
The composition of epidote (X.,) and garnet (X,q,) indicates ~800°C for the crystallization temperature of these minerals.

Elevated andradite content in the rims of garnet suggests that oxygen fugacity increased during crystallization.

Keywords: garnet; oxygen isotopes; diorite-tonalite-granodiorite; Iran

Introduction

Garnet is a common mineral in metamorphic rocks, but it
is rare in igneous rocks, and its origin in igneous rocks is
controversial. Garnet in granitoids is generally reported
from S-type granitoids (e.g. Jung et al. 2001; Dahlquist
et al. 2007; Villaros et al. 2009; Taylor and Stevens 2010),
but some examples have been found in A-type (e.g. Zhang
et al. 2009; Zhang et al. 2012) and I-type granitoids (e.g.
Green 1992; Yuan et al. 2008). Most occurrences of mag-
matic garnet are in felsic pegmatites (SiO, >70 wt.%)
associated with peraluminous to metaluminous granitoids
(e.g. Allan and Clarke 1981; Miller and Stoddard 1981; du
Bray 1988; Hogan 1996; Dahlquist et al. 2007). Garnet
may occur in granite for several reasons, for example as a
restite mineral or xenocryst, as a partial melting product,
and as primary magmatic or secondary metasomatic
phases (Clarke and Rottura 1994). Kawabata and
Takafuji (2005) classified garnet from calc-alkaline rocks
of the Setouchi volcanic belt in Japan into I-type garnet
(i.e. phenocrysts precipitated from peraluminous magmas
at pressures greater than 5-7 kbar) and M-type garnet
(metamorphic xenocrysts derived from crustal xenoliths).
Therefore, garnet-bearing granitoids can provide useful
information concerning melt formation and transportation
(e.g. Harangi ef al. 2001).

In order to understand the magmatic versus xenocrys-
tic origin of garnet in igneous rocks (magmatic or xeno-
crystic), major and trace elements as well as isotopic
compositions of garnet and host rock, the nature of
mineral inclusions in the garnet, and the pressure-tempera-
ture conditions of garnet formation all need to be consid-
ered (e.g. Spear 1993; Harangi et al. 2001; Kawabata and
Takafuji 2005; Dahlquist et al. 2007; Yuan et al. 2008).
For example, garnet composition, its inclusions, and
enclosed metamorphic rock fragments provide evidence
for xenocrystic garnet in magma (e.g. Harangi et al
2001). Although oscillatory chemical zoning is known to
be a characteristic of xenocrystic garnets (e.g. Green and
Ringwood 1968; Manning 1983; Harrison 1988), oscilla-
tory chemical zoning is also common in garnets of mag-
matic origin (e.g. Kano 1983; Day et al 1992). The
oxygen isotopic composition of garnet is of potential
importance (Lackey et al. 2006, 2008) in determining the
origin of garnet in granitic rocks, because the closure
temperature for oxygen diffusion in garnet is high
(>800°C) (e.g. Farquhar et al. 1996; Lackey et al. 20006,
2008; Harris and Vogeli 2010), hence the 5'0 value for
garnet does not change once crystallized. Garnet is also
highly resistant to post-crystallization interaction to fluids.
A number of recent studies have been made on the
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O-isotope composition of magmatic garnet in granitoids
(e.g. Mason et al. 1996; Harangi et al. 2001; King and
Valley 2001; Lackey et al. 2006, 2008, 2012; Harris and
Vogeli 2010). The §'%0 value for magmatic garnet in
almandine-bearing dacite and andesite from the northern
Pannonian Basin (with mantle origin) is +6.1 to +7.3%0
(Harangi et al. 2001). The 3'®0 values for garnet in the
S-type Peninsula granite (South Africa) vary from +10.0 to
+11.4%o, suggesting formation by incongruent melting of
metapelitic rocks (Harris and Vogeli 2010). Metamorphic
garnet in metapelites generally has high 5'%0 values, ran-
ging from +11.4 to +13.4%0 (Kohn et al. 1997).

The Dehnow diorite-tonalite-granodiorite pluton (DTG)
is located in NW Mashhad, NE Iran (Figure 1A). Granitoid
outcrops are covered by Quaternary gravel fan deposits
(Figure 1B), such that outcrops are few but widely distrib-
uted. Megacrysts of garnet (~10-20 mm) are a common
minor constituent in the DTG pluton. Moazez-Lesco and
Plimer (1979) and Plimer and Moazez-Lesco (1981) sug-
gested that all large megacrysts are xenocrysts representing
residual phases formed by assimilation of garnet-rich

metamorphic rocks, but did not consider alternative hypoth-
eses. In this paper, we consider the petrology, major ele-
ments, and oxygen isotope composition of garnet
megacrysts, the major element composition of their inclu-
sions, and coexisting minerals from the Dehnow DTG suite
in NE Iran. We also provide a comparison with garnet from
granitoids elsewhere around the world in order to further
understand the origin of garnets in an I-type granitoid melt
and their petrogenetic implications. Abbreviations of miner-
als were adopted from Kretz (1983) and Whitney and
Evans (2010).

