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ABSTRACT
Garnets show wide ranges of chemical compositions and are key minerals for reconstructing the 
thermodynamic evolution of metamorphic terranes. The properties of garnets – including Mohs 
hardness ~7, lack of cleavage, vitreous luster and multiple colors – also makes them useful as semi- 
gemstones. Garnets are widespread accessory minerals in igneous and metamorphic rocks of 
western and southern Iran and are especially abundant in skarns and regional metamorphic 
rocks. 45 garnet deposits of western and southern Iran show six associations: (1) skarn (35 
locations); (2) peraluminous granitoid and rhyolite (4 locations); (3) alkaline granite (1 location); 
(4) metamorphic rocks (3 locations); and (5) ophiolites (2 locations). Distinct garnet compositions 
are found in each association: mostly grossular-andradite in skarn, Ti-andradite in alkaline granite, 
almandine in peraluminous granite and volcanic rocks, almandine-grossular in metamorphic rocks 
and andradite- uvarovite associated with ophiolites. Western and southern Iran garnets are mostly 
related to skarns around Cenozoic granitoid intrusions. Ti-rich garnet formed at the expense of 
clinopyroxenites in alkaline igneous complexes due to alkaline metasomatism. These associations 
are useful for understanding garnet semi-gemstone deposits in western and southern Iran.
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1. Introduction

1.1. Garnet defintion

Garnet is a silicate mineral with Mohs hardness between 
6.5 and 7.5 and is generated in a wide range of igneous 
and metamorphic rocks from the mantle to the crust 
(Meen and Tushigham 1968; Pearl 1975; Sinkankas 
1961, 1972; Smith and Phillips 1972; Stockton and 
Manson 1982; Stockton and Mason 1982; Webster 
1983; Baxter et al. 2013). In terms of mineralogy, garnets 
are orthosilicates, with isometric (cubic) structure and 
show a wide range of compositions and colors. They 
exhibit wide chemical variability with a general formula 
of X3Y2(SiO4)3, where X = divalent cations Mg, Fe, Mn, 
and Ca and Y – trivalent Al, Fe, and Cr. These combina
tions result in different endmembers, the most common 
of which are pyrope (Mg, Al), almandine (Fe+2, Al), spes
sartine (Mn, Al), grossular (Ca, Al) and andradite (Ca, 
Fe+2) (Sinkankas 1961, 1972; Smith and Phillips 1972; 
Pearl 1975; Stockton and Manson 1982; Webster 1983). 
Garnets with Al in the Y site are known as Pyralspite 
whereas those with Ca in the Y site are called 
Ugrandite. Garnets have low contents of SiO2 (~40 wt. 
%) and tend to form in high-T (>600°C) silica-deficient 
environments. Metamorphic garnet is found in almost 
any silica-poor protolith, from lower greenschist facies 

grade to ultra-high-temperature (UHT) granulites and 
ultra-high pressure (UHP) eclogites. Garnet occasionally 
forms in igneous rocks, for example in peraluminous 
granites. Garnets are also found in mantle peridotites.

1.2. History of garnet semi-gemstone deposits

Garnets are one of the oldest known semi- gemstones, 
having adorned many royal necks and wrists. They have 
been found in many ancient Greek, Egypt and Iranian 
ruins (Ghorbani 2003). The jewelry and gemstone indus
try in Iran has a history of several thousand years, and 
Iranian interest in jewelry and gemstones are an impor
tant part of this ancient civilization (Meen and 
Tushigham 1968; Ghorbani 2003). Ancient Iranians 
used garnets as gem and stone for their sling bows 
(Meen and Tushigham 1968; Ghorbani 2003). They 
believed that the color of the garnet had magical prop
erties and bestowed luck on the possessor, in addition to 
their material value (Ghorbani 2003).

There is much we can learn about the P-T-t evolution 
of Iran from studying garnets and garnetiferous meta
morphic rocks (Baxter et al. 2013). There is also signifi
cant economic opportunity for mining garnets as semi- 
gemstones and other purposes in Iran, but realizing this 
potential is difficult because there are no systematic 
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overview of these deposits that can guide exploration 
and exploitation. Here, we summarize the distribution of 
garnet semi-gemstones in western and southern Iran 
from the northwest to southeast. These deposits are 
associated with two well-defined geologic tracts – the 
Sanandaj-Sirjan Zone and Urumieh-Dokhtar magmatic 
belt – that experienced pervasive magmatism, meta
morphism, and deformation at different times. Both 
have abundant granitoids, metamorphics, and skarn 
deposits that contain pockets of garnet semi- 
gemstones. There are many reports on the garnet 
deposits of this region (Takab, Baba Nazar, Bagh borj, 
Soghan, Panah Kuh, Khut, Qazan, Joveinan, Choogan, 
Fesharak, Baghin, Khajoo, Kouh Gabri) (Douman and 
Dirlam 2004; Moradian et al. 2005; Abedpour and 
Tarrah 2010; Abedpour et al. 2013; Montaseri 2011; 
Peighambari et al. 2012; Zahedi et al. 2013; Zahedi 
et al. 2014; Alipour et al. 2016; Malehmir 2016; Ayati 
2012, 2017; Hajialioghli 2018; Chavideh et al. 2018; 
Tabatabaei Manesh et al. 2018), but there is not any 
systematic overview. This study aims to aid overcome 
this shortcoming by summarizing what is known about 
garnet semi-gemstones of southern and western Iran.

2. Geological background

Iran is part of the Alpine-Himalayan orogen and is part of 
the Eurasian plate, squeezed by the Arabian plate to the 
southwest. Iran is divided in different structural zones 
(Stöcklin and Nabavi 1973), reflecting the effects of Neo- 
Tethys Ocean subduction since the Late Cretaceous. Huge 
volumes of magmatic and metamorphic rocks were pro
duced in western and southern Iran (Berberian and King 
1981; Ghazi and Hassanipak 1999; Agard et al. 2005, 2011; 
Azizi and Moinevaziri 2009; Azizi et al. 2011; Azizi and 
Asahara 2013; Saccani et al. 2014). The main magmatic 
and metamorphic activity was overprinted on the 
Cadomian (Late Ediacaran – Early Cambrian) basement 
(Stöcklin 1968; Nadimi 2007) but the igneous rocks are 
mainly Mesozoic or younger. Paleozoic basement is also 
observed in northern, central and northwestern Iran 
(Sengör 1987; Stampfli 2000; Zanchetta et al. 2009; Zanchi 
et al. 2009; Badr et al. 2018).

Southern and western Iran geology is dominated by 
the Zagros orogen. This consists of three main parts from 
SW to NE (Figure 1): 1) Zagros fold-thrust belt (ZFTB), 2) 
Sanandaj-Sirjan Zone (SaSZ) and 3) Urumieh-Dokhtar 
magmatic assemblage (UDMA) (Stöcklin 1968; 
Berberian and King 1981; Alavi 1994; Agard et al. 2005, 
2011). In the Zagros orogen, semi-gemstones occur in 
two main tectono-magmatic units, the Sanadaj-Sirjan 
Zone and Urumieh-Dokhtar magmatic belt. The SaSZ 
extends from southeast to northwest Iran (Figure 1). 

SaSZ was an important site of igneous and metamorphic 
activity in especially Jurassic time and includes many 
granitoid intrusions (Agard et al. 2005; Esmaeily et al. 
2005; Davoudian et al. 2008; Aghazadeh et al. 2010; 
Mahmoudi et al. 2011; Azizi et al. 2011, 2015). Earlier 
workers interpreted SaSZ igneous activity as reflecting 
a magmatic arc but it has recently been re-interpreted as 
a continental rift (Azizi and Stern 2019).

The Urumieh-Dokhtar magmatic assemblage (UDMA; 
Figure 1) lies north of the SaSZ, where it forms a distinct, 
elongated intrusive-extrusive belt (Berberian and 
Berberian 1981; Alavi 1994). The UDMA marks the mag
matic front of the Late Cretaceous – Cenozoic magmatic 
arc formed by subduction of Neo-Tethys beneath Iran 
(Figure 1). The UDMA is dominated by extrusive and 
intrusive rocks of Paleogene age and associated volcano
clastic successions. The volcanic sequences are more than 
4 km thick and occur as lava flows, pyroclastic layers, tuff 
and ignimbrites (Stöcklin 1968; Berberian and Berberian 
1981; Alavi 2007). UDMA igneous rocks can be tholeiitic, 
calc-alkaline or K-rich. Paleogene UDMA volcanics and 
sedimentary rocks formed near sea level, indicating sub
sidence associated with extension (Vincent et al. 2005; 
Ballato et al. 2011; Verdel et al. 2011), including formation 
of Eocene core complexes in Central Iran (Moritz et al. 
2006; Verdel et al. 2011). A magmatic flare-up occurred in 
Eocene time, ceasing at 37 Ma (Verdel et al. 2011); 
Oligocene magmatism changed to OIB-like volcanism 
that reflected asthenospheric melting (Verdel et al. 
2011). The youngest UDMA rocks consist of alkaline lava 
flows and pyroclastics of Pliocene and Quaternary age 
(Berberian and Berberian 1981). Figure 1 illustrates the 
location of the garnet semi-gem deposits in relation to 
geological structure of the area.

