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The ChahJam-Biarjmand complex (CJBC), flanked by the Alborz Mountains in the north and the Lut-Tabas block
to the south, is part of Central Iranian block, where the oldest continental crust of Iran is found. This complex
contains granitic to tonalitic orthogneissic rocks (old plutons) and associated metasediments, amphibolites
and paragneisses. Metamorphosed granitic and granodioritic dikes intrude orthogneisses as well as
metasediments and are abundant close to the plutons (orthogneissic rocks). Based on the results of bulk rock
trace and rare earth elements, the orthogneissic rocks are inferred to have crystallized from subduction-related
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melts. Amphibolites also have subduction-related signatures and are inferred to have formed both as metamor-

Keywords: phosed volcanoclastic sediments and as attenuated basic dikes. The presence of para-amphibolites associated

Cadomian magmatism with paragneisses and metasediments (mica schists) could represent a sedimentary basin filled with magmatic

U-Pb dating arc erosional products. U-Pb zircon dating of the ChahJam-Biarjmand rocks yielded 23U/2°°Pb crystallization

éifo:jn Hf isotopes ages of ca. 550 to 530 Ma (Ediacaran-early Cambrian). Sr-Nd isotope systematics on whole rocks (eNd(t) =
ondwana

—2.2 to —5.5) and zircon Hf isotope results indicate that CJBC Cadomian granitic rocks contain older, possible
Mesoproterozoic, continental crust in their source. The ChahJam-Biarjmand granitic-tonalitic gneissic rocks
are coeval with other similar-aged metagranites and gneisses within Iranian basement exposed in Central Iran,
the Sanandaj-Sirjan Zone and the Alborz Mountains, as well as in the Tauride-Anatolide platform in western
Anatolia and in NW Turkey. All these dispersed Cadomian basement rocks are interpreted to show fragments
of Neoproterozoic-early Cambrian continental arcs bordering the northern active margin of Gondwana.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The Alpine-Himalayan orogenic belt in Europe and Asia includes
peri-Gondwana terranes generated by Ediacaran-Cambrian arc-type
magmatism typical of the Cadomian event (e.g., Fernandez-Suarez
et al,, 2000, 2002; Nance et al., 2002; Ustadmer et al., 2009; Ustaémer
etal, 2011). Ediacaran-Cambrian magmatism of the Cadomian belt is
suggested to reflect widespread continental arc magmatism along the
northern margin of Gondwana (e.g., Ramezani and Tucker, 2003;
Ustadmer et al., 2009, 2011). Fragments of the Cadomian belt rifted
from Gondwana during Cambrian-Ordovician times and accreted to
Eurasia throughout the later Phanerozoic (e.g., Stampfli et al., 2002;
Murphy et al., 2004; Nance et al., 2008, 2010; Ustaémer et al., 2011).
Recent efforts to understand the Cadomian basement in Turkey and
Iran emphasize dating of metamorphosed granites and gneissic rocks
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and provenance analysis of Paleozoic sedimentary units (e.g., Ramezani
and Tucker, 2003; Hassanzadeh et al., 2008; Ustaomer et al., 2009,
2011, 2012; Jamshidi Badr et al., 2013).

The Cadomian terranes in Iran and Turkey are often thought to be
fragments rifted away from the Arabian-Nubian Shield (ANS). The
ANS is dominated by Neoproterozoic crust formed between 900 and
580 Ma through the accretion of intra-oceanic arcs, leading to the
closure of the Mozambique Ocean in the Cryogenian (e.g., the ocean
between the Afif block and Sahara) and the amalgamation of Gondwana
(Stern, 1994a,b, 2002; Johnson and Woldehaimanot, 2003; Collins and
Pisarevsky, 2005; Stern, 2008; Stern and Johnson, 2010; Ali et al,,
2013; Fritz et al., 2013). But the ocean was still open in the east in the
Ediacaran (e.g., Collins and Pisarevsky, 2005; Johnson et al., 2011). The
ANS records ~300 m.y. of orogenic evolution from intra-oceanic sub-
duction, arc and back-arc magmatism (870-700 Ma), through terrane
amalgamation (~800 to 650 Ma), to terminal collision between major
fragments of eastern and western Gondwana, with attendant tectonic
escape, strike-slip faulting, delamination, and extension (630-550 Ma) of
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the newly formed continental crust (Kroner et al,, 1987; Stern, 1994a,b;
Genna et al., 2002; Johnson and Woldehaimanot, 2003; Avigad and
Gvirtzman, 2009; Stern and Johnson, 2010; Johnson et al., 2011; Ali et al,,
2013). However, the Cadomian basement is somewhat younger than the
youngest ANS igneous rocks.

