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Kolah-Ghazi  granitoid  (KGG),  situated  in the  southern  part of  the  Sanandaj–Sirjan  Zone  (SNSZ),  Iran,  is  a
peraluminous,  high  K calc-alkaline,  cordierite-bearing  S-type  body  that  is mainly  composed  of  monzo-
granite,  granodorite  and  syenogranite.  Zircon  U–Pb ages  indicate  that  the crystallization  of the  main  body
occurred  from  175  Ma  to 167  Ma.  Two  kinds  of  xenoliths  are  found  in  KKG  rocks:  (i)  xenoliths  of  partially
melted  pelites  including  cordierite  xenocrysts  and  aluminoslicates,  and  (ii)  mafic  microgranular  enclaves
that  reflect  the  input  of mantle-derived  mafic  magmas.  Field  observations  and  geochemical  data  of KGG
rocks  are  consistent  with  their  derivation  from  a multiple  sources  including  melts  of  metasediments
and  mantle-derived  melts.  We  infer  that these  magmas  originated  by the  anatexis  of  a  metasedimentary
source  (mixture  of  metapelite  and  metagreywacke)  in  the  mid-  to  lower-crust  under  low  water-vapor
pressures  (0.5-1  Kbar)  and temperature  of  ∼800 ◦C. KGG  is the  product  of  biotite  incongruent  melting
of  this  metasedimentary  source.  S-type  granites  are  commonly  thought  to be  produced  in  continent-
continent  collision  tectonic  environment.  However,  trace  element  discrimination  diagrams  show  that
S-type  KGG  rocks  formed  in  an  arc-related  environment.  The  roll-back  of Neo-  Tethyan  subducting  slab
accompanying  oblique  subduction  in  Late  Triassic  to Early  Jurassic  time  induced  trench  rollback,  back  arc

basin  opening  and  filling  with  turbidite  flysch  and  molasse-  type  siliciclastic  sediments  of  the  Shemshak
Group  on  the overriding  plate.  Further  changes  in  the  subducting  slab  to  flat  subduction  in  Middle  Juras-
sic  time,  the  time  of  peak magmatism  in  the SNSZ,  led  to thickening  and  high  temperature-low  pressure
metamorphism  of the  backarc  turbidite  deposits  and  consequent  anatexis  of the  metasedimentary  source
to produce  the  KGG  S-  type  rocks  along  with  several  other  I-type  granitoids  in  the SNSZ.

©  2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The Iranian sector of the Alpine-Himalayan orogenic belt is
 complex assemblage of several aggregated and welded conti-
ental blocks with different stratigraphic and tectonic histories
eparated by narrow belts of Late Cretaceous ophiolites such as
ain-Baft, Nayriz and Sabzevar (Aghanabati, 2004; Ghazi et al.,
004; Berberian and King, 1981). Middle Mesozoic to late Cenozoic

agmatic rocks were generated during Neo-Tethyan subduction

eneath the Iranian blocks (Verdel et al., 2011). There are two  NW-
E trending magmatic belts parallel to the Neo-Tethyan suture zone

∗ Corresponding author.
E-mail address: esmaili@khayam.ut.ac.ir (D. Esmaeily).

ttp://dx.doi.org/10.1016/j.chemer.2017.02.003
009-2819/© 2017 Elsevier GmbH. All rights reserved.
in Iran; 1) the Sanandaj–Sirjan zone (SNSZ) which is dominated
by Jurassic–Cretaceous granitic plutons and minor volcanic rocks
(Azizi and Moinevaziri, 2009) and 2) the Urumieh–Dokhtar Mag-
matic Belt (UDMB), of Late Cretaceous to Quaternary age (Berberian
and King, 1981).

The SNSZ is a key tectonic element and is located close to the
northeastern margin of the Zagros orogen (Mohajjel et al., 2003).
Lithological and structural evidence indicates that the SNSZ experi-
enced different geodynamic settings during its evolution by rifting
from the Zagros basin with basic magmatism in Paleozoic time (i.e.
opening of the Neo-Tethyan Ocean; Berberian and King, 1981) to an
Andean type margin in Jurassic time (Alirezaei and Hassanzadeh,

2012; Alavi, 1994; Sheikholeslami et al., 2008; Fazlnia et al., 2009;
Mohajjel et al., 2003). This was succeeded by formation of Late Cre-
taceous ophiolites of the Inner and Outer Zagros ophiolite belts

dx.doi.org/10.1016/j.chemer.2017.02.003
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemer.2017.02.003&domain=pdf
mailto:esmaili@khayam.ut.ac.ir
dx.doi.org/10.1016/j.chemer.2017.02.003
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Shafaii Moghadam and Stern, 2015). These ophiolite belts mark
he SNSZ from Central Iran (Berberian and King, 1981; Mohajjel and
ergusson, 2000; Mohajjel et al., 2003; Davoudzadeh and Schmidt,
984; Shafaii Moghadam et al., 2009). The subduction of Neo-
ethyan is considered to have been responsible for extensive arc
agmatism from Early Jurassic to Cenozoic in the SNSZ (Meso-

oic arc) and UDMB (Tertiary arc) (Alavi, 1994; Berberian and
ing, 1981; Omrani et al., 2008; Verdel et al., 2011; Aghazadeh
nd Mogaddam, 2010; Baharifar, 2004; Ghasemi and Talbot, 2006;
ohajjel et al., 2003; Chiou et al., 2013).
The first stage of subduction-related magmatism in Iran was

uring Jurassic time with peak activity at ∼165 Ma,  as evidenced
y the presence of widespread volcanic and intrusive massifs that
ange in age from 199 to 144 Ma  in the SNSZ (Chiou et al., 2013).
urassic arc igneous activity is best preserved in the SNSZ. The main
urassic intrusive bodies in the SNSZ include Azna (Moazzen et al.,
004; Sepahi and Athari, 2006), Aligudarz (Bagherian and Khakzad,
001), Saqqez (Sepahi and Athari, 2006), Golpayegan (Davoudian
t al., 2007) Hamadan (Sepahi, 1999) Kolah-Ghazi (Noghreyan and
abatabaei-Manesh, 1995; Khalili and Khalili, 2002), Borujerd and
staneh (Masoudi, 1997; Ahmadi Khalaji et al., 2007) (Fig. 1b).

The Kolah-Ghazi granitoid (KGG) and other SNSZ intrusions
re associated with nearby Shahr-e-Kord high pressure metaba-
ites, amphibolites and eclogites with mid-ocean ridge (MORB)-like
ompositions attributed to exhumed remnants of Neo-Tethyan
ceanic lithosphere (Davoudian et al., 2006, 2007). These together
ith the proximity of the KGG to the Nain-Baft ophiolitic belt

nd the geochemical or geochronological similarity of the KGG to
everal other arc-related I-type granitoids in the SNSZ, make it
mportant to better understand the KGG and what it tells us about
NSZ geodynamic evolution. Despite its significance, the age, geo-
hemistry and geodynamics of the KGG remain poorly understood.
hus, a detailed study of this intrusion provides a unique opportu-
ity to better understand Jurassic subduction and arc magmatism
rocesses that took place beneath SW Eurasia. In this study, we
resent a detailed account of the field relations, rock types, min-
ral chemistry, whole-rock geochemistry, and SIMS zircon U-Pb
ating of the KGG for the first time and use these data to deter-
ine the petrogenesis, source region and tectonic setting in the

ramework of Jurassic arc magmatism along the northern margins
f Neo-Tethyan in the SNSZ.

. Geological setting and field relationship

The SNSZ can be subdivided into two parts: (1) the southern part,
eformed and metamorphosed in Middle to Late Triassic time; and
2) the northwestern part, deformed in Late Cretaceous time, which
ontains many intrusive felsic rocks of mainly Late Cretaceous–
aleocene age (Eftekharnejad, 1981; Rachidnejad-Omran, 2002;
hasemi and Talbot, 2006; Shafaii Moghadam and Stern, 2011). The
outhern SNSZ is subdivided transversally into two separate parts
ith different tectonic histories: (i) Esfahan–Sirjan region in the
orth consisting of Paleozoic, Mesozoic, and Cenozoic sedimentary
ocks with typical Central Iranian stratigraphies; and (ii) south-
estern part (Shahrekord–Dehsard Terrane), which is an intensely

aulted zone consisting of high to low grade metamorphic rocks
nd metasedimentary strata with intercalations of intermediate
nd basic volcanic rocks (Arfania and Shahriari, 2009).

The KGG lies within the Esfahan–Sirjan Block (32◦20
′
N–51◦55

′
E)

outheast of Esfahan city along the southern extension of the Kolah-
hazi ranges (Fig. 1). The Kolah-Ghazi range is a fault bounded,

W–SE trending anticlinorium, characterized by a belt of Jurassic

o Cretaceous sedimentary rocks 50 km long and 7 km wide. The
GG crops out in three small separate exposures in the Lagoor-
-bozorg and Soroushjoon valleys along the main northern and
rde 77 (2017) 281–302

southern faults of the Kolah-Ghazi range. The Najafabad–Kolah-
Ghazi and Golpayegan faults restrict the northern and southern
Kolah-Ghazi range, respectively, and are the main structural ele-
ments of the study area. These faults were active during Jurassic and
Cretaceous time and their vertical movement formed large NW-
SE oriented, fault- bounded basins in which Mesozoic sediment
was deposited (Khosrow-Tehrani, 1970). The Jurassic succession
in the Kolah-Ghazi region is dominated by shale and sandstone
with interlayered fossil-bearing limestones (Zahedi, 1976). The
Cretaceous sequence consists of Barremian to Coniacian basal con-
glomerate, sandstone, shale and limestone that unconformably
overlies the KGG (Khosrow-Tehrani, 1970; Fig. 3). The presence of
KGG clasts in the basal conglomerate of the overlying Cretaceous
succession and contact metamorphism and hydrothermal alter-
ation of Jurassic units testify to the KGG emplacement during Late
Jurassic, before deposition of Early Cretaceous limestones.

The KGG is mainly composed of monzogranite, granodiorite and
syenogranite associated with aplitic dykes and quartz-tourmaline
veins (Fig. 2). It intruded the Jurassic shale, producing a narrow
contact metamorphic aureole made of biotite-hornfels. Up to 10 cm
oval xenoliths, both mafic microgranular enclaves (MMEs) and sur-
micaceous (biotite-aluminosilicate) enclaves (Fig. 3e) have been
identified in KGG rocks. The surmicaceous enclaves are rounded
xenoliths composed of andalusite, cordierite, spinel, sillimanite,
biotite, plagioclase and quartz. The MMEs  are fine-grained with
biotite, plagioclase, quartz, apatite, and zircon as dominant assem-
blage.

3. Petrography

Detailed mapping of the KGG (Fig. 2) reveal three main rock
types, hereafter referred to as granodiorite, monzogranite, and
syenogranite. Monzogranite outcrops throughout the Soroushjoon
valley, east and west of the Lagoor-e-bozorg and Cheshmehneyzar
area. They are coarse-grained with a granular texture. Mineral
assemblages include quartz (40%) alkali feldspar (30–35%), pla-
gioclase (25–35%), biotite (5–10%) and some primary muscovite.
Zircon, apatite, andalusite, sillimanite are common accessory min-
erals (Fig. 4f). Large phenocrysts of quartz show undulatory
extinction and have inclusions of biotite, alkali feldespar, plagio-
clase and apatite. Plagioclase (altered to sericite) and alkali feldspar
occur as euhedral to subhedral crystals with polysynthetic twins
and Carlsbad twins, respectively.