Geological background

The DTG pluton outcrop is approximately 1 km by 2 km
in size (Figure 1B) and intruded along the Palaeo-Tethys
suture zone. It is a part of the Mashhad-Pamir Arc (so-
called Silk Road Arc), which lies in the middle of the
Alpine-Himalayan orogenic system. The Silk Road Arc
extends 8300 km along the entire southern margin of
Eurasia from North China to Europe, and was formed as
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Figure 1. (A) Simplified geological map and main structural zones of Iran. The study region is in NE Iran, NW of Mashhad city
(modified geological map of Nabavi 1976); (B) geological map of Dehnow in NW Mashhad (modified after Alavi 1991).
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the result of north-dipping subduction of the Palaeo-
Tethys (Natalin and Sengdr 2005). This suture zone
includes meta-ophiolites and meta-flysch sequences, repre-
senting the Palaco-Tethys Ocean closure in the Jurassic
(Alavi 1991). It is thought that the Silurian opening of the
Palaeo-Tethys in northern Iran followed northward sub-
duction beneath the Turan plate (the southern part of
Eurasia) in the Late Devonian and the collision between
the Iranian microcontinent and the Turan plate in Late
Triassic time (Alavi 1991; Natalin and Sengdr 2005).
Mineralogical and geochemical works by Samadi (2009)
and Samadi er al. (2012a, b, 2014), together with the
isotopic data of Mirnejad et al. (2013) confirm that the
Dehnow DTG suite is metaluminous to mildly peralumi-
nous with a calc-alkaline I-type character, and formed after
the subduction of the Palaco-Tethys oceanic slab beneath

the Turan block along the Alpine-Himalayan suture zone.
Karimpour et al. (2010) suggested that remnants of the
Palaco-Tethys crust (meta-ophiolite and meta-flysch) were
intruded by granitic plutons in the Triassic, based on
zircon U-Pb dating (215 £ 4 Ma for the DTG pluton).
Meta-ophiolites and granites in the Mashhad area are
surrounded by metamorphic rocks consisting of well-
layered slate, phyllite, schist, hornfels, marble, quartzite,
and skarn. The main lithological units intruded by the
DTG pluton are hornfels and mica schist (Figure 1B).

The narrow aureole of hornfels that surrounds the
pluton formed from mica schist (Figure 2A). Outside the
hornfels aureole, mica schist occurs with a considerable
topographic relief relative to the pluton (Figure 2A).
Sampling for this work was done from the DTG pluton,
the hornfels, and mica schist.

Figure 2. (A) Outcrop of garnet-bearing hornfels and adjacent mica schist. The boundaries of rock units are marked with dashed lines.
The view is northward; (B), (C) and (D) outcrop and hand specimens of garnet-bearing diorite-tonalite-granodiorite (DTG) from Dehnow,
in which coarse-grained garnet crystals (~10-20 mm in diameter) are visible; (E) hand specimens of garnet-bearing hornfels; (F) hand

specimens of garnet-bearing mica schist.
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Analytical techniques

Major-element oxides in the minerals were investigated
using a wavelength-dispersive electron probe microanaly-
ser, JEOL JXA-8800, at the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC). The operat-
ing conditions were 15 kV accelerating voltage and 15 nA
beam current. Standard ZAF data corrections were per-
formed. Natural and synthetic minerals of known compo-
sition were used as standards.

Whole-rock major element concentrations (SiO,, TiO,,
Al,O3, MnO, MgO, CaO, K,0, Na,0, P,05) and selected
trace elements were measured by X-ray fluorescence
(XRF) at Activation Laboratories (ActLabs) and at the
XRF laboratory of the Geological Survey of Iran. In gen-
eral, the limit of detection is about 0.01 wt.% for the major
elements (but 0.001% for MnO). The error for standards
BIR-1a, W-2, and J-1 run with samples is better than 5%
relative to the certified values for trace elements, and
better than 1% for major element data (with the exception
of Na,O and MnO, which yield errors better than 3%).

For oxygen isotope measurements, the whole-rock sam-
ples were disaggregated in a small stainless steel crusher,
sieved, and cleaned in hot HCl and ethanol. Garnet and
quartz grains were hand-picked. All O-isotope data were
obtained at the University of Cape Town. Powdered whole-
rock samples were analysed, following methods described
by Harris and Ashwal (2002). Approximately 10 mg of
sample was reacted with CIF; in externally heated Ni reac-
tion vessels. The liberated O, was converted to CO, using a
hot, platinized carbon rod. The quartz, garnet, and biotite
grains were analysed by the laser fluorination method
described by Harris and Vogeli (2010). Each sample was
reacted in the presence of approximately 10 kPa BrFs. The
purified O, was then collected on a 5 A molecular sieve in a
glass storage bottle. All isotope ratios were measured using
a Finnigan Delta XP mass spectrometer in dual-inlet mode.
The estimated precision is 0.16%o (20) for the conventional
and 0.16%0 (20) for the laser data, based on multiple
analyses of the internal MQ (quartz) and MON GT (garnet)
standards.

