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1. Introduction
Calc-alkaline I-type plutonic rocks, which include 
subduction-related and collisional magmatic suites, are 
common in many different convergent tectonic settings. 
Genetic classification of such plutonic rocks is based on 
the amount of crustal, mantle, or mixed components 
involved during their generation (Barbarin and Didier, 
1992; Chappell and White, 1992; Sisson and Grove, 1993; 
Altherr et al., 2000; Chen et al., 2002). 

Iran and the surrounding areas consist of a mosaic 
of continental blocks (Tethyan blocks), including the 
Pontides, Anatolide–Taurides, Afghanistan, Songpan–
Ganzi, Eastern Qiangtang, Western Qiangtang, Lhasa, 
Indochina, Sibumasu, and Western Burma blocks, 
delimited by complex fold-and-thrust belts within the 
Alpine-Himalayan orogenic system (Gansser, 1981; 

Şengör and Yilmaz, 1981; Şengör, 1990). Apart from 
Gondwana during the Tethyside orogenic system, they 
drifted northwards, then joined the Eurasian continent 
by the opening and closing of two successive and partly 
contemporaneous Tethyan oceanic basins (the older 
northern Paleo-Tethyan and the younger southern Neo-
Tethyan), followed by continental collision (cf. Stampfli 
and Kozur, 2006). 

The tectonic episodes of Iran have been influenced by 
the opening and closure of the Paleotethys in the Paleozoic 
and the closure of the Neotethys in the Cenozoic. The 
closure of the Paleotethys resulted in the separation of 
the Cimmerian terrain from the Gondwanan passive 
margin and the opening of the Neo-Tethyan Ocean 
(Allegre et al., 1984; Stampfli and Borel, 2002). The Neo-
Tethys constitutes several oceanic remains (ophiolites and 
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mélanges) along some Mesozoic sutures, which include 
the Zagros suture in Iran and the Bitlis suture in Turkey 
(Şengör, 1987; Şengör and Natalin, 1996).

After the Paleo-Tethyan Ocean was closed, the Neo-
Tethys began to subduct under the Cimmerian plate 
that was newly joined to the Eurasian continent. Some 
Jurassic–Cretaceous arc settings formed along the south 
of Eurasia, including the Pontides back-arc setting in 
northeastern Sakarya (Kaygusuz et al., 2008; Karsli et al., 
2010; Kaygusuz, 2011), the Sabzevar back-arc basin (Baroz 
et al., 1984; Shafaii Moghadam et al., 2014) (Figure 1), 
and the Sanandaj–Sirjan arc in central Iran (Shahabpour, 
2005). At the end of the Cretaceous, when the Neo-Tethys 
closed (Stöcklin, 1968; Berberian and King, 1981; Şengör, 
1987; Alavi, 1996, 2007; Şengör and Natalin, 1996; Dilek 
et al., 2007), these magmatic arcs were joined to the south 
of the Eurasian plate (Golonka and Bocharova, 2000; 
Shahabpour, 2005).

The closure of the Neo-Tethys and collision of the 
Arabian and Eurasian continents during the late Eocene-
Oligocene (Koop et al., 1982; Vincent et al., 2005; Allen 
and Armstrong, 2008; Agard et al., 2011; Ballato et al., 
2011; Mouthereau et al., 2012) resulted in the formation 
of the Iranian–Turkish Plateau. The continuation of the 
collision resulted in crustal thickening and the extension 
of the associated thrusting (Ramsey et al., 2008), followed 
by normal faulting, extensional tectonic settings, 
magmatic flare-up, and exhumations of metamorphic core 
complexes (Verdel et al., 2011; Shafaii Moghadam et al., 
2016) (Figure 1). 

An important magmatic flare-up occurred in Iran 
and Turkey in the Eocene-Miocene period, which lead to 
the formation of a calc-alkaline or high-K calc-alkaline 
volcanic plutonic belt (Pearce et al., 1990; Verdel et al., 
2011). The Urumieh-Dokhtar magmatic arc/belt (UDMA) 
is the most important Eocene-Miocene magmatic episode 
in Iran (Omrani et al., 2008; Ahmadian et al., 2009; 
Shafiei et al., 2009; Aghazadeh et al., 2010; Verdel et al., 
2011; Chiu et al., 2013) (Figure 1). Some of the other 
outstanding Eocene magmatic zones in Iran include the 
Alborz magmatic arc (Aghazadeh et al., 2010; Asiabanha 
and Foden, 2012), Sabzevar magmatic zone (Verdel et al., 
2011; Alaminia et al., 2013; Chiu et al., 2013), Lut-Sistan 
zone (eastern Iranian suture zone) (Arjmandzadeh et al., 
2011, Pang et al., 2013; Arjmandzadeh and Santos, 2014), 
and Khaf-Kashmar-Bardaskan volcano-plutonic belt 
(KKBB; north of Lut block; Figure 1) (Karimpour, 2004; 
Malekzadeh Shafaroudi et al., 2013; Shafaii Moghadam et 
al., 2015). 

Several recent models proposed for the dominant 
Eocene magmatism in Iran and Turkey include: 1) 
postcollisional slab breakoff (Boztuğ et al., 2007; Keskin 
et al., 2008; Omrani et al., 2008; Aghazadeh et al., 2010; 

Dilek et al., 2010; Malekzadeh Shafaroudi et al., 2013; 
Shafaii Moghadam et al., 2015); 2) postcollisional crustal 
thickening (Topuz et al., 2005; Shafiei et al., 2009; Verdel et 
al., 2011) and delamination of the thickened crust (Dilek 
et al., 2010; Karsli et al., 2010; Arslan et al., 2013; Aslan et 
al., 2014), and 3) slab window-related processes (Shafiei et 
al., 2009; Eyuboğlu et al., 2011). 

Prior to this study, numerous geochemical and 
petrological investigations have been conducted on 
various intrusive bodies of the KKBB belt (Soltani, 2000; 
Malekzadeh Shafaroudi et al., 2013; Shafaii Moghadam et 
al., 2015). The present study focuses on the mafic to felsic 
intrusive rocks of Nay (IRN) in the KKBB belt, the least-
studied ones among other plutonic rocks in the KKBB belt. 
We present new whole-rock geochemical data of mafic to 
felsic rocks and Sr-Nd isotopic data as well as U-Pb zircon 
ages of granitoids and determine their magma sources 
and evolution. Furthermore, this dataset helps achieve 
a comprehensive understanding of the magmatic and 
tectonic evolution from the Eocene to Oligocene in the 
Alborz-Sabzevar and Lut-Sistan zone.