3. Garnet semi-gemstone locations in western 
and southern Iran

There are 45 significant deposits of garnet in the study area, 
defining a belt that is about 1500 km long and 150 km 
across Table 1. These are subdivided on a basis of location 
into five districts, from NW to SE: Azerbaijan (17 deposits), 
Qom-Zanjan (3 deposits), Isfahan (8 deposits), Yazd (10 
deposits) and Kerman (7 deposits) (Figure 1). These formed 
in five main tectono-magmgatic settings: (1) skarn; (2) 
peraluminous granitoids and rhyolites; (3) alkaline rocks; 
(4) metamorphic rocks; and (5) ophiolites. These tectono- 
magmatic setting are described further in Section 4. Skarn 
deposits are especially important in the Azerbaijan, Isfahan, 
and Yazd districts; the Qom-Zanjan and Kerman districts 
have fewer and more variable types of deposits. Seven 
deposits belong to SaSZ and 38 belong to UDMA. All 
garnet deposits in the Azerbaijan district and some garnet 
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deposits in the Kerman district (Gol Gohar, Kouh Tanbor, 
Khajoo, Soghan and Bagh Borj) are located in the SaSZ 
(Figure 1). The largest garnet deposits are located in the 
UDMA; several fields lie around Qom-Zanjan, Isfahan, Yazd 
and Kerman districts (Baghin and Kouh Gabbri).

3.1. Azerbaijan garnet semi-gemstone district

The Azerbaijan district (Figure 1b-Table 1) is the most 
important garnet semi-gemstone field in northwest Iran. 

The deposits of this district are of magmatic, metaso
matic and metamorphic origins. As listed in Table 1, the 
district encompasses seventeen garnet deposits of three 
main types: 1) Eleven skarns: Pahnavar, Kamtal, 
Kerenkan, Gowdal, Ayran Goli, Ghinarjeh, Baba Nazar, 
Agh Daragh, Chopanlar, Anjerd and Zand Abad. Five of 
these deposits (Pahnavar, Kamtal, Kerenkan, Ghinarjeh, 
and Baba Nazar) are dominated by grossular-andradite 
garnets and the rest are dominated by almandine- 
grossular garnets; 2) two metamorphic amphibolite 

Figure 1. (a) Simplified geological map of Iran (modified from Stöcklin, 1968). (b) Simplified geology map of western Iran which shows 
the location of garnet semi-gemstone deposits and their host rocks (modified from Stöcklin, 1968).

INTERNATIONAL GEOLOGY REVIEW 19



deposits: S-Qareaghaj (almandine-spessartine) and 
Takhte Soleyman (almandine); and 3) two granitoid 
(magmatic) deposits: Kaleybar (Ti-andradite) and west 
Qoushchi (almandine) (Hajalioghli et al. 2007a; 
Hajialioghli et al. 2007b, 2011; Moazzen and Hajialioghli 
2008; Hajialioghli and Moazzen 2009; Ashrafi et al. 2009; 
Moazzen et al. 2009; Saki 2010; Mokhtari 2012; Ferdowsi 
et al. 2012, 2015; Sohrabi et al. 2015; Asgharzadeh-Asl 
et al. 2017, 2018; Ahangari 2018; Gharesi et al. 2018) 
(Figure 1b). These deposits are located near the Takab, 
Kaleybar, west Qoushchi and Ahar granitoid intrusions 
(Hajalioghli et al. 2007a; Hajialioghli et al. 2007b, 2011; 
Moazzen and Hajialioghli 2008; Hajialioghli and Moazzen 
2009; Ashrafi et al. 2009; Moazzen et al. 2009; Saki 2010; 
Mokhtari 2012; Ferdowsi et al. 2012, 2015; Sohrabi et al. 
2015; Advay et al. 2017; Asgharzadeh-Asl et al. 2017, 
2018; Ahangari 2018; Gharesi et al. 2018). The Takab 
complex (related to skarns such as Ghinarjeh, Baba 
Nazar, Arpachay and garnet amphibolites in 
S-Qarehaghaj and Takhte Soleyman) experienced regio
nal metamorphism in Precambrian time, overprinted by 
Paleoogene high-grade metamorphism, producing mig
matite and granite. Only Takhte Soleyman and 
W-Qoushchi deposits are part of the SaSZ, the rest are 
part of the UDMB. The granitoids are small and scattered 
within the metamorphic rocks. There is no published 
radiometric age of granitoids, but a Paleogene age is 
likely (Moazzen and Hajialioghli 2008; Mazhari et al. 
2009). On the basis of field relations, Lotfi (2001) consid
ered the Takab granitoids to be post-Cretaceous. The 
intrusive bodies are mainly gabbro, diorite, granite and 
granodiorite (Figure 2a) (Hajialioghli et al. 2011). 
Chemically, the Takab granitoid rocks are metaluminous 
and characterized by ASI<1.04 and high contents of CaO 
(up to 14.5 wt.%), consistent with I-type granitoids 
(Figure 2b). Low FeO(t)/(FeO(t)+MgO) values (<0.75) as 
well as low Nb, Y and K2O contents show calc-alkaline 
affinities. Low SiO2, K2O/Na2O and Al2O3 accompanied 
by high CaO and FeO contents indicate melting of meta
basites as an appropriate source for the intrusions. An 
origin above a subduction zone and crustal melting are 
inferred for the origin of Takab calc-alkaline intrusions 
(Figure 3).

The west Qoushchi granite (Figures 1, 2a) contains 
orthoclase, microcline, plagioclase, muscovite, tourmaline 
and garnet (Ahangari 2018). Chemical compositions and 
mineral paragenesis show that the west Qoushchi granite 
is peraluminous (Figure 2b) and was generated by partial 
melting of siliciclastic to pelitic rocks. It is an S-type leuco
granite (Ahangari 2018) similar to other Early Cretaceous 
to late Paleocene granites in this district.

Figure 2. Geochemistry of western Iran granitic rocks. (a) Total 
alkalis versus SiO2 diagram (Cox et al., 1979). (b) A/NK (molar 
Al2O3/(Na2O+K2O) versus A/CNK (molar Al2O3/(CaO+Na2O 
+K2O) diagram (Maniar and Piccoli, 1989). Data for Takab, 
Ahar, Kaleybar, Kalekafi, Kuhpayeh, Nodoushan, Shir Kuh, 
Kashan, W-Kerman, Gol Gohar, W-Qoushchi and Kahak felsic 
rocks (Hajialioghli et al., 2007a, 2007b; Moazzen et al., 2009; 
Saki, 2010; Hajialioghli et al., 2011; Ahangari, 2018; Mokhtari, 
2012; Ferdowsi et al., 2012, 2015; Sohrabi et al., 2015; Advay et 
al., 2017; Asgharzadeh-Asl et al., 2017, 2018; Gharesi et al.,2018; 
Ahmadian et al., 2009; Ashrafi et al., 2009; Hajialioghli and 
Moazzen, 2009, 2011; Sheibi et al., 2010; Saki and Moazzen, 
2009; Saki, 2010; Baharifar, 2011; Askari et al., 2015; Mahmoudi 
and Azadbakht, 2015; Honarmand et al., 2013; Sarjoughian et al., 
2018; Amini and Zarei Sahamieh, 2003; Asadollahi et al., 2005; 
Zarasvandi et al., 2007; Rahgoshay et al., 2008; Zandifar et al., 
2008; Ghanei Ardakani and Mackizadeh, 2011; Moore et al., 
2012a, 2012b; Taghipour et al., 2013; Zahedi and Boomeri, 
2013, 2014, 2016; Mahdizadeh Shahri et al., 2014; Zahedi et 
al.,2013, 2014; Shafiei et al., 2009; Dargahi et al.,2010; 
Abedpour et al., 2013).
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The Ahar granitoid (Figure 2a) has moderate to high 
contents of SiO2 (56–73 wt.%). It is I-type, sub-alkaline to 
alkaline and is metaluminous to peraluminous (Figure 1, 

2b) (Mokhtari 2012; Ferdowsi et al. 2012, 2015; Sohrabi 
et al. 2015; Advay et al. 2017; Asgharzadeh-Asl et al. 2017, 
2018; Gharesi et al. 2018). In the tectonic discrimination 
diagram of Pearce et al. (1984), the Ahar granitoid plots 
within the volcanic arc granite (Figure 3). It has a zircon 
U-Pb age of 30–23 Ma (Aghazadeh et al. 2011).

