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ARTICLE

U-Pb zircon dating, Sr-Nd isotope and petrogenesis of Sarduiyeh granitoid in SE
of the UDMA, Iran: implication for the source origin and magmatic evolution
Asma Nazariniaa, Mohsen Mortazavia, Mohsen Arvinb, Ruizhong Huc, Chenghai Zhaoc and Mohammad Poostia

aDepartment of Geology, Faculty of Sciences, University of Hormozgan, Bandar Abbas, Iran; bDepartment of Geology, Faculty of Sciences,
Shahid Bahonar University of Kerman, Kerman, Iran; cState Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang, China

ABSTRACT
The Sarduiyeh granitoid (SG) is intruded in the southeastern part of the Dehaj-Sarduiyeh volcano-
sedimentary belt in the southeastern end of the Urumieh-Dokhtar Magmatic Arc (UDMA) in Iran. The
medium-to-coarse-grained granitoid unit, with granular texture consists mainly of diorite, tonalite,
granodiorite and monzogranitic rocks. Mineralogically, these rocks consist mainly of plagioclase,
K-feldspar, quartz, biotite and hornblende. The whole rock geochemical analyses indicates that the SG
is calc-alkaline, I-type, metaluminous, enriched in large ion lithophile elements (LILE; such as K, Cs, Pb)
and depleted in high field strength elements (HFSE; such as Ti, Nb, Ta, Zr). Chondrite normalized plot of
SG rare earth elements (REE) show light rare earth element enrichments with (LaN/YbN = 2.44–8.68) and
flat heavy rare earth element patterns with (GdN/YbN = 1.02–1.36). The rather high Y (av. 19.35 ppm), low
Sr content (av. 293.76 ppm) and low Cr and Ni contents (av. 20.1 and 4.69 ppm, respectively) of the SG
demonstrate its normal calc-alkaline and non-adakitic nature, the features of Jebal Barez-type granitoids.
The geochemical characteristics and isotopic composition, low ISr (0.7046–0.7049) and positive ɛtNd
(+3.4 to +4.03) values, of the SG suggest that its parental magma formed as a result of partial melting
frommetabasic rocks of lower crust in a subduction-related arc setting. Fractionation of an assemblage
dominated by plagioclase, K-feldspar, amphibole and magnetite may have been responsible for the
evolution of the SG magma. U-Pb zircon geochronology gives an age of 27.95 ± 0.27 Ma for the SG,
suggesting that the final collision between the Arabian plate and Central Iranian microcontinent may
have happened in the Late Oligocene.
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1. Introduction

The subduction of Neo-Tethys oceanic crust under the
Central Iranian microcontinent during Late Mesozoic-
Early Tertiary led to the collision of Arabian plate with
Eurasia and subsequent formation of the Zagros
Orogeny Belt (ZOB) in Iran (Dercourt et al. 1986; Stampfli
and Borel 2002; Arvin et al. 2007; Shahbazi et al. 2010;
Agard et al. 2011; Azizi et al. 2011; Mazhari et al. 2011;
Mouthereau et al. 2012). The timing of closure of the Neo-
Tethys is speculative and it is reported during (a) Late
Cretaceous (Berberian and King 1981; Alavi 1994, 2004;
Mohajjel and Fergusson 2000), (b) Late Eocene to
Oligocene (e.g. Dargahi et al. 2010; Verdel et al. 2011;
Chiu et al. 2013; Shafaii Moghadam et al. 2015), (c)
Miocene (Berberian and Berberian 1981; Verdel et al.
2011) or (d) Pliocene (Stöcklin 1968).

The ZOB trends NW-SE for about 2000 km from the
Turkish-Iranian border to the Makran in southeastern Iran
(Mohajjel et al. 2003) and includes three sub-parallel

tectono-stratigraphic segments (Agard et al. 2005; Takin
1972; Alavi 1994, 2004; Bushara 1995; Mohajjel et al. 2003).
The three parts are shown in Figure 1, as the Zagros Fold-
Thrust Belt (ZFTB) (Stöcklin 1968; Berberian and King
1981; Mohajjel and Fergusson 2000), the Sanandaj-Sirjan
Zone (SSZ) and Urumieh-Dokhtar Magmatic Arc (UDMA).
The main Zagros thrust line separates the SSZ from the
ZFTB to the southeast, whereas to the northeast the
boundary of the SSZ with the UDMA is characterized by
a series of basins that are interpreted to be forearc depres-
sions, laterally equivalent to the Makran belt (Alavi 1994;
Glennie 2000). The ZFTB is easily recognized by well-
developed, large NW-SE trending anticlines and synclines
which were formed predominantly by flexural slip folding
mechanism (Colman Sadd 1978; Bahroudi and Talbot
2003). The SSZ is characterized by Proterozoic-Mesozoic
metamorphic rocks such as schists, gneisses, amphibo-
lites, metacarbonates, abundant deformed and unde-
formed plutons, and widespread Mesozoic volcanic
rocks (Stöcklin 1968). The UDMA is composed of calc-
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alkaline, locally tholeiitic and K-rich alkaline intrusive and
extrusive rocks (Ahmad and Posht Kuhi 1993; Golonka
2004; Omrani et al. 2008). The oldest rocks in the UDMA
are calc-alkaline intrusive rocks, which cut across the
Upper Jurassic formations and are overlain unconform-
ably by Lower Cretaceous fossiliferous limestone. The
youngest rocks in the UDMA consist of Pliocene to
Quaternary lava flows and pyroclastic that show alkaline
and calc-alkaline affinities (Berberian and Berberian 1981).
Most of granitoid magmas in the UDMA are inferred to
have been formed in a subduction related tectonic setting
(Berberian and King 1981). Although the tectonic setting
of the granitoid magmas in a subduction zone is well
documented in UDMA (e.g. Agard et al. 2005; Berberian
and King 1981), the origin of the parental magmas and
the processes that led to their formation remain contro-
versial (Omrani et al. 2008; Yaganehfar et al. 2013;
Kananian et al. 2014).