2. Geology
The study area is located in the center of the Tertiary 
metallogenic volcano-plutonic belt of the KKBB 
(Karimpour, 2004) (Figure 1). This belt is located between 
the old Dorouneh and Taknar faults in the south and north 
of the study area, respectively (Figure 1). Tectonic studies 
on the faults of the NE and E of Iran (Walker and Jackson, 
2004) confirm that the Dorouneh and Taknar faults had 
sinistral strike-slip movement in at least 5–7 Ma of the late 
Cenozoic, but plate tectonic reconstructions attest that 
the overall movements have been uniform since ~56 Ma 
(McQuarrie et al., 2003). The oldest rocks in the KKBB 
belong to the Taknar inlier near the east of the city of 
Kashmar. The Taknar inlier is a segment of Central Iranian 
Precambrian-Paleozoic continental crust basement 
(zircon U-Pb dating on Bornaward granitoids, 540–550 
Ma, late-Neoproterozoic; Bagherzadeh et al., 2015), which 
uplifted during the Eocene continental collision between 
the Arabian and Eurasian continents. 

The geology of the KKBB mainly includes Cenozoic 
felsic to mafic volcanic rocks (Figure 1), which have 
been intruded by granitoid rocks of granitic to dioritic 
composition (Eftekharnezhad et al., 1974; Afsharharb 
et al., 1987; Sahandi and Hoseini, 1990; Vaezipour et al., 
1993; Naderi Mighan and Torshizian, 1999). The only 
isotopic age for the host volcanic rocks in the KKBB has 
been reported by Bernhardt (1983), giving ages of 57.2 ± 
3.7 Ma and 43.7 ± 1.7 Ma using K-Ar dates on hornblende 
and biotite, respectively. Since the hornblende is more 
highly retentive with respect to 40Ar than biotite (Faure, 
1986; McDougall and Harrison, 1988), the obtained age is 
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interpreted as the emplacement age of the volcanic rocks, 
whereas the younger age for biotite may be the result of 
40Ar resetting due to the replacement and influence of 
granitoids with similar ages (Soltani, 2000). 

Based on the geological map of Feyzabad (scale 
1:100,000) (Behroozi, 1987), the granitoids intruded 
subaerial Paleocene–Eocene pyroclastic and Early to 
Middle Eocene mafic to felsic volcanic rocks (Behroozi, 

1987). Previous studies on the Kashmar and Sangan 
granitoids (Soltani, 2000; Malekzadeh Shafaroudi et al., 
2013; Shafaii Moghadam et al., 2015) indicate that these 
rocks are high-K calc-alkaline in composition and I-type 
and emplaced during Eocene time (Zircon U-Pb dating; 
Shafaii Moghadam et al., 2015).

A new detailed geological map is presented here for 
the Nay area (Figure 2). Field relationships indicate the 
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following sequence of magmatic events in the area (Figure 
2): 1) Old mafic volcanic series including (pyroxene) basalt/
andesite and minor trachyandesite and (quartz) latite. 
These rocks occupy the north and northeast of the village 
of Nay (Figure 3A). Propylitic alteration (chlorite, epidote, 
and calcite) affected these rocks. 2) Old felsic volcanic 
series such as dacite, rhyodacite, tuff (lapilli tuff, sandy tuff, 
layered tuff, and crystal lithic tuff), pyroclastic rocks and 
ignimbrite, and minor rhyolite (Figure 3B) are widespread 
in the study area. As mentioned above, Bernhardt (1983) 
gives a Paleocene age for these rocks. These units are 
intensely subjected to argillic, sericitic, and silicified 
alterations, especially in crosscutting points of faults. 3) 
Subvolcanic bodies including (quartz) monzogabbro/
monzodiorite, pyroxene gabbro/gabbrodiorite/diorite, 
and hornblende diorite/monzodiorite/monzonite. The 
mafic volcanic units are intruded by these intrusive bodies 
(small stocks and dikes) and usually altered to chlorite 
and epidote. 4) Granitoids have composition ranging 
from granodiorite and monzogranite to syenogranite 
and k-feldspar granite as well as minor amounts of 
quartz monzonite and monzonite with aplitic dikes. They 
crop out especially in the north of Nay and Uch Palang 
villages and intruded into the felsic volcanic suites from 
eastern to western termination (Figures 3A–3C). Mafic 
microgranular enclaves (in clot forms and/or hornblende 

clusters) of different sizes and types and greenish color are 
commonly observed within the granitoids (Figure 3D). 5) 
Dike swarms (quartz monzodiorite porphyry) crosscut the 
volcanic rocks and granitoids in a NW-SE trend (Figure 2).

The IRN bodies have commonly been affected by late 
magmatic processes and hydrothermal episodes, such as 
sericitization, argillation, carbonatization, chloritization, 
and tourmalinization, especially along the faults and veins. 
Except for dike swarms, all rocks experienced alterations. 
New alteration and mineralization studies (Almasi, 2016) 
indicate the occurrence of iron oxide copper-gold (IOCG, 
Figure 1) mineralization in the Nay area. 

3. Petrography of subvolcanic and plutonic rocks
3.1. Subvolcanic rocks
The intermediate to mafic subvolcanic intrusives consist 
of quartz diorite, quartz monzodiorite, monzogabbro, 
monzonite, and quartz gabbro with an exposed surface area 
of approximately 200 m2 to 2 km2. Since some samples from 
this group have distinct geochemical and petrographic 
features that separate them from other subvolcanic rocks, 
the group is subdivided into two classes.  

Quartz gabbro and quartz monzodiorite crop out 
as several small stocks in the area. These intrusives with 
intergranular texture have a modal amount of minerals, 
including 3%–13% quartz up to 0.2 mm long, 30%–40% 
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plagioclase laths up to >1 mm, 5%–35% K-feldspar up to 
0.5 mm, and <15% pyroxene (probably orthopyroxene). 
Other rocks of this group, including gabbrodiorite, quartz 
diorite, monzodiorite, and monzonite, have mineral 
assemblages including plagioclase, clinopyroxene (augite), 
hornblende, biotite, and quartz with accessory minerals 
including apatite, magnetite, and titanite (Figure 3E). These 
rock series display intergranular, porphyritic, ophitic, and 
glomeroporphyritic textures.
3.2. Granitoids
Nay granitoids consist of mainly monzogranite, 
granodiorites, syenogranite, and K-feldspar granite, 
along with minor quartz monzonite (Figures 2, 3F, and 
3G). Quartz, plagioclase, alkali feldspar, and biotite, 
along with minor clinopyroxene and amphibole, are 
the dominant phases. Accessory phases include apatite, 
zircon, and iron oxides. Anhedral grains of quartz are 
clustered between plagioclase and orthoclase and make 
granophyric, micrographic, and myrmekitic intergrowths 
(Figures 3G and 3H). These rocks display granular, 
graphic, myrmekitic, and perthitic textures (Figures 3F 
and 3G). Microgranular enclaves occur (Figure 3D), and 
they are especially abundant in the northeast of the area. 
Enclaves have compositions ranging from granodiorite 
to diorite, which dominantly are granodioritic with small 
crystals of amphibole and plagioclase. Dioritic enclaves 
containing plagioclase, orthopyroxene, and clinopyroxene 
also prevail. 

