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Abstract

The present paper discusses the geochemical affinities, origin and ages of Jurassic granitoids of the Sanandaj-Sirjan Zone
(SaSZ) in the eastern part of the Zagros Thrust Zone. A multidisciplinary, integrated approach was carried out using ex-
isting granitoid geochemical data (major, trace, rare earth element and isotopes) and knowledge of the regional geology
(geodynamic and metamorphic setting), coupled with geophysical data (magnetic susceptibility) from granitoids in the
SaSZ. We re-interpret and re-classify the Jurassic granitoids of this zone into three main genetic groups: S-type, I-type
and A-type subduction-related ones. In the central to southern part of the Sanandaj-Sirjan zone (between Hamadan
and Sirjan), S-type magmatism appeared between 178 and 160 Ma during the Cimmerian orogeny, due to continental
collision. To the north of the Sanandaj-Sirjan zone (between Sanandaj and Ghorveh), I-type and A-type magmatism
occurred between 158 and 145 Ma. This heterogenic tectonomagmatic system along the SaSZ suggests a heterogenic
subcontinental lithospheric mantle, resulting in two Jurassic tectonomagmatic zones of (1) the Sanandaj-Ghorveh Zone
and (2) the Hamadan-Sirjan Zone.
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1. Introduction

The Zagros Orogen is a central segment (at the tec-
tonic crossroads) of the gigantic Alpine-Himalayan
convergence zone that extends from the western
Mediterranean region through northern Iraq and
the northwest of Iran to the Hormuz Strait, Oman
and Himalayas (e.g., Agard et al., 2005; Ajirlu et
al., 2016). As a consequence of rifting and closure
episodes of Neo-Tethyan oceanic crust between the
Arabia block and the Sanandaj-Sirjan Zone (SaSZ)
during the Zagros Orogen (e.g., Berberian & King,
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1981; Alavi, 1994; Mohajjel et al., 2003; Ghasemi &
Talbot, 2006, Mohajjel & Fergusson, 2014; Fergus-
son et al., 2016), the SaSZ was deformed. A series
of metamorphic-magmatic rocks were emplaced
in the eastern part of a thrust fault in Zagros (e.g.,
Mehdipour Ghazi & Moazzen, 2015), to the east of
the Main Thrust Fault. The SaSZ (Fig. 1) is therefore
a metamorphic-magmatic belt that is character-
ised by metamorphosed and deformed rocks with
Mesozoic calc-alkaline plutons and lavas (Agard
et al., 2011). Basement metamorphic, igneous and
sedimentary rocks are interpreted to form the
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Fig. 1. Simplified geological map of Iran and the Zagros Orogen, modified after Le Garzic et al. (2019).

southwestern margin of the Cimmerian continental
fragment (Ricou, 1994; Stampfli & Borel, 2002; Fer-
gusson et al., 2016).

Jurassic intrusive rocks show a wide distribu-
tion along the SaSZ from Sanandaj to Sirjan regions
(Fig. 1). Several geochemical and geochronological
studies carried out on the Jurassic intrusive rocks of
SaSZ (e.g., Shahbazi et al., 2010; Azizi et al., 2011;
Esna-Ashari et al., 2012; Chiu et al., 2013; Yajam et
al., 2015; Bayati et al., 2017; Yang et al., 2018; Azizi et
al., 2020a) have provided valuable geochemical and
geochronological data for the interpretation of the
tectonomagmatic pattern of SaSZ. However, current
tectonomagmatic models proposed for the origin of
Jurassic magmatism of SaSZ are controversial.

The widely accepted models ascribe the SaSZ
Jurassic magmatism to (1) a slab window within
the subducting Neo-Tethys slab beneath an Ande-
an-like continental active margin of the SaSZ caus-
ing partial melting of overlying continental litho-
spheric material (e.g., Khalaji et al., 2007; Sepahi et
al., 2014; Abdulzahra et al., 2018; Deevsalar et al.,
2018; Yang et al.,, 2018; Zhang et al., 2018a; Dane-
shvar et al., 2019), or (2) a subduction-related con-
tinental rift (e.g., Azizi et al., 2017; Azizi & Stern,
2019; Azizi et al., 2020a, 2020b; Tavakoli et al., 2020).
Karimpour et al. (2021) suggested that the SaSZ

granitoids from Hamedan to Sirjan (Fig. 1) formed
by melting of a continental crust in a collisional
zone during the Cimmerian orogeny and are S-type
granitoids with no tin mineralisation.

Our review aims to revisit and discuss the mag-
matic events and the tectonomagmatic setting of
the SaSZ. Our focus is on the comparison of Juras-
sic northern SaSZ granitoids (from Sanandaj-Ghor-
veh-Dehgolan to Hamedan) with Jurassic central
and southern granitoids (from Hamedan to Sirjan).
The topic was previously discussed, in Persian, by
Karimpour et al. (2021). We here use compiled pub-
lished geochemical, isotopic and geochronological
data for the Jurassic granitoids from northern, cen-
tral and southern SaSZ and integrate them with air-
borne magnetic data to present an extensive reinter-
pretation of the geochemical affinities, origins and
ages of various Jurassic granitoid intrusive rocks of
the Sanandaj-Sirjan Zone.

There have been many attempts to correlate
different granitoid compositions and geotecton-
ic environments by using major, trace and rare
earth elements (e.g., Pearce et al., 1984; Chappell &
White, 2001; Chappell, 2004; Chappell et al., 2004;
Gill, 2010; Clements et al., 2011; Clemens & Stevens,
2012; Grebennikov, 2014). Initial Nd and Sr isotopic
compositions are also commonly used to determine
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various types and origins of granitoids (e.g., Mc-
Culloch & Chappell, 1982; Gill, 2010). On the basis
of magnetic minerals, granitic rocks can be divided
into two series: (1) a magnetite and/ or magnetite-il-
menite series, and (2) an ilmenite series (Ishihara
1977). This may, hypothetically, correspond basical-
ly to I- and /or A-types, while the weakly magnetic
granites correspond to the S-type (Takahashi et al.,
1980; Ellwood & Wenner, 1981). Based upon these
classifications, SaSZ granitoids can be divided into
several types, which are suggested to correspond to
different tectonic environments.