Granodiorites are second in abundance after monzogranites and
crop out as low high hills that intrude Jurassic shales and are
unconformably overlain by Cretaceous limestones (Fig. 3a & b).
These rocks show medium to coarse-grained textures with a simple
mineralogy (Fig. 4d): quartz (25–30%), plagioclase (30–40%), alkali
feldspar (<20%) and biotite (10–20%). Apatite, zircon, silimanite and
andalusite are common accessory minerals, with some muscovite
and spinel. Quartz crystals occur as anhedral isolated grains with
undulatory extinction. Plagioclase forms rectangular to subhedral
laths, 1–2 mm or less in length that exhibit variable amounts of
sericitisation and zoning (Fig. 4e). Biotite occurs as brown flakes,
1–2 mm in length, with a preferred orientation; these are mostly
altered to chlorite, cordierite and/or titanite (Fig. 4f). Evidence that
cordierite in KGG formed from biotite includes the lack of zoning in
cordierite crystals and the occurrence of the cordierite with biotite,
spinel and aluminosilicate according to the following reaction:

Biotite + Aluminosilicate → Cordierite + Spinel
Syenogranites are less abundant than monzogranite and gra-
nodiorite. There are several aplite veins with syenogranitic
composition that are located in the western part of Lagoor-e-
bozorg; these are porphyritic with a weak alteration consisting
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ig. 1. Simplified geological map  of the Sanandaj–Sirjan Zone (SNSZ) and its Jura
:2500000). SUG: Suffi abad granite; GPC: Ghorve plutonic complex; AD: Almagho
SG:  Astaneh granitoid; ALG: Aligudarz granitoid; DG: Dehbid granitoid; BMG: Bou
uri  complex; CBG: Chah Bazargan gabbro; NO: Neyriz ophiolites and KO: Kermans

f sericite and chlorite. They are medium to coarse grained, with
ypidiomorphic granular texture and contain abundant euhedral
o subhedral phenocrysts of plagioclase (22–24 vol.%), K–feldspar
40–42%), and quartz (25–30%). These rocks are light in color and
ontain few mafic minerals. Subhedral to anhedral K–feldspars
0.5–2 mm)  are usually perthitic. Quartz occurs in two  genera-
ions; both as euhedral, early formed crystals and anhedral late
tage grains. Magnetite, ilmenite, zircon, apatite ± titanite are the
rincipal accessory minerals (Fig. 4h).

The surmicaceous enclaves exhibit granular texture with a weak
lteration consisting of saussurite. They are anhedral to subhe-
ral, dark in color and contain biotite, plagioclase, sillimanite,

ndalusite, cordierite, and spinel (Fig. 4i). Quartz occurs in matrix
s anhedral late stage grains. White and Chappell (1977) reported
imilar assemblages in the mafic S-type granites of the Berridale
nd the northern parts of the Kosciuszko Batholith of Australia.
lutons. Inset highlights the main tectonic features (based on Iran Structure map
iorite; ALD: Alvand batholiths; MAG: Malayer granitoids; BG: Borujerd granitoid;
iyandasht granitoid; KGG: Kolah-Ghazi granitoid; CDC: Chah Dozdan batholith and
phiolites. The KGG is located at the south of SNSZ. References are shown in Table 9.

The MMEs  are up to 50 cm but more commonly less than 20 cm
in diameter. They are generally rounded and generally comprise the
same minerals as the host rock, such as biotite, plagioclase, zircon,
apatite and quartz, compared with which they are darker-colored,
fine-grained and generally massive (Fig. 4j).

4. Analytical methods

4.1. Mineral major elements analyses

Major element compositions of KGG minerals were determined

by JEOL wavelength dispersive electron probe X-ray micro-
analyzer (EPMA) using the JXA 8100 at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGG-CAS) (Beijing,
China). Accelerating voltage, beam current, and beam diameter for
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Fig. 2. Geological map  of the Kolah-Ghazi region (modified after 1/100000 Shahreza geological map).

Table 1
Selected electron microprobe analyses (EPMA) of feldspar from granitoid rocks.

Syenogranite Monzogranite Granodiorite

SiO2 55.81 59.005 59.725 56.610 55.516 54.091 54.224 56.686 55.139 56.295 57.056 56.067 56.169
TiO2 0.037 0 0.025 0.011 0.002 0.037 0.011 0 0 0.022 0.017 0 0.033
Al2O3 27.097 25.721 25.691 27.597 27.758 29.055 28.789 27.013 28.172 27.669 27.696 27.928 27.585
FeO  0.066 0.025 0.048 0.047 0.06 0.029 0.018 0.032 0.034 0.022 0.002 0 0.028
MnO  0.032 0.007 0 0 0.007 0.03 0.02 0.009 0.01 0.023 0.023 0.043 0.029
MgO  0.006 0.006 0 0 0 0 0 0.002 0 0.003 0.005 0 0.003
CaO  8.591 7.048 6.7270 9.0650 9.3950 10.697 10.480 8.7380 9.6750 9.3700 9.1520 9.5390 9.3880
Na2O 6.345 7.104 7.2880 5.9370 5.7270 4.9880 5.1660 6.0680 5.4480 5.920 6.1230 5.7630 5.8060
K2O 0.238 0.313 0.3650 0.2470 0.2580 0.1540 0.1990 0.2790 0.2320 0.2210 0.2500 0.2110 0.2080
Total  98.5 99.3 99.9 99.5 98.8 99.1 99 99 98.8 99.6 100.3 99.3 99.6

Number of ions on basis of 32 oxygen
Si  2.5509 2.6501 2.6637 2.5495 2.5251 2.4595 2.4688 2.5686 2.5081 2.5383 2.5503 2.5277 2.5398
Al  1.4597 1.3615 1.3504 1.4648 1.4880 1.5570 1.5448 1.4426 1.5103 1.4704 1.4590 1.4839 1.4700
Ca  0.4207 0.3392 0.3215 0.4374 0.4579 0.5211 0.5113 0.4242 0.4715 0.4527 0.4383 0.4608 0.4548
Na  0.5623 0.6186 0.6302 0.5184 0.5050 0.4397 0.4560 0.5331 0.4805 0.5175 0.5306 0.5037 0.5090
K  0.0139 0.0179 0.0208 0.0142 0.0150 0.0089 0.0116 0.0161 0.0135 0.0127 0.0143 0.0121 0.0120
An  42.20 34.76 33.06 45.09 46.82 53.74 52.23 43.58 48.84 46.05 44.58 47.18 46.61
Ab  56.40 63.40 64.81 53.44 51.65 45.34 46.59 54.76 49.77 52.65 53.97 51.58 52.16
Or  1.390 1.840 2.140 1.460 1.530 0.920 1.180 1.660 1.390 1.290 1.450 1.240 1.230
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Fig. 3. Kolah-Ghazi granitoids: (A) and (B) Kolah-Ghazi granitoids intrude Jurassic shales and overlain by Cretaceous limestone; (C) boundary between Kolah-Ghazi granitoids
and  metamorphosed shales (slate); (D) Tourmaline-quartz vein in Kolah-Ghazi syenogranite; (E) Andalusite megacryst in granitoid; (F) Biotite-rich enclave in Kolah-Ghazi
granitoid.
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ig. 4. Microphotographs of Kolah-Ghazi granitoid rocks: (A) fragmented garnet cry
nd  feldspar in granodiorite; (D) Tourmaline in syenogranite; (E) Zoning in plagioc
rt:  garnet; Plg: plagioclase; Q: quartz; Tur: tourmaline; Or: orthoclase; And: anda

he analyses were 20 kV, 20 nA, and 3 �m,  respectively. Represen-
ative mineral compositions are reported in Tables 1–6 .

.2. Whole rock analyses

Whole rock major element oxides were analyzed using a Rigaku

IX 2000 X-ray fluorescence spectrometer at Institute of Geology
nd Geophysics, Chinese Academy of Sciences (IGG-CAS) on fused
lass beads. Concentrations of elements were determined by apply-
ng calibration curves established by regression data of 36 standard
n granodiorite; (B) Andalusite surrounded by a rim of spinel; (C) Andalusite, biotite
nd replacement of plagioclase by sericite; (F) Biotite in monzogranite. Bt: biotite;

 Ser: sericite.

silicate samples encompassing a wide spectrum of compositions (Li
et al., 2005). Precision for the analytical results is typically 2−5%.
Trace elements were analyzed using an Agilent 7500a quadrupole
ICP-MS at Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences (GIG-CAS) on a solution basis. About 50 mg  of each pow-
dered sample was  dissolved in a high pressure Teflon bomb for

24 h using a HF + HNO3 mixture. Analytical procedures are similar
to those described by Li et al. (2000) . Counting signal drift was
monitored by an internal standard Rh solution, whereas element
concentrations of unknowns were calibrated using concurrently
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Table  2
Selected electron microprobe analyses (EPMA) of cordierite from granitoid rocks.

No. KM368B KM-368B KM-368B KM-368B KM-368B KM-368B KM-368B KM-368B KM-368B KM368B

SiO2 48.26 48.31 48.64 48.14 48.82 48.67 48.43 48.19 47.06 48.34
TiO2 0.014 0.000 0.000 0.046 0.017 0.000 0.007 0.038 0.000 0.000
Al2O3 32.88 32.87 33.11 32.70 33.09 33.12 32.89 32.70 31.20 32.68
FeO  11.23 11.17 11.07 11.09 11.23 11.33 11.20 10.74 11.05 10.67
MnO  0.646 0.674 0.650 0.650 0.621 0.616 0.623 0.472 0.464 0.483
MgO  6.650 6.731 6.656 6.628 6.743 6.684 6.641 6.892 6.849 6.868
CaO  0.073 0.031 0.021 0.000 0.030 0.024 0.010 0.168 0.555 0.169
Na2O 0.076 0.068 0.082 0.090 0.078 0.060 0.097 0.097 0.176 0.105
K2O  0.045 0.031 0.045 0.042 0.026 0.052 0.041 0.023 0.079 0.038
Total  99.92 99.92 100.4 99.47 100.7 100.6 100.0 99.39 97.54 99.49

Number of ions on basis of 18 oxygen
Si  4.973 4.975 4.984 4.980 4.985 4.978 4.983 4.979 4.984 4.991
Ti  0.001 0.000 0.000 0.003 0.001 0.000 0.000 0.003 0.000 0.000
Al  3.992 3.989 3.998 3.988 3.983 3.993 3.988 3.982 3.895 3.977
Fe(ii)  0.968 0.962 0.948 0.959 0.959 0.965 0.963 0.928 0.979 0.921
Mg  1.022 1.033 1.016 1.022 1.027 1.019 1.019 1.062 1.081 1.057
Fe  + Mg 1.989 1.995 1.965 1.981 1.985 1.989 1.982 1.990 2.060 1.979
Mg/Mg + Fe 0.513 0.518 0.517 0.516 0.517 0.512 0.514 0.533 0.525 0.534
Mn  0.056 0.059 0.056 0.057 0.054 0.053 0.054 0.041 0.042 0.042
Ca  0.008 0.003 0.002 0.000 0.003 0.003 0.001 0.018 0.063 0.019
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Na  0.015 0.014 0.016 0.018 0
K  0.006 0.004 0.006 0.005 0
TOTAL 11.04 11.04 11.03 11.03 1

reated standards. Standards chosen include a set of USGS and Chi-
ese national rock standards including BHVO-1, W-  2, AGV-1, G-2,
SR-1 and GSR-3, and analytical precision is typically better than
%. Major and trace elements are presented in Table 7.

.3. Zircon U-Pb dating

Zircon concentrates were separated from ca. 3 kg of rock sam-
les using standard density and magnetic separation techniques.
ircon grains, together with zircon standards, were mounted in
poxy and then polished to section the crystals in half for analy-
is. Both optical photomicrographs and cathodoluminescence (CL)
mages were taken as a guide to isotopic analytical spot selection.
he mount was vacuum-coated with high-purity gold prior to SIMS
nalyses.

Zircon U-Pb analyses were performed on a Cameca IMS-1280HR
IMS at the at the Institute of Geology and Geophysics, Chi-
ese Academy of Sciences (IGG-CAS) in Beijing using standard
perating conditions (7-scan duty cycle, ∼8 nA primary O2 beam,
0 × 30 �m analytical spot size, mass resolution ∼5400). U-Th-Pb
atios and absolute abundances were determined relative to the
tandard zircon Plešovice (337 Ma,  Sláma et al., 2008) and M257
U = 840 ppm, Th/U = 0.27, Nasdala et al., 2008), respectively. Mea-
ured Pb isotopic compositions were corrected for common Pb
sing a 204Pb-method. An average Pb of present-day crustal com-
osition (Stacey and Kramers, 1975) is used for the common Pb
ssuming that it is largely due to surface contamination intro-
uced during sample preparation. A long- term uncertainty of
.5% (1 RSD) for 206Pb/238U measurements of the standard zir-
on was propagated to the unknowns (Li et al., 2010a). In order
o monitor the external uncertainties of SIMS U-Pb measurements,
nalyses of an in-house zircon standard Qinghu were interspersed
ith unknowns. Ten analyses yield a weight mean 206Pb/238U age

f 159.4 ± 1.8 Ma,  identical within errors to the reported age of
59.5 ± 0.2 Ma  (Li et al., 2013). Uncertainties on individual anal-
ses in data table are reported at a 1� level; mean ages for pooled

/Pb and Pb/Pb analyses are quoted with 95% confidence interval.
ata reduction was carried out using an Isoplot/Ex v. 2.49 pro-
ram (Ludwig, 2001). Zircon U-Th-Pb isotopic data are presented
n Table 8.
0.012 0.019 0.019 0.036 0.021
0.007 0.005 0.003 0.011 0.005
11.03 11.03 11.03 11.09 11.03

5. Results

In the following section, we  describe our analytical results,
beginning with mineral compositions, then whole rock chemical
compositions, then U-Pb zircon ages.