Granodiorites are abundant rock units and contain 
quartz, K-feldspar orthoclase and microcline, plagioclase, 
amphibole, biotite, and rarely clinopyroxene. Coarse-
grained plagioclase crystals range in size from 2 to 4 mm 
and are partially replaced by sericite during alteration. 
Minor phases include iron oxides, apatite, zircon, and 
titanite. 

The mineralogical assemblage of quartz monzonite 
intrusives is similar to that of monzogranites but with 
more plagioclase. Various mafic, intermediate, and felsic 
dikes exist in the Nay area (Figure 2). Felsic dikes intruded 
into granitoids and their host volcanic edifices, indicating 
a close genetic relationship. Cataclastic veins containing 
tourmaline are also common in granitoid rocks.
3.3. K-feldspar granite
This granite shows petrographic characteristics as an end-
member of the granitoid suite. All samples have a light 
pink color in hand specimens and lack ferromagnesian 
and opaque minerals in transmitted light examination 
(rarely fine grain biotite and hornblende and magnetite). 
The mineral assemblage is coarse to moderately grained. 
Mineralogy comprises a simple and modal amount of 
minerals including 20%–25% quartz up to 2.5 mm, 30%–
45% K-feldspar (orthoclase, perthite, and microcline) of 
1–2.5 mm, 20%–30% albite, and oligoclase of 1–2 mm. 

Accessory minerals include magnetite, zircon, and 
apatite. K-feldspar usually occurs as microperthitic 
intergrowths. Microperthite commonly displays string, 
vein, and braid varieties. Microcline is recognized by typical 
development of cross-hatched twinning characteristic 
of combined albite and pericline twins, indicating low-
temperature feldspar. Orthoclase is widespread and 
typically displays Carlsbad twinning. It varies from 1 mm 
to 6 cm in length and occurs generally as turbid, euhedral, 
and tabular megacrysts.
3.4. Dike swarms
These rocks have mineralogy and texture similar to 
subvolcanic rocks. The mineral assemblage of plagioclase, 
quartz, K-feldspar, hornblende, clinopyroxene, apatite, and 
magnetite indicates quartz monzodiorite in composition. 
The mineral content indicates that the mafic dikes were 
influenced by retrograde reactions and reequilibrated 
during the fall in temperature. These features are supported 
by uralitization and saussuritization of pyroxenes and 
plagioclases respectively due to the autometamorphism 
attributed to the action of the exsolved volatiles (Li, 2013).

4. Analytical techniques 
4.1. Whole-rock geochemistry
This research is mainly founded on field reconnaissance, 
reflected and transmitted light microscopy, whole-rock 
elemental and isotopic geochemistry, and geochronology. 
After obtaining precise and detailed petrography of a 
larger set of rocks, 28 representative samples were selected 
for whole-rock analysis. The samples were powdered to 
<200 mesh by an agate mill, and the pulps were analyzed 
for major oxides and minor and trace elements using ICP-
AES and ICP-MS, respectively, at ACME Laboratories 
(Vancouver, Canada). The accuracy and precision, as 
represented by the United States Geological Survey 
standards and duplicates, are within 1% for major oxides 
and 10% for trace elements. The major oxide and minor 
and trace element data for the IRN bodies are listed in 
Table 1.
4.2. Zircon U-Pb dating
After separating zircon grains by crushing, hydrofracturing, 
and handpicking, about 70 crystals from each sample 
were examined by scanning electron microscopy (SEM) 
for morphological investigations. The grains were cast in 
epoxy and polished, then imaged by cathodoluminescence 
(CL) with a FET Philips XL 30 electron microscope (15 kV 
and 1 nA) at the University of Silesia, Sosnowiec, Poland.

Zircon 206Pb/238U and 207Pb/206Pb ages were defined 
using a 193-nm solid-state Nd-YAG laser (NewWave 
UP193-SS) coupled to a multicollector ICP-MS (Nu 
Instruments HR) at the University of Vienna (Table 2). 
The analytical procedures are identical to those explained 
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Table 1. Chemical compositions of representative rock samples of the IRN bodies.

Subvolcanic bodies

Sample KP-104SP-20BP-4KP-33KP-22BP-28BP-24KP-101BP-14BP-25BP-104
33322222111

(wt.%)
63.6862.3361.0856.8662.0657.5258.8659.1754.3450.8152.65SiO2

0.620.810.850.770.810.860.810.640.841.410.98TiO2

14.9215.3614.8514.1115.0915.1014.1415.1513.0512.7812.8Al2O3

0.500.500.77.0680.610.790.790.600.641.501.39Fe2O3

4.054.856.265.524.986.406.384.865.1912.2111.25FeO
0.130.130.150.180.140.210.180.160.120.540.32MnO
3.152.833.224.923.374.543.994.554.1911.16.44MgO
2.494.803.214.883.925.685.144.040.660.560.61CaO
4.683.454.913.973.552.933.463.451.862.122.62Na2O
3.652.781.683.642.993.072.843.385.100.920.54K2O
0.280.330.360.300.390.500.210.260.190.260.29P2O5

1.231.071.783.391.341.472.053.035.114.114.76LOI
99.3899.2499.1299.2299.2599.0799.1299.2991.2998.3294.65Total
0.920.880.940.730.930.821.060.911.332.322.13A/CNK

(ppm)
70755659867053276046553598327981Ba
<141<13<1112<12Be
71743174716050741021712Rb
2593793352814045143813771505856Sr
1616161716181617151817Ga
0.80.80.70.50.80.70.70.50.50.40.8Ta
9.97.87.788.47.57.17.46.54.88.6Th
2.41.91.622.21.92.22.11.41.33.2U
243235206217237183175204175134189Zr
66555455446Hf
3133302630272528232321Y
121148111111Cs
12131010131011109811Nb
51012139191510202420Co
93116120177117211148126144243146V
26.327.325.824.327.923.524.52414.820.212.1La
57.258.753.750.556.551.65048.933.843.132.9Ce
7.176.996.386.306.706.195.946.404.225.213.76Pr
25.329.828.228.327.82924.519.518.322.415.7Nd
6.035.705.925.155.765.105.034.763.764.703.50Sm
1.291.371.401.291.351.391.291.220.841.090.5Eu
5.245.775.885.655.475.385.605.393.734.793.25Gd
0.790.790.800.730.770.700.800.740.570.660.51Tb
4.305.314.734.644.824.354.914.454.234.123.40Dy
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0.9611.090.900.970.870.990.920.860.810.69Ho
3.143.082.672.623.012.392.762.792.232.411.88Er
0.450.470.400.440.450.370.440.430.380.350.35Tm
3.092.763.062.752.812.682.802.782.632.322.35Yb
0.520.470.470.440.480.370.450.410.360.380.35Lu
6.676.675.685.966.695.915.906.015.685.966.69(La/Yb)n
0.700.730.730.730.740.810.740.740.690.700.45Eu/Eu*
141.8149.5140.5134144.8133.9130123.590.7112.581.2∑REEs

Table 1. (Continued).