The southeastern part of UDMA in the Kerman pro-
vince is known as Dehaj-Sarduiyeh volcano-sedimentary
belt (Dimitrijevic 1973) or Kerman Cenozoic Magmatic
Arc (KCMA); (Hassanzadeh 1993; Shahabpour 2005;

Shafiei 2008); (Figure 1(a)). Generally, the KCMA con-
tains two different types of intrusions (Dimitrijevic 1973;
Shafiei 2008): (1) the Jebal Barez-type (non-adakitic) and
(2) Kuh Panj-type intrusions (adakite-like). Dargahi et al.
(2010) studied three granitoid stocks in southwest of
the Dehaj-Sarduiyeh volcano-sedimentary belt (Figure 1
(b)) and suggested that they are probably derived from
partial melting of an enriched lithospheric mantle
source that was modified by slab-derived components
from an earlier subducting event. Asadi et al. (2014)
studied some granitoid intrusions in the Dehaj-
Sarduiyeh volcano-sedimentary belt and suggested
that they either formed by partial melting of a garnet-
free basaltic amphibolite (Jebal-Barez type) or by melt-
ing of the lower continental crust in the presence of a
garnet source (Kuh-Panj type). As a part of the Dehaj-
Sarduiyeh volcano-sedimentary belt a batholith and
two stock size granitoid outcrops (hereafter referred to
as Sarduiyeh granitoid (SG) were chosen in the NW of
city of Sarduiyeh for this study (Figure 1(b)). We hereby
report the whole rock geochemical composition,
mineral chemistry, U-Pb age dating and Sr-Nd isotope

Figure 1. (a) Simplified map of major structural units of Iran (after Alavi 1996) and location of the Dehaj-Sarduiyeh volcano-
sedimentary belt in the Urumieh-Dokhtar magmatic arc (compiled from Dimitrijevic 1973; Saric and Mijalkovic 1973; Stöcklin and
Nabavi 1973; Emami et al. 1993). (b) Simplified geological map of the Dehaj-Sarduiyeh volcano-sedimentary belt and location of
Sarduiyeh granitoid (Dimitrijevic 1973; Shafiei et al. 2009).
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ratios of the SG for the first time. Furthermore, where
the data was available, a comparison has been made
between the SG and similar granitoid rock types in the
KCMA. The major goals of this study are to understand:
the geochemical composition, of the SG, characteristics
of its melting source, the age and the effective mechan-
isms that were involved in the petrogenesis of the SG.
We hope this will eventually shed some light on the
magmatic evolution in southeastern part of the UDMA.

2. Geology of study area

Tertiary magmatic activities in the Dehaj-Sarduiyeh vol-
cano-sedimentary belt (Figure 1(a)) led to the formation of
two types of granitoid intrusions: Jebal Barez type and
Kuh Panj type (Dimitrijevic 1973; Hassanzadeh 1993;
Shahabpour 2005; Shafiei 2008). The Jebal Barez intru-
sions occur as batholith and stock-size bodies and show
granular texture (Dimitrijevic 1973; Shafiei 2008). In con-
trast, Kuh Panj granitoids (adakite-like) mainly developed
as stocks with porphyritic texture (Dimitrijevic 1973;
Dargahi 2007). The intrusions show a linear trend from
Dehaj area in the NW to Jebal Barez area in the SE
(Figure 1(b)). Field relationships (Dimitrijevic 1973)
together with available radiometric data (Conrad et al.
1977; McInnes et al. 2003) indicated that intrusive activ-
ities in Dehaj-Sarduiyeh volcano-sedimentary belt began
in the Middle Eocene to Oligocene with the formation of
Jebal Barez type intrusions and followed by Kuh-Panj
hypabyssal-type granitoid intrusions during Middle to

Late Miocene-Pliocene (Berberian et al. 1982; Mohajjel
et al. 2003; Dargahi 2007). Several studies show that the
Jebal Barez and Kuh Panj types vary in age from 16.9 ± 0.2
to 29.7 ± 0.3 Ma (Conrad et al. 1977; Ghorashi Zadeh 1978;
Hassanzadeh 1993; McInnes et al. 2003; Aghazadeh et al.
2015) and from 4.9 ± 0.4 to 13.3 ± 1.1 Ma, respectively
(Ghorashi Zadeh 1978; Shahabpour and Kramers 1987;
Hassanzadeh 1993; McInnes et al. 2003, 2005).
Geological data and radiometric dating suggest that the
Kuh Panj-type granitoids are associated with extensive
porphyry copper mineralization in the Kerman province,
SE of Iran, also known as Kerman porphyry copper belt
(KPCB; Ghorashi Zadeh 1978; Shahabpour and Kramers
1987; Hassanzadeh 1993; McInnes et al. 2003; Shafiei
2008). No porphyry copper deposits have been reported
in the Jebal Barez-type granitoids (Conrad et al. 1977;
Hassanzadeh 1993; McInnes et al. 2003). The SG intruded
Eocene volcanic rocks of Dehaj-Sarduiyeh volcano-sedi-
mentary belt which consists mainly of andesite, andesite-
basalt and scarce basalt with pyroclastic (Dimitrijevic
1973; Figure 2).