The overall uniformity of Ediacaran and Paleozoic platform strata
that covered Central Iran and the Alborz provinces led to the notion
that these regions were once part of an undivided Paleozoic Arabian-
Iranian platform of the Gondwana supercontinent (e.g., Stocklin, 1968,
1974). By analogy to the Arabian Shield and platform, continental
crust of Neoproterozoic age was believed to underlie both Alborz and
central Iran. Geochronological evidence tying Greek, Turkish as well as
Iranian basements to the northern active margin of Gondwana came
from Robertson and Dixon (1984), Sengdr (1984), Ramezani and
Tucker (2003), Hassanzadeh et al. (2008), Ustadmer et al. (2009,
2011) and Jamshidi Badr et al. (2013). Many of these basement terranes
preserve evidence of latest Ediacaran-Early Cambrian magmatism
(e.g., Ustabmer et al., 2009; Jamshidi Badr et al., 2013). In this scenario,
Ediacaran-Early Cambrian magmatism is suggested to have formed
a widespread continental active arc along the northern margin of
Gondwana (e.g., Ramezani and Tucker, 2003; Hassanzadeh et al., 2008;
Ustabmer et al., 2009, 2011).

In this paper we present new field data, whole rock major, trace, rare
earth elements and Sr-Nd isotope geochemistry, U-Pb zircon dates and
zircon Hf isotopic compositions to better understand the age and nature
of metamorphic basement (granitic-tonalitic orthogneisses and associ-
ated amphibolites and paragneissic rocks) of the ChahJam (Torud)-
Biarjmand metamorphic complex. We then use whole rock Nd and
zircon Hf isotopes to infer the sources of these orthogneissic rocks. We
are searching for the oldest basement rocks in central Iranian block
and intend to relate these units to other dispersed Gondwananide con-
tinental fragments in Iran, Turkey and Afghanistan.

2. Geological setting
2.1. General view

The tectonic framework of Iran is made up of a number of
Gondwana-derived micro-continents sutured together by ophiolitic
remnants of Paleo-Tethys and Neo-Tethys oceanic lithosphere (Shafaii
Moghadam and Stern, 2011). The continental blocks collided with
Eurasia when Paleo-Tethys closed during Triassic time, generating a
suite of collision-related granitoids of Late Triassic age in northeastern
Iran (Karimpour et al., 2010). Collision with the most recent Gondwana
fragment - Arabia - continues along the Bitlis-Zagros suture zone, part
of the Zagros Orogenic Belt. This belt extends SE from eastern Turkey
through northern Iraq and SW Iran to the Straits of Hormuz and into
northern Oman, accommodating ~20 mm/yr of convergence between
Arabia and Eurasia (Reilinger et al., 2006).

Iran can be divided into 8 major tectonic zones (Fig. 1), from N to
S: 1) The Kopet-Dagh zone in NE Iran, which is part of the 500 km
long and 100 km wide Turan block of Eurasia. 2) The Alborz zone in
NW Iran, which is a ~600 km long and ~100 km wide belt of Precambrian
to Recent magmatic and sedimentary rocks. 3) The Central Iranian block
or microcontinent, consisting of three major crustal blocks (from E to
W): Lut, Tabas, and Yazd (e.g., Alavi, 1991). These are the Cadomian
blocks that drifted from Gondwana and accreted to Eurasia as the result
of northward subduction and closure of Paleotethys in Permo-Triassic
time (e.g., Berberian and King, 1981; Sengér, 1987; Stampfli, 2000).
The Central Iran block includes sutures marked by Paleozoic (Jandagh-
Anarak), and Late Cretaceous (Nain-Baft; Sabzevar) ophiolites. 4) The
Eastern Iranian suture zone, between the Lut block in the west and the
Afghan block in the east. The tectonic evolution of this zone was domi-
nated by the emplacement of the Cretaceous Birjand-Nehbandan-
Tchehel-Kureh ophiolites followed by deposition of Late Cretaceous—
Paleocene flysch. 5) The Urumieh-Dokhtar magmatic belt, a 50-80 km