Subvolcanic bodies

Sample R15924*R15907*BP-103KP-102BP-102BP-11KP-41KP-57KP-60KP-24
6625433333

(wt.%)
54.3559.0162.2861.8367.2165.9261.5360.6165.9861.23SiO2

0.800.810.730.690.570.540.630.770.600.64TiO2

16.8016.0414.2714.6514.4314.3616.3115.0814.9814.85Al2O3

0.950.760.590.570.490.520.500.660.450.50Fe2O3

7.706.184.744.613.974.244.095.353.604.05FeO
0.100.100.130.140.120.110.180.120.090.42MnO
4.272.763.013.121.952.621.103.912.013.24MgO
4.184.263.513.450.462.731.424.612.091.93CaO
4.814.153.864.173.723.182.202.974.044.23Na2O
2.042.873.783.724.883.848.183.473.904.07K2O
0.200.210.280.380.200.170.270.270.200.54P2O5

2.601.622.121.961.381.122.961.421.482.25LOI
99.8099.6599.2999.2999.3899.3699.3799.2499.4297.95Total
1.090.990.880.850.971.101.080.890.941A/CNK
2955057237011475547991545662808Ba

(ppm)
1314<113<1Be

7255658780941737377109Rb
315363359354129393115331347191Sr
19181516141414151616Ga

0.80.90.90.70.90.60.90.7Ta
3118.811.211.213.59.79.212.19.5Th
222.62.33.33.622.12.92.5U
84144215251223167218229232201Zr

66756565Hf
20332931281925283124Y

14133423Cs
48121513811121411Nb

Table 1. (Continued).
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101141051477Co
22019010612057106871447386V
142628.83030.824.123.12733.432.3La
25606064.559.548.350.554.267.762.9Ce

6.987.767.165.416.456.377.537Pr
28.927.627.920.625.422.430.627.1Nd
5.876.765.434.315.155.286.124.77Sm
1.471.361.190.951.011.151.401.06Eu
6.145.715.6444.655.316.764.47Gd
0.880.810.820.600.680.730.940.65Tb
5.405.405.743.403.934.255.944.07Dy
1.131.051.080.650.870.861.180.85Ho
3.132.883.162.042.472.573.552.32Er
0.480.440.480.330.380.400.550.36Tm
3.222.973.472.142.442.683.872.51Yb
0.480.430.530.330.410.440.540.38Lu
6.036.697.598.086.386.795.825.29(La/Yb)n
0.750.670.700.170.630.660.670.70Eu/Eu*
152.9157.6152.9117.2127.3133.6170150.7∑REEs

Table 1. (Continued).

Granitoids

Sample R15909*R15915*R15910*R15918*R15958*R15908*1BP-13SP-22BP-101SP-101SP-7
77777777777

(Wt. %)
71.8166.4163.4265.3366.4462.3065.9861.2363.6866.5563.31SiO2

0.260.460.590.490.450.630.600.640.620.870.65TiO2

13.7715.2215.3715.5315.2416.0214.9814.8514.9214.1815.35Al2O3

0.220.390.540.450.390.530.450.500.500.580.56Fe2O3

1.803.164.373.623.134.323.604.054.054.684.55FeO
0.030.060.100.080.080.090.090.420.130.230.12MnO
0.701.412.361.651.391.932.013.243.153.782.82MgO
2.043.234.713.373.394.512.091.932.490.663.29CaO
3.103.893.343.703.633.814.044.234.685.083.36Na2O
4.622.833.393.233.212.753.904.073.650.973.61K2O
0.060.130.170.140.120.180.200.540.280.250.25P2O5

2.041.611.371.611.771.031.482.251.231.521.47LOI
100.8099.32100.3899.7799.9498.7599.4297.9599.3899.3599.34Total
0.990.990.870.990.960.920.9410.921.341A/CNK

(ppm)
580595440515530515662808707276667Ba

3<1<121Be

Table 1. (Continued).
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1456210388805977109712173Rb
188273315288269342347191259128340Sr
1315161716181616161217Ga

0.90.70.80.80.8Ta
17.610.810.710.110.95.312.19.59.99.48.9Th
4.63.11.82.31.50.92.92.52.41.91.5U
148180180174170198232201243203257Zr
44.64.94.69.44.865666Hf
1622232222223124312325Y
52.652.71.20.923113Cs
8888881411121011Nb

77568Co
30621087858967386936994V
24.521.522222517.433.432.326.323.829.1La
45.542.545445036.567.762.957.250.555.8Ce

7.5377.175.366.44Pr
15.817.62018.220.517.430.627.125.320.922.5Nd
3.33.94.243.446.124.776.034.044.54Sm
0.570.870.930.870.941.111.401.061.291.060.97Eu
3.303.603.803.7033.606.764.475.243.954.40Gd
0.550.620.650.650.500.540.940.650.790.570.62Tb

5.944.074.303.674.21Dy
0.800.950.950.900.650.751.180.850.960.660.79Ho

3.552.323.142.252.31Er
0.550.360.450.340.38Tm

1.902.402.152.302.352.103.872.513.0922.66Yb
0.290.380.350.370.390.340.540.380.520.360.42Lu
8.716.056.916.467.195.605.825.296.675.685.96(La/Yb)n
0.520.700.690.680.880.880.670.700.700.810.66Eu/Eu*
96.5194.3280.5596.99106.7383.74170150.7141.8119.5135.1∑REEs

Table 1. (Continued).

K-feldspar granite

Sample R15914*R15900*2SP-26SP-18SP-3SP-2
888888

(wt.%)
76.9776.7575.7575.2273.8875.94SiO2

0.150.190.200.230.260.18TiO2

11.7011.7012.6113.3213.2713.29Al2O3

0.070.100.170.150.180.09Fe2O3

0.600.791.391.231.440.75FeO
0.010.010.030.030.040.02MnO
0.140.300.090.190.470.08MgO

Table 1. (Continued).
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0.430.510.510.250.140.13CaO
2.632.853.823.773.703.31Na2O
5.595.614.344.875.435.37K2O
0.010.020.030.060.030.05P2O5

1.760.740.760.410.730.58LOI
100.2199.8399.7199.7399.5799.79Total
1.051.011.101.121.091.16A/CNK

(ppm)
140170643635655445Ba

1221Be
20720074120128151Rb
365099736554Sr
111114131314Ga

1.31.21.31.1Ta
313016.416.214.921.9Th
3.45.62.92.73.22.3U
112134168199193147Zr
457775Hf
203133363936Y
4.43.31111Cs
101414161515Nb

