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Abstract: This paper reports, for the first time, on a garnet-bearing granite body at Zeber-Kuh and interprets its petro
genesis, age and tectonic setting within the context of the evolution of the Cadomian subduction system. The primary 
minerals imply an origin at pressures greater than 8–6 kbars  (~ 25 km depth) and at temperatures above 700 °C with 
>10 % water. The Zeber-Kuh granite is in tectonic contact with neighboring rocks. This igneous body has average SiO2 
of 71 wt. %, average Al2O3 of 14 wt. %, 3.1–3.6 wt. % Na2O, 3.0–6.2 wt. % K2O and 3.3–0.1 wt. % MgO. The granite is 
characterized by light rare earth element (LREE)-enrichment, relatively flat heavy rare earth element (HREE) patterns 
with a small negative Eu anomaly and moderately fractioned REE patterns [average (La/Yb)N = 11.32]. Decreasing 
Fe2O3T, MgO, CaO, TiO2, Ba, Eu and Sr with increasing SiO2 contents are consistent with fractional crystallization and 
can be related to fractionation of plagioclase, clinopyroxene, hornblende, and apatite. Two granite samples yielded U–Pb 
zircon ages of 533±3 and 534±6 Ma, which regionally correspond to the younger Cadomian magmatism. Cathodo
luminescence images of zircon grains from the studied samples show well-developed oscillatory bands, typical of felsic 
magmas zircons, and Th/U ratios range from 0.79 to 0.45 with an average of 0.60. The REE patterns of the zircons show 
progressive enrichment from LREE to HREE with a positive Ce anomaly and a negative Eu anomaly.The garnet-bearing 
granite of Zeber-Kuh represents the final stage of Cadomian magmatism along an extensional continental arc adjacent to 
the northern active margin of Gondwanaland.
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Introduction

The Central Iranian micro-continent (Fig. 1) exposes a detai
led record of late Neoproterozoic to early Cambrian (Cado-
mian) syn-tectonic magmatism. Widespread Cadomian rocks 
in Iran and Turkey represent fragments of continental arcs that 
formed during subduction at the northern active margin of 
Gondwana. The rocks form part of a 100 million-year-long 
phase of arc and back-arc magmatism in Iran and Turkey, 
represented by radiometric ages between 522 and 619 Ma 
(Horton et al. 2008; Romer et al. 2010).

The Cadomian magmatic rocks of the Kuh-e-Sarhangi 
region (Table 1, Fig. 1a), including the Lakhbargheshi and 
Deh Zaman plutons, the Yakhab granitoid and the Tapeh-Tagh 
Granitic Gneiss were studied by Mollai et al. (2014) and 
Rossetti et al. (2015). They include unusual biotite granites 
with magmatic epidote and garnet, indicating emplacement 
under high-pressure conditions (Zen 1985).

World-wide, garnet-bearing granites are widespread and 
have multiple origins. Most occur in S-type granites, derived 
from partial melting of metasedimentary crustal rocks. 

However, a few have an origin in I-type granites, derived from 
igneous sources above subduction zones (Chappell & White 
1992) and others are reported from A-type granites, formed  
in back-arc or anorogenic environments (Grebennikov 2014; 
El Bahariya 2021). Although some garnets in granites are 
xenocrystic, most are of magmatic origin. The presence of 
magmatic garnet and epidote is indicative of water-rich mag-
mas at high pressures and relatively low temperatures (Schmidt 
& Poli 2004).

The Zeber-Kuh study area in the Kuh-e-Sarhangi region 
(Fig. 1b) is located north of the Lut Block and is bounded by 
two large Cenozoic strike-slip fault zones, the Dorouneh Fault 
to the north and the Great Kavir Fault to the south. We report 
here the U–Pb Concordia ages on zircon by laser ablation 
inductively coupled plasma mass spectrometry, major and 
trace elements of bulk rocks, and field observations from  
the upper Neoproterozoic rocks of the Zeber-Kuh garnet-
bearing granite from Ozbak Kuh map (Ruttner et al. 1970).  
To provide context for this study, we also compile all geo-
chemistry and geotectonic information from the central and 
northeastern Iranian Cadomian terrains and use these data to 
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better understand the late Neoproterozoic arc magma forma-
tion in east-central Iran. The purpose of this research is to 
present new in-situ U–Pb geochronology, geochemistry and 
petrology of the Zeber-Kuh garnet granite rocks.

Geological setting

Regional geology of Cadomian magmatism

Both Iranian and Arabian basements show that stabilization 
occurred in the late Proterozoic to early Cambrian at the 

margin of Gondwana (Ghorbani 2013), with cratonization of 
Iran resulting from the Pan-African orogeny (Duchmand-
Zadeh 1969; Etemad-Saeed et al. 2016). The oldest sedimen-
tary rocks in Iran are the siliciclastic Kahar Formation, which 
based on paleontology and stratigraphic studies may be as  
old as 800 Ma, with the uppermost layers showing an age of 
about 650 Ma (Duchmand-Zadeh 1969; Poursoltani & Hrati 
Sabzvar 2019; Jamshidibadr et al. 2020). The oldest radiometri
cally dated rocks in Iran are as old as 900 Ma (Hushmandzadeh, 
Geological Survey of Iran unpublished report). The best 
known Precambrian sedimentary rocks are Kahar and Ghareh
dash formations and the lower part of the Soltanieh Formation 

Fig 2

5

540-550

a

b

10

1

3

4

5

6

7

8
9

2

Fig. 1.  a –– Simplified geological map of Iran 
showing the distribution of Eocene magmatism, 
Mesozoic ophiolites, and upper Neoproterozoic–
lower Cambrian basement rocks. Numbers show 
U–Pb zircon ages. Blue circles within Fig. 1 are  
the location of upper Neoproterozoic rocks, 
matching with Table 1. b –– Schematic geologi-
cal-structural map of the Zeber-Kuh  region (modi
fied and re-adapted after Nozaem et al. 2013). 
Rectangles show location of areas of field work 
and selected rock samples analyzed in this study.



463UPPER NEOPROTEROZOIC GARNET-BEARING GRANITES FROM EAST CENTRAL IRAN MICRO PLATE

GEOLOGICA CARPATHICA, 2021, 72, 6, 461–481

in North and Central Iran. Magmatic rocks with an age of 
630–530 Ma have been reported from Central Iran and 
Azerbaijan and are related to the Pan-African tectonic-mag-
matic episode (Ramezani & Tucker 2003; Dabiri et al. 2018). 
Based on field observations, an older age has been suggested 
for some metamorphic units in Central Iran like Robat Poshte
badam, Saghand, and Mahneshan in Azerbaijan (Haghipour 
1974; Alavi 1994). Different ages of the upper Neoproterozoic 
magmatic rocks of ~515 and 630 Ma have been reported in 
different regions of Iran (Table 1 and Fig. 1) and include 
Central Iran (Kuh-e-Sarhangi region; Born award–Bardaskan–
Taknar Zone in the Saghand Region; Tapeh-Tagh and the 
Biarjmand-Torud region, along with a region near Kashmar, 
Delbar, Zeber-Kuh and the Yakhab region of east-central Iran) 
and the Northwest and West of Iran (Khoy-Salmas, Soursat, 
Sanandaj-Sirjan and Zanjan-Takab). The areas of Neoprote
rozoic basement rocks constitute the Central Iranian micro-
continent, which is bounded by fold and thrust belts of the 
Alpine–Himalayan Orogeny that lie between the Eurasian 
plate in the northeast and the Arabian plate in the southwest.  
It comprises a peri-Gondwanan active continental margin that 
rifted from Gondwana in the Devonian and accreted to Eurasia 
in the Triassic Cimmerian orogeny (Metcalfe 2013; Zanchi et 
al. 2015; Moghadam et al. 2016; Tarabi et al. 2019; Kumar & 
Pandit 2020; Saeidi et al. 2020).

Kashmar–Kerman Tectonic Zone

The Lut, Tabas and Yazd blocks (Fig. 1a) are the main 
crustal blocks of the Central Iranian micro-continent in Cen
tral Iran (Soffel et al. 1996; Jahangiri 2007; Shahabpour 2007). 
The Yazd and Tabas blocks are separated by the Kashmar–
Kerman zone, which exposes deeper parts of the Cadomian 
basement (Ramezani & Tucker 2003). The study area is 
located in the northern part of of this zon and is cut by the 
NE–SW trending Great Kavir and Dorouneh upper Cenozoic 
strike-slip faults. The arcuate sinistral Dorouneh Fault is com-
monly regarded as the longest intraplate strike-slip fault of 
Central Iran, extending between longitudes 54°E and 60°30’E, 
with an along-strike cumulative length in excess of 750 km 
(Tadayon et al. 2017). The architecture of the Dorouneh Fault 
is characterized by three main fault strands, western, central, 
and eastern, respectively (Javadi et al. 2013). The western 
strand, also known as Great Kavir Fault, extends from 
Dorouneh village to central Iran for a cumulative length of 
approximately 500 km, striking NE–SW and showing sinistral 
kinematics (Javadi et al. 2013). The Dorouneh Fault varies 
along its curvature from purely strike slip in the west to  
transpression in the east and experienced latest Neogene 
(Mio–Pliocene) slip sense inversion from dextral to sinistral 
along much of the fault trace (Javadi et al. 2015). Thus 

Table 1: Geological characteristics of some of the Neoproterozoic magmatic rocks in Iran.