5.1. Mineral compositions

Compositions of feldspar, biotite, tourmaline, cordierite,
andalusite, and sillimanite in the KGG rocks were analyzed by
EPMA; representative analyses are listed in Tables 1–6, and char-
acteristic features are described below.

5.1.1. Feldspars
Compositions of K-feldspar and plagioclase from syenogranite,

monzogranite and granodiorite are given in Table 1. Plagioclase
in syenogranite is more sodic than that from monzogranite and
granodiorite. Syenogranite, granodiorite, and monzogranite show
compositional variation from An33.1 to An46.8, An44.6 to An47.2, and
An43.6 to An53.7, respectively. Rims and cores of individual grains
have similar compositions.

5.1.2. Cordierite
Representative cordierite analyses from granodiorite are pre-

sented in Table 2. Cordierite is common in metapelite and anatectic
migmatite (Clarke, 1995) and as an accessory mineral in S-type
granitoid and rhyolite. Cordierite show a Mg/(Mg + Fe) ratio that
varies between 0.51 and 0.53, with low Mn  (0.04–0.05 a.p.f.u., based
on 18 oxygens a.p.f.u.), and Na contents ranging from 0.01 to 0.03
a.p.f.u. Euhedral cordierites have Na2O < 0.5 wt.% (up to 0.1 wt.%),
suggesting they don’t have a magmatic origin (Na2O > 0.5 wt.%)
(e.g., Bouloton, 1992; Villaseca and Barbero, 1994; Williamson
et al., 1997). According to the nomenclature of Barbero and
Villaseca (1992) and Pereira and Bea (1994), MnO  versus CaO + K2O
+ Na2O and

∑
chc (=Na + K) versus Mg/  (Mg  + Fe + Mn) diagrams,

respectively, which show different types of cordierite including

metamorphic cordierite (I and M fields) magmatic cordierite (I
and II fields) and fields for I and S type granites, cordierite from
KGG the corresponds to metamorphic cordierite (Fig. 5a and b).
KGG cordierite has similar AlIV + AlVI, Ca, Na, K and Mg  as well as
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Table  3
Selected electron microprobe analyses (EPMA) of biotite from granitoid rocks.

No. KM-512 KM-512B KM-389B KM-389B KM-389B KM-389B KM389B KM-389B KM-389B

SiO2 34.11 34.78 34.54 34.79 34.84 34.86 35.07 35.22 35.13
TiO2  3.034 3.185 4.033 3.854 3.958 3.600 3.814 4.276 3.808
Al2O3 17.00 17.31 16.85 16.69 16.76 16.79 16.57 16.80 16.82
FeO  27.66 27.39 24.55 24.51 24.61 24.36 23.50 24.70 24.33
MnO  0.190 0.181 0.204 0.209 0.213 0.196 0.252 0.260 0.221
MgO  6.045 5.821 7.371 7.356 7.344 7.546 7.704 7.309 7.550
CaO  0.068 0.000 0.021 0.034 0.000 0.018 0.000 0.027 0.000
Na2O  0.166 0.123 0.197 0.149 0.163 0.175 0.167 0.196 0.183
K2O  8.435 8.985 8.940 8.900 8.831 8.898 8.626 8.786 9.086
Total  99.1 98.9 100.3 100.1 99.6 99.4 99.2 100.2 89.9

Number of ions on basis of 11 oxygen
Si 2.665 2.684 2.665 2.687 2.684 2.691 2.713 2.687 2.693
Al  1.335 1.316 1.334 1.312 1.316 1.309 1.286 1.313 1.307
Al  0.231 0.258 0.198 0.207 0.206 0.219 0.224 0.198 0.213
Ti  0.178 0.185 0.234 0.224 0.229 0.209 0.222 0.245 0.220
Fe3+ 0.194 0.205 0.211 0.222 0.229 0.213 0.253 0.246 0.215
Fe2+ 1.614 1.563 1.373 1.361 1.357 1.360 1.267 1.330 1.345
Fe  TOTAL 1.808 1.768 1.584 1.583 1.586 1.573 1.520 1.576 1.560
Mg  0.704 0.669 0.848 0.847 0.843 0.868 0.888 0.831 0.863
Mg  + Fe 2.512 2.437 2.432 2.430 2.429 2.442 2.408 2.407 2.423
Fe/Mg + Fe 0.719 0.725 0.651 0.651 0.653 0.644 0.631 0.650 0.644
Mg/Mg  + Fe 0.280 0.275 0.349 0.348 0.347 0.356 0.369 0.345 0.356
Mn  0.012 0.012 0.013 0.014 0.014 0.013 0.016 0.017 0.014
Ca  0.006 0.000 0.002 0.003 0.000 0.001 0.000 0.002 0.000
Na  0.025 0.018 0.029 0.022 0.024 0.026 0.025 0.029 0.027
K  0.841 0.884 0.880 0.877 0.868 0.876 0.851 0.855 0.889
Total  7.806 7.795 7.789 7.778 7.771 7.787 7.747 7.754 7.785
OH•  2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
MF  0.279 0.273 0.347 0.347 0.345 0.354 0.366 0.342 0.354
Al  + Fe3+ + Ti 0.603 0.6481 0.643 0.654 0.664 0.641 0.699 0.689 0.647
Fe2+ + Mn 1.627 1.5749 1.386 1.375 1.371 1.373 1.284 1.34 1.359

No.  KM-389B KM-432 KM-432 KM-432 KM-432 KM-432 KM-432 KM-432 KM-432

SiO2 35.47 34.67 34.68 34.94 35.37 35.64 35.54 35.88 35.57
TiO2  3.920 2.449 2.531 2.548 2.567 2.639 2.675 2.658 3.269
Al2O3 16.91 18.01 18.02 17.97 17.50 16.98 17.05 17.23 17.43
FeO  24.17 22.62 22.53 22.49 22.37 22.29 22.23 22.31 23.57
MnO  0.260 0.340 0.330 0.366 0.329 0.328 0.374 0.318 0.359
MgO  7.484 8.236 8.209 8.216 8.373 8.488 8.444 8.473 7.971
CaO  0.009 0.000 0.000 0.000 0.000 0.049 0.002 0.000 0.000
Na2O  0.147 0.131 0.119 0.166 0.178 0.171 0.175 0.192 0.162
K2O  8.900 9.029 8.815 8.909 8.844 8.650 8.665 8.655 8.947
Total  99.5 100.1 100 99.4 99.9 99.1 89.8 99.6 100.1

Number of ions on basis of 11 oxygen
Si 2.707 2.682 2.684 2.693 2.710 2.735 2.736 2.746 2.699
Al  1.293 1.318 1.315 1.306 1.283 1.265 1.263 1.254 1.300
Al  0.227 0.322 0.328 0.326 0.302 0.271 0.283 0.299 0.258
Ti  0.225 0.143 0.147 0.147 0.148 0.152 0.155 0.153 0.187
Fe3+ 0.248 0.189 0.209 0.207 0.239 0.277 0.259 0.259 0.243
Fe2+ 1.294 1.274 1.249 1.243 1.198 1.153 1.172 1.168 1.254
Fe  TOTAL 1.542 1.463 1.458 1.450 1.437 1.430 1.431 1.427 1.497
Mg  0.851 0.949 0.947 0.944 0.959 0.971 0.969 0.966 0.902
Mg  + Fe 2.394 2.413 2.405 2.394 2.396 2.401 2.401 2.394 2.398
Fe/Mg + Fe 0.644 0.606 0.606 0.605 0.599 0.596 0.596 0.596 0.624
Mg/Mg  + Fe 0.356 0.393 0.394 0.394 0.400 0.404 0.404 0.404 0.376
Mn  0.017 0.022 0.022 0.024 0.021 0.021 0.024 0.021 0.023
Ca  0.001 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000
Na  0.022 0.019 0.018 0.025 0.026 0.025 0.026 0.028 0.023
K  0.866 0.891 0.870 0.876 0.867 0.847 0.851 0.845 0.866
Total  7.752 7.811 7.790 7.793 7.760 7.722 7.741 7.741 7.757
OH•  2.0000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

M
c

5

i
c

MF  0.3532 0.389 0.390 0.390 

Al  + Fe3+ + Ti 0.7006 0.654 0.685 0.681 

Fe2+ + Mn 1.3110 1.296 1.270 1.267 

g/(Mg + Fe) values to metamorphic cordierite such as that from
entral Portugal (Pinto, 2001).
.1.3. Biotite
Representative biotite analyses from monzogranite, granodior-

te and syenogranite are presented in Table 3. The KGG biotites
ontain 5.8–8.5 wt.% MgO  and 10.6–27.6 wt.% FeO (Table 3). Most
0.396 0.401 0.399 0.400 0.372
0.689 0.701 0.697 0.711 0.688
1.219 1.174 1.197 1.189 1.277

are ferro-biotite (Fig. 6a) and show the chemical characteristics
expected for primary (magmatic) biotites (Fig. 6b) and biotites of
peraluminous igneous rocks (Fig. 6c). KGG biotites comprise con-

siderable amounts of AlVI (up to 1.4 a.p.f.u) and AlIV > 1.2 a.p.f.u
(Table 3), features ascribed to their coexistence with K- feldspar or
other Al-rich minerals (garnet, andalusite and sillimanite) (Joyce,
1973). KGG biotites exhibit total Fe ranging from 1.4 to 1.8 a.p.f.u
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Table  4
Selected electron microprobe analyses (EPMA) of tourmaline from granitoid rocks.

No. Tur-Core Tur-Core Tur-Core Tur-Core Tur-Core Tur-rim Tur-rim Tur-rim Tur-rim

SiO2 36.88 37.21 37.25 37.30 36.86 37.19 37.18 37.34 37.34
TiO2 0.400 0.410 0.670 1.040 0.410 0.640 0.310 0.750 0.290
Al2O3 32.85 32.71 32.25 32.69 32.32 32.75 33.51 32.87 33.77
FeO  6.420 6.370 5.350 5.150 5.210 5.400 5.640 5.690 5.720
MnO  0.010 0.020 0.020 0.000 0.010 0.010 0.010 0.020 0.010
MgO  7.340 7.640 8.000 8.030 7.960 7.960 7.550 8.120 7.260
CaO  1.250 1.340 1.320 1.300 1.270 1.280 1.220 1.340 1.300
Na2O 2.200 2.170 2.040 1.900 1.970 2.130 2.160 2.070 1.970
K2O  0.020 0.020 0.010 0.020 0.010 0.030 0.010 0.020 0.010
Total  87.6 88.5 86.9 88.8 87.6 90.4 88.8 87.9 91.9

Number of ions on basis of 31 O, OH, F
Si 5.935 5.952 5.991 5.954 5.981 5.952 5.936 5.931 5.951
Ti  0.048 0.049 0.081 0.125 0.050 0.077 0.037 0.089 0.035
Al  6.230 6.167 6.113 6.150 6.180 6.177 6.305 6.153 6.342
Fe(ii)  0.864 0.852 0.719 0.687 0.707 0.723 0.753 0.756 0.762
Mg  1.761 1.822 1.918 1.911 1.926 1.899 1.797 1.923 1.725
Mg  + Fe 2.624 2.674 2.638 2.598 2.633 2.622 2.550 2.678 2.487
Mg/Mg + Fe 0.671 0.681 0.727 0.735 0.731 0.724 0.705 0.718 0.693
Mn  0.001 0.003 0.003 0.000 0.001 0.001 0.001 0.002 0.001
Ca  0.215 0.230 0.227 0.222 0.221 0.219 0.209 0.228 0.222
Na  0.686 0.673 0.636 0.588 0.620 0.660 0.668 0.637 0.610
K  0.004 0.004 0.002 0.004 0.002 0.006 0.002 0.004 0.002
Na  + K 0.690 0.678 0.638 0.592 0.621 0.667 0.670 0.641 0.610
TOTAL 15.75 15.75 15.69 15.64 15.69 15.71 15.71 15.72 15.65

Table 5
Selected electron microprobe analyses (EPMA) of andalusite and sillimanite from granitoid rocks.