The SG is in sharp contact with its host Eocene
volcanic rocks (Figure 3(a)) and is exposed along the
several NW-SE trending fault lines (Figure 1(b)). These
structural lineaments may have controlled the emplace-
ment of SG, as it has been suggested by many workers
(Leake 1990; Cobbing 1996). The SG with intermediate
to felsic composition, consist of diorite, tonalite, grano-
diorite and monzogranite. The contacts between differ-
ent rock types are gradual that suggest a petrogenetic

Figure 2. Simplified geological map of the study area (modified after Dimitrijevic 1973) and approximate location of the samples
analysed.
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link between them. Aplitic dykes (ca. 20–70 cm in
width) with fine-grained aplitic texture are common
(Figure 3(b)). A few circular or elliptical to angular xeno-
liths are scattered along the margins of the pluton and
are very fine-grained in comparison to the granitoid.
The xenoliths mainly consist of hornfelsic fragments of
the pre-existing Eocene porphyritic andesite, ranging in
size from 1 to 35 cm (Figure 3(c,d)).

3. Analytical methods

The total of 130 samples was collected from the SG
outcrops and drill cores. Based on detail petrographic
examination, twenty samples were selected from fresh
to mildly altered rocks for whole rocks analyses.

Chemical composition analyses on plagioclase,
k-feldspar and amphibole of 7 representative samples
from SG were conducted by using wavelength-disper-
sive X-ray approach on an EPMA-1600 electron probe at
the SKLODG (Supplementary Tables 1 and 2). Standard
operating conditions include 25 kv for accelerating vol-
tage, 10 nA for specimen current and 10 µm for beam
diameter. SPI mineral standards (USA) were used for
calibration.

Thirty Zircons were separated from sample BA40
using standard crushing, heavy liquid, and isodynamic
separation techniques at the Geological Survey of Iran.
Cathodoluminescence (CL) images were acquired to

characterize internal structures of zircons in order to
choose appropriate sites for U-Pb analysis.

The dating of the granodiorite was undertaken by
using ELAN DRC-e ICP-MS equipped with 193 nm
Excimer laser at the SKLODG. The detailed operating
conditions for the laser ablation system and the ICP-MS
instrument and data reduction are described by Liu
et al. (2008) and Liu et al. (2010a), Liu et al. (2010b)).
Off-line selection and integration of background and
analytic signals, and mass bias calibrations were per-
formed using ICPMS DataCal (Liu et al. 2008, 2010b).
The U-Pb ratios were also calibrated by Zircon 91500.
The results are shown in Supplementary Tables 3 and 4.

Major elements of whole rocks were measured using
an Axios PW4400 X-ray fluorescence spectrometer (XRF)
on fused lithium-tetraborate glass beads at the ALS
Chemex Co., Ltd, Guangzhou, China. Trace elements
were analysed by PerkinElmer Sciex ELANDRC-e ICP-
MS at the State Key Laboratory of Ore Deposite
Geochemistry (SKLODG). 50 mg powdered samples
were dissolved in high pressure Teflon bombs using
Hf and HNO3 acids mixture at about 190°C for 2 days,
with Rh as an internal standard to monitor signal drift
during counting. Detailed analytical methods were
introduced by Qi et al. (2000). Quality control limits for
reference materials and duplicate analyses are estab-
lished according to the precision and accuracy require-
ments of the particular method. The sensitivity of the

Figure 3. (a) Field photographs of intrusive and volcanic rocks in the study area (b) Aplitic dyke cutting through the granodiorite
rock. (c,d) Xenoliths in the granodiorite.
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instrument was adjusted to more than 30,000 cps for
1 ng/ml of 115In, in order to achieve the desired detec-
tion limits. Results indicate an error less than 0.6% for
major elements, except CaO (1.02%), MnO(5.88%) and
P2O5 (4.21%), and <10% for trace elements except Sc
(11.3%).The results of analyses together with detection
limits and standard sample (GBW07110 for XRF, AGV-2
for ICP-MS) for each element are shown in
Supplementary Table 5. Furthermore, for measuring
the loss on ignition (LOI) a 1.0 g of prepared sample is
placed for one hour in an oven at 1000°C, then cooled
and weighed. The LOI is calculated by weight
difference.

Sr and Nd isotopes ratios were determined for 11
selected samples at the SKLODG (Supplementary
Table 6). Approximately 100–1500 mg of whole-rock
powder was completely decomposed in a mixture of
Hf-HClO4 for Sr-Nd isotopic analysis. Sr-Nd were sepa-
rated on quartz columns by conventional ion exchange
chromatography with a 5-ml resin bed of AG 50W-X12
(200–400 mesh). Nd and Sm were separated from other
rare earth elements on quartz columns using 1.7-ml
Teflon powder coated with HDEHP, di (2-ethylhexyl)
orthophosphoric acid, as cation exchange medium. Sr
was loaded with a Ta-Hf activator on pre-conditioned W
filaments and was measured in single-filament mode.
Nd was loaded as phosphate on pre-conditioned Re
filaments and measurements were performed in a Re

double filament configuration. The 87Sr/86Sr and
143Nd/144Nd ratios are normalized to 86Sr/88Sr = 0.1194
and 146Nd/144Nd = 0.7219, respectively. In the LRIG,
repeated measurements of Ames metal and the
NBS987 Sr standard during the 2004/2005 period gave
mean values of 0.512149 ± 0.00002 (n = 98) for the
87Sr/86Sr ratio. Results of repeated Rb-Sr and Sm-Nd
analyses on the standard BCR-1 (basalt powder) are
given in Supplementary Table 6. The analyses were
carried out at the SKLODG. The external precision refers
to the 2σ uncertainty based on replicate measurements
on these standard solutions over one year. Total proce-
dural blanks were <300 pg for Sr and <50 pg for Nd.