Area No. Region Age (Ma) Rock types Geotectonic setting Geochemical characteristics References

North West Iran 

1 Khoy 
metamorphic 
complex

550–590 metabasites and 
metagranites

subduction zone with 
contamination from 
recycled sediments

metamorphic conditions of 450–
680 °C at 5.5–7.5 kbar

 Azizi 2011

2 Soursat, 
Sanandaj-Sirjan 
metamorphic belt

540 S & I-Type granite syn- to post-collisional medium-K calc-alkaline to 
high-K calc-alkaline series

Badr et al. 2013 

3 Zanjan–Takab ~448–562 migmatites and 
metamorphic rocks

subduction-related 
magmatism of the 
Urumieh–Dokhtar 
magmatic belt

includes orthogneiss with 
migmatite leucosomes and 
amphibolite

Moghadam et al. 2016

Central Iran

4 Kuh-e-Sarhangi 
region

575–535 sub-alkaline, 
dominantly high-K 
calc-alkaline acidic 
suite

volcanic arc, 
subduction-related 
magmatism within an 
oblique convergence

high SiO2 (72.60–77.17 wt. %), 
and alkalis (up to 8 wt. %) and 
low Mg# (7–35 wt. %)

Rosetti et al. 2015

5 Born award - 
Bardaskan-
Taknar -Zone 

540–550 S & I-Type granite crustal contamination 
(S-type granite)

middle-high metaluminous to 
low-middle peraluminous; 
tholeiite, calc-alkaline to high-K 
calc-alkaline series

Monazzami 2015 ; 
Karimpour et al. 2011 

6 Saghand Region from 2400 
to 570

island-arc type 
cratonization 

island-arc type 
cratonization formed 
the Iranian 
Precambrian basement

low grade to high grade 
metamorphic rocks

Nadim 2005

Central East Iran 
 

7 Tapeh-Tagh 520–536 A-type granite volcanic arc granite 
(VAG) to the SYN-
CoLG 

SiO2 (70.30–79.63 wt. %), lower 
levels of Fe, Ca, Mg, Ti, P and 
Sr

Mollai et al. 2019

8 Delbar 
Metamorphic-
Igneous Complex 
(Biarjmand 
region)

542–546 Metamorphic-Igneous 
Complex

back arc extensional 
setting in extended 
continental crust 

70–78 wt. % SiO2, calc-alkaline 
to high-K calc-alkaline

Balaghi 2014

North East Iran
9 Torud–Biarjmand 560–520 meta-peraluminous 

S-Type?
continental magmatic 
arc

arc related calc-alkaline granitic 
gneiss; high SiO2, Na2O; low Fe, 
Mg and Ca

Moghadam et al. 2016, 
2017

North – Central 
Iran

10 ChahJam– 
Biarjmand

550–530 granitic–tonalitic 
gneiss

continental arcs and  
within plate granite 
(WPG)

felsic igneous 72.7–73.8 wt.% 
SiO2; 0.4–3.3 wt. % K2O;  
3–5.3 wt. % Na2O

Moghadam et al. 2015
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geodetically derived strain rates cannot be extrapolated into 
the Neogene.

The Kashmar–Kerman Tectonic Zone is a nearly 600 km 
long, arcuate and structurally complex fault-bounded belt 
(Rossetti et al. 2015). The Zeber-Kuh and Kuh e Sarhanghi 
faults are part of the Kashmar–Kerman Tectonic Zone, and 
form a ~75 km long, sharp fault strand that bounds to the south 
a NE–SW linear mountain range (Fig. 2). Neoproterozoic 
igneous and metamorphic rocks crop out within the damage 
zone of these faults, in association with Paleozoic–Mesozoic 
cover units in the northern and northwestern parts of Zeber-
Kuh and Kuh e Sarhangi (Nozaem et al. 2013; Mollai et al. 
2014; Rossetti et al. 2015; Tadayon et al. 2017). The Zeber- 
Kuh complex is made up of strongly tectonized Precambrian 
and Paleozoic rocks (Fig. 2) including orthogneiss, garnet–
chlorite-amphibolite and mica schists, granitoid plutons 
(including the Zeber-Kuh, Yakhab, Sarhangi, Robat, Lakhbar
gheshi and Deh Zaman plutons) (Rossetti et al. 2015) and low 
grade phyllites (Zeber-Kuh beds) that have been assigned to 
the Ediacaran (Agard et al. 2005; Mollai et al. 2019).  
The Zeber-Kuh granite is partly overlain by the Ediacaran  
to lower Cambrian Soltanieh dolomite and the Paleocene 

Kerman conglomerate. They are partly covered by Neogene 
and Quaternary alluvial deposits. Upper Neoproterozoic gar
net-bearing granites magmatic rocks of the Yakhab granitoid  
(Fig. 2) and the Tapeh-Tagh Granitic Gneiss were studied by 
Mollai et al. (2014). They include unusual biotite granites with 
magmatic epidote and garnet, indicating emplacement under 
high-pressure conditions (Zen 1985).

The igneous and metamorphic units, widely exposed in  
the central part of the region, have been deformed during  
a Precambrian orogeny and affected by polyphase reactivation 
during the Mesozoic and Tertiary, with younger brittle defor-
mation events extending to the Quaternary (Nozaem et al. 
2013; Rossetti et al. 2015). The overall structural architecture 
of the pre-Neogene basement succession along the Zeber-Kuh 
and Kuh e Sarhangi faults is dominated by steeply dipping 
foliation, folding, and anastomosing fault-bounded tectonic 
contacts (Nozaem et al. 2013). The U–Pb zircon geochro
nology indicates that magma was emplaced and crystallized  
ca. 575–535  Ma, under a tectonic regime with thickened 
crustal. The Kuh e Sarhangi magmatic belt including Zeber-
Kuh exposes the exhumed roots of a volcanic arc. This magma
tism is interpreted as part of the Cadomian subduction-related 
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magmatism along the northern margin of Gondwana (Rossetti 
et al. 2015). The regional Cadomian magmatic flare-up was 
linked to strong crustal extension above a South-dipping 
subduction zone beneath northern Gondwana (Rossetti et al. 
2015; Moghaddam et al. 2020). Zircon U–Pb–Hf isotopic data 
indicate derivation of the magmatic protoliths from hetero
geneous Proterozoic and upper Archean (0.9–3.6 Ga) crustal 
components (Nutman et al. 2014).

Zeber-Kuh granite

The Zeber-Kuh garnet-bearing granite pluton that is the 
focus of this study lies between mica schists and the lower 
Cambrian Tapeh Tagh granitic orthogneiss complex (Mollai et 
al. 2019) in the southern portion of the Zeber-Kuh complex. 
The Zeber-Kuh garnet granite is coarse to medium grained and 
ranges from pink to dark grey in color (Fig. 3). The grey gra
nite contains micro-diorite enclaves, which increase in abun-
dance eastwards. The majority of the enclaves are dark grey, 
fine-grained and range in size from a few cm to about 0.5 m. 
The light grey garnet granite is coarse-grained, mainly con-
tains alkali feldspar, garnet and biotite (Fig. 3b), whereas the 
dark grey granitoid is very coarse-grained, showing gneissic 
foliation (Fig. 3c). The granite and granite gneisses nowhere 
show contact metamorphism with other rocks, but have sharp, 
in places boudinaged, tectonic contact with mica schist (Fig. 4c).

The cover rocks consist of weakly metamorphosed sequen
ces of shales, limestones, sandstones and Soltanieh dolomites 
of Ediacaran to early Cambrian age. Soltanieh dolomites in  
the area are stretched and boudinaged along the main shear 
contact localized along the boundary with the granite and mica 
schists, with recrystallization of dolomite and calcite (Fig. 4a). 
The dolomite is folded on NE–SW axes (Fig. 4d), which are 
characteristic of the deformation in the area. The Mesozoic 
sedimentary rocks include marls and limestones (Fig. 4b). 
Neogene deposits, belonging to the Upper Red Formation and 
made of alternating Kerman conglomerate, marls, sandstones 
and evaporites, are uncomformably covered by sub-horizontal 
Quaternary alluvial deposits. All these deposits mainly strike 
NE–SW, parallel to the igneous rocks of Zeber-Kuh.

