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Abstract

The Middle Jurassic Boroujerd Granitoid Complex of the Sanandaj-Sirjan Zone (with a U-Pb zircon age of 169-172 Ma) was
emplaced in an active continental margin setting. This complex consists of three main units: an elongate NW-SE extending granodioritic
unit (SiO, = 58-71 wt%), which is widespread throughout the area, a quartz-dioritic unit (SiO, = 52-63 wt%), exposed as small stocks
within the granodioritic body, and a monzogranitic unit (SiO, = 70-75 wt%), widely scattered as separate small outcrops through the
southern part of the area. A series of NW trending aplites and pegmatites are present in the granodioritic unit and its aureole.

Geochemically this complex is metaluminous to slightly peraluminous, typical of I-type granites. It belongs to high-K calc-alkaline
series and displays the geochemical characteristics typical of volcanic arc granites related to an active continental margin (e.g. significant
Nb, Ti, P and Sr depletion). Isotopic data (Sr; = 0.7062-0.7074 and eNd; = —3.02 to —3.62) are consistent with a crustal protolith. In
addition, fractional crystallization may have played an important role in the formation of the whole spectrum of the granitoid types that

occur in the Boroujerd area.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Iran; I-type granite; Volcanic arc; Jurassic; Sanandaj-Sirjan

1. Introduction

Subduction of the Tethyan oceanic lithosphere under
the southwestern border of Central Iran, caused plutonic
and volcanic activity between the Jurassic and Quaternary
within and adjacent to the Sanandaj-Sirjan Zone in the
Northwest-Southeast of Iran (Figs. 1 and 2) (Ricou
et al., 1977; Berberian and King, 1981; Berberian, 1983;
Mohajjel et al., 2003).

The tectonic history of the Tethyan region has been
studied by many authors (e.g. Takin, 1972; Stdcklin,
1974, 1977; Farhoudi, 1978; Berberian, 1981a,b; Berberi-
an and King, 1981; Berberian and Berberian, 1981; Ber-
berian et al., 1982; Jankovic, 1984; Sengor, 1984, 1990,
1991; Sengor et al., 1988; Shahabpour and Kramers,
1987;Alavi, 1994; among others). From Late Precam-
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brian until Late Paleozoic time, southeastern Turkey,
Central Iran, central Afghanistan, southern Pamir and
Arabia were part of Gondwana, separated from the
Eurasian Plate by Paleotethys. In the Middle to Late Tri-
assic, during the closure of the Paleotethys in the north,
rifting in the continental plate along the Zagros thrust
zone occurred, which resulted in the opening of a new
ocean, the Neotethys. During Triassic—Jurassic time fol-
lowing the closure of Paleotethys, the oceanic crust of
the Neotethys started to subduct beneath the Eurasian
Plate. This led to an Early Cimmerian metamorphic
event, recorded in the southwest Sanandaj-Sirjan Zone
(Berberian and King, 1981; Berberian and Berberian,
1981; Hooper et al., 1994) associated with the emplace-
ment of intrusive bodies (Sabzehei, 1994; Berberian and
Berberian, 1981) within this zone in the Upper Triassic.
Finally, closure of Neotethys and collision of Arabia
and Central Iran took place during Neogene time
(Berberian and Berberian, 1981).
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Fig. 1. Geological map of Iran (modified from: Stocklin and Setudinia, 1972) showing major lithotectonic units.

The geological map of Iran (Fig. 1, modified from
Stocklin and Setudinia, 1972; Shahabpour, 1994) shows
the following major lithotectonic units: (1) Zagros fold
belt; (2) Sanandaj-Sirjan Zone (SSZ); (3) Central Iran
Zone; (4) Sahand-Bazman Zone; (5) Lut Block; (6) Alborz
and Kopeh Dagh zones; and (7) Eastern Iran and Makran
zones.

The Sanandaj-Sirjan Zone, which is the host of the
Boroujerd Granitoid Complex, has a length of 1500 km
and a width up to 200 km, extending from the northwest
to southeast of Iran (Fig. 2). This tectonic zone is mainly
composed of Mesozoic and some Paleozoic rocks (Berberi-
an, 1977) separating the stable Central Iran Block, from
the Afro-Arabian Plate (Stocklin, 1968). The metamor-
phosed and complexly deformed rocks include extensive
areas of Mesozoic volcanic rocks, which are associated
with abundant deformed and undeformed plutons. During

most of the second half of the Mesozoic era, the Sanandaj-
Sirjan Zone represented an active Andean-like continental
margin in which calc-alkaline magmatic activity progres-
sively shifted northwards (Berberian and King, 1981; Seng-
or, 1990). Today, it behaves as a fairly rigid block moving
northwards at 14 mm/year with respect to stable Eurasia
(Vernant et al., 2004).

The tectonic evolution of the Sanandaj-Sirjan Zone is
show in the Table 1 and Fig. 3.

1. Rifting of the northeastern margin of the Arabia to form
the southern arm of the Tethyan Ocean occurred in two
events (Fig. 3a and b): the southern arm of Tethys Ocean
formed by sea-floor spreading in the Late Permian
(Bechennec et al., 1990) (Fig. 3a). Formation of the
ocean was predated by glaciation in the Late Carbonif-
erous to Early Permian, followed by shallow marine to
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Fig. 2. Tectonic sketch map of western Iran (after Mohajjel et al., 2003) showing location of the Boroujerd Complex.

fluvial sedimentation in a Late Permian rim basin in
Oman (Immenhauser et al., 2000); a Middle to Late Tri-
assic extensional event that developed northwestwards
as far as Turkey (Ricou, 1994) (Fig. 3b).

. Generation of oceanic crust at about the Triassic—Juras-
sic boundary was accompanied by thermal contraction
and subsidence of both passive margins. Renewed exten-
sion along both sides of the ocean in the late Triassic is
shown by basaltic magmatic activity (June Complex)
and widespread subsidence, with the deposition of the
Hamadan Phyllite in the northeast and deep-marine sed-
iments in the southwest (Fig. 3c). Subduction of Tethys
to form a continental margin magmatic arc and associat-
ed plutonism, deformation and metamorphism.