Petrography

The DTG pluton has a granular texture and is composed
mainly of plagioclase, quartz, biotite, and accessory miner-
als which include alkali feldspar, amphibole, garnet, epi-
dote, and ilmenite (Figure 3A, Table 1). Secondary
minerals such as muscovite and chlorite were formed by
later metamorphism and alteration activity.

Euhedral to subhedral megacrysts of garnet are com-
mon in the DTG pluton. The garnet megacrysts range
between ~10 and 20 mm in diameter (Figure 2B-D) and
contain inclusions of biotite, amphibole, quartz, plagio-
clase, muscovite, epidote, and ilmenite (Figure 3B).

The hornfels aureole is composed of fine-grained
quartz, feldspar, muscovite, garnet, and lesser amounts of
biotite, fibrolite, chlorite, tourmaline, andalusite, and ilme-
nite. Subhedral to anhedral garnet porphyroblasts (~1.0—
1.5 mm) (Figure 2E) contain minute inclusions of quartz,
mica, and ilmenite (Figure 3C, D). Outside the aureole,
away from the DTG pluton, mica schist contains quartz,
muscovite, alkali feldspar, biotite, garnet, and andalusite,
and minor amounts of fibrolite, chlorite, ilmenite, and
tourmaline. Garnet occurs as small, brownish grains with
a diameter of ~1.0-2.5 mm (Figure 2F), and contains
minute inclusions of quartz and muscovite (Figure 3E, F).

Mineral chemistry

In the DTG pluton, plagioclase inclusions in garnet are not
albitized and have higher anorthite content than pheno-
crysts in the matrix. The plagioclase in the metamorphic
rock is more sodic (Table 2). Amphibole occurs in the
matrix and as inclusions in garnet. The amphibole ranges
from ferro-hornblende to ferro-tschermakite hornblende
(Table 3, Figure 4A). Epidote inclusions in the garnets
and epidote in the matrix have X, (= Fe**/Fe** + AlY)
of 0.32 and 0.24, respectively. The biotite in the matrix of
the DTG pluton and biotite inclusions in the garnet show
similar composition, but differ from the biotite in the
hornfels and mica schist in having lower Mg# and higher
Al (Tables 4 and 5, Figure 4B).

The garnet megacrysts in the DTG pluton are Fe-rich,
having the chemical formula almsggg.gs5.50 2rS13.17-23.11
PIPs.18-21.32 SPS2.70-9.88 adrg00-2.47 (Table 6). In contrast,
the small garnet grains in hornfels and mica schist are
enriched in Fe and Mn and depleted in Ca and Mg content
(sps value is higher than prp and grs) relative to the garnet
in the granitoids of DTG. The chemical formulas of
garnet in hornfels and mica schist are almygg4.81.66
SPSg.97-1432 DPIPs.37-826 ErS0.50-1.42 and  almgs 97.85.06

SPSs.78-.9.86 PIPs.07-8.46 ES0.56-1.38, respectively (Tables 7
and 8). Figure 5 presents zoning patterns in three garnet

megacrysts selected from the DTG pluton. Trend lines are
drawn to clarify the complex zoning patterns. Garnet
megacrysts show chemical zoning from core to rim of
increasing Mg and decreasing Ca, Fe, and Mn (Figure 5).
The variation in Fe and Mn is relatively small (<5 mol%),
whereas the range is relatively significant for Ca and Mg
(>5 mol%). In the hornfels and mica schist, garnet rims
(relative to cores) have higher concentrations of Fe and Mg
and lower Mn, while the opposite is true for garnet of the
DTG pluton (Figure 5).

Whole-rock chemistry

The whole-rock chemistry of representative samples from
the Dehnow DTG pluton and its surrounding metapelitic
rocks is given in Table 9. The SiO, content ranges from 55
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Figure 3. (A) photomicrograph of the Dehnow DTG pluton consisting of amphibole, biotite, quartz, and plagioclase (XPL = cross-
polarized light). (B) Garnet megacryst that is uniform in colour and contains minute inclusions of other minerals including plagioclase,
amphibole, biotite, and ilmenite. (C) and (D) Garnet in hornfels. The garnet is surrounded by quartz, feldspar, muscovite, andalusite,
fibrolite, staurolite, tourmaline, and ilmenite in XPL and PPL (plane-polarized light), respectively. (E) and (F) Garnet in mica schist
surrounded by biotite, muscovite, and andalusite in XPL and PPL, respectively. The solid line indicates the analysis profile of garnet.

Table 1. Average modal composition of the DTG pluton.