wide Andean-type magmatic belt of intrusive and extrusive rocks
formed by northeastward subduction of Neo-Tethys beneath Iran during
Late Cretaceous and Cenozoic time (Falcon, 1974; Berberian and
Berberian, 1981; Berberian and King, 1981; Berberian et al., 1982;
Alavi, 1994; Shahabpour, 2007; Chiu et al., 2013). 6) The Zagros Fold-
Thrust Belt (ZFTB), an external (trench-ward) deformed part of the
Zagros Orogen (Alavi, 1980, 1991, 1994). The Zagros Fold-Thrust Belt
extends southeast for nearly 2000 km from southeastern Turkey
through northern Syria and northeastern Iraq to western and southern
Iran (Alavi, 1994). 7) The Sanandaj-Sirjan Zone (SSNZ), the metamor-
phic core of the Zagros orogen (Mohajjel et al., 2003) separating the
inner and outer Zagros ophiolite belts. The Sanandaj-Sirjan Zone rocks
span most of Phanerozoic time, including imbricated slices of marine
and continental siliciclastic sediments metamorphosed under low- and
medium-grade greenschist conditions (Alavi, 1994). 8) The Makran
zone comprising Cretaceous ophiolitic units and younger flysch-type
sediments, including Eocene to Miocene turbidites.

The metamorphic basement of Central Iran is considered to be
Precambrian and is overlain by rare remnants of Paleozoic platform
sediments. Mesozoic and Cenozoic sedimentary successions also cover
the metamorphic basement. The metamorphic basement of the Central
Iranian block is dominated by granitic to tonalitic gneiss, from which
Ediacaran-Cambrian ages have been reported (Fig. 1; Ramezani and
Tucker, 2003). This basement has been recognized in the Yazd-Tabas
blocks, including a pocket of high-grade metamorphic rocks in the
Chapedony-Saghand area (Fig. 1) interpreted to be a metamorphic
core complex (Ramezani and Tucker, 2003; Verdel et al., 2007;
Kargaranbafghi et al., 2012a). This basement was exhumed during Eocene
crustal extension followed by Early Miocene erosion (Kargaranbafghi
et al., 2012b). Ediacaran-Cambrian basement also occurs in other places
in Iran (Fig. 1), including the Takab-Zanjan (Hassanzadeh et al., 2008),
Soursat (Jamshidi Badr et al., 2013), and Khoy (Azizi et al., 2011) areas
in NW Iran, and around Birjmand in NE Iran. Ediacaran-Cambrian
rocks also occur in the Alborz (Lahijan pluton) and in the Sanandaj-
Sirjan Zone (Muteh region) (Hassanzadeh et al., 2008). In this paper
we focus on the late Neoproterozoic—Cambrian basement in the Torud
(ChahJam)-Biarjmand region in NE Iran (Fig. 1).

2.2. Geology of the ChahJam-Biarjmand complex

The ChahJam-Biarjmand complex (CJBC) covers >5000 km? and
is flanked by the Alborz mountains in the north and the Lut-Tabas
block to the south. The region between the Lut-Tabas blocks and
the ChahJam-Biarjmand complex is a large desert and playa, com-
posed of clay and salt deposits, which obscures the contact between
the Saghand and Taknar metamorphic complexes to the south with
the ChahJam-Biarjmand complex. To the north, the ChahJam-
Biarjmand complex is surrounded by Eocene (Shafaii Moghaddam,
2014; U-Pb zircon ages) volcanic and plutonic rocks of the Torud
magmatic belt and by metamorphosed (phyllite, schist, marble) Pa-
leozoic strata. Hushmandzadeh et al. (1978) considered the
ChahJam-Biarjmand metamorphic rocks to be Precambrian. This
was revised by a U-Pb zircon age of ~520 Ma for crystallization of
the ChahJam orthogneisses (Rahmati-Ilkhchi et al., 2009). Ar-Ar
and K-Ar ages on muscovite and biotite grains from ChahJam
metagranites have yielded ages of ca. 160 and 171 Ma, respectively
(Rahmati-Ilkhchi et al., 2009). These ages may record cooling after
metamorphism of these metagranites.