. Convergence was first accommodated by NE-ward sub-
duction (with respect to the present geographic position)
of the oceanic domain below the Iran Block (itself earlier
accreted to Eurasia by the Late Triassic; Besse et al., 1998;
Saidi et al., 1997) from the Late Triassic—Early Jurassic
(Berberian and King, 1981; Davoudzadeh and Schmidt,
1984) or the Late Jurassic (Mohajjel and Fergusson,

2000). In the reconstructions of the Tethys by Sengor
and Natal’in (1996) subduction is shown along the
southern margin of the Podataksasi Zone, from the
Middle Jurassic to the early Miocene. Igneous activity
in the Boroujerd area is consistent with initiation of sub-
duction at this time (Agard et al., 2005; their Fig. 12).

. Ophiolite and related oceanic rocks were emplaced as an
allochthon on the northeastern margin of Arabia. They
were originally accreted to the northeastern margin of
the Arabian Peninsula (i.e. the Zagros Fold-Thrust Belt)
in the Late Cretaceous ophiolite obduction event. Ophi-
olite generation occurred at 80-95 Ma within Tethys and
has been related by numerous authors to a mid-ocean
ridge system in an overall convergent setting adjacent
to a passive continental margin (e.g. Dercourt et al.,
1986; Knipper et al., 1986; Hacker et al., 1996). Seeming-
ly, in the Zagros, ophiolite obduction resulted from an
island arc collision with the Arabian passive margin
(Mohajjel et al., 2003).

. Miocene collision of the northeastern margin of Arabia
with Central Iran (Fig. 3f).
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Table 1
The tectonic evolution of the Sanandaj-Sirjan Zone [modified (by our new data) from Mohajjel (1997), Mohajjel et al. (2003)]
Era Period Epoch Tectonic events Orogeny Age
phase (Ma)
Pliocene
Neogene
The continental
Cenozoic Miocene | collision between the
Tertiary Arabian and Central
Iranian plates
Oligocene
Palegene
Eocene
Paleocene
Equivalent
to Laramian | 65
Upper Ophiolite obduction phase
Cretaceous
Lower
Late 135-140
Upper Cimmerian
Mesozoic Compression tectonic
Jurassic (Subduction of
Middle Tethys to form a 178
continental margin Middle
magmatic arc and Cimmerian
associated plutonism
Lower
Upper
Triassic 2411 |
Middle ‘
~ Lower
 Paleozoic

In this paper, we present new geochemical data includ-
ing Sr—Nd isotopes on the granitoid plutons from the
Boroujerd area of the Sanandaj-Sirjan Zone to constrain
magma sources and evolution, to determine the tectonic
setting of the Complex in the Sanandaj-Sirjan Zone and
to shed light on this period of the Alpine history and relat-
ed magmatism in Iran, an area for which little information
has been available so far.

2. Geological setting and geochronology

The Boroujerd Complex (Fig. 4) is a NW-SE trend-
ing body covering an area of 600 km? approximately
60km in length and 8-10km in width, which lies
between 33°38'-34°N and 48°45'—49°20'E. Detailed geo-

logical data from the area under study are scarce and
are mainly reconnaissance reports. The Sanandaj-Sirjan
Zone in the Boroujerd area is characterized by the pre-
dominance of metamorphic rocks and the presence of
granitoids. The metamorphic rocks are composed of var-
ious metasedimentary assemblages of the low to high
metamorphic grade. The basement of the area (Fig. 4)
is composed of the pre-Jurassic, low- to very low-grade
metamorphic rocks (June Complex, Mohajjel, 1997),
such as meta-volcanic and tuffs, meta-cherty limestone,
metasandstone, slates and phyllites (Hamadan Phyllite,
Fig. 4).

Contact metamorphic rocks, consisting of spotted
schists, cordierite-andalusite and cordierite-sillimanite
hornfelses, are evident only to the north of the pluton,
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Fig. 3. Schematic cross-sections along the Zagros Orogen showing the
tectonic evolution of the Sanandaj-Sirjan Zone [see text, modified (by our
new data) from Mohajjel, 1997; Mohajjel et al., 2003].

because the southern margin of the complex is controlled
by a fault system parallel to the contact where granitoid
rocks are thrust over metamorphic rocks (Berthier et al.,
1974; Masoudi, 1997).

New U-Pb zircon geochronological data from a vari-
ety of granitoid rocks, including the main units and
associated pegmatitic dikes, indicate a strange, but
short-lived episode of magmatic activity during the peri-
od of 169 Ma to 172 Ma in the middle Jurassic (Khalaji
et al., 2005; Khalaji, 2006). They represent new precise
U-Pb single zircon dating for six different granitoid
samples, including three samples from the granodioritic
unit (B1AS55, G5 and AS2), one sample from the
quartz-diorite unit (G12), the monzogranite unit
(GM10) and a pegmatite dyke (B2A17) (Table 2). The
analyses were carried out on a VG sector 354 mass
spectrometer at the Massachusetts Institute of Technol-
ogy, USA. Previously Masoudi (1997) and Masoudi
et al. (2002) have ascribed an Early Cretaceous
(about 120 Ma) to Late Cretaceous—Early Paleocene
(70-52 Ma) age to these intrusions. The new isotopic
data provide a new Middle Jurassic (169-172 Ma) age
for these granitoid rocks.

3. Petrography

Detailed mapping of the Boroujerd Complex (Fig. 4)
distinguished three main rock types, hereafter referred to
as the granodioritic unit, quartz-dioritic unit and monzo-
granitic unit, locally associated with acidic dikes.

3.1. Granodioritic unit

The widespread granodioritic unit ranges in composi-
tion between tonalite to granodiorite and forms a large
elongated NW-extending pluton (Fig. 4). It shows clear
foliation due to the orientation of minerals, especially
biotite. It also shows medium to coarse-grained textures
with a simple mineralogy (Fig. 5a): plagioclase (30—
40%), biotite (10-20%), quartz (25-30%) and alkali feld-
spar (<20%). Apatite, zircon, allanite and opaques are
common accessory minerals and some muscovite is pres-
ent as a secondary mineral. Plagioclase forms rectangular
to subhedral plates, 2-3 mm or less in length that exhibit
variable amounts of sericitisation. This mineral displays
some zoning and, based on the textural relationships, it
could be the first felsic mineral to crystallize. Biotite
occurs as brown flakes, 2-3 mm in length, with a pre-
ferred orientation, but may be kinked due to deforma-
tion, and is mostly altered to chlorite and/or titanite,
prehnite, muscovite and opaques. Quartz crystals occur
as anhedral isolated grains and aggregates which display
recrystallisation with undulatory extinction, typical of
incipient solid-state deformation.