Methods

During field work in 2019, 60 samples were collected, of 
which three were used for study of zircons and eight for 
whole-rock geochemistry. Samples for analyses of major and 
trace elements were powdered in the East Amethyst laboratory 
in Mashhad, Iran and were then sent to Activation Labora
tories, Canada, for inductively coupled plasma mass spec-
trometry (ICP-MS) according to their Code 4Litho research 
and Code 4B1 packages, which use lithium metaborate/tetra

Fig. 3. Various field photos of garnet granitoid rocks in the area under study. a — Pink garnet granitoid showing tectonic contact and tectonic 
relationship with underlying schist. b — Coarse grained light grey garnet granitoid (HP3). c — Very coarse grained dark grey granitoid with 
irregular light and dark banding (HP4). d — Medium grained, pinkish, biotite–garnet granitoid (KS17).
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borate fusion. The uncertainty (1σ) is ~2 % for major  
elements and 5–10 % for trace elements (depending on 
concentration).

Zircons were separated in the laboratory of the Geological 
Survey of Iran, using normal methods including sieving, mag-
netic separation, and floatation. At least fifteen zircon grains 
per sample were handpicked under a binocular microscope. 
The zircons were then set in synthetic resin mounts, polished, 
and cleaned in a warm HNO3 ultrasonic bath. These zircon 
grains were sent to the State Key Laboratory of Geological 
Processes and Mineral Resources (SKLGPM), China Univer
sity of Geosciences, Wuhan, China. Cathodoluminescence 
(CL) imaging was carried out using a Gatan Molo Cl4 detector 
attached to a Zeiss Sigma 300 field emission Scanning 
Electron Microscope. The CL images are used to characterize 
any compositional variation within individual zircons during 
the selection of spot for laser ablation. In situ zircon U–Pb 
isotope measurements were carried out using a 193 nm ArF 
Excimer Laser ablation system (GeoLas 2005, Lambda 
Physik) attached to an Agilent 7500a Inductively coupled 
plasma mass spectrometer (ICPMS) housed at SKLGPM.  
The ArF Excimer laser was initially homogenized by a set of 
beam delivery systems and then focused on the zircon surface 
with a fluence of 10J/cm2. Diameter of 32 μm and repetition 

rate of 5 Hz was employed for 45 seconds as the ablation pro-
tocol. The carrier and make-up gas flows were optimized by 
monitoring 238U intensity during ablating elemental standard 
NIST610. 2 to 4 mL/min of nitrogen was added to the central 
gas flow to enhance the sensitivity of U, Th, and Pb isotopes. 
A “wire” signal smoothing device was applied to improve sig-
nal stability. Ratios and absolute abundances of U–Pb isotopes 
were measured relative to the primary standard 91500, while  
a secondary standard GJ-1 was analyzed as an unknown 
sample for quality control. Raw data reduction was performed 
off-line by using the software ICPMS Data Cal (Yongsheng  
et al. 2010) and the results are reported at 2σ  errors level. 
Common Pb correction was applied following the method of 
Andersen (2002) and the differences between common Pb cor-
rected and uncorrected ages were generally small. Concordant 
plots, TuffZirc Age plots and Probability density plots were 
processed using the program ISOPLOT (Ludwig 2003).

Petrography and petrology

The garnet-bearing granite samples are leucocratic. The rocks 
comprise mainly alkali feldspar, quartz, subordinate biotite, 
garnet, amphibole, plagioclase and accessory muscovite, 

Fig. 4. Field photographs and tectonic activities in the area under study are shown. a –– Field photograph from the Soltanieh dolomites in  
the Yakhab area are stretched apart and boudinaged along the main shear contact localized along the boundary of the granite and mica schists.  
The shear deformation is associated with recrystallization of dolomite and calcite. b –– Photograph showing sense of shear as deduced from 
sigma-type calcite and dolomite leading to the formation of a boudinage structure. c –– Tectonic contact of gneisses with mica schist  
and formation of boudinage structure along the shear zone. d –– Folding of Soltanieh dolomite, axis of fold is NE–SW, which is due to 
compression.

a b

c d
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epidote and apatite. Some samples have porphyritic textures 
with hypidiomorphic brown biotite and K-feldspar phe-
nocrysts up to 5 mm. Most samples show equigranular to 
unequigranular, medium to coarse-grained, consertal textu
res between biotite and quartz, K-feldspar and plagioclase 
(albite to oligoclase) crystals. These minerals make up the 
bulk of the rock and are anhedral with slightly interdigitating 
boundaries.

Sample HP3 (Fig. 5a) has poikilitic texture, with coarse 
grains mainly made up of anhedral alkali feldspar, garnet, bio-
tite and quartz. The texture of HP3 is typically granitic, ran
ging from anhedral to subhedral. Sample HP4 (Fig. 5b) is 
medium grained, mainly containing quartz, biotite, feldspar, 
and garnet. Sample KS17 has a porphyritic texture, with 
coarse grained orthoclase, anhedral garnet, quartz and some 
muscovite (Fig. 5c). The garnet contains small grains of bio-
tite, epidote, and muscovite and in places it forms grain aggre-
gates of up to 2.5 cm in size. The individual garnet grains are 
usually rimmed by biotite and have no microscopically visible 
compositional zoning. Garnet shows a close relation with bio-
tite and some of the samples contain muscovite, opaque mine
rals and epidote as inclusions. Apatite is a common accessory 
mineral in granitoid rocks of different chemistry and prove-
nance. Apatite is present in the late K-feldspar as small crys-
tals, typically elongate, as long-prismatic zoned crystals and 
as large xenomorphic unzoned crystals. They are more or less 
uniform in size and scattered evenly through K-feldspar and 
lead to a poikilitic texture that resembles sieve texture  
(Fig. 5d). Alteration products of these rocks include secondary 
epidote and sericite (Fig. 5e). This section is a medium grains 
contain hornblende, quartz, orthoclase and calcite. This rock 
could have been originally a mafic igneous rock (basalt or 
dolerite) that recrystallized to hornblende (green) and feldspar 
(colorless) with a banded texture.

Some of the thin sections consist of mainly quartz, ortho-
clase, and epidote. In the Lakhbargheshi pluton, the primary 
igneous assemblage is epidote, quartz, and plagioclase 
(Rossetti et al. 2015). Quartz grains show only minor evidence 
of strain as indicated by patchy undolose extinction. No pri-
mary epidote was observed in the Zeber-Kuh, all of it is  
considered secondary. The lack of cross-hatched twinning  
and micro-perthite in the feldspar suggests crystallization in 
the upper solvus field, and a very low Na content in the magma 
during the crystallization of these granitoid rocks.

Based on mineral chemistry (Rossetti et al. 2015), feldspars 
consist of both sodic plagioclase (XAn = 6–31 %) and alkali 
feldspar (XAb = 89–99 % and XOr = 89–98 %); both perthite 
(XAb = 28 % XOr = 71 %) and antiperthite (XAb = 79 % XOr = 20 %) 
exolution occurs in the alkali feldspar. A phase diagram (P–T 
pseudosection) was calculated for samples Zb1 and Zb22 
using the PerpleX software, version 6.9.0 (Connolly 1990, 
2005) with the internally consistent thermodynamic dataset 
hp11ver.dat of Holland & Powell (2011). The bulk rock com-
position was obtained from the whole rock analysis (Table 2). 
Calculations were performed in the Na2O–CaO–K2O–FeO–
MgO–Al2O3–SiO2–H2O–TiO2 system, assuming water-satura

ted conditions and partial melting. Solution models of garnet, 
white mica, biotite, cordierite (White et al. 2014), sanidine 
(Thompson & Hovis 1979), and plagioclase (Newton et al. 
1980; Newton & Haselton 1981) were used as available from 
the PerpleX data file. The garnet, as one of the predominant 
minerals in the area, has compositions broadly corresponding 
to the almandine – grossular–pyrope – spessartine system 
(Alm58–70Grs19–31 Prp3–9Sps0–13), with moderate core-to-rim 
chemical zonation, characterized by a decrease in the Sps 
component ana corresponding increase in Alm. Biotite, with  
a grain size from 0.5 to 3 mm in length, is enriched in TiO2  
(up to 3.0 wt. %) with XMg ([MgO/(MgO + FeO)] = 0.31–0.38). 
Primary epidote, which is observed in samples Lackh-1 and 
Y1, occurs mostly as euhedral grains (up to 1 mm in length) 
adjacent to biotite, in contacts with plagioclase and quartz. 
Secondary epidote is mostly found as alteration products of 
igneous plagioclase. Primary epidote has restricted pistacite 
(Ps, atomic [Fe3+/(Fe3+ + Al3+)]) content between 21 % and 
26 %, whereas secondary epidote has lower Ps (17–20 %).