2. Geological background of the SaSZ

As a consequence of a complex geological history,
Iran is an amalgamation of various structural units
including the Zagros Orogen, Kopet Dagh Zone,
Central Iran (with the Central-East Iranian Micro-
continent, including Yazd block, Kerman-Kashmar
tectonic zone, Tabas and Lut blocks), Eastern Iran
and the Makran Zone (Fig. 1). The Zagros Orogen
is subdivided into several NW-SE trending, parallel
subzones of the Mesopotamian-Persian Gulf Fore-
land, the Dezful Embayment, the Zagros Simply
Folded Belt, the Zagros Thrust Belt, the Crush Zone
(High Zagros or Imbricated Zone), the ophiolitic
Zagros Outer Belt, the Sanandaj-Sirjan Zone (SaSZ)
and the Urumieh-Dokhtar Magmatic Arc (e.g.,
Chiu et al., 2013; Mohajjel & Fergusson, 2014; Ajir-
lu et al., 2016; see Fig. 1). Previous researchers have
proposed several subdivisions of the Zagros Orogen
and presented interpretations on timing and posi-
tion of the suture zone based on tectonomagmatic
and structural features (e.g., Alavi, 2007; Homke et
al., 2010; Agard et al., 2011 and references therein;
Chiu et al., 2013; Mohajjel & Fergusson, 2014; Ajirlu
et al.,, 2016.). In addition to the scattered fragments
of Gondwanan basement outcrops [e.g., northwest
of SaSZ (551-544 Ma; Hassanzadeh et al., 2008),
Saqgez (559-547 Ma; Daneshvar et al., 2019), Soursat
(537 Ma; Jamshidibadr et al., 2013), Muteh (578-596
Ma; Hassanzadeh et al., 2008), Azna (526 Ma; Shaba-
nian et al., 2018), Gol-Gohar (555 Ma; Safarzadeh
et al., 2016)], the SaSZ represented an active Ande-
an-like Mesozoic margin with metamorphism and
calc-alkaline magmatic activity progressively shift-
ed northwards during most of the second half of the
Mesozoic (Berberian & King, 1981; Agard et al., 2005,
2011). Thus, this tectonic zone is characterised by
several magmatic pulses and polymetamorphic ep-
isodes varying from the northern to southern parts
of SaSZ. It is divided into three subzones from the
north to the south (Azizi & Stern, 2019). The north-

ern SaSZ (N-SaSZ) consists of igneous and meta-
morphic rocks (500-600 Ma) and Palaeozoic granite
along with mafic to intermediate Cretaceous volcan-
ic rocks (Azizi & Jahangiri, 2008; Azizi et al., 2017)
interbedded with Mesozoic shales. The central part
of SaSZ (C-SaSZ) consists of Cadomian basement,
mainly deformed amphibolite and granites, region-
al high-grade metamorphic rocks of Early to mid-Ju-
rassic age (Baharifar et al., 2004), and mafic to felsic
intrusive rocks. The southern part of SaSZ (S-SaSZ)
is mainly composed of Palaeozoic metamorphic
rocks overlain by non-metamorphosed Triassic and
Jurassic sedimentary rocks (Sheikholeslami, 2015).

2.1. Metamorphism of the SaSZ

The metamorphic lithological composition of the

SaSZ includes slates, phyllites and schists, originat-

ing from shales formed in a continental island arc

tectonic setting during the Zagros orogeny (Hemma-
ti et al., 2018). The Zagros Orogen is defined by sev-
eral regional metamorphic episodes in the Mesozoic

(~>170 Ma and ~ 145 Ma) and Cenozoic (~80-70 Ma

and ~50-32 Ma) recorded in various metamorphic

and magmatic rocks of this collisional zone, espe-
cially from the Hamedan to Ghorveh areas:

- Inthe N-5aSZ, two magmatic pulses and polyme-
tamorphic episodes imprint on Hamadan high-
grade metapelites (Fergusson et al., 2016; Mon-
faredi et al., 2020) and on the Ghorveh area
(Azizi et al., 2018) in the following order: (1) relic
metamorphism predating pluton emplacement
in the Early Jurassic (Monfaredi et al., 2020); (2) a
Cimmerian orogenic episode in the Early to Mid-
dle Jurassic affected the Sanandaj-Sirjan Zone,
confirmed by U-Pb dating of detrital zircons in
the Hamadan phyllite (Fergusson et al., 2016); (3)
a contact metamorphic overprint (hornfels: 168 +
11 Ma; T: ~ 560 and 660°C; P: ~ 2.7 kbar; Monfare-
di et al.,, 2020) formed during the emplacement
of the Alvand composite pluton (between 171.1 +
1.2 and 153.3 + 2.7 Ma; e.g., Shahbazi et al., 2010;
Mahmoudi et al., 2011; Sepahi et al., 2018); (4)
low-grade greenschist-amphibolite facies met-
amorphism is shown by both schistose rocks
of Hamedan (149 £ 19 Ma; T: 490 and 690°C; P:
3.5-5.5 kbar; Monfaredi et al., 2020) and the Gha-
laylan submarine metabasites (145-144 Ma; Azi-
zi et al., 2018) in the Ghorveh area. The schistose
rocks, interlayered with marble, were metamor-
phosed at lower greenschist facies (Azizi et al.,
2018), and (5) a Buchan-type regional metamor-
phic event marked by “’Ar/*Ar ages in the 80-70
Ma range (Late Cretaceous).
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In the C-SaSZ, the thermochronological studies
in the Dorud-Azna region by Shakerardakani
et al. (2015) have revealed (1) an Early Jurassic
amphibolite-grade metamorphism with ductile
fabrics predating 170 Ma (>170 Ma), caused by
the accretion of the SaSZ basement to central
Iran, and (2) an Eocene metamorphic overprint
at around 50-32 Ma during the emplacement
of amphibolite-meta-gabbro unit over the June
complex and Galeh-Doz orthogneiss.