Granodiorite

SiO2 36.70 36.85 37.01 36.87 36.77 36.97 37.15 36.91 36.65 37.04 36.73 36.98
TiO2  0.021 0.005 0.030 0.014 0.007 0.000 0.000 0.033 0.000 0.012 0.000 0.004
Al2O3  62.82 62.98 62.83 63.29 63.02 63.06 62.44 62.72 62.61 63.16 63.06 62.93
FeO  0.226 0.226 0.249 0.263 0.207 0.291 0.239 0.253 0.241 0.294 0.205 0.222
MnO  0.012 0.006 0.006 0.012 0.003 0.012 0.000 0.021 0.019 0.015 0.000 0.000
MgO  0.013 0.020 0.000 0.012 0.000 0.015 0.014 0.018 0.011 0.035 0.006 0.006
CaO  0.000 0.000 0.016 0.028 0.000 0.004 0.004 0.007 0.000 0.000 0.030 0.000
Na2O  0.022 0.014 0.012 0.058 0.041 0.049 0.000 0.005 0.024 0.029 0.038 0.033
K2O  0.000 0.011 0.005 0.018 0.003 0.034 0.007 0.011 0.017 0.026 0.016 0.009
Total  99.85 100.1 100.1 100 100.6 100.4 99.9 100 99.6 100.6 100.1 100.5

Number of ions on basis of 18 oxygen
Si  0.596 0.596 0.598 0.595 0.596 0.597 0.603 0.598 0.597 0.597 0.595 0.598
Ti  0.000 0.000 0.000 0.000 8.530 0.000 0.000 0.000 0.000 0.000 0.000 4.870
Al  1.202 1.202 1.198 1.203 1.203 1.200 1.194 1.198 1.201 1.199 1.204 1.199
Fe(ii)  0.003 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.004 0.003 0.003
Mn  0.000 0.000 0.000 0.000 4.120 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Na  0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001
K  0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000
TOTAL 1.803 1.803 1.802 1.805 1.803 1.804 1.800 1.802 1.803 1.804 1.804 1.802

SiO2  36.58 37.33 36.87 37.18 36.65 36.92 37.31 36.72 36.96 37.18 36.69 36.89
TiO2  0.042 0.038 0.000 0.035 0.023 0.000 0.005 0.051 0.000 0.003 0.017 0.000
Al2O3  63.14 62.85 63.20 62.75 63.19 62.89 63.09 63.22 62.86 62.77 62.93 62.72
FeO  0.263 0.222 0.221 0.185 0.252 0.244 0.245 0.232 0.191 0.231 0.187 0.180
MnO  0.000 0.006 0.006 0.025 0.000 0.000 0.020 0.001 0.000 0.000 0.000 0.000
MgO  0.019 0.001 0.003 0.017 0.006 0.000 0.012 0.017 0.003 0.008 0.007 0.000
CaO  0.007 0.003 0.025 0.013 0.000 0.025 0.000 0.023 0.021 0.013 0.000 0.000
Na2O  0.072 0.002 0.056 0.021 0.055 0.009 0.021 0.057 0.008 0.044 0.031 0.024
K2O  0.006 0.000 0.019 0.007 0.007 0.000 0.014 0.023 0.005 0.014 0.000 0.008
Total  100.4 100.3 100.2 100.1 100.7 100.3 100.1 100.3 100.1 100.2 99.9 99.8

Number of ions on basis of 13 oxygen
Si  0.593 0.602 0.595 0.601 0.593 0.598 0.600 0.594 0.598 0.601 0.595 0.599
Ti  0.001 0.000 0.000 0.000 0.000 0.000 6.050 0.001 0.000 3.650 0.000 0.000
Al  1.205 1.194 1.203 1.195 1.205 1.200 1.196 1.204 1.199 1.196 1.204 1.199
Fe(ii)  0.003 0.003 0.003 0.002 0.003 0.003 0.003 0.003 0.002 0.003 0.002 0.002
Mn  0.000 8.200 8.210 0.000 0.000 0.000 0.000 1.370 0.000 0.000 0.000 0.000
Mg  0.000 2.400 7.220 0.000 0.000 0.000 0.000 0.000 7.240 0.000 0.000 0.000
Ca  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na  0.002 6.250 0.002 0.001 0.002 0.000 0.001 0.002 0.000 0.001 0.000 0.001
K  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TOTAL 1.805 1.800 1.804 1.801 1.805 1.802 1.802 1.805 1.802 1.802 1.803 1.802
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Table  6
Selected electron microprobe analyses (EPMA) of spinel from granitoid as well as volcanic rocks.

Spl 1 Spl 2 Spl 3 Spl 4 Spl 5 Spl 6 Spl 7 Spl 8

SiO2 0.010 0.030 0.020 0.030 0.040 0.020 0.030 0.030
TiO2  0.020 0.010 0.060 0.030 0.040 0.020 0.050 0.030
Al2O3  60.47 60.36 60.00 60.21 60.04 60.42 60.11 60.26
FeO  34.45 34.50 34.54 34.69 34.64 34.48 34.62 34.55
MnO  0.480 0.490 0.500 0.480 0.420 0.490 0.490 0.450
MgO  4.380 4.320 4.037 4.280 4.220 4.350 4.320 4.300
ZnO  0.510 0.520 0.470 0.590 0.510 0.520 0.530 0.510
Total  100.3 100.2 99.96 100.3 99.91 100.2 100.1 100.1

Number of ions on basis of 32 oxygen
Si  0.002 0.007 0.005 0.007 0.009 0.004 0.007 0.007
Ti  0.003 0.002 0.010 0.005 0.007 0.003 0.008 0.005
Al  15.94 15.93 15.95 15.90 15.92 15.94 15.90 15.93
Cr  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe(ii)  6.440 6.460 6.510 6.510 6.510 6.450 6.490 6.480
Mn  0.090 0.090 0.090 0.090 0.080 0.080 0.090 0.090
Mg  1.460 1.440 1.360 1.430 1.410 1.450 1.440 1.440
Zn  0.080 0.080 0.080 0.090 0.080 0.080 0.080 0.090

Fig. 5. (a) Composition of cordierite in the discriminant diagram MnO  vs. (Na2O +K2O + CaO) Compositional fields for metamorphic (M field) and igneous (S- and I-type
granites) cordierite come from data of Barbero and Villaseca (1992) and Villaseca and Barbero (1994). (b) Binary plot of �chc (= Na + K) vs. Mg/(Fe + Mg + Mn)  for cordierite
(Pereira and Bea, 1994). I: metamorphic cordierite; II and III magmatic cordierite with different zoning.

Fig. 6. Compositional plots of biotites. (a) KGG biotites mainly plot in the ferro-biotite field of Mg–(AlVI + Fe3+ + Ti)– (Fe2+ + Mn)  ternary diagram (Foster, 1960), (b) in the
primary biotite field of the 10∗TiO2– FeOtotal–MgO diagram (Nachit et al., 2005), and (c) in the field of peraluminous magma on the MgO–FeO*–Al2O3 diagram (Abdel-Rahman,
1994), (d) and (e) Binary plots of AlVI vs. Mg/Mg  + Fe and Fe vs. Mg for tourmalines from KGG. NNO, nickel-nickel oxide; FMQ, fayalite-magnetite- quartz.
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Table  7
Major and trace element contents of the KGG.

sample YL-KG-351 YL-KG-366B YL-KG-389A YL-KG-413 YL-KG-396 YL-KG-443 YL-KG-432 YL-KG-460 YL-KG-486
Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite Monzogranite

SiO2 69.5 62.4 54.9 68.3 69.7 65.9 65.4 67.9 67.1
TiO2  0.38 0.81 0.73 0.44 0.32 0.54 0.63 0.46 0.54
Al2O3 15 15.7 16.9 15.8 15.4 16.5 15.1 14.8 15.3
MnO  0.09 0.08 0.26 0.11 0.06 0.11 0.11 0.06 0.09
FeO  4.18 7.51 11.39 4.59 3.39 5.08 5.73 4.21 5.19
MgO  1.02 2.96 5.05 1.23 0.91 1.73 1.86 1.36 1.63
CaO  2.35 3.36 5.12 2.49 2.46 2.36 3.02 2.18 2.69
Na2O  2.34 2.38 1.33 2.42 2.62 2.44 2.24 2.25 2.23
K2O  3.77 2.56 2.21 3.76 3.85 4.09 3.25 4.34 3.41
P2O5  0.16 0.14 0.1 0.16 0.15 0.14 0.14 0.13 0.13
LOI  1.26 2.16 1.42 1.24 1.18 1.66 1.42 1.32 1.32
Total  100 100 99.4 100.5 100 100.5 99 99 99.6
Li  98.90 134.5 93.70 96.7 115.35 112.0 114.8 102.4 129.0
Sc  10.08 23.1 38.77 9.59 8.44 14.62 18.15 12.75 15.65
V  35.29 131.45 206.5 43.5 27.21 64.14 81.22 59.60 67.69
Cr  26.39 100.75 233.2 32.0 20.73 49.50 60.13 43.59 49.14
Co  6.75 19.78 24.91 8.41 5.41 11.15 13.29 9.01 11.15
Ni  13.99 27.85 31.58 15.41 11.67 18.33 20.71 16.37 19.08
Cu  13.79 30.28 75.35 28.63 8.04 17.63 26.06 8.52 22.79
Zn  57.72 69.43 177.23 145.9 52.44 79.11 76.92 63.24 73.28
Ga  17.75 18.34 18.42 18.00 18.07 18.34 18.47 16.38 17.62
Rb  166.61 154.34 148.27 173.92 168.82 185.13 154.58 185.29 156.80
Sr  112.66 149.35 128.87 121.59 124.25 156.32 124.99 99.67 114.90
Y  32.77 29.06 19.69 30.99 31.98 30.31 29.16 28.71 33.81
Zr  143.31 141.98 78.35 145.68 134.56 144.45 184.05 128.31 133.96
Nb  11.62 10.66 8.55 12.16 10.79 11.97 12.80 10.65 11.21
Cs  11.29 7.37 14.13 12.98 11.50 10.59 9.40 14.19 12.02
Ba  372.47 294.02 244.65 365.62 432.06 416.91 339.01 524.65 317.01
La  37.63 25.45 13.41 37.45 36.16 32.61 31.19 28.14 27.50
Ce  76.00 52.88 27.52 76.19 73.47 67.96 64.39 58.55 56.94
Pr  8.75 6.08 3.16 8.76 8.46 7.70 7.33 6.79 6.51
Nd  33.09 23.44 12.40 33.30 32.19 29.41 28.04 25.97 24.90
Sm  6.88 5.16 2.98 6.86 6.73 6.26 5.93 5.67 5.46
Eu  1.00 1.10 0.94 1.03 1.08 1.04 1.01 0.93 0.94
Gd  6.04 4.85 3.06 6.06 6.02 5.60 5.37 5.19 5.13
Tb  0.95 0.80 0.54 0.94 0.96 0.89 0.85 0.85 0.87
Dy  5.68 4.88 3.36 5.51 5.60 5.32 5.07 4.97 5.52
Ho  1.16 1.02 0.71 1.10 1.13 1.07 1.03 1.00 1.21
Er  3.20 2.86 2.08 2.93 2.97 2.89 2.80 2.69 3.40
Tm  0.48 0.44 0.35 0.43 0.44 0.44 0.43 0.41 0.54
Yb  3.06 2.84 2.38 2.67 2.77 2.78 2.75 2.55 3.46
Lu  0.46 0.43 0.37 0.40 0.41 0.42 0.42 0.38 0.52
Hf  3.99 3.87 2.19 4.16 3.94 3.94 5.03 3.69 3.80
Ta  0.81 0.73 0.55 0.79 0.83 0.80 0.81 0.76 0.76
Pb  26.74 15.52 17.82 33.43 27.89 29.78 22.64 30.40 22.60
Th  14.52 9.33 4.30 14.98 14.59 12.66 11.86 12.77 11.03
U  1.49 1.85 2.13 1.56 1.98 1.65 1.69 1.59 1.58

sample YL-KG-538 YL-KG-547A YL-KG-547B YL-KG-512A YL-KG-518 YL-KG-553 YL-KG-476
Monzogranite Monzogranite Monzogranite Granodiorite Syenogranite Syenogranite Granodiorite