Rock type Diorite Tonalite Granodiorite
Plagioclase ~45 ~39 ~43
Quartz ~12 ~27 ~23
Biotite ~20 ~19 ~13
Alkali feldspar ~10 ~6 ~14
Amphibole ~8 ~5 ~4

Garnet, ilmenite  <5-10 vol.% <5-10 vol.% <5-10 vol.%

to 59 wt.% in diorite, from 60 to 64 wt.% in tonalite, and
from 65 to 67 wt.% in granodiorite. All of these variants are
metaluminous with an alumina saturation index (A/CNK)

of 0.9-1.0 (Table 9). However, part of the DTG pluton
contains neither metamorphic garnet-bearing enclaves nor
assimilated metamorphic minerals, differing chemically
from the adjacent metapelitic rocks in regard to major
elements. The DTG pluton is lower in Al,O3, Fe,Os,
TiO,, LOI, and A/CNK than the enclosing metamorphic
rock, and higher in MgO, CaO, Na,O + K,0, and P,0s.
The oxygen isotope data for the whole-rock, garnet,
and quartz of the DTG pluton, hornfels, and mica schist
are presented in Table 10. For the hornfels the SISOgamet is
13.1%0 (n = 1), while for the mica schist the 6180bu1k_mck
value ranges from 14.8 to 16.0%0 (mean,-3y = 15.57,
SD = 0.67) and the 3" Ogumer from 12.5 to 13.8%o
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Figure 4. Classification diagrams for (A) amphibole (Leake et al. 2004); (B) biotite (after Deer et al. 1992). Samples include the
Dehnow tonalite, hornfels, mica schist, and inclusions in the garnet of the DTG pluton.

(meang,-sy = 13.00, SD = 0.49). These values are within
the compositional range of sedimentary rocks of super-
crustal origin (Taylor and Sheppard 1986). In contrast, the
8'®0 values of garnet from the DTG pluton range from 8.3
to 8.7% (meang,_7, = 8.54, SD = 0.13) and the §'°0
values of quartz from 11.5 to 12.2%0 (meang-3, = 12.56,
SD = 0.35), with one value of 14.73%o. Assuming a value
for Aguartz-magma Of 1.1%o for granites, as suggested by
Fourie and Harris (2011), the original DTG magma had
approximate 3'*0 values of 10.4 to 10.7, 11.1, and 13.6%o,
which is consistent with I-type granitoids (e.g. Harris et al.
1997; Boztug and Arehart 2007; Oztiirk et al. 2012)
(Figure 6). Combining the quartz-garnet fractionation fac-
tor (Aguartz-gamet = 2.00 at 1000 °C, Zheng 1993) with the
quartz-magma fractionation factor of 0.4 (Bindeman 2008)
gives a garnet-magma fractionation of —1.6%o. This sug-
gests that the average 8'%0 of the magma ranges between
9.9 and 10.3%o.

Discussion

Factors controlling the chemical zoning of garnet in the
DTG pluton and country rocks

The parameters that control the chemical zoning in the
DTG garnet are pressure (P), temperature (T), growth rate,
and changes in the chemical composition of the matrix in
equilibrium with the garnet, as suggested by Spear (1993)
and Konrad-Schmolke et al. (2005) for other localities.
Oscillatory compositional zoning is regarded as character-
istic of garnet xenocrysts of metamorphic origin (e.g.
Green and Ringwood 1968; Manning 1983; Harrison
1988); however, such zoning is also reported in magmatic
garnet (e.g. Kano 1983; Day et al. 1992; Kawabata and
Takafuji 2005). Table 11 summarizes the characteristics of
magmatic garnet from several worldwide case studies. In
general, garnet phenocrysts are enriched in Fe, except in
mafic rocks (e.g. Aydar and Gourgaud 2002; Kawabata
and Takafuji 2005; Patranabis-Deb et al. 2009). Fe-rich
rims and Mg-rich cores are the typical zoning pattern in

magmatic garnet (e.g. Green and Ringwood 1968; Brousse
et al. 1972; Bach et al. 2012), but the opposite may also
occur (e.g. Fitton 1972; type 1B and 4 in Harangi et al.
2001; type I in Kawabata and Takafuji 2005; Yuan et al.
2008; sample 1C in Bach et al. 2012). Some garnet phe-
nocrysts in igneous rocks are not zoned (e.g. Aydar and
Gourgaud 2002; Mimejad et al. 2008; Patranabis-Deb
et al. 2009). Moreover, some phenocrysts have Mn-rich
rims while others have Ca-rich rims (e.g. Green and
Ringwood 1968; Brousse et al. 1972; Harangi et al
2001; Kawabata and Takafuji 2005; Yuan et al. 2008;
Bach et al. 2012; Zhang et al. 2012). Abbott (1985)
attributed the late appearance of Mn-rich garnet during
fractional crystallization to strong partitioning of Mn*"
into the liquid relative to muscovite or biotite.