4. Results

4.1. Petrography

Using modal analyses, the Sarduiyeh granitoid units are
classified as, diorite, tonalite, granodiorite and monzo-
granite on the QAP diagram (Figure 4) with mainly med-
ium to coarse grain and granular texture (Figure 5(a)).
Mineralogically, these rocks consist mainly of plagioclase
(20–62 vol.%), quartz (4–30 vol.%), K-feldspar (0–37 vol.
%), biotite (2–12 vol.%) and hornblende (4–26 vol.%)
(Figure 5(b)). Magnetite, titanite, apatite, zircon are
found as accessory minerals. Secondary mineral phases
are chlorite, calcite, sericite, epidote and kaolinite.

Figure 4. Q-A-P plot showing the relative proportions of quartz (Q), alkali feldspar (A), and plagioclase (P) for Sarduiyeh granitoid
rocks (after Lemaitre et al. 2002).
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Plagioclase occurs as euhedral to subhedral crystals (0.3–
2.5 mm in size) with polysynthetic and Carlsbad-albite
twining. Sericitation is common in this mineral.
K-feldspar mostly occurs as anhedral grains of orthoclase
and often show Carlsbad twinning, alongside with
perthitic texture (Figure 5(c)). Sericitation is common
around the edges of the mineral. Fine to medium quartz
grains grow in interstitial spaces between the other
mineral and occasionally show intergrowths with
K-feldspar to form a granophyre texture (Figure 5(d)).
Hornblende commonly occurs as subhedral prismatic
medium size crystals (Figure 5(e)) that in some samples
has been altered to chlorite and epidote. Biotites (1–
2.5 mm in size), form subhedral to anhedral crystals
and it is locally altered in some samples to chlorite
(Figure 5(f)). Apatite and zircon occur as very long nee-
dle-like crystals and euhedral to subhedral grains, respec-
tively. These tiny accessory minerals are typically
embedded in biotites and hornblendes. Opaque

minerals are common in the groundmass and as inclu-
sions in hornblende. Most magnetite grains are euhedral,
which points to their primary nature (Clarke 1992).

4.2. Mineral chemistry

Plagioclase, K-feldspar and amphibole crystals of repre-
sentative SG samples were analysed for their composi-
tions. All the feldspars and amphibole were analysed
from core to the rim and no significant variations were
detected in their compositions (Supplementary Tables 1
and 2). The plagioclases are mainly andesine and labra-
dorite (An29–54Ab43–65Or1–5) whereas the K-feldspars
mainly plot in orthoclase field (Or74–78 – Ab18–22)
(Supplementary Table 1, Supplementary Figure 1(a,b)).

Amphibole as the most common mafic mineral in the
SG show a limited compositional variation. The chemical
compositions of the amphiboles (Supplementary
Table 2) are plotted in the calcic group on BNa versus

Figure 5. Crossed polarized light representative photomicrographs of the Sarduiyeh granitoid rocks. (a) Polysynthetic twining in the
plagioclase and granular texture. (b) Major mineral assemblages of plagioclase, quartz, orthoclase, hornblendende and biotite. (c)
Orthoclase showing perthitic texture. (d) Granophyre texture showing intergrowth of quartz and alkali feldspar. (e) Hornblende,
plagioclase and biotite in granodiorite (f). Biotite altered to chlorite in monzogranite. Mineral abbreviations based on Whitney and
Evans (2010): Qz, quartz; Pl, plagioclase; Or, Orthoclase; Hbl, hornblende; Bt, biotite; Opq, opaque.
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BCa + BNa diagram (Leake et al. 1997; Supplementary
Figure 2(a)). Based on the Mg/(Mg + Fe2+) versus TSi
diagram, amphiboles are classified as magnesio-hornble-
nde (Supplementary Figure 2(b)).

4.3. Zircon U-Pb age

The zircons occur as euhedral colourless grains. They are
mostly elongated and have length/width ratios of 2 to >6
(Figure 6). This ratio is commonly believed to reflect crys-
tallization velocity of zircon (Corfu et al. 2003). Stubby and
equant forms of zircon are common in slowly cooled
deep-seated intrusions, whereas needle-like and acicular
zircons aremore common in rapidly crystallized, porphyri-
tic and sub-volcanic intrusions (Corfu et al. 2003). The lack
of the needle-like and acicular zircon show a slowly
cooled conditions. The uranium (35.30–172.02 ppm) and
thorium (18.66–243.38 ppm) concentrations and high Th/
U ratios (0.52–1.22) in zircons, show their magmatic origin
(Belousova et al. 2002). In contrast, the metamorphic

zircons have Th/U < 0.1 (Vavra et al. 1996, 1999; Rubatto
2002). One of the most diagnostic features of magmatic
zircon is its presence of well-developed growth zoning. In
CL images of the zircon from the granodiorite sample
number BA46 (Figure 6) the zircon grains show concentric
oscillatory zoning which depict its magmatic origin.