The Kaleybar granitoid complex is characterized by 
low to medium SiO2 (48–60 wt.%) and medium to high 
K2O (2–9 wt.%) (Figure 1, 2). The Kaleybar granitoid 
contains alkali feldspar, quartz, amphibole, clinopyrox
ene, biotite and plagioclase (Ashrafi et al. 2009; 
Hajialioghli and Moazzen 2009; Hajialioghli et al. 2011; 
Ferdowsi et al. 2015). It is a metaluminous, I-type gran
itoid (Figure 2b) (Ashrafi et al. 2009; Hajialioghli and 
Moazzen 2009; Hajialioghli et al. 2011; Ferdowsi et al. 
2015). An Eocene-Oligocene age of intrusion can be 
assigned in view of stratigraphics as well K-Ar and Rb- 
Sr dating (40–35 Ma; Bagdasaryan and Gukasyan 1962; 
Gukasyan 1963) from nearby areas in Azerbaijan, signifi
cantly older than the Takab and Ahar plutons. The 36 Ma 
Kaleybar granitoid is shoshonitic and plots in the volca
nic arc and within-plate fields due to low Rb (Figure 4) 
(Ashrafi et al. 2009; Hajialioghli and Moazzen 2009; 
Hajialioghli et al. 2011; Ferdowsi et al. 2015). Garnets 
associated with this pluton have magmatic and meta
morphic origins.

3.2. Qom-Zanjan garnet semi-gemstone district

The Qom-Zanjan garnet semi-gemstone district (Figure 
1b, Table 1) consists of three different types of deposits: 1) 
almandine garnets around the Boland Parchin meta
morphic complex (west Zanjan), andradite-grossular gar
nets of the Sarvian skarn and almandine garnets of the 

Figure 3. (a, b) Pearce et al. (1984) discriminant diagrams for 
Takab, Ahar, Kaleybar, Kalekafi, Kuhpayeh, Nodoushan, Shir Kuh, 
Kashan, W-Kerman, Gol Gohar, W-Qoushchi and Kahak felsic 
rocks in western Iran. Data for Takab, Ahar, Kaleybar, Kalekafi, 
Kuhpayeh, Nodoushan, Shir Kuh, Kashan, W-Kerman, Gol Gohar, 
W-Qoushchi and Kahak felsic rocks from (Hajialioghli et al., 
2007a, 2007b; Moazzen et al., 2009; Saki, 2010; Hajialioghli et 
al., 2011; Ahangari, 2018; Mokhtari, 2012; Ferdowsi et 
al., 2012, 2015; Sohrabi et al., 2015; Advay et al., 2017; 
Asgharzadeh-Asl et al., 2017, 2018; Gharesi et al., 2018; 
Ahmadian et al., 2009; Ashrafi et al., 2009; Hajialioghli and 
Moazzen, 2009, 2011; Sheibi et al., 2010; Saki and 
Moazzen, 2009; Saki, 2010; Baharifar, 2011; Askari et al., 2015; 
Mahmoudi and Azadbakht, 2015; Honarmand et al., 2013; 
Sarjoughian et al., 2018; Amini and Zarei Sahamieh, 2003; 
Asadollahi et al., 2005; Zarasvandi et al., 2007; Rahgoshay et 
al., 2008; Zandifar et al., 2008; Ghanei Ardakani and 
Mackizadeh, 2011; Moore et al., 2012a, 2012b; Taghipour et 
al., 2013; Zahedi and Boomeri, 2013, 2014, 2016; Mahdizadeh 
Shahri et al., 2014; Zahedi et al., 2013, 2014; Shafiei et al., 2009; 
Dargahi et al., 2010; Abedpour et al., 2013).

Figure 4. (a) Sr and Nd isotopic data for granitic rocks from 
Nodoushan, Kashan, Kuhpayeh and W-Kerman granitoids from 
(Ahmadian et al. 2009; Shafiei et al., 2009; Dargahi et al., 2010 
Sarjoughian et al., 2018; Shahsavari et al., 2019).
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Kahak volcano-sedimentary rocks (southeast Qom) 
(Figure 1b-Table 1). These deposits are found in two 
main areas about 50 km apart: Boland Parchin and 
Sarvian to Kahak (Saki and Moazzen 2009; Saki 2010; 
Baharifar 2011; Askari et al. 2015; Mahmoudi and 
Azadbakht 2015; Zamanian et al. 2017). The deposits are 
mostly of magmatic and metamorphic origins Table 1. 
The Mahneshan area is composed of SaSZ metamorphic 
rocks including amphibolite, meta-ultramafic, gneiss, and 
granitic gneiss (Hajalioghli et al. 2007a; Saki et al. 2008), all 
of which are cut by granitoid intrusions. All rocks are 
medium to fine-grained and strongly foliated. Field and 
petrographic observation of these granitoids suggest an 
association with S-type granite (Hajalioghli et al. 2007a; 
Saki et al. 2008). The U-Pb zircon age of granitic gneisses in 
the Mahneshan complex is 560 Ma (Stockli et al. 2004). 
Apatite U-Th/He (Stockli et al. 2004) and Ar-Ar dating of 
muscovite schist (Gilg et al. 2006) constrains the rapid 
exhumation of Mahneshan basement rocks to the Early 
Miocene (~20 Ma). The Mahneshan granitic complex is 
characrized by 69–77 wt.% SiO2 (Figure 2a), low MgO and 
very low abundances of high field strength elements (Nb, 
Ta, Zr and Hf). The Mahneshan granitoid is 
a peraluminous, S-type granite (Figure 2b) belonging to 
the medium to high-K alkaline series (Saki and Moazzen 
2009; Saki 2010; Mahmoudi and Azadbakht 2015). Saki 
(2010) proposed that the Mahneshan granitoid was gen
erated in a volcanic arc to syn-collision setting (Figure 3).

Kahak rhyolite outcrops as a crypto-dome and as 
a dike (Baharifar 2011; Askari et al. 2015). Kahak rhyolite 
was thrust over Late Eocene volcano-sedimentary rocks. 
These rhyolites have a large range in SiO2 contents (67–
77 wt.%) (Figure 2a). They are S-type and peraluminous 
granites (Figure 2b). Baharifar (2011) and Askari et al. 
(2015) proposed that the Kahak rhyolitic rocks were 
generated in post-Eocene time in a volcanic arc to syn- 
collision tectonic setting (Figure 3).

3.3. Isfahan garnet semi-gemstone district

The Isfahan garnet semi-gemstone district (Figure 1b, 
Table 1) is located around Kashan, Anarak and 
Kuhpayeh; the eight deposits in this district are all skarns 
with metamorphic to metasomatic origins. Seven of 
these contain andradite-grossular garnet: Qazan, 
Qohroud, Joveinan, Choogan, Kalekafi, Khuni, and 
Vejeh. One deposit (Fesharak) is dominated by andradite 
garnet (Figure 1b, 8, Table 1) (Ayati 2012, 2017; Badr et al. 
2013; Ashja Ardalan et al. 2014; Mohammaddoost et al. 
2015; Ranjbar et al. 2015; Jamshidzaei et al. 2017; 
Chavideh et al. 2018).

The Kashan, Kalekafi, and Kuhpayeh intrusions are 
related to the UDMA. The Kashan pluton (related to the 

Qohroud and Joveinan skarns) is dominated by metalu
minous diorite (Figure 2b) which crystallized 18 Ma ago 
(Honarmand et al. 2013). The Kashan pluton is coarse to 
medium grained with medium-K calc alkaline affinities. 
In the discrimination diagram of Pearce et al. (1984), all 
Kashan granitoids overlap fields of within-plate granite 
and VAG (Figure 3). Kashan diorites have negative 
ɛNd(t) = -2.6 to -3.1 and elevated initial 87Sr/86Sr ratio 
(0.7066–0.7069), showing evidence for involvement of 
sediments or older crust (Honarmand et al. 2013) 
(Figure 4).

The Kalekafi granitoid complex (related to the Khuni, 
Kalekafi and Anarak skarns) (Figure 2a) is mainly metalu
minous (Ahmadian et al. 2009) (Figure 2b). Kalekafi is an 
I-type granitoid with high K2O contents (2.8–5.8 wt.%) 
(Ahmadian et al. 2009). In the tectonic discrimination 
diagram of Pearce et al. (1984) Kalekafi granitoid plots 
within the VAG, within plate and syn-collisional fields 
(Figure 3) (Ahmadian et al. 2009). It has a whole rock 
K-Ar age of 53–43 Ma (Perfiliev et al. 1979; Jung et al. 
1985). It has positive ɛNd(t) values with initial 87Sr/86Sr in 
range of 0.7042 to 0.7047 (Figure 4) (Ahmadian et al. 
2009), differing from the Kashan granitoid.