The ChahJam region contains amphibolite-facies meta-igneous rocks
and mica schist, and lower-grade Permian to Miocene cover sequences.
These rocks were affected by four major deformation phases including
Precambrian to Mid-Jurassic deformation, Cretaceous folding and
Neogene folding (Rahmati-Ilkhchi et al., 2010). Lower-greenschist
facies metamorphosed Jurassic sandstones and shales unconformably
overlie the ChahJam-Biarjmand metamorphic basement, indicating
that uplift and erosion occurred after Cadomian igneous activity and
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Fig. 1. Simplified geological map of Iran highlighting areas where Ediacaran-Cambrian (~600-520 Ma) radiometric ages are documented (stars) and the main ophiolitic belts (thick
dashed lines). Numbers show U-Pb zircon ages (the age of the Soursat complex is from Jamshidi Badr et al., 2013; Khoy is from Azizi et al., 2011; other ages are from Hassanzadeh

etal, 2008).

deformation and before Jurassic time. Jurassic strata are stratigra-
phically overlain by Jurassic-Cretaceous limestones of Kuh-e-
Molhedou. As these units are separated from the Biarjmand metamorphic
core by two major low-angle faults, a core complex model was suggested
by Hassanzadeh et al. (2008).

The ChahJam metamorphic basement is divided into psammitic to
volcanogenic meta-sediments (paragneiss, mica schist, garnet-mica
schist and amphibolite), and orthogneiss consisting of meta-igneous
felsic plutonic rocks and metamorphosed felsic and rare mafic (amphib-
olite) dikes and sills. There was no constraint on the age of deposition of
the mica schists and other meta-sediments in this region. Orthogneiss
(granitic protolith) intrudes the metasedimentary rocks. Orthogneissic
granitic dikes are especially common around granitic-tonalitic
orthogneissic plutons and intrude mica schist, amphibolites and meta-
sediments. Some of these dikes contain tourmaline as elongated pheno-
crysts. Garnet-rich granitic mylonites with a quartz and feldspar (and
biotite) stretching lineation are also abundant in the ChahJam region.
Garnet-rich mylonitic leuco-granites occur as small plutons, crosscut-
ting the whole ChahJam metamorphic sequence. Evidence of contact
metamorphism is revealed by mica-rich veins and also by hornfels
containing olivine, iron-rich cordierite, greenish hercynite, wollastonite

and tremolite. Augen gneiss is rare in the ChahJam region but becomes
increasingly common toward Biarjmand. The alternation of felsic
paragneiss (with quartz and feldspar), dark amphibolitic and even
mica schist layers is common in the ChahJam region (in macroscopic
and mesoscopic scale), probably representing protolith layering (So =
N40W, 10NE) (Fig. 3A). The garnet mica schists are mineralogically
similar to mica-rich paragneisses. Paragneissic rocks are mostly repre-
sented by alternating quartzo-feldspathic and foliated biotite-rich
layers (Fig. 3B). Paragneisses, amphibolites and garnet-mica schists
occasionally show deformed and folded quartzo-feldspathic bands/
layers with scarce amphiboles, probably reflecting partial melting of
the host rocks (Fig. 3C). The sequence exhibits strong ductile deforma-
tion with folding and development of LS-tectonites. Dark-green
amphibolitic layers in the ChahJam-Biarjmand complex are up to several
meters thick but they decrease in importance toward the Biarjmand
region. These layers usually taper until they disappear. Metamorphosed
aplitic to pegmatitic dikes are common in the ChahJam-Biarjmand
orthogneisses.

In the Biarjmand region, fine-grained schists with marble intercala-
tions are common. Coarse-grained augen orthogneiss (with large
K-feldspar porphyroblasts) associated with slightly metamorphosed
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Fig. 2. Simplified geological map of the ChahJam-Birajmand metamorphic complex.
Modified after 1/250,000 maps of Kharturan and Torud, Geological Survey of Iran.

A-type granitic to dioritic and even gabbroic plutons are abundant.
Individual lenses or layers (a few meters thick) of greenish dark
amphibolites are common in the Biarjmand orthogneisses but pinch
out laterally. These amphibolites could represent attenuated mafic
dikes or sills. Para-amphibolites with volcanogenic protoliths occur in
the region, and host clinopyroxene-bearing (usually attenuated) coarse
to fine-grained granitic dikes (Fig. 3D). High temperature andalusite-

sillimanite-bearing and/or high-pressure kyanite-bearing metapelitic
rocks are rare. Orthogneisses are crosscut by younger (Eocene?) dark-
green diabasic to plagioclase porphyritic basaltic dikes (~0.5-1 m
thick). Younger diabasic dikes (~2 m thick) are abundant in the Kuh-
e-Alaedin, making up a dike swarm complex (~N55E, 65SE av. for
dikes). Erosional remnants of Eocene lavas occasionally cover the
high-grade basement in the Biarjmand region. Large plutons of granite