The two pseudosections used a window of 5–20 kbar,  
500–950 °C at H2O saturated conditions and controlled fO2 
(log fO2 = −15). Solidus is at 700 °C, over a pressure interval 
5–20 kbar. For sample Zb1, between 600–850 °C, garnet is 
stable over the whole pressure interval with a maximum of 
4–5 vol. % between 13–18 kbar and 650–700 °C. Epidote is 
stable below 650 °C and above 10 kbar reflecting oxidising 
conditions on cooling. Sample Zb22 is similar: garnet is stable 
above 12 kbar at subsolidus temperatures (below 700 °C) and 
above 8 kbar at magmatic temperatures (>700 °C). The maxi-
mum abundance (1–4 vol. %) is above 16 kbar between  
650–700 °C. Magmatic (or peritectic) garnet has a maximum 
(0.4 vol. %) at ~720 °C above 11 kbar. Epidote is stable at 
subsolidus temperatures, with maximum at 710 °C at 20 kbar 
and decreases to 500 °C at 5 kbar. In general garnet seems to 
be both magmatic/peritectic and subsolidus above ca 13 kbar 
but with a maximum above the solidus at around 750 °C and 
above 11 kbar for both samples. Epidote is only subsolidus, 
with maxima above 10 kbar and below 650 °C. For more pre-
cise location of intersecting isopleths and for estimating a P–T 
path, it would be necessary to have more precise mineral 
modes (garnet, biotite, muscovite, plagioclase, epidote) and 
mineral compositions (garnet, biotite, muscovite, plagioclase). 
Oxidising conditions are necessary to stabilise epidote:  
at 8 kbar the controlled log fO2 at −15 actually crosses the 
FMQ buffer at ~780 °C (reducing conditions) and on conti
nued cooling crosses the HM buffer at 600 °C, indicating  
a shift of the system to oxidation conditions. 

The suggested path starting at 780 °C above 8 kbar crosses 
garnet and ilmenite fields avoiding rutile (Fig. 6). Because  
epidote is present, the path  crosses the solidus at 690 °C and 
ends in the epidote stability field at ~6 kbar and ~530 °C. 
Between 6–12 kbar, a small amount of garnet is stable above 
680 °C, i.e. is mostly magmatic, as in this interval 90 % of 
melt is present above 780 °C. Zr saturation for 144 ppm Zr 
gives Tsat = 732 °C  (Boehnke et al. 2013) or 779 °C (Watson & 
Harrison 1983). The first temperature corresponds to 60 vol. % 
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of the melt, the second to 90 vol. %. The pseudosection model 
predicts K-feldspar (microcline 3–4 vol. %) only as subsolidus 
below 690 °C at 8 kbars. It is accompanied by small amount of 
subsolidus muscovite (2 vol. %). Titanite is not stable at 

reasonable P–T conditions in this model and would be crossed 
only at very low temperatures. The H2O saturation of  
the model involves only the water sufficient to stabilize 
hydrated minerals such as muscovite, epidote and amphibole. 

Fig. 5. Microphotographs of various garnet granitoid samples, Zeber-Kuh. a –– Coarse grained granite with poikilitic texture, mainly made up 
of anhedral alkali feldspar, garnet, biotite and quartz. The phenocrysts of alkali feldspar and biotite appear replaced by garnet. b –– Medium 
grained granite, containing mainly quartz, biotite, feldspar, and garnet. Minerals shows elongation in the lower left portion of section.  
c –– Coarse grained granite, containing mainly garnet, biotite, and orthoclase, along with some quartz. Anhedral garnet is embedded in  
a deformed matrix. d –– Coarse grained granite with poikilitic texture, containing mainly orthoclase, biotite and apatite, with little quartz. 
Elongated apatite growth within feldspar phenocrysts. e –– Medium grained granite with epidote, quartz, garnet and orthoclase, along with 
some secondary muscovite. Secondary epidote forms by the influence of a fluid phase on calc-silicate rocks as result of hydrothermal alteration. 
The fluid phase is released in the progressive metamorphism of protoliths which are rich in hydrous minerals. Epidotization is the alteration 
process in which plagioclase feldspars convert into the epidote group minerals. f –– Medium grained granite containing amphibole, quartz, 
orthoclase and calcite. This rock could be originally a mafic igneous rock (basalt or dolerite), metamorphosed to banded hornblende (green) 
and feldspar (colorless). Abbreviations: Amph = Amphibole; Ap = Apatite; Bt = Biotite; Cal = Calcite; Epi = Epidote Fsp = Feldspar, Grt = garnet; 
Mus = Muscovite; Qz = quartz. 
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Table 2: Whole rock geochemical analyses.

Element altered granite granodiorite Detection Limit
Zb1 Zb9* Zb11* Zb14 Zb14a Zb16 Zb22* Zb23

SiO2 % 69.32 69.6 72.31 72.74 72 71.85 74.45 63.67 0.01
Al2O3 % 13.76 13.69 12.76 13.26 13.24 13.87 14.15 15.17 0.01
Fe2O3(T) % 3.38 3.46 3.52 3.21 3.17 3.32 0.91 6.63 0.01
MnO % 0.06 0.06 0.042 0.027 0.026 0.035 0.009 0.065 0.001
MgO % 0.76 0.76 0.49 0.47 0.47 0.48 0.11 3.26 0.01
CaO % 1.3 1.3 1.83 2.14 2.12 1.91 1.19 1.37 0.01
Na2O % 3.94 3.99 3.11 3.37 3.37 3.58 6.24 2.96 0.01
K2O % 3.79 3.85 3.12 3.15 3.15 2.84 1.01 2.49 0.01
TiO2 % 0.263 0.265 0.251 0.257 0.256 0.264 0.15 0.796 0.001
P2O5 % 0.06 0.05 0.05 0.05 0.06 0.06 0.02 0.18 0.01
LOI % 1.24 1.23 0.83 1.13 1.18 1.02 1.05 1.72 0.01
Total % 97.89 98.26 98.34 99.81 99.05 99.23 99.28 98.31

A/CNK 1.06 1.05 1.08 1.03 1.03 1.12 1.05 1.51
A/NK 1.30 1.28 1.50 1.48 1.48 1.55 1.25 2.01
K2O/
Na2O

0.96 0.96 1.00 0.93 0.93 0.79 0.16 0.84

Ba/Sr 6.5 6.7 4.9 4.4 4.3 6.2 2.9 3.0

Sc ppm 11 11 10 10 10 11 16 17 1
Be ppm 2 2 2 2 2 2 2 3 1
V ppm 24 23 21 19 21 21 14 136 5
Cr ppm < 20 < 20 30 40 30 < 20 < 20 90 20
Co ppm 4 4 4 4 4 4 < 1 19 1
Ni ppm 4 5 5 6 4 4 5 47 1
Cu ppm 14 12 11 5 6 3 69 28 1
Zn ppm 546 508 49 45 22 43 7 70 1
Cd ppm < 0.5 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.5
S % 0.015 0.01 0.008 0.009 0.006 0.008 0.01 0.008 0.001
Ga ppm 19 17 15 15 16 16 13 20 1
Ge ppm 2.5 2.5 2 1.9 2 1.6 1.3 1.6 0.5
As ppm < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 5
Rb ppm 118 116 98 98 96 85 26 87 1
Sr ppm 123 123 125 152 156 142 109 214 2
Y ppm 23.6 25.8 22.2 23.3 22.6 25 25.5 29.3 0.5
Zr ppm 115 119 124 119 123 119 144 175 1
Nb ppm 6.1 5.4 5.9 5.5 5.7 5.7 7.4 9.9 0.2
Mo ppm < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 2
Ag ppm < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 0.3
In ppm < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.1
Sn ppm 2 2 3 3 3 3 2 3 1
Sb ppm < 0.2 < 0.2 0.3 0.4 0.3 < 0.2 0.3 0.4 0.2
Cs ppm 2.8 2.5 4.2 3.9 3.9 5.1 0.4 3.2 0.1
Ba ppm 805 820 616 675 675 880 316 640 3
La ppm 28.30 27.40 23.00 25.00 25.30 22.90 30.40 38.30 0.05
Ce ppm 4.16 52.60 44.00 48.70 49.10 46.30 57.50 76.90 0.05
Pr ppm 5.81 5.79 4.85 5.30 5.41 5.18 6.41 8.71 0.01
Nd ppm 22.1 20.6 16.6 18.3 19.1 19.4 22.9 32.1 0.05
Sm ppm 4.42 4.64 3.42 4.03 4.06 4.55 4.91 6.95 0.01
Eu ppm 0.892 0.857 0.625 0.692 0.725 0.707 0.546 1.42 0.005
Gd ppm 4.1 4.01 3.24 3.62 3.56 4.08 4.31 5.93 0.01
Tb ppm 0.71 0.68 0.56 0.62 0.63 0.68 0.73 0.92 0.01
Dy ppm 4.33 4.25 3.49 3.82 3.77 4.05 4.33 5.37 0.01
Ho ppm 0.9 0.87 0.72 0.8 0.78 0.83 0.88 1.07 0.01
Er ppm 2.67 2.63 2.15 2.41 2.31 2.46 2.65 3.06 0.01
Tm ppm 0.406 0.399 0.33 0.367 0.354 0.373 0.396 0.455 0.005
Yb ppm 2.76/ 2.75 2.33 2.57 2.49 2.52 2.69 3 0.01
Lu ppm 0.461 0.444 0.41 0.425 0.424 0.42 0.442 0.484 0.002
Hf ppm 3.4 3.2 3.5 3.2 3.3 3.2 4 4.3 0.1
Ta ppm 0.54 0.51 0.55 0.52 0.5 0.58 0.73 0.79 0.01
W ppm < 0.5 < 0.5 0.9 < 0.5 1.1 < 0.5 0.7 0.9 0.5
Tl ppm 0.63 0.62 0.46 0.41 0.44 0.39 0.18 0.51 0.05
Pb ppm 114 107 18 8 5 18 < 3 < 3 3
Bi ppm < 0.1 0.3 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 1 0.1
Th ppm 10.4 9.38 9.18 9.95 9.62 9.89 12.5 10.1 0.05
U ppm 2.07 2.2 1.9 1.89 1.88 2.43 2.3 2.15 0.01