In the 5-SaSZ, the Palaeozoic and Mesozoic rocks
were affected by at least two syn-metamorphic
regional deformations (Sheikholeslami, 2015)
including (1) an early Cimmerian metamorphic
event altering Palaeozoic rocks into gneiss, schist,
marble and amphibolite. This event is truncated
by an angular unconformity separating Palaeo-
zoic metamorphic rocks from Jurassic turbiditic

rocks, which were partly deformed and metamor-
phosed under greenschist facies condition (Sheik-
holeslami, 2015); (2) The second regional defor-
mation event (characterised by the deformation
of bedding, folding and reorientation of pre-exist-
ing structures, spaced cleavage, kinks and micro-
folds formed in brittle-ductile conditions) caused
the deformation of early Cimmerian event rocks
and metamorphism of the turbidites.

2.2. Magmatism in the SaSZ

The SaSZ is composed of magmatic rocks of Pre-
cambrian (~550 Ma; Hassanzadeh et al., 2008; Jam-
shidibadr et al., 2013; Daneshvar et al., 2019), Pal-
aeozoic (320 Ma, Moghadam et al., 2015; 360 Ma,
Azizi et al.,, 2017, 520-513 Ma, Badr et al., 2018),

Table 1. Age of and isotopic data for Jurassic granitoid rocks in the Sanandaj-Sirjan Zone.

Location Rock type U-?l\ljlsge (¥Sr/%sr),  (**Nd/*Nd), €Nd, Granitoid T, Reference
South Diorite 150 0.70622 0.512625 3.5 A-Type 937 Zhang et al. (2018a)
Ghorveh 150 0.70489 0.512564 23 967

Monzonite 146 0.70555 0.512393 -1.1 1068
146 0.70552 0.512385 -12 1053
146 0.70615 0.512375 -1.4 1126
Bolbanabad Diorite 146 0.70369 0.512725 5.4 A-Type 619 Zhang et al. (2018a)
Granite 146 N.A. 0.512579 25 726
146 N.A. 0.512588 2.7 657
146 N.A. 0.512585 2.6 753
Mobarakabad = Monzonite 147 0.70369 0.512725 54 I-Type 619 Zhang et al. (2018a)
148 N.A. N.A. N.A. N.A.
0.70300 0.512710 44 575  Azizi & Asahara (2013)
0.70430 0.512660 3.4 727
Monzonite 0.70430 0.512710 4.0 730
0.70330 0.512620 3.1 769
0.70340 0.512650 3.6 736
Ghalaylan Granite 158 0.70426 0.512470 0.6 I-Type 767 Azizi et al. (2015b)
158 0.70430 0.512490 0.9 585
158 0.70447 0.512460 0.4 700
158 0.70447 0.512520 14 592
158 0.70465 0.512500 1.0 598
Monzonite 156 0.70441 0.512490 0.9 641
Granite 156 0.70456 0.512500 1.1 585
156 0.70450 0.512480 0.7 617
156 0.70452 0.512520 14 329
156 0.70453 0.512400 -0.8 803
Suffiabad Granite 148 0.70410 0.512570 2.3 I-Type 928 Azizi et al. (2011)
145 0.70240 0.512700 49 711
145 0.70280 0.512560 2.2 820
Diorite 145 0.70500 0.512650 3.9 326
Granite 145 0.70530 0.512610 3.2 1805
145 0.70550 0.512530 15 909
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Location Rock type U-E\I:I:;ge (¥Sr/%sr),  (**Nd/™Nd), €Nd, Granitoid T, Reference
Shirvaneh Diorite 154 0.70518 0.512570 2.3 I-Type 791 Azizi et al. (2020b)
152 0.70563 0.512520 14 872
146 0.70352 0.512510 13 847
146 0.70472 0.512610 3.2 813
Ghorveh- Monzonite 150 0.70404 0.512569 2.5 604 Yajam et al. (2015)
Dehgolan
W Hamadan  Granite 171 N.A. N.A. N.A.  S-Type N.A. Zhang et al. (2018b)
168 N.A. N.A. N.A. N.A.
S Hamadan Granite 167 N.A. N.A. N.A. SType N.A.
Alvand Leucogranite 165 N.A. N.A. N.A.  S-Type N.A. Chiu et al. (2013)
(Hamadan) 164 N.A. N.A. N.A. N.A.
Granite 163-161 0.71938 0.512257 -3.3 1200  Shahbazi et al. (2010)
163-161 0.70924 0.512312 -2.3 1130
Granite 164 0.70883 0.512252 -3.4 1220
Granite 161 0.70699 0.512375 =il il 1030
Granite 154 0.71301 0.512260 -3.5 1230
154 0.71377 0.512210 -4.5 1310
154 0.71273 0.512259 -3.5 1230
Malayer Syenogranite 184 0.70944 0.512230 -34  S-Type 1132 Ahadnejad et al. (2011)
184 0.71087 0.512190 -4.3 1269
Diorite 174 0.70856 0.512280 =27 955
Granodiorite 170 0.70921 0.512260 -2.6 1124
170 0.70855 0.512230 -3.7 1152
Tonalite 169 0.70877 0.512300 -2.3 1092
Monzogranite 162 0.70797 0.512160 -49 1330
162 0.70858 0.512190 -4.6 1252
Astaneh Granodiorite 171 0.70824 0.512124 -5.8 S-Type 1370  Tahmasbi et al. (2010)
(Shazand) Qtz-diorite 171 0.70842 0.512143 -5.4 1350
171 0.70804 0.512110 -6.0 1390
Nezam Abad  Monzogranites 172 0.70630 0.51226 -3.0 S-Type 1006 Khalaji et al. (2007)
(Boroujerd)  Granodiorite 172 0.70660 051225 -33 869
171 0.70660 0.51224 -3.5 867
Quartz diorite 171 0.70620 0.51223 -3.6 1135
170 0.70740 0.51226 -3.1 1269
Aligoodarz Granodiorite 170 N.A. N.A. N.A.  S-Type N.A. Zhang et al. (2018b)
167 N.A. N.A. N.A. N.A.
165 0.71010 0.51214 5.5 1450 Esna-Ashari et al.
165 0.71010 051215 -5.4 1410 (2012)
165 0.70970 0.51218 -4.8 1530
Granite 165 0.71100 0.51216 -5.3 2420
Kolah-Ghazi ~ Monzogranite 167-175 N.A. N.A. N.A. SType N.A. Bayati et al. (2017)
Granite 165 N.A. N.A. N.A. N.A. Chiu et al. (2013)
Qhory Granite 175 N.A. N.A. N.A.  S-Type N.A. Yang et al. (2018)
(Neyriz) 173 N.A. N.A. N.A. N.A.
170 N.A. N.A. N.A. N.A.
Jiroft-Sargaz  Granite 175 N.A. N.A. N.A.  S-Type N.A. Chiu et al. (2013)