amphibolite

Fig. 3. Field photographs of the ChahJam-Biarjmand metamorphic complex. A) Alternation of amphibolite, mica schist and paragneiss in ChahJam region. B) Alternation of quartz-
feldspathic and foliated biotite-rich layers in paragneiss. C) Quartzo-feldspathic folded layer with amphiboles in ChahJam complex. D) Intrusive contact of the attenuated metagranitic
dike with host amphibolite in Biarjmand.
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and alkali granite are common in the ChahJam-Biarjmand metamorphic
complex (Fig. 2). These rocks also have Cadomian ages (U-Pb
age ~ 520 Ma) and represent melts formed from lower crustal rocks at
a convergent plate margin (Shafaii Moghadam et al., 2014).

3. Petrography of ChahJam-Biarjmand metamorphic rocks

This study focuses on the ChahJam-Biarjmand felsic igneous rocks,
which share many geochemical characteristics. The metagranites and
orthogneisses are compositionally similar but appear differently in the
field. Metagranites show granular texture and contain mineral assem-
blages of alkali feldspar + plagioclase 4 quartz + biotite £ chlorite +
epidote + sericite + iron oxide. In the QAP diagram (Fig. 4A) after
Streckeisen (1974), the ChahJam-Biarjmand metagranites (CHJ10-11;
BJ10-18 and BJ10-20) plot predominantly in the field of monzogranite
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and tonalite. Orthogneisses include mostly granitic gneisses but granodi-
oritic and tonalitic gneisses are also common. Their mineral
assemblages are quartz + orthoclase + plagioclase + microcline +
biotite 4 garnet 4+ amphibole 4 epidote 4 allanite + sphene +
zircon £ tourmaline + iron oxides. In some leucogranitic gneisses,
blue-green sodic amphiboles (riebeckite or barroisite) occur. Granitic
to tonalitic gneisses show grano- to lepidoblastic texture defined by
aligned biotite flakes. In the QAP diagram (Fig. 4A), the ChahJam-
Biarjmand orthogneisses (CHJ09-7 (dated), -18, -21, -25; CHJ10-17,
-24; BJ09-3, -6; BJ10-22 (dated), -23, -27) plot predominantly into the
field of monzogranite and granodiorite except for one sample that
plots within quartz diorite field.

Dikes within the orthogneiss and amphibolite (except younger
diabasic dikes) vary from metagranitic to tonalitic (-gneissic)
dikes. These dikes include quartz + alkali feldspar (orthoclase and
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Fig. 4. A) QAP nomenclature diagram with normative mineral compositions. B) Total alkalis versus SiO, diagram for the ChahJam-Biarjmand rocks (after Le Bas et al., 1986). C) Sr/Y vs. Y
diagram for discriminating adakites from arc dacites and rhyolites (the fields for adakite and normal island-arc dacites and rhyolites are based on the work of Defant and Drummond, 1990,
1993; Castillo et al., 1999). The ChahJam-Biarjmand rocks have low Sr/Y ratios similar to normal arc rocks. D) Th/Yb vs. Ta/Yb diagram (Pearce, 1982) showing ChahJam-Biarjmand rocks
with high Th/Yb, reflecting contributions from subduction components and/or older continental crust. E) Rb vs. Y + Nb diagram (Pearce et al., 1984) for ChahJam-Biarjmand rocks.
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microcline) + plagioclase + zircon 4 garnet + chlorite 4 sphene +
biotite 4- epidote 4+ muscovite £ tourmaline 4 amphibole. Tiny am-
phiboles occur in some leucogranitic dikes intruding the amphibolites.
Colorless to pale green clinopyroxenes were observed in a tonalitic
gneissic dike (sample BJ10-40) within the orthogneiss. In the QAP
diagram (Fig. 4A), the ChahJam-Biarjmand dikes (CHJ10-7, -19, -22,
-33; BJ10-40) plot predominantly in the field of tonalite and diorite.

Paragneiss mineral assemblages include quartz + alkali feldspar +
plagioclase + biotite 4 garnet £ allanite & sphene 4 chlorite +
epidoite + muscovite 4 zircon + rutile (and normative corundum).
Quartz grains show undulose extinction and sometimes show serrated
contacts with neighboring quartz grains, especially in highly deformed
quartz ribbons, suggesting grain boundary migration. Garnet occurs as
large (>5 mm) to small crystals with inclusions of non-oriented quartz
grains. The paragneiss metamorphic grade is lower to middle amphibo-
lite facies.