* indicates magmatic garnet
Analyses by ICPMS at Activation Laboratories, Canada, according to their Code 4Lithoresearch and Code 4B1 packages, which use lithium metaborate/tetraborate fusion.
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The amount of H2O rises from 1 wt. % at 
550 °C to 11 wt. % in the melt at 780 °C.  

Comparison can be made with the rocks 
from the Skibotn Nappe Complex of the 
Scandinavian Caledonides, which show  
a mineral assemblage of garnet + plagio
clase + biotite +white mica + kyanite + rutile  
± K-feldspar ± sillimanite.  Thermo-dynamic 
modelling suggested (Ziemniak et al. 
2019) that garnet was stable at P–T condi-
tions of ~680–720 °C and ~8–10 kbars in 
the stability field of kyanite and the rocks 
underwent partial melting during exhu-
mation following a clockwise P–T path.  
A second episode highlighted by growth 
of secondary white mica resulted from 
subsequent overprint in amphibolite and 
greenschist facies. The P–T path sugges
ted for the minerals in the Zeber-Kuh 
granite (Fig. 6)  is close to isobaric coo
ling. The path is hypothetical, and depen-
dant on assumptions of H2O saturated 
conditions and moderate oxygen fugacity 
(log fO2 = −15). Relatively low Zr Tsat 
imply that zircon in Zb22 should be fully 
magmatic. This interpretation is suppor
ted by the euhedral to subhedral, elon-
gated or equant prismatic shape of most 
zircon grains, with the presence of oscil-
latory zoning. Most of zircon grains have 
high Th/U ratios ranges between 0.79–
0.45 with an average of 0.60. 

Geochemistry

Out of sixty samples, eight representative samples of garnet 
granite were analyzed for major and trace elements (Table 2). 
Seven of the samples are granites, with 69–74.5 wt. % SiO2 
and one is a granodiorite with 63.8 wt. % SiO2 (Fig. 7a).  
The range of other major elements in these rocks is 12.8– 
15.0 wt. % Al2O3 (average 14 wt. %); 3.1–3.6 wt. % Na2O; 
3.0–6.2 wt. % K2O; 0.1–3.3 wt. % MgO; 0.8–0.15 wt. %.TiO2 
and low concentrations of P2O5 (0.02–0.2 wt. %), despite  
the common apatite in thin section. Comparing the Zeber-Kuh 
granite with geochemical data of the I-type granite in the 
Lakhbargheshi area (Rossetti et al. 2015), the Lakhbargheshi 
granite shows higher SiO2 and K2O (average 74.7 wt. % and 
4.9 wt. % respectively) but lower Al2O3 and N2O (average 
12.3 wt. % and 2.8 wt. % respectively) and both granites con-
tain low Fe2O3, MgO and CaO. The most silicic granite sample 
(Zb22) appears altered, with very high Na/K ratio. It also 
shows high values of Al2O3, with some high field strength ele-
ments (HFSE), Th and U, but very low values of most other 
elements. The remaining granites are: two samples with  
~69.5 wt. % SiO2 and ~3.8 wt. % K2O, four samples with  

~72 wt. % SiO2 and ~3.1 wt. % K2O (Fig. 7b). The granites are 
weakly peraluminous, with aluminum saturation index (ASI) 
of 1.0–1.12 (Fig. 7c). The granodiorite has ASI = 1.5. Their  
A/NK (molar Al2O3/[Na2O + K2O]) ratios range from 1.79 to 
2.78 with an average of 2.10 (Fig. 7c). All granites plot well 
within the subalkaline field of Maniar & Piccoli (1989)  
(Fig. 7d).

Harker variation diagrams of major and trace elements vs. 
SiO2 allow the degree of mobility of elements to be assessed 
(not shown here). The MgO, Ga, Eu and Nd show systematic 
decreasing abundance with increasing SiO2. The K2O, Na2O, 
and other large-ion lithophile elements such as Rb and Ba, 
together with S, show a scattered distribution with no recog-
nizable trend. Others like Al2O3, P2O5, TiO2, La and Y show  
a general decreasing trend with increasing SiO2, but with con-
siderable scatter. This scatter is greater than in many Cenozoic 
granites, suggesting some mobilization due to hydrothermal 
alteration or metamorphic processes, or mixing of more than 
one magma type (Pin & Paquette 1997; Bonnetti et al. 2018). 
Decreasing Fe2O3, MgO, CaO, TiO2, Ba, Eu, and Sr with 
increasing SiO2 contents are consistent with fractional crystal-
lization and can be related to fractionation of plagioclase, clino
pyroxene, hornblende, and apatite (Esna-Ashari et al. 2011). 
In a K2O/Al2O3 versus Na2O/Al2O3 diagram (not shown), all 
samples fall in the igneous (I-type) field, with Na2O/Al2O3 in 
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the range of 0.24 to 0.26. There is a systematic inverse correla-
tion between P2O5 and SiO2 (not shown), also an indication of 
I-type origin (Chappell & White 1992).

In Zeber-Kuh, the concentration of P2O5 ranges between 
0.18 to 0.02 wt. %. Apatite-rich rocks are peraluminous with 
P2O5 contents ranging from 0.05 to 3.4 wt. %  (Szopa et al. 
2013). F, Mn, Sr and rare earth elements (REE) in apatite vary 
systematically with the composition of the host magma and 
thus have high potential as petrogenetic tracers (Belousova et 
al. 2002). More specifically, the F and Mn contents of apatite 
can be used as an indicator of magma aluminosity or differen-
tiation index (Miles et al. 2014). Apatite and biotite in the 
Western Tatra Mts. (S-Poland, Western Carpathians) represent 
an early cumulate (Szopa et al. 2013; Miles et al. 2014). 
Feldspar and textural relations may reflect the interaction of 
the crystal faces of both minerals and support a model based 
on local saturation of P, Ca, and F versus K, Na, Al, Si, and Ba 
in the border zones (Szopa et al. 2013). The presence of apa-
tite-rich rocks may be linked to the continuous mixing of felsic 
and mafic magmas, creating unique phosphorus- and alumi-
num-rich magma portions (Szopa et al. 2013; Miles et al. 
2014). Although the Zeber-Kuh garnet granite is highly felsic 
rock with 69–74.5 wt. % SiO2, scatter of some element in 

Harker type diagram indicate the mixing or contamination of 
magma during crystallization. The close relationship of apatite 
and feldspar in Zeber-Kuh could indicate that the slow diffu-
sion in the phosphorus-rich magma pockets favored the local 
saturation and simultaneous crystallization of apatite and feld-
spars in a crystal-laden melt (Belousova et al. 2002; Szopa et 
al. 2013).

The Zr/Y ratio for the studied rocks is >4.5 indicating 
calc-alkaline affinity in a plot of Zr vs. Y (Fig. 8). In a binary 
plot of Zr vs. 104×Ga/Al (Fig. 9a), all samples lie in the field 
of S and I type granite. The ternary diagram of Rb–Ba–Sr  
(Fig. 9b) of El Bouseily & El Sokkary (1975) for granitic 
rocks, indicates for these rocks a granitic trend typical of dif-
ferentiated granites with Ba enrichment and low Rb and Sr. 
According to this diagram, the granodiorite plots on the 
boundary of the granite with the granodiorite–quartz diorite 
field (differentiated trend) and some samples plot in the ano
malous granite field. A few samples lie in the normal granite 
field because of the high Ba concentrations, which are typi-
cally associated with high temperature K-feldspars in normal 
granites.