Thirty zircons from granodiorite sample number
BA46 were analysed by the U/Pb zircon method to
determine the crystallization age (Supplementary
Table 3). The data define a population on a concordia
diagram with a weighted mean 206Pb/238U age of
27.95 ± 0.27 Ma (MSWD = 0.62) (Figure 7).

The REE compositions of the zircons are pre-
sented in Table 4. Chondrite normalized plot of
rare earth elements show steeply increasing slope
from LREE to HREE, which is characteristics of
igneous zircon (Hoskin and Schaltegger 2003) and
display a positive Ce anomaly (Ce/Ce* = 2.85–41.63)
and negative Eu anomaly (Eu/Eu* = 0.007–0.364)
(Supplementary Figure 3).

Figure 6. Cathodoluminescence (CL) images of zircon grains from granodiorite (sample BA46) in the Sarduiyeh granitoid rocks. The
white circles show the sites of the SHRIMP spots, with age in Ma.
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4.4. Whole-rock geochemistry

4.4.1. Major and trace element composition
Geochemical results show the LOI contents in the SG sam-
ples ranges between 0.39 to 2.62 wt. % which confirms the
very low degree of alteration. The SiO2 content varies
between 55.14 and 73.87 wt.% (Supplementary Table 5).
On the TAS diagram, the SG rocks plot in the diorite,
granodiorite, granite fields that are in linewith petrography
studies (Figure 4) and show a subalkaline nature
(Middlemost 1994; Figure 8(a)). The calc-alkaline nature of
the SG is also clear on the AFM diagram (Figure 8(b)). In the
A/CNK versus A/NK diagram (Figure 8(c)), all samples clus-
ter in the metaluminous field.

On the Harker variation diagrams, the major and
minor elements that are less affected by alteration are
plotted against SiO2. The SG clearly exhibit a negative
trends for MgO, FeO, Al2O3, CaO, TiO2, P2O5, Sr and Eu
with increasing SiO2 (Figure 9). In contrast, the K2O and
Y increase with SiO2 variations (Figure 9(e–j)).

On N-MORB normalized spider diagrams, the SG
form rather parallel patterns (Figure 10(a–d)). Diorite
rocks are distinguished by the lowest trace element
abundances. Tonalitic, granodioritic and monzograni-
tic samples show increasingly higher trace element
abundances. So, trace element patterns of the SG
rocks gradually increase from diorites to monzogra-
nites. The SG show depletion in HFSE (such as Ti, Nb,
Ta, Zr), and enrichment in large ion lithophile ele-
ments (LILE; K, Cs, Pb).

Chondrite normalized plot of REE for the SG shows
light rare earth elements (LREE) enrichments (Figure 11
(a–d)) with (La/Yb)N = 2.44–8.68) and flat heavy rare earth
element (HREE) with (GdN/YbN = 1.02–1.36; Figure 11(a–
d)). Most samples show strong to slight negative Eu
anomalies [(Eu/Eu*)N = 0.62–0.94] while few samples dis-
play slight positive Eu anomalies [(Eu/Eu*)N = 1.004–1.24].
In both spider and REE diagrams the various rock type in
the SG follow the same general pattern of the Jebal Barez-
type granitoids (Figure 10(a–d); Figure 11(a–d)).

4.4.2. Strontium and neodymium isotopic
composition
Isotopic data from the SG are presented in supplementary
Table 6. Their initial 87Sr/86Sr (ISr) and

143Nd/144Nd isotopic
ratios were calculated using the zircon U-Pb ages of
27.95 Ma. The samples show uniform ISr from 0.7046 to
0.7049 and (ɛNd)i values ranging from 3.4 to 4.03 . The low
variations in the ISr and positive ɛNd between various SG
rock types, points to their cogenetic relationships.
Considering Nd model ages (TDM; De Paolo 1981), the
results cluster around 425.29–738.56 Ma and ƒSm/Nd
values limited to −0.16 to −0.45 (Supplementary Table 6).

5. Discussion

5.1. Petrogenesis

Field observations such as a close spatial association
and gradual contacts between intermediate (diorite)

Figure 7. Concordia diagram of zircon U-Pb isotope data obtained by LA_ICPMS techniques for the granodiorite (sample BA46) in
the Sarduiyeh granitoid rocks.
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and felsic (tonalite, granodiorite and monzogranite)
rocks reveal an intimate relationship between various
rock types in the SG. Furthermore, some lines of geo-
chemical evidences of SG rock types such as: rather
similar REE patterns and Sr-Nd isotopic ratios accompa-
nied by common calc-alkaline and metaluminous affi-
nities of the rocks provide more confirmations that the
intermediate and felsic rocks are co-magmatic.

The coherent trends on the Harker diagrams indicate
that fractional crystallization has probably played a domi-
nant role in the evolution of the SG (Figure 9). The sub
parallel chondrite-normalized REE patterns and spider
diagrams (Figures 10 and 11) for various SG rock types
indicate their connections through fractional crystalliza-
tion (Rapp and Watson 1995). On the REE diagrams the
least fractionated samples (diorites) have the lowest REE
pattern while the most evolved ones have higher REE
contents. This is in agreements with a fractional crystal-
lization link between the intermediate and felsic rocks. In
addition to major and trace element geochemistry, the
isotopic compositions of the SG are consistence with a
fractional crystallization model. The plots of (87Sr/86Sr)i
and (143Nd/144Nd)i versus SiO2 clearly show that the frac-
tional crystallization played a major role in the evolution
of the SG magma (Figure 12(a,b)).