3.2. Quartz-diorite unit

Many small stocks of quartz-dioritic composition are
exposed within the granodioritic body (Fig. 4). The
contact between granodioritic and quartz-dioritic units
is generally sharp. The grain size is not very variable,
being 2 mm on average (Fig. 5b). These rocks have a
granular to porphyritic texture with plagioclase mega-
crysts, and are composed predominantly of plagioclase
(40-50%), biotite (15-20%), green amphibole (10-15%),
quartz (<15%) and alkali feldspar (<5%). Plagioclase
occurs as zoned cuhedral to subhedral plates, 2-3 mm
average size, and sometimes altered to sericite, epidote
and calcite. Biotite occurs as brown kinked flakes,
1-3mm in size, deformed and altered to chlorite, or
an aggregate of sphene, prehnite, muscovite, opaques
and quartz. Green amphibole forms subhedral to
euhedral prismatic crystals, 1-3mm long, and shows
some alteration to biotite, chlorite, epidote and preh-
nite. Zircon, titanite and apatite are conspicuous acces-
sory minerals.

3.3. Monzogranitic unit

The monzogranitic unit is widely scattered as separate
and small outcrops through the southern part of the area
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Fig. 4. Simplified geological map of the Boroujerd Granitoid Complex (Sohieili, 1992).

Table 2

New U-Pb zircon geochronologic data from a variety of granitoid rocks
from the Boroujerd Granitoid Complex (Khalaji, 2006; Khalaji et al.,
2005)

Sample Lithology Age (Ma)

G12 Quartz-diorite 170.7 £ 1.6
B1ASS Granodiorite 169.6 +0.2
G5 Granodiorite 1713+ 1.1
AS2 Granodiorite 170.7 £ 1

GM10 Monzogranite 1717+ 1.5
B2A17 Pegmatite 170.7 £ 1.5

(Fig. 4). These rocks are light in colour, fine to coarse-
grained, with a granular texture (in the centre of the
unit) and a porphyritic texture with feldspar megacrysts
at the margin. Mineral assemblages include quartz
(30-35%) alkali feldspar (30-35%), plagioclase (25—
35%), biotite (5-10%) and some secondary muscovite.
Zircon, allanite and apatite are common accessory miner-
als (Fig. 5c). Quartz intergrowths with K-feldspar and
plagioclase form micrographic and/or granophyric tex-
tures and myrmekites, respectively. Large phenocrysts
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Fig. 5. Microphotographs of representative samples (crossed polarized light): (A) granodiorite; (B) quartz-diorite; (C) monzogranite; (D) pegmatite.
Ala = allanite; Bt = biotite; Gr = garnet; Amp = amphibole; Mus = muscovite; Pl = plagioclase; Q = quartz; Tur = tourmaline.

of the quartz show undulatory extinction. Perthitic
alkali-feldspar occurs as euhedral to subhedral crystals.
Plagioclase is commonly zoned and again appears to be
the first felsic mineral to crystallize.

3.4. Acidic dikes (aplites and pegmatites)

A series of NW trending aplites and pegmatites
(Fig. 4), varying from a few meters to tens of meters
in length and a few meters in width, occur in the area
studied. The aplites are characterized by a fine equigran-
ular assemblage of quartz, alkali-feldspar, some musco-
vite, tourmaline and opaque oxides. These rocks
represent the final phase of magmatic activity. Pegma-
tites are mainly present in the granodioritic unit and
its aureole. They show a simple mineralogy with graphic
texture. They are characteristically composed of quartz,
feldspar, muscovite, tourmaline, zircon and apatite, with
some andalusite and garnet in the aureole samples
(Fig. 5d). Pegmatites are similar in age to the main
units and, again, could represent the final phase of mag-
matic activity.

4. Geochemistry
4.1. Sampling and analytical methods

A total of about three hundred rock samples from differ-
ent localities, including the granodioritic unit, the quartz-
dioritic unit, the monzogranitic unit, together with acidic
dikes and enclaves were collected. Two hundred thin
sections were studied by optical microscope. Thirty-one
representative samples were then selected for whole
rock chemical analysis (Table 3). Samples weighed between
1-1.5 kg before crushing and powdering. Major and trace
element abundances were determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES)
and inductively coupled plasma-mass spectrometry
(ICP-MS) at the ALS Chemex laboratories in Vancouver,
Canada. The analytical processes are described in Cotten
et al. (1995). Relative standard deviations were +2% for
major elements and +5% for trace elements. The results
of these analyses are reported in Table 3.

Sr isotopic results were obtained using a Vg MM30 sin-
gle-collector mass spectrometer at the Department of
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Major and trace element contents from the Boroujerd Granitoid Complex