0.6110.4Co
487131321V
323141.539.845.528.2La
64688779.589.363.1Ce

8.819.039.457.63Pr
23.527.529.937.332.926.8Nd
4.3055.626.237.196.12Sm
0.270.300.650.630.830.52Eu
3.605.16.016.076.525.87Gd
0.690.950.940.891.030.85Tb

6.175.676.975.68Dy
0.851.301.241.261.221.16Ho

3.393.513.313.52Er
0.570.580.560.54Tm

2.503.603.903.883.703.91Yb
0.350.530.560.580.550.52Lu
8.655.827.175.653.796.01(La/Yb)n
0.200.180.340.310.370.27Eu/Eu*
132.1143.3196.3194.9209.2154.4∑REEs

1qz gabbro-monzodiorite, 2diorite/qz diorite/ qz monzodiorite, 3qz monzodiorite/monzonite, 4qz monzonite/granite, 5qz monzodiorite/
granodiorite, 6tonalite/granodiorite, 7monzogranite to syenogranite, 8K-feldspar granite. *Data from Soltani (2000).

Table 1. (Continued).
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for zircon U-Pb analysis in a previous article (Samiee et 
al., 2016). 
4.3. Whole-rock Sr-Nd isotopes
Three whole-rock samples of the Nay granitoids (BP-11, 
SP-7, and SP-18) were analyzed for Sr and Nd isotopic 
compositions at the Isotope Geology Laboratory of the 
University of Aveiro, Portugal (Table 3). The analytical 
procedures correspond to those described for whole-rock 
Sr and Nd isotope analysis in several previous articles (e.g., 
Arjmandzadeh et al., 2011). During this analytical work, 
the SRM-987 standard yielded an average value of 87Sr/86Sr 
= 0.710264 ± 0.000015 (N = 13; conf. lim. = 95%) and the 
JNdi-1 standard gave 143Nd/144Nd = 0.5121015 ± 0.0000074 
(N = 12; conf. lim. = 95%).

5. Geochemistry
5.1. Major elements geochemistry
Representative whole-rock analyses of the IRN bodies are 
presented in Table 1. IRN intrusives have a broad range of 
SiO2 contents from 50.8 to 76.9 wt.% (Table 1). The sodic 
nature of these rocks is defined by the high Na2O/K2O (1.4 
wt.%) and Na2O+K2O (8.7 wt.%) values (Table 1).

In the K-feldspar granite samples (SiO2 of >72 wt.%), 
K2O content is greater than Na2O content and the mean 
K2O/Na2O ratio is 1.7 (Table 1). IRN bodies plot mainly 

in the quartz gabbro/diorite, quartz monzodiorite/
monzonite, granodiorite, granite, and K-feldspar granite 
fields on the Middlemost (1985) diagram (Figure 4A). On 
the K2O vs. SiO2 diagram (Peccerillo and Taylor, 1976), 
they plot in the tholeiite and calc-alkaline to mainly high-K 
calc-alkaline and shoshonitic fields (Figure 4B). 

In the Th-Co diagram (Hastie et al., 2007), the IRN 
rocks plot in the high-K calc-alkaline and shoshonitic 
series domains (Figure 4C). On the Al saturation index 
diagram (Shand, 1943) (Figure 4D), IRN bodies are 
mainly metaluminous to weakly peraluminous and the Al 
saturation index (ASI: molar Al2O3/(CaO+Na2O+K2O)) is 
<1.1 (Table 1), but 3 samples (quartz, monzogabbro, and 
quartz monzonite/monzonite) are highly peraluminous 
(ASI = 1.33–2.32; Figure 4D and Table 1). These 3 samples 
also have the minimum SiO2 and CaO and maximum Al2O3 
and MgO contents and show characteristics of tholeiitic 
magma. The tholeiitic magmas were emplaced at the first 
stage of magmatic activity. Some characteristics, such as 
A/CNK of <1 and Na2O > K2O, are similar to those of 
I-type rocks (White and Chappell, 1983), which is further 
supported by the presence of index modal minerals such 
as hornblende and titanite.

The Nay granitoids define the calc-alkaline to alkali-
calcic field in the modified SiO2 vs. alkali lime index 

Table 3. Whole-rock Rb-Sr and Sm-Nd isotope compositions of the Nay granitoids.

fSm/NdTDM (Ma)εNdi(143Nd/144Nd)i147Sm/144NdNd
(ppm)

Sm
(ppm)(87Sr/86Sr)i87Rb/86SrSrRbSample

–0.38850–1.650.5125020.12222.54.540.7057610.6234072.7SP-7
–0.40710–0.220.5125750.11827.95.430.7053460.7039394.6BP-11
–0.49600–0.020.5125860.10137.36.230.7061564.7473120SP-18

Table 2. Results of U-Pb-Th laser-ablation multicollector ICP mass spectrometry analysis of zircon of the hornblende-biotite quartz 
monzonite of Nay granitoids.

Age± (%)206Pb/238U± (%)207Pb/235U± (%)207Pb/206PbU/ThTh (ppm)U (ppm)Sample

43.22.90.00672.90.04507.30.04850.866.645.701
47.46.70.00746.70.055730.70.05481.311.301.702
53.03.70.00833.80.236111.30.20710.805.964.783
40.62.30.00632.40.04192.70.04811.882.594.884
40.63.80.00633.80.04233.00.04851.941.052.045
40.54.70.00634.80.04343.60.04991.361.121.526
40.48.20.00638.20.04215.00.04850.923.533.247
40.31.20.00631.30.04172.60.04820.179.101.568
40.22.90.00633.00.041312.00.04791.601.252.009
40.21.20.00631.30.04232.20.04911.331.231.6310
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Figure 4. Geochemical classification of the IRN bodies. (A) Na2O + K2O vs. SiO2 diagram. Fields after Middlemost (1985). (B) K2O 
vs. SiO2 diagram; fields defined by Peccerillo and Taylor (1976). (C) Plot of Nay intrusives in the Th-Co diagram; fields after Hastie 
et al. (2007). Subhorizontal boundaries separate fields of magma series typical of subduction-related settings. Subvertical boundaries 
separate fields of volcanic rocks in those settings. (D) A/NK vs. A/CNK [ANK = molar Al2O3/(Na2O+K2O) and ACNK = molar 
Al2O3/(CaO+Na2O+K2O) (Shand, 1943). (E) Plots of the Nay granitoids on modified alkali lime index (Na2O + K2O–CaO) vs. SiO2 
discrimination diagram (Frost and Frost, 2011). (F) Plots of the Nay granitoids on the SiO2 vs. FeOt/FeO + MgO discrimination diagram 
(Frost et al., 2001).
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(Na2O+K2O–CaO) diagram proposed by Frost and Frost 
(2011; Figure 4E). While the majority of granitoid samples 
plot in the magnesian (I-type) field on the SiO2 vs. FeO/
(FeO+MgO) discrimination diagram (Frost et al., 2001), 
the relatively K-feldspar granitic samples plot in the 
ferroan (A-type) domain (Figure 4F).