Amphibolites contain hornblende or cummingtonite + plagioclase +
quartz 4+ K-feldspar + biotite + chlorite + sphene + epidote +
garnet 4 clinozoisite. Their metamorphic grade is middle amphibolite
facies. Schists include fine-grained quartz, plagioclase, biotite and
muscovite with tiny grains of epidote, clinozoisite and garnet. Young
diabasic dikes contain sericitized plagioclase and clinopyroxene.

4. Geochemistry of ChahJam-Biarjmand complex

Analytical methods and supplementary tables including ChahJam-
Biarjmand whole rock analyses, Sr—Nd isotopes, U-Pb zircon dating,
and zircon rare earth elements and Hf isotopes are available from the
online version of the journal at: http://dx.doi.org/10.1016/j.gr.2013.10.
014.

4.1. Whole rock major and trace (rare earth) elements geochemistry

Representative whole rock analyses of the ChahJam-Biarjmand
metamorphic rocks are presented in Supplementary Table 1 (available
from the online version of the journal at: http://dx.doi.org/10.1016/j.
¢r.2013.10.014; locations are shown in Fig. 2).

Metagranites have quite uniform compositions with 72.7-73.8 wt.%
SiO, and modest K0 (0.4-3.3 wt.%) and Na,O (3-5.3 wt.%) contents
(Fig. 4B). The rocks have low Sr/Y, distinct from adakites and similar
to normal arc rocks (Fig. 4C). Metagranites are represented by high
Th/Yb values in Th/Yb vs. Ta/Yb diagrams (Pearce, 1982) (Fig. 4D),
suggesting subduction-related enrichments and hence an arc source
for these rocks. However contribution of continental crust during partial
melting could also increase the Th/Yb ratio. In the Rb against Y 4+ Nb
diagram (Pearce et al., 1984), the metagranites show affinities to volca-
nic arc granites (VAG) but plot close the boundary with the “within-
plate granite” field (Fig. 4E). These rocks have LREE-enriched patterns
(Lagny/Yb(ny = 2.7-5.9), and most show some Eu negative anomalies
(except sample BJ10-11) (Fig. 5A). Enrichment in U, Th, Rb, Pb and
depletion in Nb, Ta, and Ti relative to LREEs is conspicuous (Fig. 5B).

Orthogneissic rocks have tonalitic to granitic compositions with 62.2
to 76.2 wt.% SiO, (Supplementary Table 1; Fig. 4B). Their Na,0 and K0
contents vary between 2.6-7.2 wt.% and 1.4-5.7 wt.%, respectively
(Supplementary Table 1). These rocks also have low Sr/Y (Fig. 4C).
Their Th/Yb is very high, similar to arc-related rocks, but this may reflect
assimilation of continental crust during ascent (AFC trend) and/or
simply derivation from partial melting of lower continental crust
(Fig. 4D). Most rocks have volcanic arc granite (VAG) signatures in the
Rbvs.Y + Nb diagram (Pearce et al., 1984), but some plot toward the
within plate granite (WPG) field (Fig. 4E). These rocks have LREE
enriched patterns from La to Sm but with relatively flat patterns from
Tb to Lu (Fig. 5C). Their La,)/Yb(n) ratio varies from 3.2 to 31.2
(Supplementary Table 1). The nature of the negative Eu anomalies
suggests that the rocks evolved by fractional crystallization of plagio-
clase or that they originated from partial melting in the presence of

feldspar in the source. Positive anomalies in Rb, Ba, U, Th and negative
anomalies in Nb, Ta, Sr and Ti relative to LREEs are the main character-
istics of these rocks (Fig. 5D). Enrichment in Large Ion Lithophile
Elements (LILEs) and depletion in High Field Strength Elements
(HFSEs) suggest that these rocks originated above a subduction zone.
Depletion in Ti and Sr could be related to the titanomagnetite and feld-
spar (with Eu anomaly) fractionation.