SiO2 67.5 68.8 69.2 53.4 68.6 71.7 64.2
TiO2  0.51 0.28 0.31 1.02 0.39 0.21 0.69
Al2O3 14.9 14.3 15.3 17.9 14.9 14.6 16.3
MnO  0.05 0.08 0.07 0.2 0.07 0.04 0.09
FeO  5.35 4.21 4.26 12.3 4.11 3.02 6.03
MgO  1.51 0.74 0.83 2.88 1.24 0.51 2.07
CaO  2.08 1.21 1.13 1.21 1.59 1.16 3.19
Na2O  2.56 2.53 2.75 2.31 2.31 2.93 2.48
K2O  4.10 4.75 4.31 4.19 4.47 4.75 3.16
P2O5  0.15 0.17 0.17 0.11 0.15 0.16 0.15
LOI  1.58 1.52 1.74 3.16 1.88 1.22 1.56
Total  100.3 98.6 100 98.7 99.7 100.3 99.9
Li  126.3 100.1 105. 223 91.5 64.3 111
Sc  14.09 9.42 9.51 33.3 9.56 5.01 18.5
V  60.73 27.6 30.3 124 43.4 15.6 86.2
Cr  38.38 22.3 24.0 134 33.8 12.7 60.9
Co  10.56 5.29 6.16 25.7 7.65 4.07 12.3
Ni  17.16 10.1 11.9 54.8 14.9 8.19 20.9
Cu  26.38 28.6 25.4 217. 28.8 14.7 38.7
Zn  169.9 204. 232. 210. 115 86.3 97.8
Ga  18.23 18.8 20.1 31.6 17.7 17.7 19.9
Rb  271.8 2146 203. 344 190 136 162
Sr  154.9 147.5 159. 85.6 154. 120 138
Y  22.93 19.95 19.6 30.7 28.6 12.2 29.8
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Table  7 (Continued)

sample YL-KG-538 YL-KG-547A YL-KG-547B YL-KG-512A YL-KG-518 YL-KG-553 YL-KG-476
Monzogranite Monzogranite Monzogranite Granodiorite Syenogranite Syenogranite Granodiorite

Zr 122.3 130.3 139 194 132 136 165
Nb  11.88 13.31 13.4 35.9 13.0 12.6 13.5
Cs  19.44 10.36 9.95 23.4 10.5 5.87 13.3
Ba  303.5 553.2 433 372 443 435 329
La  26.06 24.67 28.4 30.7 28.2 15.8 34.6
Ce  54.13 51.32 60.3 63.5 57.7 34.3 72.6
Pr  6.180 6.05 6.92 7.29 6.67 4.43 8.23
Nd  23.53 23.4 26.7 27.5 25.3 17.8 31.5
Sm  5.14 5.36 5.94 5.95 5.52 4.35 6.66
Eu  0.93 1.19 1.24 0.71 0.99 0.99 1.08
Gd  4.55 4.52 4.89 5.40 5.07 3.62 5.88
Tb  0.71 0.66 0.69 0.87 0.83 0.49 0.91
Dy  4.11 3.61 3.67 5.19 4.87 2.63 5.40
Ho  0.79 0.72 0.70 1.05 1.00 0.50 1.06
Er  2.14 1.94 1.88 2.84 2.67 1.33 2.87
Tm  0.33 0.30 0.28 0.42 0.39 0.20 0.43
Yb  2.08 1.98 1.86 2.66 2.28 1.30 2.75
Lu  0.31 0.30 0.28 0.40 0.33 0.20 0.41
Hf  3.58 3.96 4.20 5.92 3.78 4.01 4.50
Ta  0.95 1.06 1.16 2.43 0.93 0.89 0.92
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Pb  21.05 39.43 33.22 

Th  11.08 10.08 10.50 

U  1.910 1.73 1.70 

nd Fe/(Fe + Mg)  from 0.5 to 0.7 in contrast to the values found in
- type granites (0.5–1.2 a.p.f.u and 0.3–0.9 for Fe and Fe/Fe + Mg,
espectively) (Pesquera et al., 2013).

.1.4. Tourmaline
Tourmaline is common and occurs as an accessory mineral coex-

sting with biotite, cordierite and andalusite. Tourmalines belong
ostly to the alkali group, according to the nomenclature of Henry

t al. (2011), with (Na + K) > 0.50 a.p.f.u. (Table 4). Most tourmaline
ompositions fall into the dravitic field, with Mg/(Mg + Fe) ratios in
he range of 0.67–0.73 (Fig. 6d and e).

.1.5. Andalusite and sillimanite
Andalusite and sillimanite occur as accessory minerals in pera-

uminous granodiorite, syenogranite and monzogranite (Table 5).
ince andalusite and sillimanite of syenogranite and monzogran-
te are altered, representative analyses are only from granodiorite,
isted in Table 5. They are relatively pure, containing up to 0.3 wt.%
eO. They contain up to 0.003 a.p.f.u. Fe and undetectable Mg  impu-
ities.

.1.6. Spinel
Spinel exists as accessory minerals in granodiorite in associ-

tion with andalusite. All analyzed spinels are rich in Fe and Al,
ontain low Zn (0.08–0.09 a.p.f.u), barely detectable Ti (up to 0.01
.p.f.u), and no Cr. Calculated Fe+3 contents are <0.12 a.p.f.u. Mg  con-
ents range from 1.3 to 1.4 a.p.f.u. (Table 6). This spinel is hercynite,
ommonly found in high grade metasediments.

.2. Whole rock chemistry

Representative whole rock analyses of the KGG are presented
n Table 7. The KGG samples show a wide range of silica (53.4-
1.7 wt.%), Al2O3 (14.3- 17.9 wt.%) and K2O (2.21–4.75 wt.%) con-
ents. In the normative QAP diagram (Fig. 7a) after (Streckeisen,
973), the KGG rocks plot predominantly in the field of monzo-
ranites, granodiorites and alkali feldspar syenites. The mostly high

lumina saturation index (ASI) (1.65–2.32; averaging 1.82) and the
ppearance of normative corundum (1.65–2.32 wt%) indicate a per-
luminous character for the KGG. In the K2O versus Na2O diagram
Chapell and White, 1983) and A/CNK versus A/NK diagram (Shand,
24.90 33.81 35.35 18.86
12.72 11.94 8.43 12.78
2.21 1.90 1.27 1.57

1943), KGG samples plot in the field of peraluminous S- type gran-
ites (Fig. 7b) similar to S-type granites of the Lachlan fold belt
(Fig. 7c). In the Harker diagrams, most elements exhibit slight lin-
ear trends, except for K2O (Fig. 8). For these granitoid rocks, Fe2O3,
MgO, TiO2, Al2O3, Zr, Rb, Sr concentrations decrease and K2O and
Ba concentrations increase with increasing SiO2 (Figs. 8 and 9).

In the N-MORB normalized variation diagram, the KGG shows
LREE and LILE enriched pattern (La/Ybn ≈ 8.29) and depletion in
HFSE, Ba, Ti, P, Nb, Sr and Enrichment in Th, U, K and Nd elements
(Fig. 9a). Chondrite-normalized REE patterns are characterized by
light rare-earth elements (LREEs) relative to heavy rare earth ele-
ments (HREEs) (Fig. 9b). They are depleted in HFSE, Th, Nb, Ta,
Ti, P, Ba and Sr and enriched in Rb, U, Th, K, and Nd relative to
LREEs (Fig. 9a and b). In the Rb against Y + Nb diagram (Pearce et al.,
1984), the KGG rocks show affinities to volcanic arc granites (VAG)
(Fig. 10a). In the Nb/16 - Rb/100 - Y/44 tectonic diagram proposed
by Thieblemont and Cabanis (1990), the KGG samples plot in the
syn-subduction and post collision field (Fig. 10b and c).

5.3. U–Pb zircon geochronology

Zircons from monzogranite (1 sample), granodiorite (2 sam-
ples), syenogranite (1 sample) were dated using SIMS method.
Analytical results for U–Pb zircon geochronology are given in
Table 8 and shown on 207Pb/206Pb versus 238U/206Pb Concordia dia-
grams (Tera and Wasserburg, 1972), where the analytical points
locate along a mixing line between the common Pb composition in
the upper intercept and the crystallization age in the lower inter-
cept (Fig. 12). This method is commonly used to date young zircons
(Claoué-Long et al., 1995).

5.3.1. Monzogranite (YL-KG-374)
Zircons from the monzogranite are colorless, euhedral to sub-

hedral prismatic, and characterized by regular concentric zoning in
cathodoluminescence (CL) images (Fig. 11a). They range in length

from 100 to 200 �m,  with length to width ratios between 1:1 and
2:1. These zircons contain U (151–1028 ppm) and Th (66–741 ppm)
contents and Th/U ratios of 0.07–0.34. Fifteen analyzed grains show
the intercept age of 169.3 ± 1.9 Ma (MSWD  = 1.7) (Fig. 12a).



292
 

M
.

 Bayati
 et

 al.
 /

 Chem
ie

 der
 Erde

 77
 (2017)

 281–302

Table 8
U–Pb zircon data of the KGG samples.

sample/ 207Pb ±� 206Pb ±� 238U ±� 207Pb ±� 238U ±� 207Pb ±� 207Pb ±� 207Pb ±� 206Pb ±� 207-corr ±� [U] [Th] [Pb] Th/U f206%
spot  # 235U % 238U % 206Pb % 206Pb % 206Pb % 206Pb % 206Pb 235U 238U age (Ma) ppm ppm ppm meas