Most of the SG samples have negative Eu anoma-
lies which can be explained by the role of plagioclase
and/or K-feldspar during fractional crystallization

(Kebede and Koeberl 2003; Arslan and Aslan 2006;
Zhong et al. 2009). However, few SG samples show
a positive Eu anomaly (Figure 11(a–d)), which suggest
feldspar accumulation. In the SG rocks Al2O3, Fe2O3,
MgO, CaO, and TiO2 decrease with increasing SiO2

whereas the alkalis increases (Figure 9). These varia-
tions are consistent with petrographic observations,
indicating that plagioclase, hornblende and magne-
tite have been the major differentiated phases
(Kamgang et al. 2013).

In order to assess the types and quantities of fractio-
nating mineral phases that were responsible for
observed compositional variation in SG, the least-
squares method was applied for the major elements
(Cabero et al. 2012). In this model, the composition of
least evolved diorite was considered to represent the
parental magma (Supplementary Table 7, Figure 9,
Cabero et al. 2012). Two stages of the crystal fractiona-
tion were calculated: (1) formation of granodiorite from
diorite (2) formation of monzogranite from granodior-
ite. Fractional crystallization dominated by plagioclase
(30%), amphibole (18%) and magnetite (4%) for the
magmatic evolution from diorite to granodiorite.
However fractional crystallization of a plagioclase
(29%) dominated mineral assemblages that also include
amphibole (8%), K-feldspar (7%), and magnetite (6%)
controlled the evolutionary path from granodiorite to
monzogranite.

Figure 8. Classification of the Sarduiyeh granitoid rocks: (a) alkali versus silica diagram (Middlemost 1994), (b) ternary alkali-total
iron-magnesia (AFM) diagram (Irvin and Baragar 1971) and (c) plot of A/NK versus A/CNK [A/NK = molar Al2O3/(Na2O + K2O) and A/
CNK = molar Al2O3/(CaO + Na2O + K2O)] diagram (Maniar and Piccoli 1989).
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The zircon of the SG show positive Ce anomaly (Ce/
Ce* = 2.85–41.63) and negative Eu anomaly (Eu/
Eu* = 0.007–0.364) (Supplementary Figure 3) that may
show a relatively oxidizing conditions for the SG parental
magma (e.g. Guo et al. 1996; Hoskin and Schaltegger 2003).

Maas et al. (1992) suggested that oxygen fugacity is not the
only factor controlling Eu3+/Eu2+ and Ce4+/Ce3+ ratios in
magmas. The negative Eu anomalies may explain the
important role of plagioclase fractionation in the magma,
prior or during zircon crystallization (e.g. Hoskin et al. 2000).

Figure 9. Binary plots of selected major element oxides and trace element versus SiO2 content and least-squares fractional
crystallization modelling trends (Supplementary Table 7) for the Sarduiyeh granitoid rocks. The trends show two stages of the
crystal fractionation that led to the formation of granodiorite from diorite after 52% fractional crystallization dominated by:
plagioclase (30%), amphibole (18%), magnetite (4%) and formation of monzogranite from granodiorite after 50% fractional
crystallization dominated by: plagioclase (29%), amphibole (8%), K-feldspar (7%), magnetite (6%).
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The Sr/Y < 20 (av. 16.35) and La/Yb (N) <20 ratios,
high Y (av. 19.35 ppm), low Sr content (av. 293.76 ppm)
and low Cr and Ni contents (av. 20.1 and 4.69 ppm,
respectively) of the SG demonstrate its normal calc-
alkaline affinity (Defant and Drummond 1993). On the
Sr/Y versus Y diagram, the SG samples plot on the
normal calc-alkaline field (Defant and Drummond
1993; Figure 13). The non-adakitic geochemical charac-
teristics of the SG resemble the Jebal Barez-type intru-
sions in the KCMA.

On the N-MORB normalized spider diagrams, the SG
samples show depletion in HFSEs (such as Ti, Nb,Ta, Zr)
and enrichment in LILEs (K, Cs, Pb). In destructive plate
margin settings, the enrichments of magmatic rocks in
LILEs, LREEs and depletion in Nb and Ta are typically attrib-
uted to themetasomatism of their mantle wedges by fluids
derived from the down going slabs (e.g. Zhou et al. 2006).
However, some geochemical characteristics of the SG such
as: low Mg# (10.4–29.33), very low Cr (10.9–42.5 ppm) and
Ni contents (1.8–10.7 ppm) (Supplementary Table5) (which
are much lower than those which is expected for mantle
derived primary melts (Mg# 73–81, Ni >400 ppm and Cr
>1000 ppm) (Wilson 1989) plus high SiO2 content (55.14–
73.87 wt%) contradict generation SG parental magma from
a metasomatized mantle wedge. Alternatively, the lower
crust might be a plausible source for the SG parental
magma, as negative anomalies for Nb, Ta, and Ti has been
reported for the crustal melt (Rudnick and Fountain 1995).