All samples display relatively linear trends for most 
major and minor elements vs. SiO2 on the Harker variation 
plots (Figure 5). In all rock types, CaO, MgO, TiO2, and 
P2O5 display negative correlations with silica (Figure 5). 
The crystallization of ilmenite, magnetite, titanite, and 
apatite decreases the Ti and P in the residual magma. 
The observed geochemical features document the role of 
fractional crystallization in the magmatic evolution. 

Ba, Zr, Nb, Sr, and Y behave incompatibly in the 
magmas generating the mafic series, but compatibly 
in felsic series as specified by curved trends. Negative 
correlations of some trace elements (e.g., Co and V) with 
increasing SiO2 demonstrate compatible behavior, whereas 
positive correlations (e.g., La) point to incompatible 
behavior (Figure 5). 

On the Rb vs. Ta + Yb and Rb vs. Y + Nb 
tectonomagmatic diagrams (Pearce et al., 1984; Pearce, 
1996), all rocks fall in the “postcollision granite” domain 
(Figures 6A and 6B), which further attests to the I-type 
characteristic of Nay granitoids.
5.2. Trace and rare earth elements geochemistry
The subparallel pattern of the IRN bodies is noteworthy on 
the chondrite-normalized REE diagram (Figure 7). These 
intrusives are enriched in some large ion lithophile elements 
(Rb, Cs, Ba, and K) and those incompatible elements that 
behave similarly to LILEs (Th and U). Primitive mantle 
normalized multielement spider diagrams indicate that 
these rocks are enriched in light REEs such as La and Ce 
[(La/Yb)N = 3.79–8.71], but extreme depletion in high field 
strength elements is evident (e.g., Nb and Ti) (Figure 7). 
High Y contents (>13 ppm) suggest a source dominated by 
amphibolite (Rapp et al., 1999).

Moreover, IRN intrusives display relatively 
unfractionated flat heavy REE (HREE) patterns [(Gd/Yb)
N = 1.12–1.69]. All samples have a negative Eu anomaly 
[(Eu/Eu*)N = 0.17–0.88]. All granitoid samples are slightly 
enriched in LREEs. Some elements such as Cs, Zr, and P are 
more depleted in K-feldspar granite. Such characteristics 
are attributed to the high fractionation process, where the 
separation of some minerals such as titanite and allanite 
generates end-members of the magmatic suite (K-feldspar 
granite) that are poor in some elements such as Zr, Cs, Ce, 
Nb, and P (DePaolo, 1981).

6. Zircon U-Pb dating
The age of the Nay granitoids (hornblende-biotite quartz 
monzonite; sample BP-11) was obtained using zircon U-Pb 

geochronology. The U-Pb zircon data are available in Table 
2 and presented as concordia and average age graphics in 
Figure 8. The zircon crystals are generally automorphic, 
pale yellowish or colorless, and transparent. The crystals 
range in size from 50 to 300 µm and have a length/width 
ratio of 1:1–5:1.

Ten analyzed zircon points from hornblende-biotite 
quartz monzonite defined a mean age (weighted mean) of 
40.2 ± 0.3 Ma (Table 2; 10 analyzed points, 2σ errors). The 
zircon U/Th ratio is important to define metamorphic and 
magmatic zircons. U/Th values in metamorphic (inherited) 
and magmatic zircon are 5.0 to 10 and <5.0, respectively 
(Rubatto et al., 2001; Williams, 2001; Rubatto, 2002; Sun et 
al., 2002; Wu and Zheng, 2004). The magmatic origin for 
zircon crystals is confirmed by identical and moderately 
uniform U/Th ratios (cores: 0.86–1.88; rims: 0.17–1.94; 
Table 2) and their respective spot U-Pb ages (Table 2), and 
no postmagmatic processes or inherited components were 
observed. 

Considering these features along with the high closure 
temperatures for zircon crystals, Cherniak and Watson 
(2000) suggested the U-Pb isotopic data as indicative 
of the crystallization ages of the intrusives. Since field 
observation and crosscutting relationships indicate that 
all three groups of intrusives were generated in a limited 
time span, the obtained zircon U-Pb age testifies that these 
rocks probably intruded in middle Eocene time.

7. Whole-rock Sr-Nd isotopes
Sr-Nd isotopic data of the Nay granitoids are presented 
in Table 3 and plotted in Figure 9. Three samples from 
the Nay granitoids, including hornblende-biotite quartz 
monzonite (BP-11), hornblende monzogranite (SP-7), and 
K-feldspar granite (SP-18), were analyzed for Sr and Nd 
composition. The initial 87Sr/86Sr values for granitoids were 
calculated at 40 Ma and range between 0.7053 and 0.7061 
(Table 3). 

The Sm-Nd isotopic compositions confirm essentially 
uniform εNd values from –1.65 to –0.02 calculated at 40 
Ma (Table 3), which support a comagmatic origin for all the 
IRN granitoids. The Nd model ages (TDM; DePaolo, 1981) 
cluster tightly around 0.80–0.60 Ga for Nay granitoids, 
similar to both the inherited zircons from Kashmar pluton 
(Shafaii Moghadam et al., 2015) and the formation age 
of Cadomian granites within central Iran (Ramezani and 
Tucker, 2003), suggesting an age of at least ~0.6 Ga for the 
origin during partial melting and generation of Nay I-type 
granites and that older continental crust or lithosphere 
was included in generating the granitic magmas. 

Jahn (2004) suggested that TDM may result from either 
Sm/Nd fractionation during magma differentiation or 
between the granitic melt and its origin during partial 
melting. Furthermore, the young and narrow extent of 
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TDM ages, covering fSm/Nd values limited to –0.4 ± 0.2, is 
convincing support for considerable mantle involvement 
in the generation of Nay granitoids (Table 3).

On the 143Nd/144Nd vs. 87Sr/86Sr plot (Figure 9), the Nay 
granitoids plot in the Sr-enriched quadrant in the mantle 
array. This suggests an isotopic characteristic of enriched 
lithospheric mantle (ELM) with similar composition 
to postcollisional Eocene intrusive and volcanics in the 
Alborz (Aghazadeh, 2010; Asiabanha and Foden, 2012), 
Lut-Sistan (Pang et al., 2013), and Urumieh-Dokhtar 
(Omrani et al., 2008; Ahmadian et al., 2009; Verdel et al., 
2011) magmatic zones of Iran and many cases including 
postcollisional Eocene intrusive and volcanic rocks in the 
southern part of the Eastern Pontides and Torul as well as 
a K-enriched subcontinental lithospheric mantle (SCLM) 
source of postcollisional volcanic rocks in western 
Anatolia (Keskin et al., 2008; Dilek et al., 2010; Kaygusuz, 
2011; Arslan et al., 2013; Gülmez et al., 2013; Aslan et al., 
2014; Kasapoğlu et al., 2016; Temizel et al., 2016; Ersoy et 
al., 2017; Yücel et al., 2017; Göçmengil et al., 2018) (Figure 
9). The distinction possibly indicates that the Cadomian 
aged (Ediacaran–Cambrian) lithosphere was considerably 
the origin of Nay granitoids.