Sample Quartz-diorites
Gl4 Gl6 G18 G19 B2A31 GM25 G112 Gl1 AG2 B2A28 B2A33

Si0,% 63.4 60.7 59.9 59.2 58.9 57.9 56.3 55.5 55.4 53.2 52.6
TiO, 0.6 0.6 0.6 0.8 0.7 0.6 0.9 0.7 1.3 0.7 0.6
ALO3 16.6 14.9 15.4 15.9 16.2 15.3 17.1 15.9 16.8 15.6 15.2
Fe 05 t 6 6.4 6.6 7.1 7.1 6.9 8 7.8 8.6 8.7 8.7
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2
MgO 3.3 4.3 4.6 4.8 4.7 6.5 5.1 6.5 4.6 7.6 8.4
CaO 5.6 52 5.6 5.5 5.9 6.1 6.9 6.4 73 7.8 8.9
Na,O 1.4 2.2 2.3 2.4 2.5 2.4 2.5 2.5 2.7 2.3 1.9
K,0 2.3 35 3 2.8 2 2.5 2.1 2.2 1.8 2.1 1.8
P,0s 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.3 0.1 0.1
Ni (ppm) 37 53 57 63 49 115 75 101 38 86 103
Cr 260 280 260 330 320 420 360 450 150 490 690
Co 20 20.3 20.6 22.9 23.8 48 27.8 28.7 54.5 31.9 36.4
\% 176 144 144 148 150 170 204 210 168 217 274
Cs 9.9 6 6.2 7.5 4.7 10 5.4 4.6 4.2 3.2 3.5
Rb 103 128 105 111 774 106.5 88.2 101 66.6 78.8 65.9
Sr 299 263 269 261 231 347 347 388 334 197 202
Ba 242 596 388 372 361 407 355 454 296 236 238
Th 4 24 7 13 5 11 9 10 7 5 5
U 2.5 3 2 1.8 2.3 2.1 2.4 2.6 1.9 1.4 1.2
Ta 0.8 1 0.9 0.9 0.9 0.9 0.9 0.7 1.1 0.5 0.5
Nb 8 12 10 12 10 10 12 9 13 7 8
Hf 4 4 5 5 4 5 5 5 3 2 2
Zr 117 115 139 179.5 123.5 164 161.5 175.5 90 77.6 71.6
Zn 96 70 62 69 58 68 127 118 79 63 114
Ga 19 18 17 19 18 18 22 20 19 16 18
Sn 5 3 2 2 2 6 3 4 3 1 2
w 9 5 3 4 14 217 8 5 269 1 3
La 13.8 68.3 19.4 338 16.4 28.8 27.2 24.1 19 16.6 20
Ce 329 146.5 44.2 72.3 41.5 55.6 57.6 50.1 44.4 394 50.7
Pr 38 14.8 5.4 7.9 5.7 6.7 6.7 5.8 5.1 44 6.1
Nd 14.8 49.4 20.9 28.7 24 24 25 21.8 19.8 16.2 23.9
Sm 39 8.3 44 5.6 5.4 4.8 5 4.4 4.8 3.5 5
Eu 0.1 1.1 0.7 1.2 0.8 1.1 0.4 0.1 1.1 0.8 0.1
Gd 38 7.8 4.6 5.6 5.3 4.6 5.1 4.1 4.5 3.8 5.2
Tb 0.6 1 0.7 0.8 0.8 0.7 0.7 0.6 0.6 0.5 0.8
Dy 3.7 5.7 4.2 4.4 5.1 3.8 4.3 3.5 38 3.5 4.6
Ho 0.7 1.1 0.9 0.9 1 0.8 0.8 0.8 0.7 0.7 1
Er 2.1 34 2.6 2.6 32 2.3 2.6 2.2 2.1 2.1 2.9
Tm 0.3 0.5 0.4 0.4 0.5 0.3 0.4 0.3 0.3 0.3 0.4
Yb 1.9 3.4 2.5 2.6 32 2.3 2.5 2.2 2 2 2.8
Lu 0.3 0.5 0.4 0.4 0.5 0.3 0.4 0.3 0.3 0.3 0.4
Y 20.4 30.7 22.5 233 30.2 21.6 234 19.8 18.2 18.4 26.6
Eu/Eu* 0.1 0.4 0.5 0.7 0.5 0.7 0.2 0.1 0.7 0.7 0
(La/Yb)N 4.9 13.4 5.2 8.7 34 8.4 73 7.3 6.4 5.6 4.8
Sample Granodiorites