The Dehnow DTG garnet differs from the meta-
morphic garnet in the zoning profiles, and in core-to-
rim values for Mn, Mg, Ca, and Fe. This places empha-
sis on the implication that DTG garnet underwent differ-
ent nucleation and chemical growth to those in the
surrounding metamorphic rocks. The Mg and Ca zoning
in the DTG garnet (Figure 5A, B, C) is elaborated more
than in the fine garnet grains of the mica schist and
hornfels (Figure 5D, E). Based on polynomial trend-
line patterns, the garnet in the DTG granitoids has a
more pronounced negative Ca—Mg correlation, with a
core-to-rim increase in Mg and decrease in Fe and Ca
(Figure 5A, B, C). These zoning patterns resemble the
zoning patterns described by Hamer and Moyes (1982);
Brousse et al. (1972, sample C), Harangi et al. (2001,
type 2) and Bach et al. (2012, samples 1A and 1B). With
regard to the varieties of magmatic garnet described by
Dahlquist et al. (2007), garnet megacrysts from the DTG
pluton show distinctive U-shaped or irregular zoning in
terms of Mn (Figure 5). The oscillatory zoning of Fe, Ca,
and Mg may be an indicator of variation in melt compo-
sition (Day et al. 1992; Kawabata and Takafuji 2005)
and Pyyo (Kano and Yashima 1976) during garnet
growth.
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A. DH-1A-grain b3

B. DH-1-grain b2

C. DH-1-grain b1

D. Homfels

E. Schist
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Figure 5. Zoning profiles of representative garnet megacrysts from the Dehnow DTG pluton (including sample DH1-grain 1, sample
DH1-grain 2, sample DH1A-grain b3), hornfels (sample VR860824-5), and mica schist (sample DH-860824-2). The polynomial trend
lines are drawn to clarify the complex zoning patterns. The profile scale is ~10 mm and 1 mm for the garnets from the Dehnow DTG
pluton and the surrounding metapelitic rocks. The X-axis refers to point numbers in Tables 6 to 8 and analytical lines of Figure 3B, D, F.

In contrast to the DTG pluton, garnet in the meta-
morphic rocks has erratic zoning profiles. The best zoning
patterns, based on 3rd degree polynomial regression trend
lines (Figure 5D, E), indicate that the garnet from hornfels
is characterized by a negative Mn-Fe correlation with
core-to-rim increase in Fe and decrease in Mn, Ca, and
Mg. The garnet from mica schist has a negative Mn—-Mg
correlation, with core-to-rim increase in Mg and decrease
in Mn and Fe (Figure 5). In the schist and hornfels, the
core-to-rim decrease in Mn in the garnet porphyroblasts is
due to temperature reduction in the host metamorphic
rock.

Volume diffusion in high-grade garnet usually obliter-
ates growth zoning and would tend to homogenize its
composition (Tuccillo et al. 1990). However, diffusion is
unlikely to have significantly affected the composition of
the different garnets in this study because compositional
zoning is common in the garnets of the DTG pluton,
hornfels, and mica schist (Figure 5).

Based on temperature and melt viscosity,
Hawkesworth et al. (2000) suggested that crystal growth
rates in magmatic systems are fast (107 '°—107"" cm/s).
This means that a 10 mm crystal would take 10°-10°
years to grow, compatible with the duration of magmatic
events. The timescale of magmatic processes in granite
genesis, from melting to crystallization, rarely exceeds 10°
years (Villaros et al. 2009 and references therein). The
experiments of Korolyuk and Lepezin (2008) show that
the diffusion coefficients (D.) of Ca, Mg, Fe, and Mn are

in the order Dyyp>Dpe>Dyvg>Dea. Diffusion coefficients
are pressure-independent, but temperature-dependent.
Korolyuk and Lepezin (2008) indicate that at 500 °C, the
homogenization of a garnet grain of 1 mm radius, with an
extremely inhomogeneous distribution of major compo-
nents, will take 1 x 10%, 1.5 x 10°, 2 x 10°, and 3 x 10°
years for Mn, Fe, Mg, and Ca, respectively. At a higher
temperature (650°C), the process will take 1 x 107, 5 x
107, 1 x 10%, and 1.5 x 10° years, respectively. However,
the actual D, of elements in natural garnet must be higher
than these experimental values (Korolyuk and Lepezin
2008). Considering the possible cooling rate and mag-
matic time scale of the DTG pluton (<10’ years), the
large size of garnet (~10-20 mm), and Ca and Mg zoning,
it seems that diffusion had no significant effects on garnet
composition. For example, the Fe content (Fe has a high
D,) is variable and is higher in hornfels garnet than in the
DTG pluton and mica schist. If significant Fe diffusion
had occurred, the Fe content of garnet in the hornfels
would have reached the average Fe value in the DTG
pluton and mica schist.