Jurassic (178-145 Ma; e.g., Khalaji et al., 2007; Tah- ~ 2018b; Azizi & Stern, 2019), Cretaceous (109 Ma,
masbi et al., 2010; Ahadnejad et al., 2011; Mahmou- Mahmoudi et al., 2011; 111.6 Ma, Abdulzahra et al.,
di et al., 2011; Azizi & Asahara, 2013; Hunziker et ~ 2018) to Paleogene (~40 Ma, Mazhari et al., 2009;
al., 2015; Azizi et al.,, 2015b; Zhang et al., 2018a, 60 Ma, Mahmoudi et al., 2011; 38 Ma, Sepahi et al.,
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2014). These lithologies (e.g., Jurassic - see Table
1) include mafic to acidic intrusive rocks, mainly
classified as collisional and post-collisional I- and
S-types, and minor A-types and H-type (hybrid)
rocks, formed in the continental active margin of
a subduction-related tectonomagmtic setting (e.g.,
Khalaji et al., 2007; Sepahi et al., 2014; Abdulzahra
et al., 2018; Deevsalar et al., 2018; Daneshvar et al.,
2019) and intra-continental rifting (Azizi et al., 2017;
Azizi et al., 2020a; Tavakoli et al., 2020).

The distribution of Precambrian granitoids in
SaSZ is related to an active Peri-Gondwanan conti-
nental margin of the Proto-Tethys Ocean (Hassanza-
deh et al., 2008; Daneshvar et al., 2019). The younger
(Jurassic to Paleogene) magmatic rocks are mostly
ascribed to the Andean-like continental active mar-
gin of the SaSZ during the Neo-Tethys subduction.

3. Data and material

Published geochemical (102 major, trace and rare
earth element analyses), isotopic (50 ¥Sr/%Sr,, and

64 €Nd, analyses), geochronological (46 U-Pb zir-
con ages) and geophysical data (airborne magnet-
ic intensity) for the SaSZ Jurassic granitoids were
compiled and integrated (Tables 1 and 2). “Inter-
mediate to acidic” rock types (e.g., granite, mon-
zonite, diorite, tonalite) were selected from the
S- to N-SaSZ (i.e., South Ghorveh, Bolbanabad,
Mobarakabad, Ghalaylan, Suffiabad, Shirvaneh,
Ghorveh-Dehgolan, W Hamadan, South Ham-
adan, Alvand (Hamadan), Malayer, Astaneh
(Shazand), Nezam Abad (Boroujerd), Aligoodarz,
Kolah-Ghazi, Qhory (Neyriz) and Jiroft-Sargaz ar-
eas) (Fig. 1). We only considered zircon U-Pb ages
and isotopic (Sr and Nd) and geochemical data
(major, trace and rare earth elements) obtained
by comparable, high-quality sample preparations
(e.g., lithium metaborate fusion) and modern ana-
lytical methods (e.g., XRF, ICP-MS, LA-ICP-MS of
U-PDb zircon, etc.). The aeromagnetic and magnetic
susceptibility map of Iran is adopted from Teknik
& Ghods (2017).

Table 2. Geochemistry of Jurassic granitoids in the Sanandaj-Sirjan Zone. Contents of trace elements in ppm.

Location Age (Ma) (¥Sr/%Sr). €Nd, Rb Sr Y Ba (Eu/Eu), References
Mobarakabad 147-148 0.703 4.4 71 86 35 291 0.711  Azizi & Asahara (2013);
(Iran) 34 104 93 44 394 1.28 Zhang et al. (2018a)

40 19 188 41 171 1.04

31 46 221 29 138  0.948

36 17 207 29 149  1.004
Shirvaneh 146-154 0.705 23 63 217 55 419 1137 Azizi et al. (2020b)
(Iran) 14 115 170 35 604 0.566

1.3 18 66 40 454 0.57

32 75 221 29 402 0.997
Suffiabad 0.704 23 112 33 18 244  0.853 Azizi et al. (2011)
(Iran) 49 101 59 25 279 1.28

22 99 37 31 222 2133

39 62 388 24 362 1673

32 39 33 17 71 1.589

15 35 34 4 14 2.686
Ghalaylan 156-158 0.705 06 126 1198 16 1176  2.364 Azizi et al. (2015b)
(Iran) 09 9 845 11 118  1.407

04 112 778 13 1042 218

14 101 452 12 940 2814

1.0 63 915 11 1164  1.38

09 141 1128 20 1106 1.844

1.1 77 1083 9 1327  1.493

07 62 813 16 1004  1.609

14 128 1013 20 1039  1.768

-08 151 1639 11 1577 2339
Bolbanabad 146 0.704 54 31 225 38 274 0740 Zhang et al. (2018a)
(Iran) 25 176 40 40 306  0.423

26 165 31 44 321 0307

27 160 37 41 281 0411
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Location Age (Ma) (¥Sr/%Sr), €Nd, Rb Sr Y Ba (Eu/Eu), References
South Ghorveh 146-150 0.706 815 18 347 44 56 1.523 Zhang et al. (2018a)
(Iran) 23 36 365 39 111 1.739