YL-KG-491 0.16939 1.87 0.0256 1.54 39.121 1.54 0.04806 1.07 39.121 1.54 0.04806 1.07 102.3 25.0 158.9 2.8 162.7 2.5 163.0 2.5 483 95 14 0.092 {0.16}
YL-KG-491  0.17786 2.99 0.0256 1.68 39.014 1.68 0.05033 2.48 38.905 1.68 0.05251 1.84 210.1 56.4 166.2 4.6 163.2 2.7 162.9 2.7 213 36 6 0.078 {0.28}
YL-KG-491  0.17493 2.06 0.0258 1.59 38.716 1.59 0.04912 1.32 38.716 1.59 0.04912 1.32 153.5 30.6 163.7 3.1 164.4 2.6 164.4 2.6 332 201 11 0.284 {0.16}
YL-KG-491  0.17793 2.09 0.0262 1.51 38.236 1.51 0.04934 1.45 38.236 1.51 0.04934 1.45 164.1 33.5 166.3 3.2 166.4 2.5 166.4 2.5 408 273 14 0.314 {0.15}
YL-KG-491  0.17703 3.54 0.0262 2.29 38.175 2.29 0.04901 2.70 38.050 2.29 0.05160 2.15 148.5 62.1 165.5 5.4 166.7 3.8 166.8 3.8 285 69 8 0.114 {0.33}
YL-KG-491  0.18295 2.01 0.0265 1.50 37.678 1.50 0.04999 1.34 37.678 1.50 0.04999 1.34 194.7 30.9 170.6 3.2 168.9 2.5 168.7 2.5 349 115 11 0.154 {0.29}
YL-KG-491  0.18147 2.16 0.0267 1.52 37.465 1.52 0.04931 1.54 37.398 1.52 0.05072 1.24 162.5 35.7 169.3 3.4 169.8 2.5 169.8 2.6 397 64 12 0.076 {0.18}
YL-KG-491  0.17808 2.51 0.0269 1.58 37.188 1.58 0.04803 1.95 37.188 1.58 0.04803 1.95 100.8 45.5 166.4 3.9 171.1 2.7 171.4 2.7 146 54 5 0.173 {0.40}
YL-KG-491  0.18360 2.30 0.0269 1.54 37.146 1.54 0.04946 1.71 37.108 1.54 0.05027 1.55 169.8 39.4 171.2 3.6 171.2 2.6 171.3 2.6 286 51 9 0.084 {0.10}
YL-KG-491  0.18673 2.33 0.0270 1.86 37.066 1.86 0.05020 1.41 37.066 1.86 0.05020 1.41 204.1 32.3 173.8 3.7 171.6 3.1 171.5 3.2 308 175 10 0.267 >1e6
YL-KG-491  0.18271 2.24 0.0273 1.53 36.598 1.53 0.04850 1.64 36.526 1.53 0.05003 1.33 123.6 38.1 170.4 3.5 173.8 2.6 174.0 2.6 450 79 14 0.083 {0.20}
YL-KG-491  0.18591 2.34 0.0274 1.70 36.469 1.70 0.04917 1.61 36.420 1.70 0.05024 1.43 156.1 37.2 173.1 3.7 174.4 2.9 174.5 2.9 509 216 16 0.199 {0.14}
YL-KG-491  0.18540 2.07 0.0275 1.51 36.407 1.51 0.04896 1.42 36.346 1.51 0.05027 1.26 145.7 33.0 172.7 3.3 174.7 2.6 174.8 2.6 884 701 32 0.372 {0.17}
YL-KG-491  0.18927 1.89 0.0275 1.50 36.402 1.50 0.04997 1.14 36.391 1.50 0.50200 1.12 193.6 26.3 176.0 3.1 174.7 2.6 174.6 2.6 474 71 14 0.071 {0.03}
YL-KG-491  0.18352 2.60 0.0275 1.64 36.336 1.64 0.04836 2.02 36.336 1.64 0.04836 2.02 117.1 46.9 171.1 4.1 175.0 2.8 175.3 2.9 154 57 5 0.173 {0.72}
YL-KG-491  0.18915 2.44 0.0278 1.52 36.027 1.52 0.04942 1.91 35.941 1.52 0.05129 1.51 167.9 44.0 175.9 3.9 176.5 2.6 176.5 2.7 359 51 11 0.066 {0.24}
YL-KG-491  0.18715 2.17 0.0281 1.50 35.619 1.50 0.04835 1.57 35.619 1.50 0.04835 1.57 116.3 36.6 174.2 3.5 178.5 2.6 178.8 2.7 488 145 16 0.139 {0.14}
YL-KG-374  0.17228 2.36 0.0262 1.53 38.173 1.53 0.04770 1.80 38.047 1.53 0.05030 1.13 84.3 42.3 161.4 3.5 166.7 2.5 167.1 2.5 420 157 13 0.169 {0.33}
YL-KG-374  0.17430 3.01 0.0263 1.50 38.093 1.50 0.04816 2.60 37.859 1.51 0.05300 1.13 106.9 60.4 163.1 4.5 167.0 2.5 167.3 2.5 375 148 11 0.179 {0.62}
YL-KG-374  0.17416 3.87 0.0263 1.57 37.970 1.57 0.04796 3.54 37.685 1.56 0.05388 1.85 97.3 81.7 163.0 5.8 167.6 2.6 167.9 2.6 151 66 5 0.198 {0.75}
YL-KG-374  0.17282 3.57 0.0263 1.66 37.974 1.66 0.04760 3.16 37.732 1.66 0.05261 1.90 79.3 73.4 161.9 5.4 167.6 2.8 167.9 2.8 334 119 10 0.162 {0.64}
YL-KG-374  0.17635 2.63 0.0265 1.56 37.774 1.56 0.04831 2.11 37.601 1.56 0.05193 1.31 114.6 49.1 164.9 4.0 168.4 2.6 168.7 2.6 282 111 9 0.178 {0.46}
YL-KG-374  0.17474 2.37 0.0265 1.53 37.719 1.53 0.04780 1.82 37.546 1.53 0.05142 1.03 89.5 42.5 163.5 3.6 168.7 2.5 169.0 2.6 492 192 15 0.177 {0.46}
YL-KG-374  0.18337 1.85 0.0269 1.50 37.243 1.50 0.04953 1.08 37.243 1.50 0.04953 1.08 173.0 25.1 171.0 2.9 170.8 2.5 170.8 2.5 432 154 13 0.161 {0.35}
YL-KG-374  0.18471 1.90 0.0270 1.50 37.031 1.50 0.04961 1.17 36.977 1.50 0.05076 1.02 176.6 27.1 172.1 3.0 171.8 2.5 171.7 2.6 731 551 25 0.341 {0.15}
YL-KG-374  0.17950 2.42 0.0270 1.51 37.058 1.51 0.04825 1.89 36.919 1.51 0.05120 1.30 111.3 43.9 167.6 3.7 171.6 2.6 171.9 2.6 358 114 11 0.145 {0.38}
YL-KG-374  0.18552 1.81 0.0271 1.52 36.944 1.52 0.04971 0.98 36.944 1.52 0.04971 0.98 181.4 22.7 172.8 2.9 172.2 2.6 172.1 2.6 601 104 18 0.079 {0.15}
YL-KG-374  0.18138 2.90 0.0272 1.51 36.762 1.51 0.04836 2.47 36.535 1.51 0.05322 1.65 116.9 57.3 169.2 4.5 173.0 2.6 173.3 2.6 369 219 12 0.269 {0.62}
YL-KG-374  0.17744 3.01 0.0276 1.57 36.257 1.57 0.04666 2.57 35.898 1.56 0.05447 1.32 31.8 60.5 165.9 4.6 175.4 2.7 176.0 2.7 443 128 14 0.131 {0.99}
YL-KG-374  0.18953 1.93 0.0282 1.53 35.433 1.53 0.04871 1.18 35.318 1.53 0.05126 0.71 133.7 27.5 176.2 3.1 179.4 2.7 179.6 2.7 973 741 35 0.345 {0.32}
YL-KG-374  0.19055 2.90 0.0285 1.61 35.074 1.61 0.04847 2.42 34.884 1.61 0.05273 2.04 122.3 56.0 177.1 4.7 181.2 2.9 181.5 2.9 1190 159 37 0.061 {0.54}
YL-KG-513  0.16882 2.66 0.0257 1.54 38.931 1.54 0.04767 2.17 38.728 1.54 0.05177 1.28 82.7 50.8 158.4 3.9 163.5 2.5 163.8 2.5 301 40 8 0.061 {0.52}
YL-KG-513  0.17242 3.75 0.0259 2.17 38.642 2.17 0.04832 3.05 38.480 2.17 0.05162 2.44 115.1 70.4 161.5 5.6 164.7 3.5 164.9 3.6 273 53 8 0.087 {0.42}
YL-KG-513  0.17998 2.68 0.0262 1.50 38.177 1.50 0.04984 2.22 37.955 1.50 0.05441 1.27 187.3 50.8 168.0 4.2 166.7 2.5 166.6 2.5 535 96 15 0.082 {0.58}
YL-KG-513  0.17164 3.41 0.0262 1.67 38.221 1.67 0.04758 2.97 37.980 1.67 0.05256 1.43 78.4 69.1 160.8 5.1 166.5 2.7 166.9 2.8 260 86 8 0.150 {0.63}
YL-KG-513  0.18402 1.92 0.0264 1.62 37.921 1.62 0.05061 1.03 37.921 1.62 0.05061 1.03 223.1 23.7 171.5 3.0 167.8 2.7 167.5 2.7 655 46 19 0.032 {0.39}
YL-KG-513  0.18356 1.96 0.0265 1.55 37.795 1.55 0.05032 1.20 37.795 1.55 0.05032 1.20 209.6 27.6 171.1 3.1 168.3 2.6 168.2 2.6 331 94 10 0.128 {0.30}
YL-KG-513  0.18922 2.32 0.0267 1.65 37.500 1.65 0.05146 1.63 37.500 1.65 0.05146 1.63 261.7 37.1 176.0 3.8 169.7 2.8 169.2 2.8 325 170 10 0.237 {0.54}
YL-KG-513  0.18377 2.38 0.0266 1.73 37.527 1.73 0.05002 1.64 37.527 1.73 0.05002 1.64 195.8 37.7 171.3 3.8 169.5 2.9 169.4 2.9 257 51 8 0.090 {0.23}
YL-KG-513  0.17588 2.25 0.0266 1.51 37.612 1.51 0.04798 1.66 37.428 1.51 0.05183 1.11 98.2 38.9 164.5 3.4 169.2 2.5 169.5 2.5 649 172 19 0.120 {0.49}
YL-KG-513  0.17996 2.33 0.0267 1.52 37.474 1.52 0.04891 1.77 37.381 1.51 0.05085 1.36 143.5 41.0 168.0 3.6 169.8 2.5 169.9 2.6 278 88 8 0.144 {0.25}
YL-KG-513  0.17242 5.24 0.0266 1.68 37.557 1.68 0.04696 4.96 37.174 1.67 0.05500 2.96 47.4 114.5 161.5 7.9 169.4 2.8 169.9 2.8 869 81 25 0.042 {1.02}
YL-KG-513  0.18619 2.44 0.0268 1.50 37.372 1.50 0.05047 1.92 37.372 1.50 0.05047 1.92 216.6 43.8 173.4 3.9 170.2 2.5 170.0 2.5 263 106 8 0.182 {0.64}
YL-KG-513  0.19157 1.82 0.0269 1.50 37.203 1.50 0.05169 1.03 37.203 1.50 0.05169 1.03 271.7 23.5 178.0 3.0 171.0 2.5 170.5 2.5 481 84 14 0.080 {0.61}
YL-KG-513  0.18050 1.94 0.0269 1.56 37.187 1.56 0.04868 1.16 37.097 1.56 0.05058 0.91 132.5 27.0 168.5 3.0 171.1 2.6 171.2 2.6 1183 157 35 0.060 {0.24}
YL-KG-513  0.19505 1.88 0.0270 1.52 36.981 1.52 0.05232 1.10 36.981 1.52 0.05232 1.10 299.2 25.0 180.9 3.1 172.0 2.6 171.4 2.6 437 96 13 0.099 {0.67}
YL-KG-554  0.16757 2.75 0.0256 1.57 39.073 1.57 0.04749 2.26 38.705 1.57 0.05491 1.18 73.8 52.9 157.3 4.0 162.9 2.5 163.3 2.5 597 218 18 0.166 {0.94}
YL-KG-554  0.17852 2.27 0.0259 1.71 38.605 1.71 0.04998 1.49 38.605 1.71 0.04998 1.49 194.2 34.2 166.8 3.5 164.9 2.8 164.7 2.8 269 96 8 0.161 {0.55}
YL-KG-554  0.17534 2.77 0.0262 1.58 38.197 1.58 0.04857 2.28 38.046 1.58 0.05169 1.51 127.3 52.7 164.0 4.2 166.6 2.6 166.8 2.6 258 100 8 0.176 {0.40}
YL-KG-554  0.17512 1.84 0.0262 1.53 38.108 1.53 0.04840 1.02 38.040 1.53 0.04980 0.85 118.9 23.9 163.9 2.8 167.0 2.5 167.2 2.5 1149 879 38 0.347 {0.18}
YL-KG-554  0.18040 2.78 0.0264 1.50 37.910 1.50 0.04960 2.34 37.585 1.50 0.05634 1.14 176.3 53.6 168.4 4.3 167.8 2.5 167.8 2.5 408 71 12 0.079 {0.86}
YL-KG-554  0.17809 2.55 0.0264 1.55 37.905 1.55 0.04896 2.03 37.542 1.55 0.05649 1.26 145.8 46.9 166.4 3.9 167.9 2.6 168.0 2.6 773 133 22 0.078 {0.96}
YL-KG-554  0.18302 1.85 0.0266 1.56 37.645 1.56 0.04997 0.99 37.577 1.56 0.05140 0.80 193.6 22.9 170.7 2.9 169.0 2.6 168.9 2.6 988 496 32 0.228 {0.18}
YL-KG-554  0.17744 2.24 0.0266 1.50 37.637 1.50 0.04843 1.66 37.453 1.50 0.05228 0.91 120.6 38.6 165.9 3.4 169.0 2.5 169.3 2.5 665 258 21 0.176 {0.49}
YL-KG-554  0.17962 2.24 0.0266 1.51 37.547 1.51 0.04891 1.65 37.437 1.51 0.05121 1.21 143.7 38.3 167.7 3.5 169.4 2.5 169.6 2.5 465 106 14 0.103 {0.29}
YL-KG-554  0.17722 2.05 0.0267 1.50 37.491 1.50 0.04819 1.39 37.389 1.50 0.05034 1.00 108.5 32.5 165.7 3.1 169.7 2.5 170.0 2.5 590 151 18 0.116 {0.27}
YL-KG-554  0.17960 2.81 0.0267 1.54 37.458 1.54 0.04879 2.35 37.359 1.54 0.05088 1.84 137.9 54.4 167.7 4.4 169.8 2.6 170.0 2.6 208 142 7 0.309 {0.26}
YL-KG-554  0.18070 2.26 0.0269 1.53 37.203 1.53 0.04876 1.67 37.115 1.53 0.05063 1.36 136.1 38.8 168.7 3.5 171.0 2.6 171.1 2.6 473 199 15 0.191 {0.24}
YL-KG-554  0.18166 1.83 0.0270 1.51 37.067 1.51 0.04884 1.04 37.026 1.51 0.04971 0.92 140.0 24.3 169.5 2.9 171.6 2.6 171.8 2.6 759 148 23 0.088 {0.11}
YL-KG-554  0.18311 2.09 0.0270 1.54 36.989 1.54 0.04912 1.41 36.941 1.54 0.05013 1.23 153.7 32.8 170.7 3.3 172.0 2.6 172.0 2.6 411 117 13 0.129 {0.13}
YL-KG-554  0.18150 2.14 0.0271 1.60 36.933 1.60 0.04862 1.42 36.933 1.60 0.04862 1.42 129.4 33.1 169.3 3.3 172.2 2.7 172.4 2.7 280 155 9 0.252 {0.46}
YL-KG-554  0.18817 2.18 0.0272 1.52 36.763 1.52 0.05017 1.56 36.670 1.52 0.05215 1.08 203.0 35.9 175.1 3.5 173.0 2.6 172.9 2.6 460 172 15 0.170 {0.25}
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ig. 7. (a) Quartz-Alkali feldspar-Plagioclase (QAP) classification of KGG sample
eraluminous and peralkaline compositions; (c) Na2O (wt%) vs. K2O (wt%) diagram

.3.2. Granodiorites (YL-KG-491 and YL-KG-513)
Zircon from two granodiorite samples range in length from 100

o 300 �m,  with length to width ratios between 1:1 and 3:1. Most
re euhedral and exhibit oscillatory zoning in CL images (Fig. 11b
nd c). These zircons have U (146–1183 ppm) and Th (36–701 ppm)
ontents and Th/U ratios of 0.04–0.37. Sixteen and fifteen grains
ere analyzed from two granodiorite samples (YL-KG-491 and
L-KG-513, respectively). These clusters show the intercept ages
f 175.0 ± 2.4 Ma  (MSWD  = 2.4) and 168.8 ± 1.2 Ma  (MSWD  = 2.7)
Fig. 12b and c).