Dikes intruding orthogneisses and meta-granites have 72.9 to
79.9 wt.% SiO, with granitic compositions in the TAS (Total Alkalies
versus Silica) diagram (Fig. 4B), except sample CHJ10-7 (55.4%),
which has a relatively high LOI content (~6%). Dikes have low Sr/Y but
very high Th/Yb abundances, further denoting an arc or older continental
source. In the Rb vs. Nb + Y diagram (Pearce et al., 1984), samples
show volcanic arc granite signatures except for two samples that have
within-plate granite affinity. Within plate (WPG) signatures for some
metagranitic dikes and orthogneisses denote high Y (& Nb) concentra-
tions (Supplementary Table 1), and are related to the presence of garnet
in these rocks (confirmed with petrographical evidences). Dikes have
variable La(,)/Yb(y) ratios (0.6-9.6) with high HREE contents, further
indicating garnet influence. Depletion in Ti and Nb and enrichment
in U, Th and Pb relative to LREEs are other characteristics of the
metagranitic dikes.

Paragneissic rocks have 63.7 to 76.2 wt.% SiO, and resemble the
orthogneissic rocks in the TAS diagram (Fig. 4B). These rocks also have
elevated Th/Yb (Fig. 4D). The rocks have quite similar REE patterns
with LREE enrichment relative to HREEs (Lag,)/Ybeny = 4.1-7.2)
(Fig. 5E) and negative Eu anomalies. Similar to the orthogneisses, these
rocks are also characterized by positive anomalies in Rb, Th, U, Pb and
negative anomalies in Nb, Ti and Sr, suggesting arc-related meta-
sedimentary protoliths.

Amphibolites have mafic compositions, with between 47.4 and
58.8 wt.% SiO,. These rocks have variable Th/Yb ratios, but mostly plot
far from a mantle array trend (Fig. 4D). Amphibolites have flat to LREE
fractionated patterns (La(n)/Yb(ny = 1.1-8.8) (Fig. 5G). Variable deple-
tion in Nb and enrichment in LILEs relative to LREEs are characteristics
of the amphibolites (Fig. 5H). These features are consistent with arc
tholeiitic and calc-alkaline signatures for these rocks.

Diabasic dikes have basaltic compositions (46-49 wt.% SiO,) and
display arc signatures with quite high Th/Yb (Fig. 4D). Enrichment in
LREE/HREE associated with positive anomalies in Ba, U, Th, Pb and
negative anomalies in Nb relative to LREEs also indicates a calc-alkaline
affinity for the diabasic dikes.

4.2. Sr-Nd isotopes

Sr-Nd isotope analyses of the ChahJam-Biarjmand gneissic rocks are
presented in Supplementary Table 2 (available from the online version
of the journal at: http://dx.doi.org/10.1016/j.gr.2013.10.014). 3’Rb/5sr
range widely, low (<1) for felsic dike samples but high (>2) for
metagranite, granite gneiss, and paragneiss. As a result, correction for
radiogenic growth (assumed to be 550 Ma) gives initial 8”Sr/%5Sr of
varying reliability. The initial ’Sr/2Sr of both granitic (gneissic) rocks
and paragneisses calculated at 550 Ma range between 0.6803
and 0.7461, but most have elevated values of 0.7056 and 0.7168
(Supplementary Table 2). Paragneissic rocks and metagranitic dikes
have similarly elevated initial 8’Sr/%6Sr (Fig. 6). Samples with low
87Rb/%5Sr provide the most reliable initial 87Sr/26Sr. The three felsic dike
samples with 87Rb/%%Sr < 1 give initial 87Sr/%Sr = 0.7087 to 0.7461.
Moderate to high 87Sr/25Sr for the gneissic rocks (samples BJ10-22 and
CHJ10-22 respectively) suggests involvement of older crust.

The eNd (550) values of orthogneisses, metagranites and dikes range
from —2.2 to —5.5, indicating that older continental crust was re-
melted to generate the granitic magmas. These values are similar to
that (eNd = —1.2 to —2.9) of Cadomian metagranites from the Bitlis
massif (Turkey) (Ustadmer et al., 2009). Paragneisses have similar eNd
values, ranging between ~—3 and — 3.7 (Supplementary Table 2).
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Fig. 5. Chondrite-normalized rare earth element and trace elements patterns for the ChahJam-Biarjmand rocks.

1435m/144Nd is low for all samples, 0.117 to 0.151, so meaningful Nd
model ages (Tpy) can be calculated. Tpy model ages cluster tightly
around 1.35 to 1.65 Ga (Supplementary Table 2).

5. Zircon U-Pb dating, REE, and Hf isotopic compositions

Five samples from the ChahJam-Biarjmand complex were selected
for U-Pb zircon dating and Hf-isotopic analysis of zircons: four granitic
gneiss samples and one sample of paragneiss. Locations of dated sam-
ples are shown in Fig. 2 and results for each of the five samples are
discussed below.