MA3? AS2 GM5?* AGHI1 G6 G4 G5 AGH6 B1AS5 AD4 AKY13 B4A19
Si0,% 71.4 70.6 67.2 64.9 64.3 63.8 63.4 62.8 60.6 59.7 58.5 57.8
TiO, 0.3 0.3 0.5 0.5 0.6 0.6 0.6 0.7 0.7 0.6 1 1
ALO3 14.7 14.5 15.5 16 16.7 16.9 16.1 16.9 17.5 20.2 18 18.3
Fe O3 t 1 35 2 4.5 5.5 5.6 5.2 5.7 6.5 4.3 8 8.7
MnO 0 0.1 0 0.1 0.1 0.1 0.1 0.1 0.1 0 0.1 0.1
MgO 2.9 0.9 39 1.4 1.6 1.6 1.5 1.8 1.8 1.3 24 2.5
CaO 0.3 2.2 0.7 2.5 3.9 3.8 3.8 38 4.1 5.2 4.1 4.3
Na,O 4.8 3 4.2 3.1 3.1 3 2.9 34 2.9 3.6 2.5 2.6
K,0 1.3 4.1 1.4 4 3.4 3.6 34 3 34 3.4 32 3.3
P,0s 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.2 0.3 0.2 04 0.1
Ni (ppm) 12 13 18 18 17 16 19 21 22 10 32 47
Cr 20 120 40 150 120 120 90 110 150 100 180 160
Co 55.3 6.4 41.9 10.2 12 11.1 11.1 11.8 12.8 8.9 18.6 19.6
\% 31 36 55 60 88 88 81 78 97 50 155 152
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Table 3 (continued)
Sample Granodiorites
MA3?* AS2 GM5* AGHI G6 G4 G5 AGH6 B1AS55 AD4 AKY13 B4A19
Cs 0.5 5.2 0.9 9.3 3.8 35 3 4.5 5.8 4.3 4.1 4.7
Rb 40.8 142.5 29.3 146 130.5 133.5 122 111 134.5 133.5 129.5 142.5
Sr 26.9 200 65.9 256 322 319 295 320 338 484 294 330
Ba 80.2 441 172.5 577 598 596 551 549 765 1150 763 853
Th 23 24 23 21 12 10 17 32 2 14 15 25
U 2.2 2.7 1.6 1.9 24 33 2.5 2.3 1.4 2.3 1.9 2.2
Ta 1.5 1.1 1.2 1 0.9 1 0.9 1 0.9 0.8 0.9 1
Nb 13 12 16 14 14 13 14 17 15 15 19 21
Hf 5 5 6 5 6 6 6 7 6 9 8 9
Zr 147.5 162.5 210 179.5 203 203 198.5 227 232 341 274 287
Zn 10 27 18 43 56 52 51 48 58 53 83 124
Ga 15 17 15 21 22 20 21 20 20 25 22 26
Sn 2 2 2 2 1 1 1 1 2 2 1 2
W 550 5 420 15 6 9 4 7 8 5 10 5
La 52.3 48.7 28.6 473 29.4 44.2 40.7 62.1 19.5 64 51 76.4
Ce 94.1 93.6 52.2 91.1 59.9 92.6 82.5 104.5 40.8 118.5 103 155
Pr 10.6 10 6 9.6 6.4 9.3 8.6 11.8 4.1 11.6 11 16.2
Nd 35.8 33.1 21.2 32.3 22.4 31 30 40.9 15.1 38.8 39.2 56.6
Sm 6.3 6.6 3.9 5.3 4 4.8 5.2 5.9 2.3 6.2 7 9.4
Eu 0.6 1.2 0.2 1.2 1 1.1 0.9 0.9 1.3 22 1.3 0.8
Gd 5.7 6.6 3.7 6 4.1 43 4.7 5.9 2.2 6.3 6.8 8.3
Tb 0.8 0.8 0.5 0.7 0.5 0.6 0.6 0.6 0.2 0.8 0.9 1
Dy 4.5 5.1 2.7 3.8 2.9 34 3.6 3 1.1 3.6 5.3 6.3
Ho 0.9 1 0.6 0.7 0.6 0.7 0.7 0.6 0.2 0.5 1.1 1.4
Er 2.8 3.1 1.6 2 2.1 2.1 2 1.6 0.7 1.2 3.6 4.5
Tm 0.4 0.4 0.2 0.2 0.3 0.3 0.3 0.2 0.1 0.1 0.5 0.6
Yb 2.7 2.9 1.5 1.7 2 2.3 1.8 14 0.7 0.8 3.4 4.5
Lu 0.4 0.4 0.2 0.2 0.3 0.4 0.3 0.2 0.1 0.1 0.5 0.6
Y 27.8 27.2 15.2 19.2 18.8 20.2 19.6 13.8 6.7 15 31.6 37.4
Eu/Eu* 0.3 0.6 0.2 0.7 0.8 0.7 0.6 0.5 1.8 1.1 0.6 0.3
(La/Yb)N 13 11.2 12.7 18.6 9.8 12.9 15.1 29.7 18.6 53.5 10 114
Sample Monzogranites
G22* AG19 GMI11 AB6* AGI18 G24 GMI10 G23
Si0,% 75.1 73.7 71.4 71.1 70.8 70.7 70 69.7
TiO, 0.1 0.3 0.3 0.2 0.4 0.2 0.3 0.2
Al O3 12.8 12.8 14 14.5 13.5 14.6 14.1 14.9
Fe 05 t 1.1 22 3 2 2.8 22 3.5 2.5
MnO 0 0.1 0.1 0 0.1 0.1 0.1 0.1
MgO 0.1 0.4 0.6 1.2 0.6 0.4 0.7 0.5
CaO 0.5 0.9 1.8 0.9 1 1.7 2.1 1.8
Na,O 3.7 3.8 3 4.2 3.9 3.8 2.8 4.1
K,O 4.6 3.8 4.1 2.1 4.1 4.6 4 4.2
P,0s 0 0.1 0.1 0.1 0.1 0 0.1 0
Ni (ppm) 7 7 11 13 20 9 12 8
Cr 130 10 20 150 10 80 20 110
Co 1.2 54.1 329 33 54.7 3.7 53.4 3.5
v 33 17 24 23 27 11 29 11
Cs 3.7 0.8 2.7 2.3 1.1 4.5 6.2 4.5
Rb 189 129 146.5 63.8 123.5 157 166.5 152.5
Sr 27.8 121.5 229 114 168 124.5 239 132.5
Ba 38.5 320 399 276 631 408 404 372
Th 19 31 15 16 32 11 20 13
U 3.8 5.8 2.6 2.5 5.3 24 2.7 2.6
Ta 1.5 3.2 1.4 1.1 2.6 0.9 1.4 1.1
Nb 9 32 11 10 28 10 11 11
Hf 4 5 4 4 6 4 4 5
Zr 81.5 178 116.5 106 230 128 137 149
Zn 16 30 29 13 79 39 35 47
Ga 16 19 17 17 20 17 17 17
Sn 3 3 2 3 4 4 2 4
W 8 469 225 8 416 11 429 11
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La 7.3 427 32.9 325 59.5 20.1 39.7 25.1
(continued on next page)

Table 3 (continued)
Sample Monzogranites

G22°* AGI9 GM11 AB6* AGIS8 G24 GMI10 G23
Ce 18 74.6 64.6 64.1 101.5 40.5 77.4 54.5
Pr 2.4 7.2 6.9 6.5 9.7 4.2 8.3 5.6
Nd 9.8 23 23.7 223 29.6 15 28.7 20.3
Sm 4 4.5 4.5 4.5 5.2 3.3 5.2 4.4
Eu 0.1 0.9 0.7 0.7 0.1 0.4 0.5 0.2
Gd 5.7 4.6 4.1 4.2 5.3 3.6 5.1 4.2
Tb 1.2 0.7 0.6 0.6 0.7 0.6 0.7 0.6
Dy 8.8 4.2 3.5 3.7 4 3.5 39 4.1
Ho 2 0.8 0.7 0.7 0.8 0.7 0.8 0.8
Er 6 2.5 1.9 22 2.5 2.1 22 2.7
Tm 1 0.4 0.3 0.3 0.4 0.3 0.3 0.4
Yb 6.6 2.9 2 24 2.6 2.1 22 2.6
Lu 0.9 0.4 0.3 0.3 0.4 0.3 0.3 0.4
Y 59.5 22.8 19.2 20.2 22.8 20.3 21 233

Line missing

Earth, Atmospheric and Planetary Science, MIT
(Cambridge, Massachusetts, USA). Sr, loaded on single
Re filaments, was analyzed in dynamic multi-collector
mode with ®¥Sr=3V. All Sr data are normalized to
86Sr/%8Sr = 0.1194 and analytical uncertainty for 3°Sr/*Sr
is 1 in the fifth decimal place or better (20). Long term
reproducibility of NBS-987 standard at MIT is
0.710247 £ 0.000014 (20).