-11 106 102 62 753  1.036
-12 114 99 63 69 0.92
-14 105 117 68 773  0.985
W-Hamadan 168 194 245 30 729 0582 Zhang et al. (2018b)
(Iran) 161 418 327 765  0.631
167 294 335 129 0573
180 91 208 212 0375
163 167 262 469  0.406
166 170 198 460  0.341
175 168 211 480  0.582
Malayer 170 0.709 -3 134 320 15 1150 0391  Ahadnejad etal. (2011)
(Iran) 88 347 234 355 0447
77 231 302 361 @ 0457
87 142 42 162 0339
9% 160 177 292  0.774
8 141 169 286  0.719
Aligoodarz 165 0.71 =5 137 113 209 345 0.494 Esna-Ashari et al.
(Iran) 104 192 374 348 0.257 (2012);
141 124 271 347 0370 Zhang et al. (2018b)
130 138 231 291  0.556
166 146 22 406 0517
151 107 293 401 0546
137 113 209 345 0494
104 192 374 348 0323
82 206 236 259 0487
Alvand 167-171 0.709-0.710 -3 163 134 44 387 0.287 Zhang et al. (2018b);
(Iran) 148 151 109 667  0.473 Chiu et al. (2013);
248 140 544 178 0534 Shahbazi et al. (2010)
190 160 17 130  0.616
198 160 273 800  0.252
Boroujerd 169.6 0.708 -35 79 197 184 236  0.671 Khalaji et al. (2007)
(Iran) 101 388 19.8 454 0.648
88 347 234 355  0.484
143 330 374 853 0277
77 231 302 361 0457
72 361 147 306 0983
72 355 148 318  0.971
105 424 166 518  0.828
100 433 191 588  0.883
120 438 187 628  0.924

4. Results and discussion

4.1. Geochemistry and origin of Jurassic
granitoids from Sanandaj to Sirjan

Jurassic intrusive rocks have a wide distribution
along the Sanandaj-Sirjan Zone (Fig. 1). In this sec-
tion, we focus on the geochemical affinities, origin
and ages of Jurassic intrusive rocks with granitoid

composition. Tables 1 and 2 list representative age,
isotopic and geochemical data.

The SW Australia granitoids are generally clas-
sified as I-, A- and S-types, which refer to source
rocks of fundamentally different origins (e.g.,
Whalen et al., 1987; Chappell & White, 2001; Frost
et al., 2001; Clemens, 2003; Chappell et al., 2004,
2012; Grebennikov, 2014). By reconsidering an in-
tegrated collection of available major, rare earth
and trace elements, and the isotopic data, we have
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classified and interpreted the Jurassic granitoids of
the Sanandaj-Sirjan Zone into three similar groups,
characterised by S-type, I-type and A-type magmat-
ic affinities.

4.1.1. S-type magmatism in Hamadan-Sirjan Zone
Samples from the Hamadan-Sirjan Zone exhibit a
wide range of compositions from gabbroic diorite,
diorite, granodiorite, quartz monzonite to granite
(510, ~55-75 wt%; Na,0+K O ~4-10 wt%; Fig. 2a).
MORB- and chondrite-normalised patterns indicate
that Jurassic granitoid samples from S-SaSZ are
similarly enriched in LFSEs and HFSEs (i.e., Sr, K,
Rb, Ba, Th, Nb, Ta) (Fig. 2b). Depletion of Ti (and P)
(Fig. 2b) suggests ilmenite (+apatite) removal dur-
ing partial melting or fractionation (Bonin, 2012).
Enrichment in K and Th (Fig. 2b) reflects a crustal
source or significant contamination (e.g., Soesoo,
2000; Fan et al., 2000). The samples exhibit LREE/
HREE enrichment in the chondrite-normalised dia-
gram with a nearly flat HREE profile, pronounced
negative Eu anomaly (0.1-1), and (La/ YD), ratios of
~5 to 15 (Fig. 2c). In the eNd, versus (¥Sr/%Sr), dia-
gram, samples plot in the field of continental crust
with high (¥Sr/#*Sr) and low eNd, (Fig. 3). The low
(Eu/Eu), ratios (Fig. 2d; Table 2) of these granitoids
suggest oxygen-reducing conditions.

A Hamadan @Malayer *Aligoodarz

4.1.2.I- and A-type magmatism in the Sanandaj-
Ghorveh Zone
From the Sanandaj to Ghorveh areas in the N- to
C-SaSZ (i.e., Ghorveh, Mobarakabad, Shirvaneh,
Ghalaylan, Bolbanabad, Varmaghan, Suffiabad),
the gabbro-gabbroic diorite, monzonite, quartz
monzonite and granite (Fig. 4a) have a wider
compositional range of SiO, (~50-80 wt%) and
Na,0+K,0 (~4-11 wt%) than the samples from
the Sanandaj-Ghorveh Zone. Based on SiO, vs
K,O classification diagram (Peccerillo & Taylor,
1976), they belong to calc-alkaline (e.g., Ghorveh
diorites), high-K calc-alkaline (e.g., Ghalaylan, Mo-
barakabad) and shoshonite (e.g.,, Ghorveh mon-
zonites, Varmaghan) magmatic series (Fig. 4b). In
the MORB- and chondrite-normalised diagrams,
they show LREE/HREE enrichment, flat HREE pat-
terns, enrichment in LFSE and HFSE (i.e., Sr, K, Rb,
Ba, Th, Ta, Nb) and depletion in Zr, Ti, P, Y and
Yb (Figs. 4c, 4d, 4e, 4f). Granitoids from Ghorveh,
Mobarakabad, Shirvaneh, and Suffiabad have a dis-
tinctive metaluminous affinity, while those from
Varmaghan, Ghalaylan and Bolbanabad range from
metaluminous to peraluminous.
41.2.a. I-type magmatism in the Sanandaj-
Ghorveh Zone
On the Zr+Nb+Ce+Y vs FeO/MgO diagram (Wha-
len et al., 1987), the volcanic arc granites plot in the
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I-type granitoid field (Fig. 5a). The Ta+Yb vs Rb plot
(Pearce et al., 1984) suggests that granitoids from
Mobarakabad, Shirvaneh, Suffiabad and Ghalaylan
areas are of volcanic arc origin (Fig. 5b). Elevated
eNd, (>1), with low (¥Sr/%Sr), of 0.703-0.706 (Fig. 3)
support the classification of these rocks as calc-al-
kaline I-type, originating from partial melting of
a garnet-bearing mantle source in a continental
volcanic arc. Low Sr/Y ratios (<20) and high Y (>
10 ppm) contents of samples from the Mobaraka-
bad, Shirvaneh and Suffiabad areas show a normal
volcanic arc affinity; however, the high Sr/Y ra-
tios (>40) and low Y values (<20 ppm) of Ghalay-
lan I-type granitoids resemble adakitic melts (Fig.
5¢). As an indicator of the oxidation state of mag-
ma, (Eu/Eu), ratios (Fig. 5d; Table 2) suggest oxy-
gen-reducing (Mobarakabad, Shirvaneh and Suffia-
bad areas) to oxidising (Ghalaylan area) conditions.
41.2.b. A-type magmatism in the Sanandaj-
Ghorveh Zone