fO, and P-T history of garnet crystallization

An increase in the oxygen fugacity in the melt favours the
incorporation of Fe** over AI** into octahedral sites in the
garnet (Scheibner et al. 2007). Thus, higher andradite
content in the rim of magmatic garnets reflects the higher
oxygen fugacity in the host melt; in contrast, the absence
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Figure 6. Comparison of 3'%0 values of bulk rock quartz and garnet from the Dehnow DTG pluton and surrounding metapelitic rocks with
available data from sedimentary and igneous rocks in general, and for other examples of magmatic and metamorphic garnet and quartz.

of an andradite component in the garnet of metapelitic
rocks indicates a reducing metamorphic environment. In
addition, epidote stability is limited to high oxygen fuga-
cities, equal to or above the haematite-magnetite (HM)
oxygen buffer (Poli and Schmidt 2004). X, of the epidote
inclusions shows a decrease from garnet core to rim.
Several geobarometers and geothermometers have been
proposed to estimate the P-T conditions of granitoid bath-
olith formation (e.g. Holland and Blundy 1994; Anderson
1996; Holdaway et al. 1997). Because garnets in the DTG
pluton contain inclusions of plagioclase, hornblende, and
biotite, the Al-in-hornblende barometer (Schmidt 1992),

amphibole-plagioclase thermometer (Blundy and Holland
1990), garnet-biotite thermometer (Holdaway 2000), and
garnet-biotite-plagioclase-quartz barometer of Wu et al.
(2004) can provide direct constraint on the crystallization
pressure of garnet. Al-in-hornblende geobarometry and
amphibole-plagioclase thermometry, which are preferred
for metaluminous granites (Anderson et al. 2008),
revealed pressures of ~6.4 kbar and temperatures of
~708°C for the DTG pluton. The garnet-biotite thermo-
meter and garnet-biotite-plagioclase-quartz barometer,
which are recommended for peraluminous granites
(Anderson et al. 2008), yielded a temperature of ~790°C
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and 8.4 kbar. These results suggest a crystallization depth
of ~22-30 km (the upper lithosphere) (Samadi 2009).
Abbott and Clarke (1979); Miller and Stoddard (1981),
and Abbott (1981a, b) discussed how garnet could crystal-
lize at the expense of biotite in MnO- and Al,O5-rich
evolved magma. Based on the paragenesis of biotite + horn-
blende — biotite + hornblende + garnet (consistent with
the petrography), the AFM of Abbott (1981b) indicates
temperatures greater than ~800°C, and a0 << 1 (equili-
brium z-zo line in Figure 3 of Abbott 1981b). Day et al.
(1992) demonstrated that the assemblage garnet + plagio-
clase + amphibole + quartz is stable at 10 kbar and 800—
850°C in a garnet-bearing andesite from New Zealand.
Green (1992) demonstrated that a mineral assemblage of
garnet + plagioclase + amphibole in dacitic magma with
5% H,0O would be stable at 813 kbar and 820-920°C.
Many other researchers (e.g. Green and Ringwood 1968;
Clemens and Wall 1988; Conrad et al. 1988; Spear and
Cheney 1989; Vielzeuf and Montel 1994; Harangi et al.
2001; Kawabata and Takafuji 2005) have shown that
garnet with high CaO (>4 wt.%) and low MnO (<4 wt.
%), together with Ca-rich plagioclase and amphibole, is
indicative of high pressures (7—12 kbar) and temperatures
(800-950°C). CaO and MnO contents (core to rim) of
garnet in the DTG pluton are ~7.44-4.91 wt.% and
~1.94-2.84 wt.%, respectively.

These results confirm that garnet crystallized at a high
P-T condition and garnet growth reached 7-12 kbar and
800-950°C in the lower crust. The high Ca and low Mn in
the garnet core indicate higher P-T conditions for the core
relative to the rim. On the other hand, the average X, of
epidote inclusions in the garnets (~0.32) and epidote in the
matrix (~0.24), together with the grossular-andradite solid
solution (Xuqr = 100 x Fe*/(VIAl + Fe** + Cr*") ~ <0.1%)
at fO, fixed by the HM buffer (by Heuss-ARBbichler and
Fehr 1997) (Figure 7), indicate that garnet-epidote equili-
brium temperatures are higher than 650°C, and even close
to 800 °C (Figure 7).

Regarding oxygen diffusion, the Aqyariz-gamet Values of
6.2, 3.6, 3.0, and 2.9%o for the DTG pluton indicate the
closure temperatures of 387, 586, 666, and 692°C, calcu-
lated using the fractionation equation of Valley et al
(2003), in which Aguartz aimandine = 2.71 % 10%T?, and a
Aquartz-viotite value of 4.5%o for the DTG pluton corre-
sponds to the closure temperature of 398 °C for oxygen
diffusion (using the fractionation equation of Chacko et al.
(2001), in which Aquartzbiotite = 2-16 x 10%T?) (Table 10).
Lower oxygen closure temperature for quartz-biotite and
biotite inclusions in the garnet indicates that biotite con-
tinues to diffuse oxygen for a longer period after oxygen
diffusion has ceased in garnet.