In the tectonic discrimination diagram of Th/Yb vs. Nb/Yb 
or Ta/Yb, the granites fall in the continental arc field (Fig. 10), 
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indicating the effect of Th enriched subduction fluids or crus
tal contamination. On various plots involving Rb, Y, Nb, and/
or Ta, all of the samples classify as within-plate granite or vol-
canic arc granite (Fig. 11). A plot of Nb vs Yb (not shown) 
after Pearce et al. (1984) used by Mollai et al. (2019) for the 
tectonic setting of the Tapeh Tagh Granite Gneisses and other 
Cadomian rocks of east Central Iran also shows that all Zeber-
Kuh samples fall in the within plate granite and VAG fields. 
One of the most characteristic features of magma was gene
rated in the supra-subduction zone is the enrichment of LILE 
(Rb, K, Th, U, Sr and Pb) as well as depletion of the high field 
strength elements like Nb and Ti as well as the HREE like Yb 
(Castillo & Newhall 2004). The REE patterns show mild 
LREE fractionation, a small Eu anomaly and an almost flat 
pattern of HREE (Fig. 12a). Plots of trace elements relative to 
primitive mantle for the unaltered granites (Fig. 12b) show 
that Cs and Rb are enriched more than Ba and Th, and that  
Nb, Ta, P and Ti are relatively depleted and (La/Yb)N = 11.3. 
The consistency of both the REE and the HFSE suggests that 
neither has been influenced by alteration, nor were such ele-
ments concentrated in small amounts of late accessory mine
rals. Thus, they can be used to interpret the petrogenesis of  
the granites. 

The REE patterns in zircons (Fig. 12c) show progressive 
enrichment from LREE to HREE with a positive Ce anomaly 
and a negative Eu anomaly. The range of concentrations of  
the REE is characteristic of magmatic zircons from felsic 
magmas (Hoskin & Ireland 2000; Hoskin & Schaltegger 
2003). These anomalies may indicate oxidizing conditions, as 
proposed from the P–T pseudosections (Fig. 6), although they 
are also influenced by plagioclase fractionation (Smythe & 
Brenan 2015; Loader et al. 2017).

U–Pb geochronology

A feature of many of U–Pb geochronology studies is  
an implicit assumption that all zircons present in the host 
igneous rock are crystallized from the surrounding melt 
(Samperton et al. 2015). However, it has long been recognized 
that zircons present in an igneous rock can be inherited either 
from the surrounding  country rock  or source region (xeno
crysts) (Samperton et al. 2015), or from earlier phases of 
magmatism or the magmatic plumbing system (antecrysts). 
Distinguishing these different origins for zircon  crystals  or 
domains within crystals is not straightforward (Pankhurst & 
Pidgeon 1976; Schaltegger et al. 2015). The typology study of 
zircon populations from granitic rocks led to the proposition 
of a genetic classification with three main divisions: (1) grani
tes of crustal or mainly crustal origin; (2) granites of crustal + 
mantle origin, hybrid granites; (3) granites of mantle or mainly 
mantle origin (Pupin 1980).

Zircon grains were separated from three samples (HP3, HP4 
and KS17) of coarse-grained garnet granite. From these three 
samples, 42 zircon grains were analyzed. The U–Pb age 
together with trace element abundances for zircon are listed in 
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Electronic Supplement S1. Cathodoluminescence images of 
zircon grains from the studied samples show strong lumines-
cence and well-developing zoning with oscillatory bands, 
which is typical for magmatic zircons. Cathodoluminescence 
and LA-ICP-MS or ion microprobe analysis are used to pro-
vide increased confidence for the discrimination of inherited 
zircons from autocrystic zircons and determination of the 
emplacement age (Schaltegger et al. 2015). 

Zircon grains from sample HP3 of grey garnet granite  
(Fig. 13) were mainly euhedral to subhedral. Some of the 
grains appeared broken, stubby, and elongated or equant pris-
matic in shape with oscillatory zoning. Their size ranged 
between 50 and 200 μm. Fourteen zircons were analyzed,  
with nine within 10 % of concordance forming a cluster with  
a Concordia age of 534.4 ± 6.0 Ma (n = 9, MSWD = 1.8) and  
a TuffZirc age of 532.6 ± 7.5 Ma (Fig. 13).
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Fig. 10. a –– Plot of Th/Yb versus Ta/Yb (Bowden & Kinnaird 1984). b –– Plot of Th/Yb versus Nb/Yb (after Pearce 2008). All of the samples 
fall into the high Th/Yb field near active continental arc environments on the binary diagram, indicating the influence of Th enriched subduc-
tion fluids or crustal interaction and contamination. Vectors indicate the influence of subduction component (S), within-plate enrichment (W), 
crustal contamination (C), and fractional crystallization (F). Dashed lines separate boundaries of the tholeiitic (TH), calc-alkaline (CA), and 
shoshonitic (SHO) fields. Values of N-MORB, E-MORB, OIB, and WPB are from Sun & McDonough (1989). Also plotted are Emeishan 
high-Ti (HT) and low-Ti (LT1 and LT2) basalts, data from Xu et al. (2001); Xiao et al. (2004); Zhang et al. (2006).

http://geologicacarpathica.com/data/files/supplements/GC-72-6-Mollai_Suppl_S1.xlsx
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Compatible trace-elements like U, Th, and the REE reflect 
differentiation of these elements in the host melt (Hoskin & 
Schaltegger 2003) The HP3 zircon grains have high Th/U 
ratios ranges between 0.95 and 0.36 with an average of 0.63. 
The REE patterns (Fig. 12c) show progressive enrichment 
from LREE to HREE with a positive Ce anomaly and a nega-
tive Eu anomaly. The range of concentrations of the REE is 
characteristic of magmatic zircons from felsic magmas 
(Hoskin & Schaltegger 2003).

Fifteen points from zircon grains of sample HP4 were 
analyzed. Zircons are generally prismatic with lengths of 
100–200 µm and length/width ratios of 2:1 to 3:1, and show 
oscillatory zoning with wide metamorphic growth rims. Com
paratively, the size of grains of this sample is smaller than  
in other samples. Nine analyzed points form a linear discor
dia line, but only two are 90 % concordant or better. These 
nine points give a Concordia age of 533.1 ± 3.4 Ma (n = 9, 
MSWD = 0.63) and a TuffZirc age of 531.9 ± 7.0 Ma (Fig. 12). 
Trace elements including REE are similar to HP3, with Th/U 
ratios ranges from 0.79 to 0.34 with average of 0.61 and con-
firm that there is oscillatory zoning. Euhedral zircon grains 
from gneiss sample HP-4 exhibited uniform to oscillatory-
zoned internal structures and high Th/U ratios (0.79 to 0.57) 
typical of magmatic minerals. Zircon grains from this sample 
experienced variable later overprint with the growth of dif

ferent rims resulting in these nine points give a Concordia  
age of 533.1 ± 3.4 Ma (n = 9, MSWD = 0.63) and a TuffZirc  
age of 531.9 ± 7.0 Ma. This is, therefore, considered to be  
the emplacement age of sample HP-4. The upper intercepts are 
of high errors, which means the nearly complete resetting of 
the U–Pb system in zircon or regrowth of the zircon crystal 
during the Cambrian. The upper intercept is calculated at 
3438 ± 390 Ma (MSWD = 2.8).

Thirteen points from zircons in sample KS17, pink foliated 
garnet granite, were analyzed. The zircon grains are euhedral 
in shape. The oscillatory zoned cores show characteristics 
indicative of magmatic origin, whereas the structure of less 
common overgrowth rims and some single grains show cha
racteristics typical of metamorphic origin, indicating that these 
zircons underwent significant alteration by late metamorphic 
or thermal events (Grant et al. 2009). Th/U ratios range from 
1.55–0.21 with average of 0.66. Eight zircons yielded a spread 
of characteristically Cadomian ages (Fig. 12). These eight  
analyses are at least 97 % concordant and give a Concordia 
age of 553 ± 17 Ma (n = 8, MSWD = 9.1). A coherent group  
of four of these points gave TuffZirc age of 573.3 ± 2.4 Ma. 
One of the other point gave a young age of ca. 200 Ma, 
suggesting some Cimmerian resetting. Two zircons have  
0.75 Ga ages and two others 2.5 Ga ages, all apparently 
reflecting inheritance from older crust.
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Discussion

Interpretation of zircon geochronology

Most of the analyzed zircon grains showed typical oscilla-
tory zoning and have Th/U ratios higher than 0.1, suggesting 
the zircons were of igneous origin. Metamorphic zircon either 
lacks zonging or shows weak, cloudy, planar or patchy zoning 
(Pupin 1980; Mollai et al. 2019; Méheut et al. 2021). The zoning 
reflects the compositional variation of Zr and Si and more 
important variations in Hf, P, Y, the REE, U, and Th, up to  
an order of magnitude for some of these elements  (Claiborne 
et al. 2010). Zircons in the Zeber-Kuh are characterized by 
margins as well as cores with luminescence and zoning with 
oscillatory bands, which is typical for magmatic zircons. With 
increasing differentiation of the host melt, zircon tends to have 
higher compatible trace-element levels like U, Th, and REE 
(Belousova et al. 2002). Topology and CL and BSE images of 
zircon from the Zeber-Kuh garnet granite can be compared 
with zircon grains of the Menderes Massif in western Turkey. 