8. Discussion 
8.1. Petrogenesis
The plot of subvolcanic samples (mafic) in the TbN/YbN 
vs. Th (ppm) variations diagram with the horizontal line 
separating fields for garnet-bearing lherzolite (high TbN/
YbN) and spinel-bearing lherzolite (low TbN/YbN) (e.g., 
Wang et al., 2002) suggests that mafic magmas formed 
in the presence of residual spinel and rare garnet (Figure 

10A). In La/Sm vs. La (ppm) and Yb vs. La/Yb diagrams 
(Figures 10B and 10C; Temizel et al., 2016), the mafic 
rocks have high and low amounts of incompatible La and 
Sm, respectively. 

None of the La or Sm is influenced considerably by 
variations in source mineralogy (e.g., garnet or spinel), 
thus providing evidence on the bulk chemical features 
of the source. All mafic samples have La abundances and 
La/Sm ratios greater than those generated by melting of 
a depleted mantle (DM; McKenzie and O’Nions, 1991) 
or a primitive mantle (PM; Sun and McDonough, 1989) 
composition. Therefore, the E-MORB mantle composition 
defined by McDonough and Sun (1995) is considered as a 
starting material that melted from 5% to 10% under spinel 
as well as under garnet lherzolite field conditions. 

The partial melting trajectories (Figure 10B; Temizel et 
al., 2016) that coincide with the Nay mafic rocks imply 5%–
10% partial melting of the metasomatized mantle source 
and are characterized by La abundances and La/Sm ratios 
enriched relative to the primitive mantle or depleted mantle. 
As shown in the La/Yb vs. Yb diagram (Figure 10C; Temizel 
et al., 2016), samples plot on a line defined by mixing 
between 1% melted spinel lherzolite and 0.5% melted garnet 
lherzolite, which is correlated to 55%–80% melt of a spinel 
lherzolite and 20%–45% melt of a garnet lherzolite (the 
theoretical mixing proportions). This suggests that the melts 
for the Nay subvolcanic rocks may have been produced by 
variable amounts of melting in spinel and garnet lherzolite 
(Figures 10B and 10C). The variable proportion of melts 
generated and incorporated at different mantle depths is 
most likely the consequence of melt processes related to an 
upwelling asthenospheric mantle. 
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The IRN intrusives are metaluminous to highly 
peraluminous and range in composition from tholeiitic to 
high-K calc-alkaline and shoshonitic. They are moderately 
enriched in light REEs [(La/Yb)N = 3.79–8.71] and LILEs 
(such as Ba, Th, Rb, U, and K) and depleted in HFSEs. The 
presence of negative europium anomalies and relatively flat 
heavy REE patterns are proven by [(Eu/Eu*)N = 0.17–0.88] 
and [(Gd/Yb)N = 1.12–1.69] values. While depletion in Nb-
Ta-Ti elements and Ba, Th, Rb, U, Pb, and K enrichments 
are signatures of arc-related magmatic rocks (Pearce and 
Parkinson, 1993; Reagan and Gill, 1989; Martin, 1994, 
1999), LILE enrichments and HFSE depletions are also 
quite common in syn- to postcollisional rocks (Pearce et 
al., 1984). 

High-K calc-alkaline granites are not common 
in anorogenic environments but are widespread in 
convergent margin settings, especially in postcollisional 
regions (e.g., Kemp et al., 2009). The field characteristics, 
mineral composition (magnetite, biotite, and hornblende), 
and Sr-Nd isotope and geochemical compositions together 
indicate that all rock types are essentially comagmatic 
and belong to postcollisional I-type granites. The Sr-Nd 
isotopic data further indicate the influence of mantle 
magmas on old continental crust. Hildreth (1981) 
indicated that accumulation of mafic magmas at the 
base of the continental Moho may provide enough heat 
for partial melting of the lower crust. This process forms 

high-K calc-alkaline I-type granitoids that constitute 
variable proportions of the mantle and crustal materials. 

Generally linear trends for most major, trace (Co 
and V), and rare earth (La) elements against SiO2, and 
the compatible vs. incompatible behavior of Ba, Zr, Nb, 
Sr, and Y from mafic to felsic rocks, testify to the role of 
fractional crystallization in the evolution of magmas. 
Fractional crystallization (FC) and/or crustal assimilation 
(AFC) (DePaolo, 1981) of mantle-derived magmas and/or 
magma mixing between felsic and mafic magmas derived 
from crustal and mantle sources had an essential role in 
the magmatic evolution of the IRN bodies.

The unfractionated and flat HREE variations are 
characteristic of melting at pressures under the garnet 
stability domain (Henderson, 1984; Green, 1994). IRN 
intrusions show relatively low La/Yb ratios (3–9), negative 
Eu anomalies (Eu/Eu of <1), and less fractionated heavy 
REEs (Sm/Yb = 1–3; Gd/Yb = 1–2) (Figure 7 and Table 1), 
which reflects pyroxene and plagioclase fractionation from 
the melt. The CaO (wt.%) vs. Y (ppm) diagram (Figure 
11) further supports this. Plagioclase and/or K-feldspar 
plays an important role in the generation of negative Eu 
anomalies during the fractional crystallization processes 
(Huang et al., 2008; Zhong et al., 2009). Accordingly, 
assimilation and fractional crystallization mechanisms 
(AFC) in the lower depths of the lithosphere are suggested 
to be responsible for magmatic evolution in Nay. 
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As mentioned above (Figure 5), linear correlations 
between trace elements and SiO2 can provide additional 
evidence of fractional crystallization (FC) and/or crustal 
assimilation (AFC) (DePaolo, 1981) of mantle-derived 

magmas and/or magma mixing (Perugini and Poli, 2004) 
between felsic and mafic magmas derived from crustal 
and mantle sources. The hyperbolic array in the Rb/
Sr vs. Ti/Zr and some linear correlations between Sr/Zr 
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vs. Ti/Zr diagrams (Figures 12A and 12B; Kaygusuz et 
al., 2014) show mixing of two distinct geochemical end-
members (i.e. mantle-derived magmas and lower crustal 
components). 

The Sr-Nd isotopic features and trace element signatures 
of IRN bodies indicate their possible acquisition from 
mixing of the lower crust and mantle-derived magmas, 
followed by the AFC process. 