The Kuhpayeh granitoid complex (related to the 
Fesharak and Vejeh skarns) consists of voluminous gran
ite, granodiorite, diorite and gabbro (Figure 2a) and 
ranges widely in SiO2 contents (46–78 wt.%). 
Geochemically, the Kuhpayeh granitoid complex is 
metaluminous to slightly peraluminous and I-type, 
(Figure 2b) belonging to the calc-alkaline series 
(Sarjoughian et al. 2018). It has initial 87Sr/86Sr of 0.7053 
to 0.7056 and ɛNd(t) -0.7 to 1.7, consistent with genera
tion by partial melting of crust (Figure 4) (Sarjoughian 
et al. 2018). U-Pb zircon dating indicates an age of 20 Ma 
for the Kuhpayeh pluton (Sarjoughian and Kananian 
2017).

3.4. Yazd garnet semi-gemstone district

The Yazd garnet semi-gemstone district is the most 
important one in central Iran and consists of 9 skarns 
and 1 magmatic deposit (Figure 1b, Table 1). Skarns are 
Khut (grossular), Sourk (andradite), Sadr Abad (andra
dite), Khake Sorkh (andradite), Dareh Zereshk (andradite- 
grossular), Ali Abad (andradite-grossular), Panah Kuh 
(andradite), Sangestan (andradite) and Hosh (andradite- 
grossular) (Figure 8). These deposits are near the 
Nodoushan-Taft I-type granitoids (Amini and Zarei 
Sahamieh 2003; Asadollahi et al. 2006; Zarasvandi et al. 
2007; Rahgoshay et al. 2008; Zandifar et al. 2008; Ghanei 
Ardakanei and Mackizadeh 2011; Moore et al. 2012b, 
2012a; Taghipour et al. 2013; Zahedi and Boomeri 2013; 
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2014; Zahedi and Boomeri 2016; Ghanei Ardakani et al. 
2014; Zahedi et al. 2013; Zahedi et al. 2014). Almandine- 
spessartine garnet in the Shir Kuh S-type granitoid have 
a magmatic origin (Sheibi et al. 2009, 2010); this is 
related to the SaSZ. The deposits are associated with 
Late Jurassic to Eocene volcano-sedimentary rocks. The 
Nodoushan-Taft granitoids are medium to coarse- 
grained and metaluminous (Figure 3) (Zarasvandi et al. 
2007; Shahsavari et al. 2019). Due to their low concen
trations of Nb and Ta, the 31–18 Ma Nodoushan-Taft 
I-type granites (Zarasvandi et al. 2007; Shahsavari et al. 
2019) plot in the volcanic arc and syn-collisional granite 
fields (Figure 3). The 87Sr/86Sr(i) range from 0.7051 to 
0.7080 and ɛNd(t) values range from -3.2 to +3.8, indicat
ing the involvement of older continental crust and/or 
sediments (Shahsavari et al. 2019). Shir Kuh granitoids 
differ from Nodoushan-Taft granitoids, because they are 
generally fine to medium-grained with granodiorite, 
monzogranite and leucogranite (SiO2: 63–76 wt.%) 
(Figure 2a) (Sheibi et al. 2010). Chemical compositions 
(Sheibi et al. 2010) show that the Shir-Kuh granitoid is 
S-type and peraluminous (Figure 2b) generated by par
tial melting of metasedimentary rocks. Most Shir Kuh 
samples plot in the volcanic arc granite field on the Rb 
versus Y+ Nb diagram, whereas some samples show an 
affinity with collisional granites (Figure 3) because of 
their high Rb content (Sheibi et al. 2010). U-Pb zircon 
dating indicates an age of 167–166 Ma for Shir Kuh 
granitoids (Chiu et al. 2013).

3.5. Kerman garnet semi-gemstone district

The Kerman garnet district (Figure 1b, Table 1) is espe
cially important and consists of three principal semi- 
gemstone areas: west Kerman plutonic complex, Sirjan 
metamorphic complex and Haji Abad-Esfandagheh 
ophiolite complexes. Deposits at the three sites have 
different origins: 1) Skarns including Baghin (andradite) 
and Kouh Gabbri (andradite-grossular) with meta
morphic and metasomatic origin in west of Kerman, 2) 
related to ophiolite east of Jiroft including Bagh Borj and 
Soghan with andradite-uvarovite composition and 
metasomatic origin; 3) SaSZ metamorphic complexes 
including Kouh Tanbor, Khajoo (almandine-grossular- 
spessartine) and Gol Gohar (Shang 2010; Abedpour and 
Tarrah 2010; Montaseri 2011; Abedpour et al. 2013; 
Rahimisadegh et al. 2014, 2018; Malehmir 2016; 
Safarzadeh et al. 2016; Fatehi and Ahmadipour 2017; 
Hosseini et al. 2017; Amini and Zolfaghari 2018; 
Sepidbar et al. 2018; Moeinzadeh et al. 2019). These 
deposits are mostly of metamorphic and metasomatic 
origins Table 1. Soghan and Bagh Borj andradite- 

uvarovite garnet is gem-quality green andradite- 
uvarovite with minor chromium contributing to its 
valued green color, along with traces of aluminum, tita
nium, vanadium, and sometimes manganese. Andradite- 
uvarovite ranges from yellowish or brownish green to 
‘golden’ green, and – the rarest – ‘emerald’ green.

The Gol Gohar complex consists of Cadomian meta
morphic rocks and granitoids (Safarzadeh et al. 2016) 
and low to high grade metavolcanics, marble, schist, 
amphibolite, gneiss and phyllite. Major and trace ele
ment concentrations (e.g. TiO2, K2O and Zr) indicate 
that the protolith was andesite to rhyodacite. 
Geochemical discrimination diagrams suggest that 
amphibolites of the study area formed in a back arc 
basin tectonic environment, similar to mid-ocean ridge 
(MORB). The Gol Gohar granitic complex consists of 
garnet-biotite mylonitic granitoids with high SiO2 con
tents (70–74 wt.%). Geochemically, the Gol Gohar gran
itoid complex is metaluminous and I-type (Figure 2b) 
belonging to the high K calc-alkaline series. U-Pb zircon 
dating indicates an age range of 580–538 Ma 
(Safarzadeh et al. 2016).

The west Kerman pluton (Kouh Gabbri) is domi
nated by granite and alkali granite with metaluminous 
to rarely peraluminous compositions (Figure 2b) 
(Shafiei et al. 2009; Dargahi et al. 2010; Abedpour 
et al. 2013) which intruded Cretaceous to Paleocene 
limestone and conglomerate. Zircon U-Pb dating by 
Chiu et al. (2013) indicates an age of 30 Ma. The 
pluton has initial 87Sr/86Sr of 0.7052–0.7136 and 
εNd(t) of +2.6 to +3.6. In the discrimination diagram 
of Pearce et al. (1984), all west Kerman granitoids plot 
close to fields of within plate and VAG (Figure 3) 
(Shafiei et al. 2009; Dargahi et al. 2010; Abedpour 
et al. 2013).

Haji Abad-Esfandagheh ophiolites (E-Jiroft area) 
remnants include Cadomian basement, subduction- 
related igneous rocks and HP/LT rocks (Moghadam 
et al. 2017). Mantle tectonites constitute the main 
lithology and are mostly lherzolites and depleted harz
burgite with widespread foliated dunite lenses. 
Podiform chromites are common and typically envel
oped by thin dunitic haloes (Moghadam et al. 2013). 
Zircon U-Pb ages from this area provide evidence for 
Edicaran (547 Ma), Carboniferous (326–312 Ma) and 
Jurassic (194–186 Ma) magmatic activity (Moghadam 
et al. 2017). Andradite-uvarovite garnet is found within 
metamorphosed asbestiform gabbro, diorite and ser
pentinite. Moghadam et al. (2017) reported zircon 
U-Pb ages of 186–174 Ma for the Haji Abad ophiolites. 
This is significantly older than most Iranian ophiolites, 
which yield Late Cretaceous ages, and suggest affi
nities to SaSZ igneous activity.
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4. Formation environment of western and 
southern Iran garnets

Garnet forms in a wide range of environments, from 
igneous and metamorphic to sedimentary, from the 
mantle to crust (Baxter et al. 2013). Garnet occurs as an 
important component in the upper mantle. In the crust, 
garnet is common in metamorphic rocks from greens
chist facies to granulites and eclogites. Garnet may form 
in rocks that are sufficiently rich in trivalent cations Al, 
Fe3+ or Cr and in contact, regional, and subduction 
related metamorphic rocks. Garnet can also form as 
a result of anatexis (partial melting of crust or sediments) 
and happens as an igneous mineral in some S-type and 
peraluminous granites, resulting from the melting of Al- 
rich shale (Clemens and Wall 1981). Garnet is also found 
in the heavy-mineral fraction of sediments and sedimen
tary rocks. Calcic garnets such as grossular and andradite 
form in skarn-type contact metamorphic rocks (D’Errico 
et al. 2012; Baxter et al. 2013) and in hydrothermal 
systems (e.g. Méndez-Ortiz et al. 2012; Baxter et al. 2013).