Some trace element ratios, such as Y/Nb and Nb/La
remain unaffected during fractional crystallization and

thus are useful for identifying magma sources (Eby 1992;
Morata et al. 2005). Eby (1992) noted that granitoids that
evolved from mantle derived melt have Y/Nb <1.2, in
contrast to those crustal derived melt which have Y/
Nb>1.2. The SG samples have Y/Nb = 2.24–11.01 which
suggest a crustal origin for the SG. Moreover, the average
Nb/La ratio of primitive mantle and continental rock is
1.01 and 0.46, respectively (McDonough et al. 1992;
Morata et al. 2005). The Nb/La ratio for SG ranges from
0.1 to 0.4 (av. 0.34) which is close to the value reported for
lower crustal derived magmas. So, these incompatible
trace element ratios show a crustal origin for the SG.

On the ɛNd (i) versus ISr diagram (Figure 14), the SG rocks
plot close to the mantle array (with Jebal Barez-type over-
lapping). In addition, the SG samples fall near the line of
average crust (K/Rb = 250) in Taylor and McLennan (1985)
diagram which suggest a crustal origin for the SG magma
(Figure 15(a)). Patino Douce (1999) presented a discrimina-
tion diagram based on major element combinations to
identify the relative contributions of metasedimentary and
mafic sources to granitic melts (Figure15(b)). On the Al2O3/
(FeOt + MgO + TiO2) versus Al2O3 + FeOt + MgO + TiO2

diagram, the SG samples plot in the amphibolite-derived
melt field.

As mentioned above, the geochemical characteristics
clearly propose a crustal origin for the SG. The Na2O >K2O,
molecular A/CNK<1 ratio, an increasing trend of Y versus
SiO2 and presence of key minerals such as hornblende
and biotite all are supporting the I-type characteristic of
SG (White and Chappell 1983; Harris et al. 1986). I-type

Figure 10. (a–d) N-MORB normalized plot of trace elements for the Sarduiyeh granitoid rocks. (N-MORB values from after Sun and
McDonough 1989). The patterns for Jebal Barez and Kuh Panj granitoids from Asadi et al. (2014).
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plutonic rocks are inferred to have formed from a meta-
basic rocks of lower crust. The flat HREE patterns indicate
that garnet was not a residual mineral during partial
melting of the crust (Rapp and Watson 1995).

6. Thermobarometry

Geothermobarometry can be helpful in monitoring
temperature and pressure under which magma has
been evolved. Thermometry based on chemical compo-
sition of amphibole and plagioclase is a very important
tool for estimation of crystallization temperatures of
igneous rocks. Using amphibole-plagioclase thermome-
try of Holland and Blundy (1994) the SG yielded tem-
perature of 730–850°C.

The barometry based on the Al content in hornble-
nde has been widely used to infer magmatic crystal-
lization pressure (Anderson and Smith 1995). Al-
hornblende barometry must be used only in the pre-
sence of suitable mineral assemblages in granitoid
rocks (quartz + plagioclase + alkali feldspar + bio-
tite + hornblende + titanite + magnetite or ilmenite)
which clearly limits compositional influences (Helmy
et al. 2004). Al-in-hornblende barometry demonstrates
a pressure estimation of 1–3 kbar for the SG.

The zircon saturation thermometry that was intro-
duced by Watson and Harrison (1983) has been widely
used as a tool to estimate the crystallization tempera-
ture of zircon in Zr-saturated granite melts. Watson and
Harrison (1983) stated that the saturation of zircon, as a
function of melt composition and temperature, can be
yielded using the Ln D Zr, (zircon/melt) = (−3.80-[0.85(M-
1)]) + 12,900/T equation. In this equation M stands for
(K + Na + 2Ca)/(Si.Al)] cat and temperature is in Kalvin.
The proposed equation is only applicable for whole
rocks with M value of 0.9–1.7. In this context, only
monzogranites of SG are suitable that yield a restricted
temperature range (Tzr = 801–803°C). Miller et al. (2003)
distinguished inheritance-rich and inheritance-poor
granitoid that their zircon saturation temperatures are
766°C and 837°C, respectively. Referring to the obtained
Tzr for SG, it is clear that they belong to inheritance-
poor granitoids.

7. Tectonic setting

The granitoid tectonic discrimination diagrams dis-
play a continental arc setting for the SG rock types.
They plot on the Nb versus Y and Ta versus Yb
discrimination diagrams (Pearce et al. 1984), clearly
show the volcanic arc affinity, as is expected for
UDMA continental arc magmatism (Figure 16(a,b)).
This is in line with arc like geochemical features of
SG (Figures 10 and 11) such as fractionated REE pat-
terns, enriched LILEs and depleted HFSEs (Figures 10
and 11). The arc signature of SG is also clear in Y
versus Zr (Muller 1995) and in Rb/Zr versus Nb

Figure 11. (a–d) Chondrite-normalized rare earth element pat-
terns for the Sarduiyeh granitoid rocks. Normalization factors
from after Sun and McDonough (1989). The patterns for Jebal
Barez and Kuh Panj granitoids from Asadi et al. (2014).
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(Brown et al. 1984) diagrams where, the samples plot
in the arc-related magmatic field and the primitive
continental arc field, respectively (Figure 16 (c,d)).