The granitoids from the Varmaghan, Ghorveh and
Bolbanabad areas are comparable with I-type rocks

syn-collisional granites; VAG: volcanic arc granites; WPG:

in high eNd, (>1) and low (¥Sr/*Sr), of 0.703-0.706
(Fig. 3). However, they display known geochemical
characteristics (e.g., Whalen et al., 1987) of A-type
magmas including high Zr+Nb+Ce+Y contents
(Fig. 6a) and Ga/ Al ratios (Fig. 6b), low Sr/Y (Fig.
6¢), (Eu/Eu), ratio of 0.2-0.9 (that suggests a reduc-
tion state, except for few samples of Ghorveh dior-
ite with (Eu/Eu) of 1- 1.1) (Fig. 6d; Table 2), high
Ta, Nb, Ce Zr, Hf concentrations and depletion in P,
Sr and Ti (Fig. 4c) and HREE/LREE depletion (Fig.
4d).

Based on Loiselle & Wones (1979), A-type gran-
ites refer to magmas formed in an orogenic mag-
matic system; however, numerous occurrences of
A-type granites generated in subduction-related
extensional environments (Wu et al., 2002; Chen &
Jahn, 2004; Mortimer et al., 2006; Zhao et al., 2008;
Ahankoub et al., 2013). Jurassic igneous rocks are
known to be the result of the formation of a win-
dow within the subducting Neo-Tethys slab, a pro-
cess that caused the partial melting of overlying
continental lithospheric material (e.g., Yang et al.,
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2018; Zhang et al., 2018a). A few Jurassic intrusives,
however, formed in a subduction-related continen-
tal rift (Azizi et al., 2020b), emplaced between the
N-SaSZ in the late Palaeozoic (360 Ma, Azizi et al.,
2017) and the C-SaSZ in Middle (166-163 Ma, Tav-
akoli et al., 2020) to Late Jurassic (154-146 Ma, Azizi
etal., 2020a). Azizi & Stern (2019) indicated that the
most intense rifting happened in the C-SaSZ.

To sum up the results, a comparison of compiled
data for the Jurassic granitoids indicates the nega-
tive Eu anomaly decreasing from S-type to A-type
and I-type granitoids of the SaSZ (Figs. 2¢, 4d, and
4f). I-type granitoids are low in Zr, Ta, and Sm but
high in Rb, Sr, and Ba (Fig. 4e); whereas S-types
are slightly enriched in Th and Nb (Fig. 2b). The
A-types are contrasted by higher Zr, and Hf and
lower Sr concentrations (Fig. 4c). The S-types gran-
ites have relatively very low (negative) eNd, val-
ues, but a large (¥Sr/%Sr), range from 0.708 to 0.765
(Fig. 3). The I-types exhibit positive initial Nd, but
a more limited (¥Sr/*Sr), range from 0.704 to 0.706
(Fig. 3). The A-type granites have high (*Sr/%Sr),
ratios from 0.702 to 0.717, but low (negative) eNd,
values (Fig. 3).

OGT: unfractionated I-, S-and M-type granites.

4.2. Geophysical data

The tectonic setting, source of magma and condition
of melting control magnetite and ilmenite grani-
toids. Based on magnetic properties, Ishihara (1977)
classified granitoids into magnetite and ilmenite
series. The magnetite series contains magnetite and
shows magnetic susceptibility higher than 100 x
107 SI. The magnetite series are ascribed to I-type
granitoids, which occur mainly in the subduction
zone under oxidising conditions. In the ilmenite se-
ries, magnetic susceptibility is usually less than 50 x
107> SI. These rocks are supposed to have originated
within the continental crust under reducing condi-
tions. There is uncertainty in the interpretation of
granitoids and magnetic content due to alteration
because magnetite content and the magnetic sus-
ceptibility will change due to the alteration intensi-
ty of granitoids. The highest magnetic susceptibility
values in Iran are related to the Cenozoic Urum-
ieh-Dokhtar magmatic belt (Fig. 7a), where Ceno-
zoic granitoids of magnetite series are exposed (e.g.,
Golestani et al., 2018; Raeisi et al., 2019; Kazemi et
al., 2019, etc.). Based on the magnetic susceptibil-
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ity map (Teknik & Ghods, 2017), S-type Jurassic
granitoids of SaSZ (Hamdan, Malayer, Boroujerd,
Aligoodarz, Kolah Ghazi and Chah Dozdan) show
low magnetic susceptibility (<100 x 107 Fig. 7a);
therefore, they belong to the ilmenite series. In con-
trast, granitoids from the Ghorveh, Mobarakabad,
Shirvaneh, Ghalaylan, Bolbanabad, Varmaghan
and Suffiabad areas have high magnetic susceptibil-
ity (>100 x 1075; Fig. 7a), similar to I-type granitoids
of the magnetite series (oxidised type granitoid).

In addition, the geophysical data have revealed
that the continental crust has the highest thickness
of 52-56 km between Hamadan to Sirjan (Jimén-
ez-Munt et al., 2012) (Fig. 7b). It can be related to the
continental collision during the Cimmerian oroge-
ny between 178 and 160 million years ago.

The western boundary of the Sanandaj-Sirjan
Zone is defined by the major Zagros thrust fault
(Fig. 1). The magnetic anomalies along the thrust
and to the west of the major thrust fault are very
important to take into account. The aeromagnetic

map of Teknik & Ghods (2017) (Fig. 7c) shows there
are some igneous rocks (e.g., ophiolitic rocks) under
the thrust areas. Thus, the movement of the thrust
covered the igneous rocks that could be the rem-
nants of Tethyan ophiolites and Late Triassic-Early
Jurassic volcanic arcs.