Garnets in southern and western Iran formed in five 
main settings: (1) skarn (Asadollahi et al. 2006; Rahgoshay 
et al. 2008; Ghanei Ardakani et al. 2011; Ferdowsi et al. 
2012; Moore et al., 2012a; Zahedi and Boomeri 2014 2013; 
Taghipour et al. 2013; Zahedi et al. 2014; Ranjbar et al. 
2015; Sohrabi et al. 2015; Alipour et al. 2016; Advay et al. 
2017; Ayati 2017; Jamshidzaei et al. 2017; Asgharzadeh-Asl 
et al. 2017, 2018; Chavideh et al. 2018; Gharesi et al. 2018); 
(2) peraluminous granitoids and rhyolites (Moradian et al. 
2005; Saki et al. 2010; Sheibi et al. 2010; Mahmoudi and 
Azadbakht 2015; Fatehi and Ahmadipour 2017; 
Hajialioghli 2018; Moeinzadeh et al. 2019) (3) alkaline 
rocks (Ashrafi et al. 2009; Hajialioghli and Moazzen 2009; 
Hajialioghli et al. 2011); (4) metamorphic rocks (Moradian 
et al. 2005; Fatehi and Ahmadipour 2017; Hajialioghli 2018; 
Moeinzadeh et al. 2019) and (5) related to ophiolites 
(Douman and Dirlam 2004; Montaseri 2011). These are 
discussed further as follows:

4.1. Skarn deposits

Skarn deposits (Figure 5a-f) occur as lens where calcar
eous sediments are intruded by granitic plutons. 35 of the 
45 deposits in S- and W- Iran are skarns. Garnet is the main 
skarn mineral (more than 70% in volume), and is accom
panied by calcite, clinopyroxene, actinolite, epidote, 
quartz, magnetite, hematite, pyrite, and chalcopyrite 
(Figure 6a, b). Garnets in hand specimen are chocolate 
brown to russet in color and related to endoskarn (Einaudi 
and Burt 1982). Most garnets show atoll texture and have 
distinct resorbed margins (Figure 6a, b). Sometimes, gar
net is replaced by chlorite, amphibole, epidote, calcite and 

Fe-oxides (Asadollahi et al. 2006; Rahgoshay et al. 2008; 
Ghanei Ardakanei and Mackizadeh 2011; Ferdowsi et al. 
2012; Moore et al. 2012b; Zahedi and Boomeri 2014 2013; 
Taghipour et al. 2013; Zahedi et al. 2014; Ranjbar et al. 
2015; Sohrabi et al. 2015; Alipour et al. 2016; Advay et al. 
2017; Ayati 2017; Jamshidzaei et al. 2017; Asgharzadeh-Asl 
et al. 2017, 2018; Chavideh et al. 2018; Gharesi et al. 2018). 
Clinopyroxene is mainly coarse euhedral to subhedral, has 
green to dark green color and is included within poikilo
blastic garnet. Biotite is replaced by chlorite and amphi
bole pseudomorphs. Plagioclase is replaced by epidote 
and calcite.

4.2. Garnet in peraluminous granitoids and rhyolites

Four of the 45 garnet deposits in S and W Iran are in 
peraluminous felsic rocks. Peraluminous granitoids such 
as Shir Kuh and Boland Parchin are generally equigranular 
and fine to coarse grained (Saki 2010; Sheibi et al. 2010; 
Mahmoudi and Azadbakht 2015). The dominant textures 
are porphyritic granular and cataclastic. The mineralogy 
generally consists of quartz and K-feldspar and less com
mon plagioclase, garnet, muscovite, biotite cordierite; 
accessory minerals are ilmenite, zircon, apatite, monazite 
and sporadic tourmaline (Figure 6c, d). These rocks are 
regionally deformed and locally have small shear zones. 
K-feldspar forms most phenocrysts and is common. Quartz 
is intergrown with K-feldspar and plagioclase in micro
graphic and myrmekitic texture. Euhedral garnet is the 
main mafic mineral with or without inclusions such as 
chlorite. These rocks are regionally deformed with locally 
developed shear zones (Saki 2010; Sheibi et al. 2010; 
Mahmoudi and Azadbakht 2015). Biotite has a distinctive 
reddish brown color, locally is altered to chlorite and pre
hnite and forms elongate lenses parallel to schistosity. 
Cordierite is euhedral and mostly altered to chlorite (Saki 
2010; Sheibi et al. 2010; Mahmoudi and Azadbakht 2015). 
K-feldspar, plagioclase, biotite, garnet and quartz are domi
nant phases of rhyolites. These minerals occur as small 
crystals within groundmass and/or as microphenocrysts. 
K-feldspar and plagioclase show alteration into sericite and 
clay minerals. Biotite displays brown paleochroism and is 
fresh with subhedral form. Sometimes plagioclase shows 
zoning and is altered to clay minerals and sericitic. These 
rocks are mostly aphyric. The groundmass is altered into 
clay and chlorite (Baharifar 2011; Askari et al. 2015).

4.3. Garnet in alkaline rocks

Only one of the 45 garnet deposits of S and W Iran is 
found in alkaline rocks. In the Kaleybar region, nepheline 
syenite contains alkali-feldspar, nepheline, plagioclase, 
amphibole, clinopyroxene, garnet, biotite and apatite, 
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titanite, zircon, spinel, Fe-Ti oxide and quartz minerals. 
Nepheline is highly pseudomorphed to analcite aggre
gates (Ashrafi et al. 2009; Hajialioghli and Moazzen 2009; 
Hajialioghli et al. 2011). Green to yellow-green Ti- 
andradite garnets Table 1 is sporadically visible to 
naked eye witihin the syenites. One to several crystals, 
generally with subhedral to euhedral forms, were found 
in granitoid thin sections, and show equilibrium bound
aries with quartz and feldspar.

4.4. Garnet in metamorphic rocks

Three of the 45 garnet deposits in S- and W-Iran are found 
in schist and amphibolite outcrops around east Takab and 
and Sirjan areas. These rocks are fine to medium grained 
and are greenish due to presence of ferromagnesian 

minerals or retrograde chlorite alteration from biotite, 
garnet and hornblende. The rocks have lepidoporphyro
blastic, porphyroblastic to poikiloblastic textures and con
tain porphyroblasts of hornblende, biotite, muscovite, 
chlorite and garnet with quartz inclusions (Figure 6e, f, 
h). (Table 1). Garnet amphibolites in the E-Takab area are 
dark grey to black, well foliated and have large garnets. 
The foliation is accompanied by segregation into dark 
(hornblende-rich) and light to grey (plagioclase-rich) 
colored banding (Moradian et al. 2005; Fatehi and 
Ahmadipour 2017; Hajialioghli 2018; Moeinzadeh et al. 
2019). Petrographically, the amphibolites consist of abun
dant hornblende, plagioclase, garnet (grossular and 
almandine-spessartine) and accessory epidote, apatite 
and opaques. Hornblendes are elongated, parallel to 
rock foliation. Plagioclase is equant to elongate and, 

Figure 5. Representative photos of garnetiferous skarns from south and western Iran (a, b) Hand specimen of Baba Nazar garnet 
(andradite) in skarn from Azerbaijan district (Alipour et al., 2015; Rahimzadeh, 2016). (c) Outcrop of Joveinan garnet (andradite- 
grossular) in skarn from Isfahan district (Sherafat and Mackizadeh, 2017). (d) Qamsar garnet (andradite-grossular) and magnetite in 
skarn from Isfahan district (Mohammaddoost et al., 2015). (e) Garnet-rich layers (andradite-grossular) in Vejeh skarn from Isfahan 
district (Jamshidzaei et al., 2017). (f) Joveinan garnetite (andradite-grossular) in skarn from Isfahan district (Sherafat, 2017).
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shows twining due to strain and is partially alterated to 
sericite. Garnet is typically rounded and green to red 
brown in color and is almandine-spessartine. Garnet 
cores have numerous inclusions of quartz and plagioclase 
(Figure 6e, f, h) and some inclusions of magnetite are 
aligned parallel to foliation.