Nd isotope ratios were obtained using a VG 354 Five-
collector mass spectrometer at MIT. "*Nd/'"*Nd ratios
were  corrected for  fractionation  relative  to
Nd/"Nd = 0.7219. Replicate runs for the La Jolla
Nd standard gave 143N d/"*Nd values that were normal-
ized relative to 0.511855, matching the accepted value for
the La Jolla standard (Wasserburg et al., 1981). Dissolu-
tion and chemical separation techniques and mass spec-
trometer procedures for whole-rock Sr and Nd isotope
analyses have been reported by Tronnes and Brandon

(1992). The results of the Sr and Nd isotope analyses
are reported in Table 4.

4.2. Major elements

SiO, contents of different samples exhibit wide ranges,
from approximately 52-63 wt% for the quartz-dioritic unit,
58-71 wt% for the granodioritic unit and 70-75 wt% for
the monzogranitic unit (Table 3). Major and trace element
variations are illustrated in Harker diagrams (Figs. 6 and
7). Most of the samples display near-linear to curvilinear
trends of decreasing Al,Os3, TiO,, Fe,0O3;, MgO, MnO,
CaO and P,05 and increasing K,O and Na,O with increas-
ing SiO, content.

Harker diagrams of the major elements (Fig. 6) have
trends suggesting clearly that the granodioritic and monzo-
granitic units may be co-magmatic, whereas the quartz-
diorites seems to be derived from a different source or by

Table 4

Sm-Nd and Rb-Sr isotopic data from the Boroujerd Granitoid Complex

Sample G12 B2A31 AD4 B1AS55 GMI10
Rock type QZ diorite QZ diorite Granodiorite Granodiorite Monzogranite
Rb (ppm) 88.2 77.4 133.5 134.5 166.5
Sr (ppm) 347 231 484 338 239
87Rb/*%Sr 0.73535 0.96953 0.79803 1.1514 2.161
87Sr/%8r (a) 0.70795 0.70976 0.70856 0.70936 0.71114
87S1/5S 0.7062 0.7074 0.7066 0.7066 0.7063
Sm (ppm) 4.84 5.59 7.74 7.72 5.97
Nd (ppm) 23.73 24.5 52.75 51.15 31.47
1478 m/"*Nd 0.12337 0.13804 0.08874 0.09129 0.11478
13Nd/"Nd 0.51237 0.51241 0.51234 0.51235 0.51239
("3Nd/"Nd); 0.51223 0.51226 0.51224 0.51225 0.51226
éNd () —-3.62 -3.14 -3.53 —-3.33 —3.02
T(DM) 1135 1269 867 869 1006
Ssm/Nd —0.37 —-0.3 —0.55 —0.54 —0.42

Nd isotopic normalized to "*Nd/"*Nd = 0.7219. ¢Nd calculated at 7= 170 Ma for rocks. (a) Long term reproducibility of NBS-987 standard at MIT:
0.710240 + 000014 (26 SD). &(T) = [Rm(7)/RCHUR(T) — 1]x 104, where Rm(7) and RCHUR(T) refer to the isotopic ratios of **Nd/!**Nd for a sample
(m) and CHUR, ("*Nd/"**Nd) CHUR(0) = 0.512638 and ('*’Sm/"**Nd) CHUR(0) = 0.1967.
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Fig. 6. Harker diagrams for major elements of the Boroujerd Granitoid Complex. Symbols: B quartz-dioritic unit, (J: monzogranitic unit, A:

granodioritic unit.
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Fig. 7. Harker diagrams for selected trace elements of the Boroujerd Granitoid Complex. Symbols as in Fig. 6.
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Fig. 8. Molar A/CNK [Al,03/(CaO + Na,O + K,0)] vs. A/NK [(Al,O3)/
(Na,O + K,0)] diagram (Shand, 1947) for the Boroujerd Granitoid
Complex. Symbols as in Fig. 6.

different magmatic processes. In the Al,O3/(CaO +
Na,O + K,0) versus Al,O3/(Na,O + K,0) [A/CNK vs.
A/NK] diagram (Shand, 1947) (Fig. 8); the composition
of quartz-dioritic unit plots in the metaluminous field,
while the granodioritic and monzogranitic unit plot into
the peraluminous domain. Nevertheless, the ratio of the
molecular A/CNK of the quartz-dioritic unit as well as
most of the granodioritic and monzogranitic units are in
the 1-1.1 interval of A/CNK (Fig. 8), hence the rocks are
of I-type in the sense of Chappell and White (1974). On
the basis of the Irvine and Baragar (1971) classification
scheme (Fig. 9a) all samples belong to the calc-alkaline ser-
ies, and fall in the high to medium-K calc-alkaline field in
the K,O vs. SiO, diagram of Rickwood (1989) (Fig. 9b).
Some of the samples (MA3, GMS5 and ABG6) fall in the
medium-K calc-alkaline field and their K,O contents are
inconsistent with their silica contents, which could be due
to some hydrothermal alteration.

4.3. Trace elements

Trace clement contents are presented in Table 3 and
their variations versus SiO, are plotted in Harker diagrams
(Fig. 7). As was observed for the major elements, the
quartz-diorite unit defines a distinct domain in the trace
element diagrams, clearly shown by the Cr, Rb and Zr
variations, suggesting a different source (or magmatic
processes) for that unit. The transition elements (Ni, Cr,
Co, V) display a pronounced negative correlation with
their silica content, that is, they behave as compatible ele-
ments. The decrease of the V content with increasing
SiO, is evidence for the fractionation of Fe-Ti oxides.
The Sr and Zn variations show a negative trend, whereas
Rb, U, Ta, Nb and Th show a positive correlation and
Hf, Zr, Yb, Y, Nd, Ga, Ce and La are scattered, in compar-
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Fig. 9. (a) K50 vs. SiO, diagrams with field after Rickwood (1989); (b)
AFM diagram with field delineated after Irvine and Baragar (1971).
Symbols as in Fig. 6.

ison with the other elements (Table 3; Fig. 7). The high-
field strength elements (Nb, Ta and Hf) are generally
low. The Nb content is lower than the average value of fel-
sic I-type granites (20 ppm), but is in the range of I-type
(14 ppm) granites in the Lachlan Belt of southeastern Aus-
tralia (Chappell and White, 1992). Sr contents in fresh sam-
ples range from 484 to 66 in the granodioritic unit, from
388 to 197 ppm in the quartz-diorite unit and from 269
to 114 ppm in the monzogranitic unit. This element
behaves as a compatible element, suggesting the role of pla-
gioclase fractionation in the formation of these rocks. Ba
contents range from 1150 to 172 ppm in the granodioritic
unit, from 596 to 236 ppm in the quartz-dioritic unit, and
from 631 to 38 ppm in the monzogranitic unit. This ele-
ment behaves as an incompatible element in the quartz-
diorites but is compatible in the other units.