.3.3. Syenogranite (YL-KG554)
Zircons separated from this sample are fine prismatic with
braded pyramids, or are ellipsoidal and are up to 300 �m long
Fig. 11d). Similar to other samples YL-KG513, YL-KG491 and YL-
G374, the CL images show that most zircons in this sample
xhibit core–rim structures. Zircons U (208–1149 ppm) and Th
Classic A/CNK vs. A/NK diagram of Shand (1943) discriminating metaluminous,
ell and White (1983).

(71–879 ppm), and Th/U ratios vary from 0.07 to 0.34 (average
0.17) (Table 8). Eighteen analyzed grains show the intercept age
of 169.7 ± 1.2 (MSWD  = 1.2) in 207Pb/206Pb vs. 206Pb/238U diagram
(Fig. 12d).

These new zircon U–Pb ages indicate that KGG plutonism lasted
from ca. 175 Ma  to 167 Ma.  It is noteworthy that some zircons show
Mesoproterozoic and Paleoproterozoic ages of ca. 1600–1800 Ma,
and are clearly inherited.

6. Discussion

Below we discuss some of the implications of our study. First
we consider the source of KGG magmas, how the magma  evolved,

how it crystallized, and what was heat source. Then we compare
KGG granitoids with other bodies of similar age in the SNSZ. Finally
we consider the implications of our results for reconstructing the
Jurassic tectonic setting of the SNSZ.
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Fig. 8. Variations of major oxides versus SiO2 for the granitoid rocks from the KGG. Shaded area represent compositional variation within the S-type Cape granite suit (CGS;
Villaros et al., 2009), depicted for comparison.
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GG.

.1. Petrogenetic considerations

.1.1. Magma  source

The KGG contain aluminous phases (cordierite, sillimanite,

ndalusite, garnet) and tourmaline which are unusual in I-type
ranites but common in S-type granitoids. The KGG geochemical
haracteristics such as ASI > 1.1 and normative corundum >1% fur-
ough, 1989) and (b) Chondrite-normalized REE patterns (Nakamura, 1974) for the

ther indicate their peraluminous nature and S-type origin. The trace
element characteristics of the KGG include enrichment in incom-
patible elements (K, Th, Rb, La, Ce, Nd) and depletion in Sr, Ti, P,

Ta, Nb, Ba in the N-MORB- and chondrite-normalized diagrams
(Chappell and White, 1992). The KGG samples show arc-related
trace element signatures including Nb–Ta–Ti depletion and enrich-
ment in Ba, Th, Rb, U, Pb and K (Fig. 9a), although it is not clear how
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Fig. 10. (a), (b) and (c) Discrimination of granite tectonic setting diagrams; ORG: ocean-ridge granites; syn-COLG: syn- collisional granites; VAG: volcanic arc granites; WPG:
within-plate granites. Rb vs. (Y + Nb) diagrams of Pearce et al. (1984); Rb/30-Hf-Nb/4 diagram of Hariss et al. (1986); Y/44, Rb/100, Nb/16 diagram of Thièblemont and Cabanis
(1990).
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Fig. 11. Cathodoluminescence images of zircon grains i

uch of these characteristics reflect a mantle source and how much
s inherited from sedimentary source rocks (Chappell and White,
974).

Most S-type granites, worldwide, are associated with high-
emperature–low-pressure (HTLP) metamorphic complexes, for
xample in the Buchan area of NE Scotland and Lachlan fold
elt, Australia (Cappell and Wayborn, 2012). The absence of high
rade regional metamorphic haloes around the KGG testifies to
egregation and ascent of magma  from the anatectic zone and

mplacement along the main Kolah- Ghazi faults. However, the
bsence of exposed high grade metamorphic rocks in the Kolah-
hazi region makes it difficult to unequivocally identify the source
f KGG magmas. Therefore, it is necessary to utilize multidisci-
 rocks. The circles are analysis spots marked with ages.

plinary petrological and geochemical evidences to evaluate source
region, melting condition, depth of melting and overall magma
evolution of the KGG.

It is generally believed that S-type granitic magmas are pro-
duced during anatexis from pelitic and/or psammitic rocks in the
middle to upper crust (e.g. Osanai et al., 1991). The source of
heat and fluids needed to induce partial melting of metasedimen-
tary rocks is debatable. Globally, most S-type granites occur in
continent-continent collision zones, where metasedimentary rocks

are buried deeply enough to partially melt by thermal relaxation
of overthickened crust or heat produced by radioactive decay of
U, K, Th bearing minerals (England and Thompson, 1984, 1986).
Sources of KGG magmas can be further inferred from experimental
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Fig. 12. Intercept age diagram showin

tudies on the melting of pelitic, psammitic, andesitic and basaltic
ocks. In source discrimination diagrams based on the major and
race elements, most KGG rocks data fall into or near the field for

artial melting of metapelites (Fig. 13a–c). In strongly peralumi-
ous granitic melts, Rb, Sr and Ba provide information regarding
ource rocks and place constraints on the conditions during melt-
on U–Pb data for KGG plutonic rocks.

ing (Miller, 1985; Harris and Inger, 1992). The Rb/Ba vs Rb/Sr plot of
Sylvester (1998) has thus been employed to determine the nature of
the source rock for the melt (Fig. 13b). This agrees with the sugges-

tion of Sylvester (1998) who stated that S-type peraluminous melts
derived from pelites have lower CaO/Na2O ratios (<0.3) than melts
produced from clay-poor (greywacke) sources. Fig. 13c shows the
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Fig. 13. Source discrimination diagrams for KGG granitoid roc

aO/Na2O ratios from 0.4 to 1.4 for the KGG rocks; suggests mixed
elitic–greywacke sources.

.1.2. The physico-chemical conditions of magma crystallization
nd source of heat for melting

The formation temperature of the KGG magmas can be
stimated by two methods including: (i) Ti-in-biotite (TIB)
eothermometer of Henry et al. (2005) and (ii) Zircon satu-
ation thermometry of Watson and Harrison (1983). The TIB
as applied to calculate equilibration temperature of the KGG

iotite. The biotite Ti versus Mg/(Mg + Fe) relationships show
hat biotite from syenogranites and granodiorite crystallized at
bout 500 ◦C–550 ◦C while those from monzogranite crystallized
t 550–600 ◦C (Fig. 14a).

Zircon saturation thermometry of Watson and Harrison (1983)
lso provides a good estimation of magma  temperatures during zir-
on crystallization. These temperature estimates were calculated
sing Z (cation ratio (Na + K + 2Ca)/(Al*Si)) from bulk rock compo-
itions. Zr-thermometry illustrates that zircons in the KGG were
enerated at temperatures ranging from 800 to 850 ◦C (Fig. 14b). It
ust be noted that the TIB gives a much lower temperatures than

r-thermometry (i.e. 500–600 ◦C vs. 800–850 ◦C). One explanation
or this inconsistency may  be that biotite continued to equilibrate
t lower temperatures than did zircon. We  conclude that KGG mag-
as  were formed at T > 800 ◦C.
The presence of granulite-facies metamorphism in the lower

rust requires temperatures that are higher than normal geother-
al  gradients, temperature and pressure between 750 and 1000 ◦C
nd 2–12 kbar (6–50 km), respectively. The heat required for par-
ial melting of the sediments may  have been supplied from several
ossible sources (Henk et al., 2000): (1) accumulation of radio-
enic heat accompanying crustal thickening; (2) burial of highly
 After Altherr et al. (2000). (b) and (c) After Sylvester (1998) .

radioactive rocks; (3) crustal scale shear heating; (4) delamination
of lithospheric mantle (Lachenbruch and Sass, 1978; Wickham and
Oxburgh, 1985); (5) increased heat flux from the mantle due to
asthenospheric upwelling or mantle wedge convection; and (6)
emplacement of magma  into the crust (e.g. Huppert and Spark,
1988). Many S-type granites also contain MMEs, which could reflect
input of mafic, mantle-derived magma  into the region of melt gen-
eration. The KGG has such enclaves, suggesting that intrusion of
mafic mantle-derived magma  played an important role (Huppert
and Spark, 1988). Another mechanism of crustal melting beneath
Andean margins includes channelized upward intrusion of mafic
magma  into the crust below a volcanic arc (Laube and Springer,
1998). The mafic channels heat the surrounding crust and water
released from cooling magma  and metamorphosed crust forms
a region of partial melting around the conduit zone. Anatexis of
metasediments is mainly controlled by biotite breakdown reac-
tions, with heat supplied from mafic magma. This is the most likely
source of heat for melting of the KGG source region, as evident by
the presence of the MMEs.

In summary, KGG magma  were derived from partial melting of
metapelite and metagreywacke ∼30 km deep in the crust under
low water-vapor pressures (0.5-1 Kbar) and ∼800 ◦C. A significant
input of mafic mantle-derived magma  was  also important in their
formation.

6.2. Temporal and spatial comparison of KGG granitoids with
other Sanandaj-Sirjan magmatic rocks of Jurassic age
An important useful perspective on the evolution and gene-
sis of the KGG is to compare it to other Jurassic granitoids found
elsewhere in the SNSZ (Fig. 1; Table 9). There are no major dif-
ferences between Jurassic intrusive rocks of the SNSZ in terms of
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Fig. 14. (a) Ti vs. Mg/  (Mg  + Fe) for biotite (after Henry et al., 2005); (b) Cation ratio (Na +
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ig. 15. Jurassic intrusions in the Sanandaj-Sirjan zone (Gr: Granite; Grd: Granodi-
rite; Mo:  Monzonite; Gb: Gabbro: SYG: Syenogranite; Mog: Monzogranite; Qd:
uartz-diorite; To: Tonalite).

ges and rock-type series except for Sr–Nd isotope data indicating
ifferent contributions of crust and mantle melts in their gene-
is (Esnaashari et al., 2012; Ahadnejad et al., 2011; Azizi et al.,
011; Mahmoudi et al., 2011; Shahbazi et al., 2010; Sepahi, 2008;
alizadeh and Cantagrel, 1975). SNSZ magmatism occurred during
lmost the entire Jurassic (186–144 Ma), with peak activity in Mid-
le Jurassic ∼165 Ma  (Fig. 15; Table 9). This suggests that all these

ntrusive bodies are the result of an important magmatic pulse that
ccurred during Jurassic time in response to the subduction of Neo-
ethyan oceanic crust beneath Iran. The strong folding, magmatism
nd uplift of the Central Iranian micro-continent and SNSZ in Mid-
le Jurassic time coincides with the middle Cimmerian orogeny
nd testifies to active subduction of Neo-Tethyan oceanic litho-
phere beneath the SNSZ. Most Jurassic granitoids in the SNSZ are

alc-alkaline I-types, varying in composition from quartz diorite to
onzogranite, and were emplaced above active subduction zones

etween 176 and 145 Ma,  as summarized in Table 9 and as shown
n Fig. 15.
 K + 2Ca)/(Al*Si) vs. Zr diagram of Watson and Harrison (1983). Symbols as in Fig. 6.