4.5. Garnet in ophiolites

Two of the 45 garnet deposits of S and W-Iran are found 
in ophiolites. Deposits of garnet (andradite-uvarovite) 
(Figure 7g, h, Table 1) are found in the Haji Abad- 
Esfandagheh ophiolites (Moghadam et al. 2017) of 

Figure 6. Photomicrographs of garnet (Grt) semi-gemstone in western and southern Iran. (a) Andradite garnet in Khut skarn from Yazd 
district. (Zahedi et al., 2014). (b) Garnet in clintonnite (Cln) (Ghanei Ardakani and Mackizadeh, 2011) from Yazd district. (c) Atoll 
almandine garnet texture in peraluminous granite from Qom-Zanjan district (Saki, 2010; Mahmoudi and Azadbakht, 2015). (d) 
Almandine garnet in Kahak rhyolite from Qom-Zanjan district (Askari et al., 2015). (e) Garnet in schist from Kerman district 
(Rahimisadegh et al., 2016). (f) Garnet (almandine-spessartine) in amphibolite from Azerbaijan district (Advay et al., 2017). (g) 
Garnet (almandine) in Bahram Gur schist from Kerman district (Rahimisadegh et al., 2014). (h) Garnet (almandine) in Qarehaghaj 
amphibolite from Azerbaijan district (Advay et al. 2017).  Amp= amphibole, Chr= chromite, Qz= quartz, Cpx= clinopyroxene, Anl= 
analcite (Whitney and Evans, 2010).
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Kerman province (Soghan and Bagh Borj). Garnets are 
found in serpentinized ultramafic rocks mainly consist
ing of magnetite, pyroxene, and serpentines formed by 

metamorphism of mantle rocks. Cr-bearing magnetite is 
often present. Andradite-uvarovite is found within 
foliated serpentinites. Garnet colors vary from yellowish 

Figure 7. Representative photos of garnetiferous granitoids, metamorphic rocks, and ophiolites from south and western Iran. (a, b) Ti- 
rich andradite garnet in Kaleybar granitoid from the Azerbaijan district (Ashrafi et al., 2009). (c) Almandine garnet in Gol Gohar granite 
from Kerman district (Safarzadeh et al., 2016). (d) Garnet (almandine-spessartine) in Qarehaghaj amphibolite from the Azerbaijan 
district (Advay et al., 2017). (e, f) Almandine garnet porphyroblasts in Ruchun and Gol Gohar schists from Kerman district (Fatehi and 
Ahmadipour, 2017). (g, h) Garnets with andradite-grossular and uvarovite in related to ophiolitic complex from the Soghan region in 
the Kerman district (Montaseri et al., 2013).
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green to bright green. They are generally associated with 
amphibole, chlorite, apatite and attractively banded 
layers of apatite and calcite. Some andradite-uvarovite 
garnets include fibers of chrysotile (horsetail inclusions 
of serpentine minerals (Dourman and Dirlam 2004; Du 
Toit et al. 2006; Shang 2010; Abedpour and Tarrah 2010; 
Montaseri 2011; Malehmir 2016)). This assemblage has 
hydrothermal origins and formed as a result of retro
grade metamorphism (Amthauer and Rossma 1998).

5. Mineral chemistry

The five types of garnet deposits in S and W Iran are 
distinguished based on field geology and mineral 
assemblages as summarized below and on (Figure 8).

5.1. Skarn deposits

Skarn garnets are mostly andradite-grossular but 
some Azerbaijan deposits are andradite-grossular- 
almandine and almandine-spessartine (Mokhtari 
2012; Ferdowsi et al. 2012, 2015; Sohrabi et al. 2015; 
Alipour et al. 2015, 2016; Asgharzadeh-Asl et al. 2017, 
2018; Talebi et al. 2017; Gharesi et al. 2018). Garnets 
from Isfahan district skarns (Figure 8) are grossular- 
andradite. Most have grossular-rich cores with andra
dite increasing towards the rim (Ayati 2012, 2017; 
Badr et al. 2013; Ashja Ardalan et al. 2014; 
Mohammaddoost et al. 2015; Ranjbar et al. 2015; 
Jamshidzaei et al. 2017; Chavideh 2018) (Table, p. 1). 
Garnets from Yazd district skarns (Figure 8) are pre
dominantly andradite with minor grossular 

Figure 8. Compositional range of garnets from southern and western Iran.  Data for garnets from the Azerbaijan, Qom-Zanjan, Isfahan, 
Yazd and Kerman distircts are from (Hajialioghli et al., 2007a, 2007b, 2011; Hajialioghli and Moazzen, 2009; Moazzen and  Hajialioghli, 
2008; Ashrafi et al., 2009; Moazzen et al., 2009; Saki and  Moazzen,  2009; Saki , 2010; Baharifar, 2011; Mokhtari, 2012; Ferdowsi et al., 
2012, 2015; Askari et al., 2015; Mahmoudi and  Azadbakht, 2015; Sohrabi et al., 2015; Advay et al., 2017; Asgharzadeh-Asl et al., 2017, 
2018; Ahangari, 2018;  Gharesi et al., 2018; Badr et al., 2013; Ashja Ardalan et al., 2014; Mohammaddoost et al., 2015; Ranjbar et al., 
2015; Ayati, 2012, 2017; Jamshidzaei et al., 2017; Chavideh, 2018; Amini and  Zarei Sahamieh, 2003; Asadollahi et al., 2005; Zarasvandi 
et al., 2007; Rahgoshay et al., 2008; Zandifar et al., 2008; Ghanei Ardakani and Mackizadeh, 2011; Moore et al., 2012a, 2013; Taghipour 
et al., 2013; Zahedi and  Boomeri, 2013, 2014, 2016; Ghanei Ardakani et al., 2014; Zahedi et al., 2013, 2014; Abedpour and Tarrah, 2010; 
Montaseri, 2011; Abedpour et al., 2011, 2013; Malehmir, 2016; Douman and Dirlam, 2004; Mlisenda et al., 2001; Toit et al., 2006; 
Moradian et al., 2005; Moeinzadeh et al., 2019).
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component (Amini and Zarei Sahamieh 2003; 
Asadollahi et al. 2005; Zarasvandi et al. 2007; 
Rahgoshay et al. 2008; Zandifar et al. 2008; Ghanei 
Ardakanei and Mackizadeh 2011; Moore et al. 2012b, 
2013; Taghipour et al. 2013; Zahedi and Boomeri 
2013; 2014; Zahedi and Boomeri 2016; Ghanei 
Ardakani et al. 2014; Zahedi and Boomeri 2013; 
Zahedi et al. 2013, 2014). Garnet compositions from 
Kerman district skarns (Kouh Gabbri, Baghin skarns) 
are dominantly grossular-andradite and andradite 
(Abedpour and Tarrah 2010; Abedpour et al. 2011; 
Abedpour et al. 2013; Malehmir 2016).

5.2. Garnet in peraluminous granitoids and 
rhyolites

Garnets in peraluminous granites and rhyolites range 
from almandine to spessartine. The garnet composi
tion of Boland Parchin granite (Qom-Zanjan district) 
(Figure 8) is almandine rich (Saki and Moazzen 2009; 
Saki 2010; Mahmoudi and Azadbakht 2015). In con
trast, garnets from the Shir Kuh pluton (Sheibi et al. 
2009, 2010) contain high almandine-spessartine com
ponent Table 1. Garnets from the Qom area (Kahak 
rhyolite) are predominantly almandine rich (Baharifar 
2011; Askari et al. 2015), whereas garnets from the 
west Qoushchi granite are grossular rich (74–79%; 
Ahangari 2018) Table 1.

5.3. Garnet in alkaline rocks

Garnets from the Kaleybar nepheline syenite are Ti- 
andradite rich (andradite 67–78%) with TiO2 content in 
the range of 1.5–5.0 wt.% (Ashrafi et al. 2009; Hajialioghli 
and Moazzen 2009).

5.4. Garnet in metamorphic rocks

Garnets from metapelites (Kouh Tanbor and Gol 
Gohar) are grossular and grossular-spessartine 
(Moradian et al. 2005; Moeinzadeh et al. 2019). 
Garnets from Takhte Soleyman amphibolites are gros
sular (Moazzen and Hajialioghli 2008), in contrast gar
nets from Khajoo are grossular to spessartine 
(Moradian et al. 2005).

5.5. Garnet in ophiolites

The composition of garnets from Bagh Borj and Soghan 
are dominantly andradite-uvarovite (Douman and 
Dirlam 2004; Toit et al. 2006; Montaseri 2011).