The two samples of grey granite from Zeber-Kuh show similar 
Pb loss and Concordia ages of 534 Ma (Fig. 12), and the third 
gave a cluster of zircons with an age of 573 Ma. Dating of 
zircons from other Cadomian plutons in the general region has 
yielded Concordia ages between 576 ± 3 and 536 ± 5 for mag-
matic zircons (Rossetti et al. 2015). Zircon grains from sample 
HP-3 (Fig. 13) were euhedral, but some grains were broken 
into fragments. A light overgrowth rim is easily observed  
on the oscillatory core. A total of fifteen analyses clustered 
around the concordant curve and defined a concordant line 
with a lower intercept at 534 Ma (n = 15, MSWD = 0.96). This 
is, therefore, considered to be the emplacement age of sample 
HP-3.

The foliated pink granite KS17 shows a spread of ages along 
Concordia (Fig. 13). Given the two 0.75 Ga and two 2.5 Ga 
analyses from magmatically zoned zircon cores (Electronic 
Supplement S1), there appears to be incorporation of older 
crustal material with igneous zircons. The one grain that gave 
an age of 200 ± 3 Ma probably reflects metamorphic out-
growth, as inferred from CL images, during Triassic accretion 

Fig. 13. Results of zircon U–Pb geochronology of samples HP3, HP4 and KS17 of garnet granitoids from Zeber-Kuh. Sample HP3: Fourteen 
zircons were analyzed, with nine within 10 % of concordance forming a cluster with a Concordia age of 534.4 ± 6.0 Ma (n = 9, MSWD = 1.8) 
and a TuffZirc age of 532.6 ± 7.5 Ma. Sample HP4: Fifteen points were analyzed, Nine analyzed points form a linear discordia line, but only 
two are 90 % concordant or better. These nine points give a Concordia age of 533.1 ± 3.4 Ma (n = 9, MSWD = 0.63) and a TuffZirc age of  
531.9 ± 7.0 Ma. Sample KS17: Thirteen points were analyzed. Eight zircons with characteristically Cadomian ages are at least 97 % concordant 
and give a Concordia age of 553 ± 17 Ma (n = 8, MSWD = 9.1). A coherent group of four of these points gave Tuff Zirc age of 573.3 ± 2.4 Ma.

http://geologicacarpathica.com/data/files/supplements/GC-72-6-Mollai_Suppl_S1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-72-6-Mollai_Suppl_S1.xlsx
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to Eurasia in the Cimmerian orogeny. Ablation of minor 
amounts of inherited zircon during analysis could account for 
the spread of analyses along Concordia. The ages of the four 
pre-Cadomian zircons correspond to the two most prominent 
pre-Cadomian peaks in detrital zircons from lower Paleozoic 
sandstones in Iran (Moghadam et al. 2016) and specifically in 
the lower Cambrian Zaigun sandstone (Honarmand et al. 
2018), at 0.75 Ga and 2.5 Ga. The abundance of such old zir-
cons in sample KS17 suggests that all such old detrital zircons 
could have been recycled through younger plutons.

Petrogenesis and magmatic source of upper Neoproterozoic 
garnet granite

The geochemical features indicate that the rocks are highly 
fractionated I-type granite and have undergone extensive 
fractional crystallization of hornblende, biotite and feldspar. 
Results are consistent with melting of an evolved lower crust 
source during the subduction of the Proto-Tethys Ocean.  
The emplacement of the Zarin granite is contemporaneous 
with the extension of a Cadomian continental arc on the north 
side of Gondwana, that rifted away to create the Rheic Ocean 
to its south (Nouri et al. 2018; Asadi Sarshar et al. 2020). 
Cadomian basement rocks in Iran are interpreted as an impor
tant link between western and eastern sectors of the upper 
Proterozoic–lower Paleozoic orogenic belts along the northern 
side of Gondwana, and the histories of the Rheic, Iapetus and 
Proto-Tethyan oceans (Moghadam et al. 2020).

Upper Neoproterozoic–Cambrian, orogenic, granitic gneis
ses such as the Zeber-Kuh exhibit geochemical characteristics 
typical of high silica content. This igneous body has an ave
rage composition of 71 wt. % SiO2, 14 wt. % Al2O3, 3.8 wt. % 
Na2O, 2.9 wt. % K2O, 0.9 wt. % MgO, 0.3 wt. % TiO2, and  
0.1 wt. % P2O5.  The ratio of Ga/Al is high, as is the ratio of 
iron to magnesium with lower levels of Ca, Mg, Ti, P, and Sr. 
Based on the Na2O + K2O versus SiO2 diagram, the Zeber-Kuh 
was predominantly granite; only two samples plotted in the 
granodiorite field (Fig. 7b). The rocks are sub alkaline and 
peraluminous (Fig. 7c). The Zeber-Kuh granite was more 
enriched in LREE relative to HREE. LaN/YbN is high (average 
11.3), Eu/Eu*<1 ranges between 0.22 to 0.12 with average 
0.18 and Ce/Ce* ranges between 4.25 to 0.32 with an average 
of 3.4.

Contemporaneous positive Ce anomalies and negative Eu 
anomalies are a common observation in zircons (Fig. 12c). 
They seem to support oxidation of magma which is probable 
due to the presence of epidote. This has posed somewhat of  
a paradox, as Ce4+, interpreted to represent oxidizing condi-
tions, and Eu2+, which is stable under reducing conditions, 
were thought to not coexist (Lauer & Morris 1977; Hoskin & 
Schaltegger 2003). This leads to the conclusion that other 
mechanisms, such as the fractionation of plagioclase, prior to 
or during zircon crystallization, are required to form simulta-
neous Ce and Eu anomalies. Using models for Ce redox state 
and for Eu, it is possible to estimate the coexisting Ce and Eu 
anomalies in zircon at equilibrium (Lauer & Morris 1977; 

Hoskin & Schaltegger 2003). This shows that the high affinity 
of zircon for Ce4+, coupled with the stabilization of trace 
amounts of Ce4+ at relatively reducing conditions, can also 
account for this observation. Ce and Eu anomalies in zircon 
are also affected by the co-crystallisation of REE bearing 
phases, such as titanite. Based on the trace element chemistry 
of zircons from titanite-bearing intrusions associated with 
mineralisation of Cu–Au deposit neither zircon Eu/Eu*, nor 
Ce4+/Ce3+ are robust proxies for melt redox conditions, because 
they are both too strongly dependent on melt REE concentra-
tions, which are usually poorly constrained and controlled by 
the crystallization of titanite and other REE-bearing phases. 
Ce and Eu are unique among the other REE, which are usually 
trivalent, whereas Ce and Eu may also exist as Ce4+ and Eu4+.

These data are consistent with melting in the stability field 
of plagioclase with little contribution to the melt from refrac-
tory minerals such as zircon, and apatite. The REE and trace 
element patterns, which display negative Eu and Sr anomalies 
on the spider diagrams (Fig. 12a and b), indicate that the crys-
tal-liquid equilibrium involved feldspar either in the source  
or in a melt. The negative anomalies of Eu, Ba, and Sr were 
interpreted as differentiation of plagioclases in a stable mine
ral phase during partial melting of the source rock (Hanson 
1978; Moghadam et al. 2020). Minerals such as garnet have 
influenced Y abundance, while biotite could have controlled 
Nb enrichment. Orthogneiss in the area (Mollai et al. 2019) 
with high modal biotite also displays enriched Nb content. 
Important evidence for the origin of the garnet granite is their 
REE patterns. The observed, almost flat, or slightly decreasing 
HREE patterns indicate no residual or fractionating garnet, 
and the slight rise from Dy to Lu suggests amphibole fractio
nation (Fig. 12b). The presence of slight to significant nega-
tive Eu anomalies, which played an important role in the 
petrogenesis, could be due to the fractionation of feldspar  
and/or residual feldspar (Pearce et al. 1984; Furman et al. 
1992; Pearce 2008). The rock consistently plots in the geo-
chemical field of Active Continental Margins. Based on the 
whole-rock geochemistry and REEs, the garnet granite is 
thought to have crystallized from the subduction-related par-
tial melt of the volcanic arc granite (VAG; Fig. 11). The  same 
data in Fig. 10 plot in the continental arc field. It is further 
suggested that east-central Iran was in a similar tectonic 
setting to the Tauride belt in western central Turkey, and to 
Gondwana terrains in North Africa and southern Europe 
during the Cadomian (Alavi 1994; Ramezani & Tucker 2003; 
Bozkaya et al. 2006; Gürsu & Göncüoglu 2006).