To evaluate the possibility of source mixing in the 
parental magma of Nay granitoids, binary isotopic modeling 
(Langmuir et al., 1978; DePaolo and Wasserburg, 1979) 
was employed with the use of mantle and lower crustal 
end-members (Figure 12C). Plotting of the Nay granitoids 
suggests a magma mixing process. Sr-Nd modeling shows 
a mixed origin for Nay granitoids with parental magma 
involving ~18% to 27% of lower crustal-derived and ~73% 
to 82% of mantle-derived magmas (Figure 12C).
8.2. Tectonic implications
The geochemical, geochronological, and tectonic 
environment of Nay granitoids in the center of the KKBB 
is similar to that of the Sangan granitoids (Malekzadeh 
Shafaroudi et al., 2013) towards the east. They are meta-
aluminous and high-K calc-alkaline to shoshonitic igneous 
rocks, formed in the postcollisional environment. 

Y (ppm)

C
aO

 (w
t%

)

0 20 40 60 80
0

2

4

6

8

10

12

14

Hbl Plg

Ol, Opx

Cpx

Standard calcalkaline
trend

Figure 11. CaO (wt.%) vs. Y (ppm) plot for the IRN bodies. 
Shaded area represents the “standard” calc-alkaline trend of 
Lambert and Holland (1974). The vectors show qualitative trends 
of the effect of fractional crystallization of common silicates.

0.8

0.6

0.4

0.2

0.0
10 20 30 40 6050

rS/b
R

Ti/Zr Ti/Zr

mixing curve

A

0                   20                     40                    60                    80
0

2

4

6

8

r
Z/rS

B

(  
  N

d/
   

 N
d)

i
 1

43
   

   
    

14
4

(   Sr/    Sr) i
87         86

0.702 0.704 0.706 0.708 0.710
0.5120

0.5125

0.5130

0.5135

UM

0.2

LCC

0.3
0.4

0.5
0.6

0.7 0.8 0.9

0.1

Sr=188, Nd=9.62,   Sr/   Sr=0.7029,    Nd/    Nd=0.51319

Sr=561.2, Nd=54.6,   Sr/   Sr=0.70907,   Nd/   Nd=0.5122

End members
Upper mantle:

Lower crust:

87         86

87         86

143 144

143 144

C

Figure 12. (A–B) Ti/Zr vs. Rb/Sr and Sr/Zr diagrams adopted from Kaygusuz et al. (2014) for IRN bodies; (C) 143Nd/144Nd(i) vs. 87Sr/86Sr(i) 
plot for Nay granitoids with simple source mixing lines between upper mantle (UM; Klein, 2004) and local lower crustal (LCC, gabbroic 
enclave of a Paleozoic pluton from Dokuz, 2011) end-members. Tick marks indicate f = fraction of UM in product magma, and are given 
in intervals of 0.1 to a maximum of 0.9.



392

ALMASI et al. / Turkish J Earth Sci

The Nay and Sangan granitoids are related to a 
W-E trending batholith that outcrops throughout the 
belt. A conducive tectonic environment for generating 
I-type calc-alkaline granites is postcollisional extension 
following crustal thickening by continental collision and 
postorogenic collapse (e.g., Davies and Blanckenburg, 
1995; Bonin, 2004; Jiang and Li, 2014). Such an 
environment has been suggested to form the Eocene 
magmatic rocks in the Lut-Sistan zone (Arjmandzadeh 
et al., 2011; Pang et al., 2013; Arjmandzadeh and Santos, 
2014).

In general, a collisional orogenic belt (e.g., the Tibetan 
orogeny) usually underwent a three-stage tectonic 
evolution, i.e. main-collisional convergent, late-collisional 
transform, and postcollisional extension (cf. Hou and 

Cook, 2009). Three significant processes developed in syn-
, late-, and postcollisional episodes, respectively: breaking 
off of the subducted Tethyan slab; large-scale strike-slip 
faulting, shearing, and thrusting; and delamination (or 
breaking off) of the lithosphere. 

The geodynamic scenario for the initiation, spreading, 
and closure of the Neo-Tethyan basin ocean in the Iranian–
Turkish Plateau was presented in Section 1. Our data are 
consistent with postcollisional processes (as mentioned 
above) after closing of the Neo-Tethyan arms in the 
Iranian–Turkish Plateau. Considering the whole dataset, 
we suggest that the Eocene IRN magmatism occurred as a 
postcollisional product by asthenospheric upwelling as a 
result of convective removal of the lithosphere during an 
extensional collapse of the central Iranian block. 
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After cessation of the Sabzevar subduction beneath the 
Lut block (Central Iranian block) (Stampfli and Borel, 2002; 
Moix et al., 2008; Verdel et al., 2011; Shafaii Moghadam et al., 
2015), collision-driven slab breakoff magmatism occurred 
during the Eocene and Oligocene (Koop et al., 1982; Vincent 
et al., 2005; Allen and Armstrong, 2008; Agard et al., 2011; 
Ballato et al., 2011; Mouthereau et al., 2012) (Figure 13A). 

The postcollisional extension regime and crustal thinning 
may have proceeded from enriched lithospheric mantle 
delamination that led to the asthenospheric upwelling, 
causing partial melting of the enriched lithospheric mantle 
and generating mafic magmas. These mafic magmas may 
have risen through the thickened lower crust and caused 
partial melting there, forming magma chambers. Continued 
magma mixing and AFC processes in the magma chambers 
may have generated consequent magmas developing the 
mafic to felsic intrusive rocks of Nay (Figure 13B). 

9. Conclusions
Whole-rock and Sr-Nd isotopic geochemical data and 
geochronology from the Nay hypo-abyssal rocks in the 
northern part of the Lut block (NE Iran) shed new light on 
the origin and evolution of Middle Eocene intrusive rocks, 
enabling us to reach the following conclusions:

1) Zircon U-Pb geochronology of the granitoids reveals 
that felsic intrusive rocks were emplaced in Middle Eocene 
(Lutetian) time. 

2) The Eocene granitoids are characterized by narrow 
initial 87Sr/86Sr values from 0.7053 to 0.7061 and εNd(i) 
values from –1.65 to –0.02.

3) Sr-Nd characteristics and trace REE element 
modeling of melts revealed that the parental magmas of 
Eocene intrusive rocks had isotopic characteristics of the 
ELM. Mixing of mantle magmas with a variable proportion 
of partial melting of spinel lherzolite and garnet lherzolite 
produces mafic melts. 

4) Due to the extensional regime and crustal thinning 
and delamination, upwelling asthenosphere mantle 
provided the thermal anomaly, metasomatized the 
SCLM, and caused partial melting of thickened enriched 
lithospheric mantle. Fractional crystallization with 
assimilation (AFC) of produced magmas contributed to 
the postcollisional Eocene intrusive and volcanic rocks in 
the Nay area.
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