4.3. Geochronological data

In addition to different geochemistry and origin,
Jurassic S-type granitoids from C- to S-SaSZ typ-
ically show ages older than Middle Jurassic (in-
cluding plutonic rocks of W-S Hamedan (164-165
Ma; Chiu et al., 2013), Malayer (162-184 Ma; Ahad-
nejad et al., 2011), Boroujerd (170-172 Ma; Khala-
ji et al.,, 2007), Aligoodarz (167-170 Ma; Zhang et
al., 2018b), Kolah Ghazi (167-175 Ma; Bayati et al.,
2017), Qhory (170-173 Ma; Yang et al., 2018) and
Jiroft-Sargaz (175 Ma; Chiu et al., 2013); Table 1),
while the I- and A-type granitoids of the Sanandaj



Tectonomagmatic settings of Jurassic granitoids in the Sanandaj-Sirjan Zone, Iran: A review

31

region and Ghorveh Plutonic Complex (Table 1;
Figs. 8 and 9) in the west of Ghorveh city (N-SaSZ)
reveal younger ages ranging between 158 and 147
Ma (including plutonic rocks of Mobarakabad (147,
148 Ma; Zhang et al., 2018b), Taghiabad-Kangareh
(155, 150 Ma; Azizi et al., 2015a), Ghalaylan (156,
158 Ma; Azizi et al., 2015b), South Ghorveh (146,
150 Ma; Zhang et al., 2018a), Bolbanabad (146 Ma;
Zhang et al., 2018a), Suffiabad (148, 145 Ma; Azizi
et al., 2011), Shirvaneh (146, 152, 154 Ma; Azizi et
al., 2020a) and Ghorveh-Dehgolan (150 Ma; Yajam
et al., 2015); Fig. 8).

Accordingly, we divide the SaSZ into the (1)
Sanandaj-Ghorve and (2) Hamadan-Sirjan tec-
tonomagmatic zones, because of two contrasting
Jurassic magmatisms with different ages and or-
igins. The Sanandaj-Ghorve Zone comprises Ju-
rassic granitoids that occur between Sanandaj and
Ghorveh (i.e., Ghorveh, Mobarakabad, Shirvaneh,
Ghalaylan, Bolbanabad, Varmaghan and Suffia-
bad areas; Fig. 9). Jurassic granitoids of the Ham-
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4.4. Tectonomagmatic setting

Mesozoic to Cenozoic magmatic and metamorphic
events in the SaSZ are summarised in Figure 10.
The subduction of the Neo-Tethys oceanic crust
beneath the SaSZ resulted in the complete closure
of the Palaeo-Tethys Ocean in the early Late Trias-
sic (Mehdipour Ghazi & Moazzen, 2015). Then, an
orogenic episode (Cimmerian orogeny) affected the
Sanandaj-Sirjan Zone in the Early to Middle Juras-
sic (e.g., Fergusson et al., 2016). This event is re-
corded by deformation and metamorphism under
greenschist facies condition (Sheikholeslami, 2015)
and formation of slate and phyllite.

Between 178 and 160 Ma, the S-type granitoids
in the Hamadan-Sirjan Zone (i.e., W-S5 Hamed-
an, Malayer, Aligoodarz and Boroujerd; Table 1)
formed as a result of closure of the Palaeo-Tethys
and subsequent continental collision during the
Cimmerian orogeny in the southwestern margins
of the Sanandaj-Sirjan Zone (e.g., Fergusson et al.,
2016). Contact metamorphism occurred during the
emplacement of S-type granitoids in the schists of
the Hamadan-Sirjan Zone (i.e., W-S Hamedan, Ma-
layer, Aligoodarz and Boroujerd).

About 15 million years later (~158-145 Ma),
an active continental margin developed from the
Sanandaj-Ghorve Zone (e.g., Mohajjel & Fergusson,
2014; Fergusson et al., 2016). In the Sanandaj-Ghorve
Zone, the extensional (e.g., Zhang et al., 2018a) and
I-type (e.g., Azizi et al.,, 2011, 2013, 2015b, 2020a)
magmatism developed in the Sanandaj to Ghorveh
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regions (i.e.,, Ghorveh, Mobarakabad, Suffiabad,

Shirvaneh, Ghalaylan, Varmaghan and Bolbanabad

areas) (Table 1). The marble and schist in the Gha-

laylan complex (145-144 Ma) recorded a metamor-
phic event in the lower greenschist facies (Azizi et
al., 2018), while the Ar-Ar ages marked a Cenozo-
ic, low-grade metamorphic overprint during the

Alpine orogeny (e.g., Shakerardakani et al., 2015;

Monfaredi et al., 2020).

In the Hamadan-Sirjan Zone, intrusive rocks
(W-S Hamedan, Malayer, Boroujerd, Aligoodarz,
Kolah Ghazi and Chah Dozdan) that were em-
placed during the Cimmerian orogeny (178 to 160
Ma) along the SaSZ, were not related to a volcanic
arc subduction zone, but to a continental collision
setting. This is documented by geological evidence
as follows:

a) during the period of 178 to 160 Ma, there was
no volcanism. All these intrusive rocks form a
batholith, emplaced at depths in excess of 4 km,
thus they are not sub-volcanic rocks. Detrital
sedimentary rocks formed during erosion after
the emplacement of plutonic rocks;

b) the Cimmerian orogeny caused regional meta-
morphism along the SaSZ (Fergusson et al., 2016;
Monfaredi et al., 2020). For example, there are
regional high-grade metamorphic rocks of Early
to mid-Jurassic age (Baharifar et al., 2004). Thus,
all granitoids which were emplaced during the
Cimmerian orogeny were syn-collisional;

c) the elevated thickness of continental crust in this
region (Fig. 7b), the S-type magmatism of the

Contact metamorphism st stage schist

slate and phyllite

<4 Shemshak Fm (213 Ma) shale and sandstone

Fig. 10. Metamorphic events in the

Sanandaj-Sirjan Zone.
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Hamadan-Sirjan Zone, as well as the regional

high-grade metamorphism of Jurassic age oc-

curred in a continental collision regime between

178 and 160 Ma as a result of the Cimmerian

orogeny.