6. Discussion

6.1. Geological conditions of garnet mineral 
formation

Below we discuss the geological conditions of garnet 
mineralization in metamorphic rocks, skarns, peralumio
nous and alkaline granitoid rocks.

6.1.1. Metamorphic rocks
In metamorphic environments, heat and chemical activ
ity transform the clays of shales and mudstones into 
minerals such as muscovite, biotite, chlorite and garnet. 
Under regional metamorphic conditions, garnets form in 
amphibolite facies (P < 1.2 GPa, T > 500°C). Clay minerals 
are potential sources for Al, Mg, Fe and Mn and thus 
psammopelitic metasediments and carbonates contain 
sufficient Al, Mg, Fe, Ca, and Mn to produce garnet. 
Garnets in SaSZ metamorphic rocks probably formed 
from clay minerals with abundant Fe, Mg, Al and Mn 
(Figure 11a). During prograde metamorphism, Ca, Al, 
Mg, Fe and Mn may have been released from the clays 
and carbonates. Rising temperatures around a cooling 
pluton results in dehydration metamorphic reactions 
which will also mobilize Al, Fe, Mg and Mn. Mobilized 
from sediments, these can mix with magmatic fluids to 
form garnet.

6.1.2. Peraluminous granitoids
Garnet of peraluminous granitic rocks in the study area 
show petrographic features similar to magmatic garnets. 
These are commonly euhedral to subhedral, finely crys
talline and mostly free of inclusions (Harrison 1988; 
Speer and Becker 1992; Whitworth 1992). Magmatic gar
nets have three modes of occurence: (1) in strongly 
peraluminous S-type felsic rocks crystallized under low 
pressure. For example, thermobarometric studies of gar
nets from the peraluminous Boland Parchin granite indi
cate these formed at 486–600°C and 3.2–8 kbar. These 
garnets tend to be almandine with > 30 wt.% FeO 
(Clemens and Wall 1984; Lackey et al. 2006; Mirnejad 
et al. 2008). (2) in basalts, andesites, dacites, rhyolites or 
tonalitic and granodioritic porphyries that crystallized 
under high pressure in the lower crust or mantle. These 
garnets also tend to be almandine, with 20–30 wt.% FeO, 
5–10 wt.% MgO and about 5 wt.% CaO (Day et al. 1992; 
Harangi et al. 2001; Aydar and Gourgaude 2002; Yuan 
et al. 2009); and (3) in pegmatites, aplites and granites 
that crystallized from residual magmatic fluids or highly 
fractionated magma; these garnets are spessartine that 
contain up to 30 wt. % MnO (Whitworth 1992). 
Chemically, peraluminous granite garnet compositions 
(Miller and Stoddard 1981; Dahlquist et al. 2007) plot in 
the magmatic garnet field which is related to S-type 
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granites (Figure 9a). This similarity confirms the peralu
minous character of the host granite (Figure 9b). S-type 
felsic rocks are strongly peraluminous (ASI>1) because 

they result from partial melting of aluminous metasedi
ments (Figure 11a) (Chapple 1984,1999; Collins and 
Hobbs 2001; Clemens 2003; Dahlquist et al. 2007; Burda 

Figure 9. (a) Garnet compositions for western Iran peraluminous granites (Boland Parchin, Shir Kuh) and rhyolite (Kahak) compared 
with fields for magmatic garnets from Miller and Stoddard (1981) and Dahlquist et al. (2007). (b) FeO-MgO-MnO ternary diagram of 
garnets from various granites. Data for garnet in I-type granites from Wu et al. (2004) and Yu et al. (2004); S-type granites from Plank 
(1987), Kebede et al. (2001), Jung et al. (2001), Jung and Hellebrand (2006), and Dahlquist et al. (2007); A-type granites, Bray (1988), 
Wu et al. (2004), Wang et al. (2003), Zhang et al. (2012) igneous rocks originating from the mantle, Chen and Zhao (1991), Harangi et 
al. (2001), Kawabata and Takafuji (2005). (c) Rb/Sr versus Rb/Ba diagram for determining sources of peraluminous granites, fields from 
Sylvester (1998). Fields for Kahak rhyolite, Boland Parchin and Shir Kuh granite are from (Saki and Moazzen, 2009; Sheibi et al., 2009; 
Sheibi and Esmaeily, 2010; Baharifar, 2011).
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et al. 2009). Partial melts of metasediments produce 
leucogranite with FeO+MgO contents below 4 wt.% 
(Montel and Vielzeuf 1997).

Some researchers believe that S-type granite are 
products of incongruent fluid-absent melting of biotite 
in aluminous sources. Clemens (1992) and Patino- 
Douce and Beard (1996) demonstrated that melts pro
duced via the anatexis of metapelites and metagrey
wackes (Figure 11b) are limited to leucogranite 
compositions, particularly if it is considered that tem
peratures within the crust rarely exceed 900°C (Harley 
1998). The existence of garnet and muscovite reflect 
the strongly peraluminous nature of the studied gran
ites and confirms an aluminous metasedimentary 
source. The low content of Fe and Mg in S-type gran
ites show that the anatectic temperatures were mostly 
below the biotite solidus or that the source rocks 
contained little biotite. The partial melting of meta- 
greywake and metapelite source rocks is also demon
strated by plotting the studied leucogranites in the 
fields of experimental melts derived from partial melt
ing of different sources (Figure 9c). The chemical com
position of garnets and whole rock hosts show that 
the garnets could have formed by crystallization from 
the peraluminous magma in equilibrium with solid 
phases such as biotite.

6.1.3. Alkaline igneous rocks
Ti-bearing garnets form in a variety of alkaline igneous 
rocks (Huggins et al. 1977a, 1977b; Dingwell et al. 1985), 
chiefly in strongly silica under-saturated rocks (Figure 
11c). These garnets contain Ti, a quadrivalent cation 
not generally found in garnets (Dingwell and Brearley 
1985). In some Kaleybar syenite samples, garnet compo
sitions projected onto the spessartine+pyrope-Ti- 
andradite-grossular system lie in the Ti-rich andradite 
field (Figure 13) (Deer et al. 1982; Dingwell and Brearley 
1985). Ti-rich andradite garnets can be further categor
ized into melanite and schorlomite, depending on 
whether Fe3+ or Ti prevails in the octahedral site. The 
studied Ti-andradites from the Kaleybar alkaline com
plex plot as Ti-andradite and melanite (Deer et al. 1992; 
Dawson et al. 1995; Gwalani and Rock 2000). When 
Kaleybar garnet compositions are plotted on the TiO2 

(wt.%) versus Fe2O3 (wt.%) diagram (Figure 10) (Brod 
2003), all plot below the 5 wt.% TiO2 line and occupy 
the field of Ti-andradite (Figure 10). Kaleybar garnet TiO2 

versus Fe2O3 plot suggests similarities to those of alka
line igneous rocks from Alberta, Canada (Saha et al. 
2011).

Ti-bearing andradite garnets (Howie and Woolley 
1968; Lang et al. 1995; Russell et al. 1999) can crystallize 
both in magmatic and hydrothermal environments 

(Jamtveit and Hervig 1994). Most Ti-rich andradite 
forms in silica under-saturated alkaline igneous rocks as 
primary garnet (Figure 11c) (e.g. Huggins et al. 1977a, 
1977b; Deer et al. 1982; Meagher 1982). Secondary type 
occurs usually in skarns, veins and metasomatic rocks 
and have lower TiO2 contents (Howie and Wolley 1968; 
Manning and Harris 1970; Deer et al. 1982). Ti-garnet 
types are distinguished on the basis of color, morphol
ogy, zonation style, and major oxides criteria (Cioni et al. 
1995; Russell et al. 1999; Naimo et al. 2003; Smith et al. 
2004; Fulignati et al. 2004). Magmatic Ti-garnet in alka
line rocks such as syenite and nepheline syenite are dark 
brown or black in color (Turbeville 1993; Lang et al. 
1995). This is due to the abundance of titanium (>1 wt. 
%) (Scheibner et al. 2007). In contrast, Ti-garnet pro
duced by metasomatism or hydrothermal activity are 
red, yellow, brown and green because of their low TiO2 

contents. Euhedral garnet is a strong indicator of primary 
(magmatic) origin, while interstitial or irregular grains 
reveal complex metasomatic or hydrothermal formation 
due to reactions of earlier mafic minerals with late stage 
fluids (Figure 11c). Armbruster et al. (1998) proposed an 
association between petrogenesis and Ti-substitutions 
in these minerals. Garnet crystals with schorlomite sub
stitution (Ti4+→Si4+) are of magmatic origin, whereas 
crystals with combined morimotoite (Fe2++Ti4+→2Fe3+) 
and hydro-garnet substitutions (O4H4→SiO4) often form 
as a result of metamorphism (Armbruster et al. 1998). 
Garnets in skarns exhibit a mixture between morimotite 
and schorlomite substitutions (Armbruster et al. 1998). 
Ti-rich garnet in skarns can be produced by the break
down of titanian-bearing phases such as titanite and 
ilmenite under oxidizing conditions and low SiO2 in the 
melt or in the hydrothermal fluid (Russell et al. 1999). The 

Figure 10. TiO2 versus Fe2O3 diagram showing the fields of 
schorlomite, melanite and Ti-andradite (Saha et al. 2011). The 
compositional range of garnets from Kaleybar nepheline syenite 
falls in the Ti-andradite field. Compositional fields of garnets 
from other alkaline complexes are also shown. Field for 
Kaleybar alkaline granite and garnet are from Hajialioghli and 
Moazzen (2009) and Ashrafi et al. (2009).
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Ti-rich garnets of the Kaleybar alkaline rocks likely 
formed from silica-undersaturated magmas (Nash 1972; 
Woolley 1973; Gwalani et al. 2000).