It is commonly accepted that the subduction of the
Neo-Tethys oceanic lithosphere underneath the Central
Iranian microcontinent continued from Mid-Late
Mesozoic to Late Oligocene-Early Miocene.
This led to partial melting of mantle wedge (metasoma-
tized by aqueous fluids derived from the down going
oceanic slab) and as a consequence the Mesozoic and
Early Cenozoic Andean-type arc magmatism in the SSZ
and UDMA (Berberian et al. 1982; Mohajjel et al. 2003;
Alavi 2007; Agard et al. 2011; Chiu et al. 2013; Shafaii
Moghadam et al. 2015). In the KCMA, the non-adakitic
Jebal Barez type is considered as the pre-collision evolved
product of mantle derived melts via extensive subsequent
fractionation, whereas the adakitic Kuh Panj type is
explained by melting of a thickened garnet bearing crustal
source in a post-collision tectonic setting (Asadi et al. 2014;

Figure 12. SiO2 versus (a) (
87Sr/86Sr)i and (b) (143Nd/144Nd)i diagrams (after Wang et al. 2006).for Sarduiyeh granitoid rocks, showing

the possible magmatic processes that are predominant during the magma evolution.

Figure 13. Sr/Y versus Y diagram showing volcanic arc affinity
of Sarduiyeh granitoid rocks (after Defant and Drummond
1993).

Figure 14. ɛNd (i) versus initial 87Sr/86Sr diagram for the Sarduiyeh granitoid rocks. The field of adakites related to slab melting is
defined after Defant et al. (1992); Kay et al. (1993); Sajona et al. (2000). The data for underplated thick lower crust adakites are after
Atherton and Petford (1993); Muir et al. (1995) and Petford and Atherton (1996). The data for adakites related to crust melting are
after Hou et al. (2011). Abbreviations: MORB: Mid-ocean ridge basalts; OIB: ocean-island basalts; DM; depleted mantle; IAB: island-arc
basalts after Zindler and Hart (1986); EMI and EMII two types of enriched mantle end-members, (Hou et al. 2011). The fields for Jebal
Barez and Kuh-Panj granitoids from Asadi et al. (2014).
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Chekani Moghadam et al. 2017). The geochemical and
zircon U-Pb age data presented in this study clearly show
that the SG belongs to the Jebal Barez-type intrusions.
However, geochemical characteristics of the SG rule out
partial melting of a metasomatized mantle wedge as a
plausible source for its magma and rather than support a
partial melting from metabasic rocks of lower crust. The
most anticipated heat source for partial melting has been
provided by hot basaltic melt from the partial melting of
metasomatized mantle wedge that in its route to the sur-
face may pond at the base of the overlying lower crust due
to gravity constraints, causing partial melting lower crust
metabasic rocks. These processes together with fractional

crystallization formed the Jebal Barez-type SG with typical
calc-alkaline affinity. This geodynamic setting is schemati-
cally illustrated in Figure 17.

8. Conclusions

The medium-to-coarse-grained Sarduiyeh granitoid is
located in the southeastern part of the UDMA. The
granular texture granitoid consists mainly of diorite,
tonalite, granodiorite and monzogranitic rocks. The
geochemical studies indicate that the SG is calc-alka-
line, I-type, metaluminous, enriched in LILE (such as K,
Cs, Pb) and depleted in HFSE (such as Ti, Nb, Ta, Zr).

Figure 15. (a) K versus Rb variation diagram for the SG. The samples plot near the line of average continental crust (K/Rb = 250) of
after Taylor and McLennan (1985). (b) Compositional comparison between SG samples and partial melts obtained in experimental
studies by dehydration melting of various bulk compositions including felsic pelites, metagreywackes and amphibolites (after Patino
Douce 1999; modified by Chen et al. 2016).

Figure 16. The plots of the Sarduiyeh granitoid rocks: on (a, b) tectonic discrimination diagrams of after Pearce et al. (1984) Syn-
COLG (Syncollisional), VAG (Volcanic arc), WPG (Within-plate) and ORG (Ocean-ridge). (c) Zr versus Y diagram of after Muller (1995)
(d) Rb/Zr versus Nb diagram of after Brown et al. (1984). The fields for Jebal Barez and Kuh-Panj granitoids from Asadi et al. (2014).
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Chondrite normalized plot of SG rare earth elements
show LREE enrichments with (LaN/YbN = 2.44–8.68)
and flat heavy rare earth element patterns with
(GdN/YbN = 1.02–1.36). This interpretation is further
supported by the ASI frequency distribution of less
than 1 and presence of key minerals such as horn-
blende and biotite. The rather high Y (av. 19.35 ppm),
low Sr content (av. 293.76 ppm) and low Cr and Ni
contents (av. 20.1 and 4.69 ppm, respectively) of the
SG demonstrate its normal calc-alkaline and non-ada-
kitic affinity, the features of Jebal Barez-type grani-
toids. The use of tectonic discrimination diagrams of
granitoids reveals that the SG was emplaced in a
continental arc regime during subduction of the
Neo-Tethys oceanic lithosphere underneath the
Central Iranian microcontinent. The very low Cr and
Ni contents, low Mg# (av. 25.24 ppm) and isotopic
data ((ɛNd)i = +3.4 to +4.03, and ISr 0.7046 to 0.7049)
show that the SG was generated by partial melting of
meta-basic (amphibolite) rocks at lower crust. P-T
calculations based on hornblende barometry and
amphibole-plagioclase thermometry suggested an
approximate pressure of 1–3 Kbar and crystallization
temperature of about 730–850°C for the SG. The sub
parallel chondrite-normalized REE patterns and spider
diagrams for various rock types indicate their connec-
tions through fractional crystallization. The zircon
U-Pb age of 27.95 ± 0.27 Ma suggest a per-plate
collision for the formation of the SG. It also shows
that the final collision between the Arabian plate and
Central Iranian microcontinent may have happened in
the Late Oligocene.
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