Geodynamic implications

The Gondwana supercontinent formed during the late Neo
proterozoic and remained stable over at least 300 Ma from 
Cambrian to Triassic. The supercontinent was an amalgama-
tion of east and west Gondwana in the Pan-African orogeny 
(Stern 2008; Mollai et al. 2019). The back-arc basin setting  
of the lower Cambrian meta-magmatic rocks of Turkey is in 
agreement with the geodynamic model for Anatolia, which 
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suggests that the late Neoproterozoic–early Cambrian volca-
nism in southern Turkey was related to the southward subduc-
tion at the northern margin of Gondwana. Magmatic 530– 
630 Ma rocks from the Cadomian magmatic arc have been 
reported from central, north-west, north-east and eastern Iran 
(Table 1), as well as Azerbaijan, and are related to the Pan-
African tectonic-magmatic episode (Ramezani & Tucker 
2003; Azizi & Moinevaziri 2009). U–Pb zircon and whole-
rock Rb/Sr dating of basement rocks in Iran is consistent with 
the rocks being from the late Ediacaran–early Cambrian and  
of Cadomian magmatic arc emplacement age (Haghipour 
1974; Moghadam et al. 2016). The Cadomian magmatism in 
Iran began with the interaction of the arc-related magma with 
the Gondwana basement above the southward-subducting, 
northern margin of Gondwana at ca 570–600 Ma (Fig. 14). 
Subsequently, at ca. 560–590 Ma, a back-arc basin was ini
tiated behind the Cadomian magmatic arc. The oldest phase of 
Zeber-Kuh magmatism, represented by the 573 Ma date from 
the foliated pink granite (KS17), dates from this time. Anatexis 
is inferred from the inherited old zircons in this granite.

The trace and REE characteristics of Zeber-Kuh garnet 
granite are similar to arc-related granites and show compara-
ble compositions to other Cadomian intrusions in East-Central 
and Central Iran (Rossetti et al. 2015; Moghadam et al. 2016; 
Mollai et al. 2019). The petrography shows some development 
of secondary minerals, and some zircon outgrowths developed 
during the Cimmerian orogeny, so that care must be taken in 
interpreting more mobile elements, as shown by the trace ele-
ment composition of altered granite Zb22 (Table 1). The stable 
REE, Th, Nb and Ta values indicate formation in a continental 
arc environment (Fig. 10). The whole-rock geochemistry 
suggests that the Zeber-Kuh granite is an I-type granite.  
The Na2O/Al2O3 ratio and the inverse correlation between 
P2O5 and SiO2 are characteristic of I-type origin (Chappell & 
White 1992). The zircons are characteristically of igneous 
origin and most have an age similar to the inferred Cadomian 
emplacement age. Most of the analyzed zircon grains showed 
typical oscillatory zoning and have Th/U ratios higher than 
0.1, suggesting the zircons were of igneous origin. Never
theless, there are some features that might indicate an S-type 

origin for the Zeber-Kuh granite, or a component of the gra
nite. The whole-rock geochemistry is mildly peraluminous 
(Fig. 7c), particularly for the one granodiorite sample. How
ever, peraluminous, silica-rich (SiO2 >71 wt. %) I-type gra
nites are relatively common world-wide. Magmatic garnet is 
most commonly a component of S-type granites (Sheibi et al. 
2010), but is also found in some I-type and A-type granites 
(Du Bray 1988). One sample of the Zeber-Kuh granite has 
33 % recycled older igneous zircons, suggesting S-type affi
nity. Because all the rock types in the Zeber-Kuh complex 
have faulted contacts, the surrounding lower amphibolite 
facies (epidote-amphibolite) metamorphic rocks and the gra
nitic gneisses have an unknown relationship to the garnet 
granite and thus provide limited evidence of the conditions 
under which the granite was emplaced.

Most granite plutons have been constructed by multiple 
batches of magma. This is easily recognized when emplace-
ment has taken place over an extended period, or when diffe
rent batches have contrasting whole-rock geochemistry. Where 
magma batches have been well mixed, detailed study of 
mineral components may be necessary to distinguish multiple 
sources (Gao et al. 2016; Rong et al. 2018). Thus many gra
nites in the world are neither 100 % I-type nor 100 % S-type.
One of the most characteristic features of the Zeber-Kuh 
granite is the presence of isotropic garnet. Anisotropic garnet 
with a low birefringence and zoning is usually the product of 
metasomatism (Hariya & Kimura 1978; Mollai et al. 2014, 
Mollai et al. 2019). Analyses of garnets in this region by 
Rossetti et al. (2015) show that they compositionally conform 
to an almandine–grossular solid solution (Alm58–70, Grs19–31) 
with only minor Prp3–9 and Sps0–13. There is rimward decrease 
in the spessartine component compensated by almandine 
enrichment. These garnets are most similar to some magmatic 
high-Alm garnets reported from the Neoproterozoic Galiléia 
batholith in Brazil (Narduzzi et al. 2017). The compilation of 
experimental data by Narduzzi et al. (2017) suggests that such 
low-pyrope garnets, in equilibrium with epidote and musco-
vite, are characteristic of magma crystallization at pressures 
greater than 0.8 GPa (~ 25 km depth) and at temperatures 
below 700 °C with >10 % water.

Conclusions

The Zeber-Kuh garnet granite is weakly peraluminous and 
has I-type granite geochemical features. Like other granites in 
the northern Kashmar–Kerman tectonic zone, it is characte
rized by the presence of magmatic garnet showing alteration 
to biotite and secondary epidote. The compositional data and 
the physical conditions of crystallization reported for solid 
phases such as biotite or white mica are consistent with mag-
matic equilibration with garnet. Thus fractionation of Mn in 
garnet as well as the proportion of garnet that crystallizes is 
roughly controlled by the evolving composition of the diffe
rent granitic facies. All available data, including field and 
petrographic relationships, mineral chemistry, bulk major and 

Fig. 14. Summary of the geodynamic tectonic setting of Cadomian 
crustal terranes within east-central Iran, with special reference to 
Zeber-Kuh garnet granitoids (see text for explanation). Modified after 
Stern (1994); Gürsu & Göncüoglu (2006); Linnemann et al. (2014); 
Moghadam et al. (2016); Honarmand et al. (2018).
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trace element compositions, and isotopic ratios support diffe
rentiation by fractional crystallization of magma in the middle 
crust. Mineral assemblages are plagioclase and subordinate 
quartz, garnet, biotite K-feldespar ± muscovite. Remarkably, 
garnet crystallized throughout the differentiation sequence  
of the Zeber-Kuh garnet granite (SiO2 = 65.70–74.57 wt. %).  
Its textural characteristics and chemical compositions indicate 
that it could have formed by direct nucleation and subsequent 
crystallization from the peraluminous magma in equilibrium 
with solid phases such as biotite and muscovite. Fractionation 
of Mn in garnet as well as the proportion of garnet that crys
tallizes is roughly controlled by the evolving composition  
of the different granitic facies. Contrarily, garnet housed in 
granitic rocks, rich in spessartine, must be considered in very 
felsic magmas (SiO2 = 64–74 %) crystallizing above 680 °C. 
The primary minerals imply an origin at pressures greater than 
6–8 kbar  (~ 25 km depth) and at temperatures above 700 °C 
with > 10 % water, thus likely in a fore-arc setting (Dahlquist 
et al. 2007). The stable REE, Th, Nb and Ta values also indi-
cate formation in a continental arc environment. 

The zircons are characteristically of igneous origin and most 
have an age similar to the inferred Cadomian emplacement 
age. The age of the main phase of the Zeber-Kuh granite,  
~534 Ma, correspond to the youngest regionally dated Cado
mian magmatism. Foliated pink granite is older (~ 573 Ma) 
and contain recycled older igneous zircons dating from 0.75 
and 2.5 Ga, corresponding to widely recognized age peaks  
in Paleozoic detrital sediments. Most of the analyzed zircon 
grains have REE compositions, typical oscillatory zoning and 
Th/U ratios higher than 0.1, characteristic of an igneous ori-
gin, but some have metamorphic outgrowths that probably 
date from the Cimmerian orogeny. The trace and REE charac-
teristics of Zeber-Kuh garnet granite are similar to arc-related 
granites and show comparable compositions to other Cadomian 
intrusions in East-Central and Central Iran. Magmatic rocks of 
530–630 Ma from the Cadomian magmatic arc have been 
reported from central, north-west, north-east and eastern Iran 
(Table 1) as well as Azerbaijan, and are related to the Pan-
African tectonic-magmatic episode. The Cadomian magma-
tism in Iran began with the interaction of the arc-related 
magma with the Gondwana basement above the southward-
subducting, northern margin of Gondwana at ca 570–600 Ma, 
but plutons of the main igneous phase give mean ages of  
527 Ma and are part of the of late Neoproterozoic–early Paleo
zoic magmatic activity in peri-Gondwana. Our geochemical 
and geochronological data are consistent with late Neopro
terozoic–early Paleozoic arc magmatism along the active con-
tinental margin of north Gondwana. All the above blocks were 
part of Gondwana until later in the Paleozoic, when they 
separated during Neotethys rifting and were re-joined in the 
Oligo–Miocene period.
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