6.1.4. Skarns
Skarns form where limestones (with more CO2, Ca, and 
sometimes Mg) interact with hot hydous fluids from 
intrusive rocks (with more Fe, K, Na and Si). These 
fluids transform host rocks surrounding intrusive con
tacts into skarns. Calc-silicate rocks of skarns show 
a variety of textures, compositions and origins 
(Einaudi and Burt 1982). Skarns can be classified 
according to the rock type replaced (Einaudi and 
Burt 1982), including exoskarn and endoskarn which 
describe replacements of carbonates and intrusive 
rocks, respectively. Endoskarn is found where metaso
matic fluids exploited highly fractured intrusions and 
along the contact with shale and limestone as con
duits (Einaudi and Burt 1982). No endoskarns are docu
mented among the 35 skarns in our compilation, they 

are all exoskarns. Magnesian exoskarns are dominated 
by Mg-silicates such as forsterite or its alteration pro
duct serpentine, usually along with diopside, calcite 
and spinel (Einaudi and Burt 1982). In contrast, garnet 
(grossular-andradite) and pyroxene are the dominant 
minerals in calcic exsoskarns. All skarns in the study 
area are exoskarns that occur as lenses in marble and/ 
or adjacent portion of the marble and/or along the 
contact between the marble and intrusive bodies. In 
western and southern Iran skarns the main minerals 
are epidote, grossular-andradite, diopside and calcite 
with less quartz and amphibole, although grossular- 
almandine is abundant in Azerbaijan skarns.

Two stages of alteration are expected in skarn sys
tems: prograde and retrograde. During the metasomatic 
prograde stage (T > ~750°C), anhydrous calcium silicate 
minerals garnet (andradite-grossular) and clinopyroxene 
form. During retrogression (T <~750°C), other minerals 
such as epidote, hornblende, calcite, quartz and chlorite 
may form (Amini and Zarei Sahamieh 2003; Moazzen 

Figure 11. Schematic model presenting the various environments related to crystallization of Iran garnets in (a) metamorphic rocks, 
(b) peraluminous rocks, (c) alkaline granitoids, (d) skarn and (e) related to ophiolite.  See text for further explanation.
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et al. 2009; Ghanei Ardakanei and Mackizadeh 2011; 
Mokhtari 2012; Ferdowsi et al. 2012, 2015; Badr et al. 
2013; Zahedi et al. 2013; Zahedi et al. 2014; Sohrabi 
et al. 2015; Asgharzadeh-Asl et al. 2017, 2018; Ahangari 
2018; Gharesi et al. 2018; Ashja Ardalan et al. 2014; 
Ranjbar et al. 2015; Ayati 2017; Jamshidzaei et al. 2017; 
Chavideh et al. 2018). At still lower T, the assemblage of 
hydrous and anhydrous calcium silicate minerals can 
recrystalize into finer-grainedl assemblages of chlorite, 
calcite, quartz and clay. During the metasomatic pro
grade stage (Figure 11d) the addition of Fe and Si via 
the magmatic fluid (Pirajno 2013) into carbonate rocks 
makes new calc-silicate minerals, such as clinopyroxene 
and garnet (Figure 11d). Ugrandite (uvarovite-andradite- 
grossular) garnet makes up most skarns (Amini and Zarei 
Sahamieh 2003; Asadollahi et al. 2005; Zarasvandi et al. 
2007; Rahgoshay et al. 2008; Zandifar et al. 2008; 
Hajialioghli and Moazzen 2009; Moazzen et al. 2009; 
Mokhtari 2012; Ferdowsi et al. 2012, 2015; Badr et al. 
2013; Zahedi et al. 2013, 2014; Sohrabi et al. 2015; 
Asgharzadeh-Asl et al. 2017, 2018; Ahangari 2018; 
Gharesi et al. 2018; Ashja Ardalan et al. 2014; 
Mohammaddoost et al. 2015; Ranjbar et al. 2015; Ayati 
2012, 2017; Jamshidzaei et al. 2017; Chavideh et al. 
2018). Intrusive bodies are the source of silica-rich 
hydrous fluids in most skarns. During prograde meta
morphism of sedimentary rocks, decarbonation and 
dehydration reactions yield CO2 and H2O, some of 
which concentrate at lithologic boundaries (Cartwright 
1994). These metamorphic fluids dissolve some compo
nents of the primary rock and can transport these to sites 
of skarn formation (Figure 11d). As shown in (Figure 11), 
formation of skarns in the region can be attributed to the 
interaction of the masses and host rocks as a result of 
Jurassic and Paleogene intrusions. These skarn rocks are 
dominated by garnet minerals, clinopyroxene and plagi
oclase along with epidote which may be as a result of 
retrograde metamorphism.

6.1.5. Ophiolitic garnets
Chromium-bearing garnets are uncommon and related 
to unusual geological and geochemical environments. In 
the Kerman district, Haji Abad-Esfandagheh ophiolites in 
the E-Jiroft area include mantle tectonites as the main 
lithology. These are mostly lherzolites and depleted 
harzburgites with widespread foliated dunite lenses. 
Podiform chromites are common and are typically envel
oped by thin dunitic haloes (Moghadam et al. 2013). 
Some of the garnets in serpentinized peridotite are rich 
in chromium, suggesting some mobility of chromiferous 
solutions during formation (Figure 11e; Douman and 
Dirlam 2004; Mayerson et al. 2006; Shang 2010; 
Montaseri 2011). Chromium was released from the 

serpentinized peridotites (Figure 11e) in a Fe-rich and 
Al poor environment. In such a situation late stage 
hydrothermal metasomatism advanced along the cracks 
of serpentine, causing in the precipitation of demantoid 
garnet in serpentinite veins (Štubňa et al. 2019).

8. Conclusions

The following conclusions. result from this study:

● A garnet semi-gemstone province in southern and 
western Iran is recognized and subdivided into five 
districts: Azerbaijan, Qom-Zanjan, Isfahan, Yazd and 
Kerman. Garnet deposits encompass the Sanandj- 
Sirjan Zone and Urumieh-Dokhtar magmatic 
assemblage.

● 45 deposits are identified. Garnets are concentrated 
in a variety of rocks including (1) skarn; (2) peralu
minous granitoids and rhyolites; (3) alkaline granite; 
(4) metamorphic rocks; and (5) related to ophiolitic 
complex. Most (78%) of these deposits are skarns.

● Garnets are mostly grossular-andradite in skarn, Ti- 
andradite in alkaline granite, almandine in peralumi
nous granite and volcanic rocks, almandine-grossular- 
spessartine in metamorphic rocks and andradite- 
grossular and uvarovite in ophiolitic complex.

● Fluids responsible for garnet mineralization in skarrns, 
metamorphic rocks and ophiolites were exsolved 
from cooling granitic bodies and released by meta
morphosed sediments. Trransformation of clinopyrox
ene in syenite rocks due to alkaline metasomatic 
reactions between earlier formed mafic mineral and 
late stage fluids and formed Ti-rich garnet.

● Garnet grew in magma in peraluminous igneous 
rocks.

Highlights

● Garnets are widespread accessory minerals in igneous and 
metamorphic rocks of western and southern Iran.

● Garnet deposits of western and southern Iran show six 
associations: (1) skarn; (2) peraluminous granitoid and rhyo
lite; (3) alkaline granite; (4) metamorphic rocks; and (5) 
ophiolites.

● Garnets are mostly related to skarns around Cenozoic gran
itoid intrusions.

● Fluids responsible for garnet mineralization in skarns, meta
morphic rocks and ophiolites were exsolved from cooling 
granitic bodies and released by metamorphosed sediments.
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