Trace element distribution patterns for the granodiorit-
ic, quartz-dioritic and monzogranitic units from the Borou-
jerd Complex are normalized to chondrites in Fig. 10
following Thompson (1982). All the studied samples show
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Ta, Nb, Ti, P and Sr depletion and are enriched in LILE
(Rb, K, and Th). In comparison with HFSE (Nb, Ta, Hf,
Zr, Sm, Y, and Yb), the LREE (La, Ce, Nd) show enrich-
ment. High Rb, Th, K and low Sr, P and Ti values are com-
patible with typical crustal melts (Harris et al., 1986;
Chappell and White, 1992) and suggest some upper crustal
contamination during magmatic evolution. Another expla-
nation is that they display the signature of a subduction
component, i.e. fluids (or melts) derived from the subduct-

A.A. Khalaji et al. | Journal of Asian Earth Sciences 29 (2007) 859-877

ed sediments. The Nb-Ta trough is typical for calk-alkaline
magmas formed above a subduction zone.
Chondrite-normalized REE (Rare Earth Elements) pat-
terns are shown in Fig. 11 using the chondrite-normalized
values of Nakamura (1974). The light REE (LREE) pat-
terns show enrichment as 90-120 times chondrite for the
granodioritic unit, 40—100 times for the quartz-dioritic unit
and 60-110 times for the monzogranitic unit. The samples
of the granodioritic unit exhibit strongly fractionated REE

Rock/Chondrites Thompson, R.N., 1982-no double
1000 — T T ] I T I T ] T | ] T T ] T T T T T —]
— Quartzdiorites
100 E=— =
10 = =
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ba Rb Th K Nb Ta La Ce Sr Nd P Sm Zr Hf Ti T Y Tm Yb
Rock/Chondrites Thompson, R.N., 1982-no double
— T T T T T T T T T T T 1 T T ] T T T =
— Granodiorites
100 = =
10 - =
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Ba Rb Th K Nb Ta La Ce Sr Nd P Sm Zr Hf Ti Tb Y Tm Yb
Rock/Chondrites Thompson, R.N., 1982-no double
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K Nb Ta La Ce Sr

Nd P Sm Zr Hf Ti Tb Y Tm Yb

Fig. 10. Chondrite-normalised, trace element abundance diagrams (spider diagrams) for representative samples of the studied granitoid complex.

Normalization factors are from Thompson (1982). Symbols as in Fig. 6.
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Fig. 11. Chondrite-normalized REE patterns (values from Nakamura,
1974). Symbols as in Fig. 6.

patterns ([La/Yb]y = 10-53), in which variable Eu anoma-
lies (Eu/Eu” = 0.2-1.1) and flat heavy REE (HREE) pat-
terns are visible. The samples of the quartz-diorite unit
again show strong fractionated REE patterns ([La/
Yb]n = 3-13), but flatter heavy REE patterns with moder-
ate negative Eu anomalies (Eu/Eu” = 0-0.7). The samples
of the monzogranitic unit are characterized by strongly
fractionated and flatter heavy REE patterns than granodi-
orites ([La/Yb]y = 5-15) and have strong to moderate neg-
ative Eu anomalies (Eu/Eu” = 0-0.6).
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Fig. 12. Initial eNd, values vs. initial Sr isotopic ratios. Symbols as in
Fig. 6.

4.4. Isotopes

Five samples (2 from the granodioritic unit, 2 from
quartz-dioritic unit and 1 from monzogranitic unit) were
selected for determination of '**Nd/'"*Nd and 3Sr/%°Sr
isotopic ratios, corrected to the 170 Ma age of the Borou-
jerd granitoids. The results are presented in Table 4. All
the samples plot in the lower right quadrangle of the Sr—
Nd diagram corresponding to lower crustal signatures
(Fig. 12). All of these samples are characterized by low neg-
ative gng values (between —3.02 and —3.62) and plot close
together, a feature which shows a genetic link between the
different rock types.

Low negative &ng values may suggest a metaigneous
protoliths of lower crust for the quartz-dioritic, granodio-
ritic and monzogranitic units. Similarly, the *’Sr/*Sr initial
isotopic ratios of the granodioritic and monzogranitic unit
are close together (between 0.7063 and 0.7066), but show
some higher values (between 0.7062 and 0.7074) for the
quartz-dioritic unit. This could also indicate different mag-
matic processes and/or different crustal protoliths having
dissimilar compositions in a deforming active margin for
these rocks.

5. Discussion
5.1. Tectonic setting and geotectonic model

The Boroujerd Granitoid Complex is formed of a high-
K calc-alkaline suite (Fig. 9b), in which quartz-diorite,
granodiorite and monzogranite are the dominant rock
types. In respect of their field relations (see Section 1),
petrography (see Section 3) and geochemistry (see Section
4) these rocks show similarity to intrusions of active conti-
nental margins. Numerous studies suggest that trace ele-
ments can be used to discriminate between the different
tectonic settings of granitoid magmas (e. g. Pearce, 1983;
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Pearce et al., 1984; Harris et al., 1986), although they must
be used with caution, as they could represent the formation
of the protoliths, rather than those of the derived magma.
The Boroujerd granitoids in the geotectonic classification
of Pearce et al. (1984) are classified as volcanic arc granites
(Fig. 13). Furthermore, as discussed earlier (Section 4.3),
granitoids of the Boroujerd area are enriched in LILE such
as Cs, K, Rb, and Th with respect to the HFSE, especially
Nb and Ti (Fig. 10). Magmas with these geochemical char-
acters are generally ascribed to subduction-related environ-
ments (e.g. Rogers and Hawkesworth, 1989; Sajona et al.,
1996). High Th/Yb ratios correlated with high values for
La/Yb are consistent with continental arc magmas
(Fig. 14).
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Fig. 13. Rb vs. (Nb+ Y) and Rb vs. (Y + Nb) diagrams of Pearce et al.
(1984); ORG, ocean-ridge granites; syn-COLG, syncollisional granites;
VAG, volcanic arc granites; WPG, within-plate granites. Symbols as in
Fig. 6.