Jurassic magmatic rocks of the SNSZ vary from mafic to felsic
and from gabbro to syenogranite (Fig. 15). Granitoids with Early
Jurassic U–Pb zircon ages are found in the central and southern
SNSZ such as the Malayer region (Ahadnejad et al., 2011), and in
the Kolah-Ghazi region (this study; Table 9). Late Jurassic plutonic
rocks (143 ± 2.3 Ma;  Azizi et al., 2011; 149.3 ± 0.2 Ma; Mahmoudi
et al., 2011; 144 ± 17 Ma;  Valizadeh and Cantagrel, 1975) with I-
type characteristics are found in the Suffi Abad and Gorveh plutonic
complex and Almagholagh diorites, respectively. Compared to the
northern SNSZ, middle Jurassic igneous rocks from the central and
southern SNSZ show stronger crustal signatures with less man-
tle input, with �Nd(t) values from −2.3 to −6.0 (Table 9), whereas
granitoids from the northern SNSZ show larger mantle inputs, with
�Nd(t) values from −4.5 to +4.9.

KGG and Shir Kuh granitoid are unlike most Jurassic SNSZ intru-
sions in having S-type features. Both massifs intruded the Jurassic
metasediments and partially melted them. Both S-type granitic
bodies are restricted to areas in the southern SNSZ where thick
sequences of Jurassic sediment of the Shemshak formation were
deposited.

6.3. Tectonic setting and implications for geodynamic evolution

Peraluminous magmas, derived from the partial melting of
metasedimentary rocks, are thought to form S-type granites in
the continent-continent collision zones (e.g. Chappell and White,
1974, 1992). However, several reported S-type granites are unre-
lated to collision zones as they are intruded in arc environments
(e.g. circum-Pacific plutonic terrane; Collins and Richards, 2008).
This seems to be the tectonic environment of KGG and other SNSZ
Jurassic granitic rocks, as inferred from trace element discrimina-
tion diagrams (Fig. 11) that show that the S-type KGG rocks plot in
the volcanic arc granites and syn-subduction fields.

The requirements for source regions suitable for accumulat-
ing thick piles of sediments and melting them in an arc-related
environment is the subject of considerable debate. The most likely
convergent margin settings where thick sections of sediments can
accumulate are extensional environments on the overriding plates
such as back-arc basins. In an attempt to address the question
of why  some S-type granites form in convergent margin environ-
ments, Collins and Richards, (2008) proposed a plausible multistage
process including trench rollback accompanied by crustal exten-
sion and back arc basin opening and filling with turbidites followed

by flat subduction. Flat subduction led to backarc compression and
structural thickening of back-arc turbidite deposits on the over-
riding plate. The sequence ends with a second episode of trench
rollback, resulting in renewed extension and magmatism and con-
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Table  9
Jurassic intrusions in the Sanandaj-Sirjan zone.

Number on 
Map

Name Composition $ type Age Method Isotopic constraint Distictive 
mineralogy

References 

1.SUG Suffi Abad granite Granite, I & A 147.5±1.3 Ma
143.5±2.3 Ma

U-Pb, 
zircon

( 87Sr/86Sr)i =0.7024–0.70 69 ,

εNd(t) = (+1.5 & +4.9)

Hornblende-
magnetit e

Azizi et al.,  
2011

2.GPC Gorveh plutonic 
complex

-Granite, I
-Monzonite
-Gabbro

156.5±0.6 Ma
151±0.2 Ma
149.3±0.2 Ma

U-Pb, 
zircon

Amphibole  Mahmou di et 
al., 2011

3.AD Almagholagh diorites Diorite 144 ± 17 Ma Rb-Sr in 
biotite

- (87Sr/86Sr)i= 0.708 Valizadeh and 
Cantagrel., 
1975

4.ALD Alvand plutonic 
complex

1- Leucocratic granitoids

2-Granit e, A (Shahbazi)

S, I  
3- Gabbro

154.4 ± 1.3 153.3 ± 
2.7 

163.9±0.9 Ma
161.7±0.6 Ma

166.5±1.8 Ma

U-Pb, 
zircon

1- (87Sr/86Sr)i=(0.713-0.714), 
εNd(t) =(_3.5 to _4.5).

2-(87Sr/86Sr)i= (0.707–0.719).
εNd(t) = (-1.0 to -3.4).

3- (87Sr/86Sr)i=(0.702 30.7037 ),  
εNd(t) = (+2.9 to +3.3).

Tourmaline 
and
kyanite

Mahmoudi et 
al., 20 11 &

Shahbazi et al., 
2010.

Sepahi.,2008

5.MAG Malayer granitoids 1- Granodiorite,

2-Monzogranite,   I

3-Syenog ranite

4-Tonalite 

5-Quartz diorite

187±6 Ma
170±4 Ma

174±6 Ma
162±8 Ma

183±5 Ma
174±5 Ma

169±8 Ma

172±2 Ma

U-Pb, 
zircon

1-(87Sr/86Sr)I= 0.70855-0.70 921.
εNd(t) = (-2.7,   -3.7).

2-(87 Sr/86Sr)I  =0.70797 .
εNd(t)= -4.9.

3-( 87Sr/86Sr)i =0.70944. 
εNd(t) = -3.4.

4-(87Sr/86Sr)i=0.7087 7,
εNd(t) = -2.3.

5-(87Sr/86Sr)i=0.7085 6.
εNd(t)= -2.7

Ahadneja et al., 
2011

6.BG Boru5jerd granitoid 1-Quartz-diorites

2-Grano diorite,   I

3-Monzogranite

169.0±1.0 Ma
169.0±0.3 Ma

U-Pb, 
zircon

1- (87Sr/86Sr)i = 0.706 2–0.70 74.
εNd(t)= (-3.62 , -3.14)

2- (87Sr/86Sr )i = 0.7066,
εNd(t)= ( -3.33 ,  -3.53 ).

3- (87Sr/86Sr )i = 0.7063.
εNd(t)=( -3.02 ).

Amphibole Mahmou di et 
al., 20 11
Karimpour

7.ASG Astaneh granitoid 1-Grano diorite

2-Quartzdiorite

167.5±1.0 Ma U-Pb, 
zircon

1-(87Sr/86Sr )i = 0.708 24-
εNd(t) =( -5.8).

2-(87Sr/86Sr )i= 0.70804,0.70842,
εNd(t)=( -5.6 , -6).

Mahmou di et 
al., 20 11.
Karimpour

8.ALG Aligud arz granitoid 1-Quartz-diorites,
2-Grano diorites,    I
-Granites

164±5.0 Ma
165 ±5.0 Ma

U-Pb, 
zircon

1-(87Sr/86Sr)i=0.707 4–0.7082 ,
εNd(t) =(-4.8 to -3.6).

2-(87Sr/86Sr)i= 0.7097- 0.7101 ,
εNd(t) = ( -5.4, -4.8, -5.5)

Amphibole,
magnetit e

Esnaashari et 
al., 20 12

9.DG Dehbid granite Granite Upper Jurassic (See 
text)

- Taraz.,1974

10.BMG Bou nin-Miyandasht Granod iorite,    I Upper Jurassic
(See  text)

- Sabeti  et al., 
2012

11.KGG Kolah-Ghaz i granitoid 1-Grano diorite

2-Monzogranite,  s
3-Syenog ranite
4- Granite

1-174.3±1.5 Ma
2-175±2.4   Ma
3-170±1.4   Ma
2-169.3±1.9 Ma
3-169.7±1.2 Ma
4-164.6±2.1 & 
175.2±1.8 Ma

U-Pb, 
zircon

1-10.34, 

2-10.39
3-10.57,  9.80

This study

4- Zarrinkoub , 
M.H.,  2013

12.CDC ChahDozdan batholith Granit,   S 164.3±8.1 Ma U-Pb, 
zircon

Ilmenite,
Cordierite,
gae net

Fazlnia et al.,
2007

13.CBG ChahBazorgan gabbro -Gabbro,
-Ano rthosite,
Troctolit e, Clinopyroxenite, 

170.5 ± 1.9 Ma U-Pb, 
zircon

Amphibole Fazlnia et al., 
2013
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equent crustal anatexis to produce S-type granites. This scenario
rovides a plausible way to generate S-type granitic magmas above
ubduction zones independent of continental collision. Therefore,
he geodynamic evolution of the KGG in the SNSZ is summarized
s follows:

During Late Triassic to Middle Jurassic time, the SNSZ was
n active Andean-like margin characterized by calc-alkaline mag-

atism and HP/LT metamorphism in the Shahre-kord area and
T/LP metamorphism in the Sirjan region (Qori complex; Berberian
nd Berberian, 1981). Moreover, subduction was associated with
extension and development of a retro-arc and back-arc basin (e.g.
Esfandagheh, Sikhoran, Soghan mafic-ultramafic complex) and sev-
eral fault-bounded trenches parallel to the central Iranian plateau.
Esfandagheh mafic- ultramafic complex and other backarc basins
in the Kahnuj region mark the earliest stages of arc retreat and
backarc basin opening in Late Triassic to Early Jurassic time (Shafaii
Moghadam et al., 2009). Ghasemi and Talbot (2006) believe that

the Triassic Sikhoran mafic-ultramafic complex, the Upper Trias-
sic tuff and andesite-basaltic lava flows in the Abadeh area, the
mafic-ultramafic rocks of the western Sirjan and the Jurassic tuff
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nd andesite–basaltic lavas flows, together with some silicic vol-
anism in the Hajiabad and Dehbid areas, could all be considered
s asymmetric magmatic activity in an active margin of the cen-
ral Iranian plateau along the South Sanandaj–Sirjan Zone due to
he opening of a narrow; transtensional Nain–Baft Ocean during
riassic to Jurassic time (Ghazi et al., 2012; Ghazi and Moazzen,
015).

Extension accompanying arc magmatism filled Late Triassic-
iddle Jurassic back-arc basins with thick siliciclastic deposits of

he Shemshak Group. Shemshak Group sediments cover most of
he SNSZ and have undergone variable grades of metamorphism.
amadan phyllites are part of this metamorphic sequence and are
xposed in belt that is at least 400 km long and 10–100 km wide
etween the cities of Hamadan and Golpayegan in the northern
NSZ (Stöcklin and Setudehnia, 1991; Mohajjel et al., 2003). In
he Esfahan and Kolah-Ghazi regions, a 2500 m thick sequence of
hemshak Group was deposited in a NW-trending basin, termed
he Chaleh Syah graben by Zahedi (1976). This sedimentary trough
as 25 km wide and over 300 km long, filled by thick flysch type

ediment of late Norian to Jurassic (Zahedi, 1976; Thiele et al.,
967).

The Shemshak Group is evidence of not only postcollisional but
lso synorogenic sedimentation of the Cimmerian orogeny and the
nset of Neo-Tethyan back- arc rifting in northern Iran (Zanchi
t al., 2009a,b). Detrital zircon geochronology from Shemshak
roup sandstone in the southern SNSZ gives U–Pb age clustering at
91 ± 12 Ma  (Mousivand et al., 2011). This suggests that the Juras-
ic arc was the main source area of Shemshak Group sediments in
he southern SNSZ. Detrital zircon ages also imply that subduction-
elated magmatism probably began as early as the Early Jurassic,
espite the fact that no such age has been obtained from any SNSZ
agmatic rock.
The mid-Cimmerian orogeny in Middle Jurassic time was  the

ain episode of SNSZ magmatism as well as for the entire Cen-
ral Iranian Plateau (Seyed-emami et al., 2004; Aghanabati, 2004;
ürsich et al., 2009). The Middle Jurassic in the SNSZ is character-
zed by the termination of Shemshak Group deposition, evident
y the regional angular unconformity between these deposits and
ounger formations, and emplacement of subduction-related plu-
ons, mainly I-type together with some S-type granites. This is,
n fact, the time during which metasedimentary rocks buried in
he deep crust experienced anatexis and produced mid  Jurassic S-
ype granites such as KGG and Shirkuh granitoid (Aghanabati, 2004;
ürsich et al., 2009; Sheibi et al., 2010).

Moreover, oblique convergence (McClay et al., 2004a,b;
erberian and King, 1981; Shafaii Moghadam, 2009) and subduc-
ion of Neo-Tethyan in Mesozoic times caused significant strain
artitioning and transpression along and across the SNSZ, forming
ajor ductile to brittle, lithospheric scale extensional shear zones

Mohajjel et al., 2003). Dextral and vertical displacement along
hese shear zones and faults allowed segregation of melt from the
natectic zone, as evidenced by exposure of KGG along the main
orthern and southern Kolah-Ghazi range faults. Buoyancy-driven
agma  ascent and infilling of en-echelon gashes parallel to the

orthern and southern faults of the Kolah-Ghazi ranges started
ith granodiorites, followed by monzogranites and ended with

yenogranites and aplitic dykes.
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