Therefore, crystallization conditions of the garnet and
the ascending host melt were at ~708-800°C and 6.4—12
kbar (for the hornblende-plagioclase, garnet-biotite, garnet-
biotite-plagioclase-quartz, and garnet-epidote equilibria).

0.6
xlﬂ
0.4
0.2
7 v I 800°C
0.0 -/ 1 1 [l 1
0.0 0.2 0.4 06 0.8 1.0 1.2
X

ep

Figure 7. Partitioning of Al and Fe*" between the grossular-
andradite solid solution and the clinozoisite-epidote solid solu-
tion at fO, fixed by the HM buffer (Poli and Schmidt 2004 and
references therein, with some modifications). The higher tem-
peratures of 700°C and 800°C are estimated based on the extra-
polated dashed lines (adr = andradite; ep = epidote).

The garnet megacrysts recorded oxygen diffusion tempera-
tures of ~692-387°C.

Magmatic origin of garnet in Dehnow DTG pluton

Scallion ef al. (2011) considered assimilation and contam-
ination by host rock as the most important processes for
garnet origin in the granitoid pluton. Petrographic and
geochemical reasons indicate that the garnets in the DTG
pluton did not originate from the adjacent metamorphic
rocks, nor was it an antecryst after an antelith (based on
Bach et al. 2012). The term antecryst is used for crystals
that belong in the magmatic system that produced the host
but are not directly a consequence of the crystallization of
the host, and the term antelith is used for enclaves that are
considered to be part of the petrogenetic process that
produced their hosts and xenolith for enclaves that are
clearly foreign to their host. In addition, the lack of gar-
net-bearing xenoliths in the DTG pluton and the absence
of sillimanite (fibrolite) and cordierite inclusions in the
garnet megacrysts of the DTG pluton indicate that the
DTG pluton and garnet genesis is not related to the adja-
cent metapelitic rocks. Moreover, the large size (~10-
20 mm) of garnet crystals in the DTG pluton would be
difficult to reconcile with the small garnet grains (~2 mm)
found in the metamorphic rocks. The lack of reaction rims
in the euhedral to subhedral garnet in the DTG pluton is
consistent with the garnet growth under equilibrium con-
ditions. The compositional zoning patterns of the DTG
garnet also differ from those of the metamorphic garnet
in the surrounding hornfels and mica schist. The distinctly
different composition (from rim to core) of the garnet
megacrysts in the DTG pluton relative to the composition
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of the garnet grains in the schist suggests different condi-
tions of formation. Differences in §'%0 values of DTG
garnet megacrysts and garnet grains in the adjacent mica
schist indicate that garnet megacrysts cannot be a refrac-
tory restite phase that survived partial melting of the
surrounding metamorphic rocks or partial melting in the
source region. The 8'®0 value of garnets in the DTG
pluton (8.3-8.7%o) is lower than 3'*0 values in the meta-
morphic rocks (12.5-13.1%o). Generally, magmatic garnet
has lower 8'®0 values than garnet in pelitic metamorphic
rocks, because the protoliths of the latter are rich in low-
temperature minerals such as clays (e.g. Sharp 2006). As
shown in Figure 6, the 8'®0 values of magmatic garnet

from the Northern Pannonian Basin (Harangi et al. 2001)
are 6.1-7.2%o. Harris and Vogeli (2010) reported 5'*0
values of 10.0-11.4%o for magmatic garnet and 13.2—
14.0%0 for quartz in S-type granites, formed by partial
melting of metapelitic rocks. Vielzeuf et al (2005)
reported 8'%0 values of 7.3—11.6%o for the magmatic rim
of composite garnets in dioritic migmatites. 5'%0 values of
11.4-13.4%0 (Kohn et al. 1997) and 11.6-14.4%o (Vielzeuf
et al. 2005) were obtained for metamorphic garnets. The
8'%0 values for garnet from the DTG pluton are compar-
able with magmatic garnet from other studies (Figure 6).
In addition, the co-variation in garnet and quartz 3'*0
values for the DTG pluton is comparable to the other

o 0 = [Hi-grain1
(1]
g EE 4 DH1-grain2
? £ g <+—— Garnets Core X DH1A-grain b3
gfg g O Homfels
< O Mica schist
6 % gi‘ +— Garnets Rim
s =
R
(o]
© 4
(&)
2 ‘Garnets from metapelites
0 2 6 8

4
MnO (wt.%)

Figure 8. Plot of CaO versus MnO (after Harangi et al. 2001). Core and rim composition of garnet in the DTG pluton is compared. Garnet
from DTG is ‘high P-T garnet from I-type magma’. Garnet of mica schist and hornfels is correlated with gamet from ‘metapelitic rocks’.
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Figure 9. Garnet of the Dehnow DTG pluton (open circles) compared to the composition of M-type (metamorphic xenocrysts) and I-
type (magmatic phenocrysts) garnet of Setouchi volcanic belt (Japan) (after Kawabata and Takafuji 2005).
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examples of magmatic garnet (e.g. Cape Granite Suite,
West Cape, Harris and Vogeli 2010; Sierra Nevada,
USA, Lackey et al. 2008).