5.2. Petrogenetic considerations and origin of the parent
magmas

The quartz-dioritic samples and the most of the grano-
dioritic and monzogranitic samples from the Boroujerd
granitoids belong to the I-type granites of Chappell and
White (1974). The S-type affinity shown by a few samples
of the granodioritic and monzogranitic units may also rep-
resent highly fractionated I-type granites, as these rocks
commonly reach and even slightly exceed aluminium satu-
ration (Chauris, 1991; Chappell, 1999), or may be due to
contamination by reaction with country rocks.

Regarding the origin of felsic arc magmas, two petroge-
netic models have been proposed by different researchers.
According to the first model felsic arc magmas are derived
from basaltic parent magmas by Assimilation and Frac-
tional Crystallization (AFC) processes (e.g. Grove and
Donnelly-Nolan, 1986; Bacon and Druitt, 1988) and Melt-
ing, Assimilation, Storage and Homogenisation (MASH)
processes (Hildreth and Moorbath, 1988). The MASH
model applies to entire magma generation. Mantle and
crustal magmas mixing close to the mantle-crust boundary,
establish the characteristic chemical signature of magmas
at the melting stage. The age and consequent chemical
composition of the lower crustal component controls the
isotopic variations during the assimilation stage. Finally,
AFC processes may substantially modify the composition
of the ascending magmas, resulting in the homogenisation
stage (Hildreth and Moorbath, 1988).

In the second model, basaltic magmas provide heat for
the partial melting of crustal rocks (e.g. Bullen and Clynne,
1990; Roberts and Clemens, 1993; Tepper et al., 1993; Guf-
fanti et al., 1996). The mantle is also the heat source that
controls crustal melting (Vigneresse, 2004). Other mecha-
nisms for crustal melting require either advective or diffu-
sive heat. Heat transfer by the former process brings hot
material from the mantle and rapidly heats up the crust
(Vigneresse, 2004).

The low concentration of the transitional elements (Ni,
Cr, Co, V), the large volume of the granitoid rocks and
the absence of rocks with basaltic compositions (all
samples have SiO, content >52%, Table 3) in the Boroujerd
area, suggest that it is unlikely that the voluminous felsic
magmas were generated by differentiation of a mantle-de-
rived mafic basaltic parent magma. It seems also unlikely
that these granitoids represent mixtures of basaltic and gra-
nitic magmas, as evidence of mixing (e.g. coeval basaltic
members) are lacking in the Boroujerd area. In addition,
the Boroujerd granitoids are high-K, I-type, calc-alkaline
rocks, characterized by pronounced negative Ba, Sr, Nb,
Ta, P and Ti anomalies, enriched in Rb, Th, K, Ce, La
and Nd, and have ¢Nd (7) values of —3.62 to —3.02, and
87Sr/%%Sr initial isotopic ratios of 0.7062-0.7074. A crustal
source of the granitoids is also indicated by the Sr—Nd iso-
topes (Fig. 12). The abundance of incompatible elements
(K, Th, U, Rb, La, Ce) and the negative Eu anomaly sup-
port an intra-crustal origin for the granitoids of the Borou-
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Fig. 14. La/Yb vs. Th/Yb diagram after Condie (1989). Symbols as in Fig. 6.

jerd area. In conclusion, it could be suggested that the
Boroujered granitoids originated by partial melting of
crustal protoliths having different compositions in a
deforming active margin. In such a setting, mantle melts
emplaced into the lower crust, were the most likely supplier
of the heat required for crustal anatexis.

Fractional crystallization of the melts en route to higher
crustal levels can generate the whole spectrum of granitoid
types represent in the Boroujerd area. Increases in Na,O,
K,0 and decreases in TiO,, Fe,O3;, CaO, MgO, MnO,
P,Os5 and Al,O5 contents shown in the granitoids are com-
patible with their evolution through fractional crystalliza-
tion processes (Fig. 6). Negative Ba and Sr anomalies in
rocks from the Boroujerd area are associated with negative
Eu anomalies, indicating evolution by fractionation of
K-feldspar and plagioclase, either in magma chambers or
during magma ascent. This is also supported by negative
correlations between CaO, Al,O;, and SiO, (Fig. 6). The
fractionation of plagioclase has played an important role
in the petrogenesis of the Boroujerd granitoids, as indicat-
ed by significant anomalies of Eu, Ba, and Sr (Figs. 10 and
11). Decreases in P,Os with increasing SiO, content are
attributed to fractionation of apatite (Fig. 6). The
unfractionated HREE (and Y) patterns (Fig. 10) suggest
that the magma was produced outside the garnet stability
field whereas the negative Eu and Sr anomalies (Figs. 10
and 11) could indicate that plagioclase was stable in the
source.

6. Conclusions

The Boroujerd Granitoid Complex is made of three
almost synchronous units (169-170 Ma) including granodi-
oritic, quartz-dioritic and monzogranitic units. The geo-
chemical characteristics, mineralogy and petrography of
these units are comparable with typical I-type granites.
The complex belongs to metaluminous to a slightly

peraluminous, high-K calc-alkaline series, and displays
geochemical characteristics typical of volcanic arc granites
related to an active continental margin. The Sr—Nd isotope
data for the Boroujerd granitoids are consistent with deri-
vation from a crustal source and it could be suggested that
the granitoids originated by partial melting of crustal pro-
toliths having different compositions in a deforming active
margin. This conclusion is in good agreement with the gen-
eral model of Berberian (1983) and Shahabpour (2005),
who proposed that the Sanandaj-Sirjan calc-alkaline mag-
matic arc formed over a high angle subducting oceanic slab
in a Neotethyan subduction zone during Late Triassic to
Late Cretaceous time.
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