A continental collision setting in the Hama-
dan-Sirjan Zone in 178-160 Ma and then a sub-
duction-related extensional environment in the
Sanandaj-Ghorve Zone in 158-145 Ma are in ac-
cord with a heterogenic subcontinental lithospheric
mantle, likely caused by oblique subduction or slab
break-off.

4.5. Cimmerian S-type granites in the
Hamadan-Sirjan Zone and east of Iran

Previous concepts on the origin and tectonomag-
matic setting of C- to 5-5aSZ Jurassic granitoids of
178-160 Ma in the Hamadan to Sirjan Zone (i.e.,
west to South Hamedan (W-S Hamedan), Alvand,
Malayer, Boroujerd, Aligoodarz) are (1) metalumi-
nous I-type granites formed in a magmatic arc of
an Andean subduction system (Khalaji et al., 2007;
Tahmasbi et al., 2010; Ahadnejad et al., 2011; Esna-
Ashari et al., 2012), (2) subduction-related exten-
sional basin (Shahbazi et al., 2010), (3) continental
crust melting by roll-back of a Neo-Tethys oceanic
crust (Zhang et al., 2018b) and (4) subduction-relat-
ed, S-type granites (Bayati et al., 2017). However,
contrary to previous studies, a re-evaluation of the
geological (e.g., absence of volcanic arc and volcan-
ic rocks, formation of large-scale (batholith) gran-
itoids at depths >4 km, regional metamorphism
at greenschist (and amphibolite) facies during the
Cimmerian orogeny), geophysical (e.g., continental
crust thickening (56-52 km), magnetic susceptibility
<100 x 107 (ilmenite series)) and geochemical (e.g.,
low (Eu/Eu), and reducing conditions (Fig. 2d),
negative eNdi and elevated (¥Sr/%Sr), >0.707), see
Fig. 3) characteristics of granitoids in the SaSZ in-
dicates that the granitoids originated from anatec-
tic S-type melts formed by partial melting of lower
continental crust in a continental margin during the
Cimmerian orogeny.

In the east of Iran, similar outcrops of S-type
granites (ilmenite series) from the Najmabad (161.85
Ma, Sr=0.7091, eNd =-6.51; Moradi Noghondar et
al., 2011) and Sorkh Kuh regions (165 Ma, Sr=0.707;
Tarkian et al., 1983) to Shah Kuh region (165 Ma,
Sr=0.7065, eNd =-2.5; Esmaeily et al., 2005) (Fig. 1)
all have the characteristics of the Hamadan-Sirjan
Zone granitoids in the time range of 178-160 Ma.
The Jurassic (163-166 Ma) batholiths of eastern Iran
mainly intruded into pre-Jurassic slates (e.g., Deh

Salam metamorphic complex; Esmaeily et al., 2005)
during the Cimmerian orogeny. Based on low mag-
netic susceptibility (<100 x 107), they belong to the
ilmenite series. Neither volcanic rocks nor volcan-
ic arc formed in this time. The Rb-Sr and Sm-Nd
isotope data (e.g., Tarkian et al., 1983; Esmaeily et
al., 2005; Moradi Noghondar et al., 2011) indicate
that the magma originated from a continental crust.
These geochemical and geophysical features con-
firm the simultaneous continental collision magma-
tism in the Hamadan-Sirjan Zone and east of Iran
during the Cimmerian orogeny.

5. Conclusions

A comparison of compiled geochemical and geo-
chronological data and contrasting Jurassic geo-
logical events along the SaSZ suggests a division
of the Sanandaj-Sirjan Zone into two tectonomag-
matic zones on account of a heterogenic subconti-
nental lithospheric mantle: the Hamadan-Sirjan and

Sanandaj-Ghorveh zones.

(1) In the Hamadan-Sirjan Zone (i.e., Boroujerd, Ma-
layer, Aligoodarz, W-S Hamedan and Alvand re-
gions), Jurassic (178-160 Ma) granites with eNd,
<-2, (¥Sr/%Sr), >0.706, and low magnetic sus-
ceptibility (<100 x 107) are classified as S-type
granitoids belonging to the ilmenite series that
formed by partial melting of a lower continen-
tal crust under reducing conditions ((Eu/Eu)
=0.4-0.8). These granitoids were formed during
the Cimmerian orogeny due to continental colli-
sion. Their emplacement within slate resulted in
regional metamorphism in the C- to 5-5aSZ. Im-
portant geological (e.g., the absence of volcanism
during 178 to 160 Ma, emplacement depth of in-
trusive rocks (>4 km), occurrence as large-scale
intrusions, and the regional high-grade meta-
morphism), isotopic geochemical (e.g., low (Eu/
Eu) and reducing conditions, negative eNdi
and elevated (¥Sr/®*Sr), >0.707) and geophysical
(e.g., the elevated thickness of continental crust
(56-52 km), magnetic susceptibility <100 x 10~
(ilmenite series)) evidence show that these rocks
were associated with a continental collision setting
and not related to volcanic arc subduction zone.

(2) In the Sanandaj-Ghorveh Zone (i.e., Ghorveh,
Mobarakabad, Shirvaneh, Ghalaylan, Bolba-
nabad, Varmaghan and Suffiabad regions) the
Jurassic (158-145 Ma) high-K calc-alkaline gran-
itoids revealed two distinct origins:

(a) I-type granitoids from the Mobarakabad,
Shirvaneh and Suffiabad areas with eNd>1,
(¥Sr/%65r), of 0.703-0.706, and high magnet-
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ic susceptibility (>100 x 107°) occurred in an
arc-related environment with an oxidising
condition ((Eu/Eu), = 0.9-1.2) from partial
melting of a garnet-bearing mantle source in
a continental collision zone;

(b) A-type granitoids from the Varmaghan,
Ghorveh and Bolbanabad areas with eNd>1
and (¥Sr/%Sr), of 0.703-0.706, show diagnos-
tic features of a subduction-related exten-
sional environment. Despite the occurrence
of some A-type rocks in the Sanandaj-Ghor-
veh region, I-type rocks are more frequent
than any other intrusive in this region.
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