The Fe-Mg distribution between garnet and biotite
((Mg/Fe)°™/(Mg/Fe)®) for the DTG pluton and mica
schist (0.36 and 0.15, respectively) is comparable to the
corresponding values obtained for igneous (>0.24) and
metamorphic rocks (<0.20) studied by Lyons and Morse
(1970) and Harangi et al. (2001). The higher Mg#yamey
biotite Of the DTG pluton (~0.43) in comparison with horn-
fels (~0.24) and mica schists (~0.32), and the higher
average Mg#sameywhole rock Of the DTG pluton (~0.31)
than mica schists (~0.161) can discriminate these mag-
matic and metamorphic garnets.

According to Evans and Vance (1987), the low TiO, of
epidote (<0.2 wt.%) in the cores of garnets (~0.02 wt.%)
and the matrix (~0.12 wt.%) is consistent with a magmatic
origin for garnets, whereas the epidotes in the rim fractures
of garnet have higher TiO, (~0.36 wt.%). Therefore the
similar composition of magmatic amphibole, feldspar, and
epidote in the groundmass with inclusions of the same
minerals in the garnet megacrysts is consistent with a
magmatic origin for the garnet as well as the magmatic
nature of these inclusions.

Garnets found in metaluminous subduction-related
hosts are characterized by higher CaO content (>4 wt.%)
than that associated with peraluminous compositions (Bach
et al. 2012). On the MnO versus CaO diagram (Harangi
et al. 2001), the garnet plots in the high-pressure magmatic
field for I/M-type mantle magmas, characterized by
Ca0O >4 wt.% and MnO <4 wt.% (Figure 8). This diagram
(Figure 8) also shows the identical chemical composition of
garnet cores and rims, in contrast to the ‘composite garnet’
crystals described by Harangi ef al. (2001). The ‘composite
garnet’ crystals have light-coloured xenocrystic cores
(reputedly derived from adjacent metapelitic rocks) with a
magmatic overgrowth (e.g. Harangi et al. 2001; Vielzeuf
et al. 2005). Kawabata and Takafuji (2005) divided the
garnets from the peraluminous Setouchi volcanic rocks
(Kawabata and Shuto 2005) into I and M types on the
basis of petrography and chemistry. However, considering
the metaluminous nature of the DTG pluton, our garnet
samples show a strong affinity with the I-type (igneous)
garnet phenocrysts and are distinctly different from the M-
type (metamorphic) garnet (Figure 9A, B).

Conclusions

The Dehnow garnet-bearing DTG intruded the remnants
of the Palaeo-Tethys sequence in NE Iran. Dehnow DTG
is an I-type calc-alkaline pluton, composed mainly of
plagioclase, quartz, biotite, and accessory minerals which
include alkali feldspar, amphibole, almandine-rich garnet,
epidote, and ilmenite. Petrographic and geochemical evi-
dence suggest that the DTG pluton formed from magmas

produced in lower crust, and that the garnet is magmatic.
The character of the chemical zoning and the large size of
DTG garnet indicate that subsolidus diffusion had negli-
gible effects on growth.

The following criteria indicate that DTG garnets are
not xenocrysts: (1) their large size (~10-20 mm), which
distinguishes them from the small (~2 mm) garnets in the
metamorphic rocks; (2) absence of garnet-bearing xeno-
liths in the DTG pluton and absence of sillimanite (fibro-
lite) and cordierite inclusions in garnet; (3) lack of
evidence for assimilation at the margin of the DTG pluton;
(4) the distinct composition of DTG garnet megacrysts
relative to the composition of garnet in metapelitic rocks;
and (5) the 8'®0 value of garnet in the DTG pluton (~8.3—
8.7%o), which is lower than the '%0 of the garnet in the
metamorphic rocks (~11.6—-14.0%o).

Evidence for a magmatic origin of DTG garnet
includes: (1) euhedral to subhedral form and absence of
reaction rims; (2) Fe-rich composition of garnet, together
with higher Mg and lower Ca at the rims; (3) amphibole,
plagioclase, and biotite in Dehnow DTG pluton are similar
in composition to inclusions of the same minerals in
garnet; (4) epidote and amphibole inclusions in the garnet
have a magmatic nature; and (5) the chemical composition
of garnet which plots in the magmatic field on discrimina-
tion diagrams.

In contrast to the reduced, low-f(O,), metamorphic
environment of metapelitic rocks reflected in the low
andradite content of metamorphic garnet, the higher andra-
dite content in the rim of magmatic garnet reflects higher f
(O») in the DTG melt. Garnet crystallization in DTG melt
occurred at temperatures expected for intermediate to fel-
sic melts of lower crust at ~800°C, and the closure tem-
peratures of oxygen diffusion recorded in garnet
megacrysts range from ~692 to 387°C.
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