5.1. U-Pb zircon dating

5.1.1. Sample BJ10-22 (granitic gneiss)

The zircon crystals have short prismatic (rarely long) shapes. In CL
images, most grains are euhedral and zoned (Fig. 7). Core and rim struc-
tures are rare. A total of 18 spot analyses were carried out on this sample
(Supplementary Table 3). The analyses show large variations in U con-
tents of 177-1907 ppm and Th contents of 67-985 ppm, resulting in
variable Th/U ratios of 0.18-0.81. This high Th/U ratio (>0.1) is consis-
tent with an igneous origin for the analyzed zircons. 2°°Pb/238U ages
range from ~645 to 532 Ma (Supplementary Table 3).
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On a concordia diagram (Fig. 8), most analyses are slightly or mod-
erately discordant. The analyses have a weighted mean 2°°Pb/*33U age
of 546.8 + 9.1 Ma (MSWD of concordance = 2.6) (Fig. 8), interpreted
the time of zircon crystallization. These zircons have fractionated
HREE patterns, positive Ce and negative Eu anomalies (Fig. 9), probably
indicating that they formed in equilibrium with feldspar (Wang et al.,
2010). These patterns further suggest that the zircons are of igneous
origin.

5.1.2. Sample CHJ10-28 (granitic gneiss)

Zircons in this sample are prismatic, euhedral and/or subhedral (to
oval-like). In CL images, some grains have core-rim structures but
magmatic zoning is rare. The zircons show variable U (121-611 ppm)
and Th contents (61-290 ppm) (Supplementary Table 3) with Th/U
ratios varying from 0.18 to 0.82. The 2°°Pb/238U ages of zircons range
from 648 to 496 Ma (Supplementary Table 3). Most analyses are concor-
dant with mean 2°°Pb/?*3U age of 536.6 + 3.8 Ma (MSWD = 0.88)
(Fig. 8), although some analyses are discordant. The older ages (ca.
646 Ma) are interpreted as being inherited xenocrysts. In a chondrite-
normalized REE diagram, the zircons show positive Ce and moderate
negative Eu anomalies, but have steep HREE patterns (Fig. 9), consistent
with their igneous origin (Rubatto, 2002; Wu and Zheng, 2004).

5.1.3. Sample CHJ09-7 (granitic gneiss)

Zircons are euhedral to subhedral (and even oval-shape) and short
(and rarely long)-prismatic. In CL images, zircons are rarely translucent
and most are dark. Some grains have core-rim structures. A few zircons
have oscillatory zoning, suggesting an igneous origin (Wu et al., 2007;
Buick et al., 2008). Zircons have high U (159-4982 ppm) and Th
contents (53-1089 ppm), and moderately high Th/U ratios (0.11-0.68),
except for two grains with low Th/U (0.05 & 0.08) (Supplementary
Table 3). 2°5Pb/238U ages range from 1097 to 462 Ma (Supplementary
Table 3). Younger ages (ca. 462 Ma) belong to zircons with low Th/U.
Analyses older than 562 Ma are interpreted as being inherited
xenocrysts. Most analyses are concordant (Fig. 8), yielding a 2°Pb/>*8U
age of 548.4 4+ 6.0 Ma (MSWD of concordance = 1.6). This age is
interpreted to reflect the crystallization age of the granitic protolith.
The zircons show steep HREE patterns, positive Ce anomalies and prom-
inent negative Eu anomalies (Fig. 9), consistent with their crystalliza-
tion from a melt (Rubatto, 2002; Rubatto et al., 2009).

5.1.4. Sample CHJ10-3 (granitic gneiss)

Zircons in sample CHJ10-3 are 100 to 200 um long and prismatic
(Fig. 7). They show oscillatory zoning in CL images. The zircons have
moderate contents of U (180-702 ppm) and Th (84-417 ppm) (except
one grain with 1013 ppm U and 667 ppm Th) with Th/U varying from
0.31 to 0.83 (Supplementary Table 3). Most analyses are concordant,
yielding a 2°°Pb/?38U age of 529.9 + 3.8 Ma (Fig. 8). The analyses that
lie to the right of concordia are interpreted to reflect common lead
and/or lead loss. Their 2°7Pb/?°°Pb ages vary between ca. 509 and
1428 Ma. The old ages are associated with high U (or Th) zircons and/
or are related to inherited cores. The zircons have steep HREE patterns
with positive Ce and negative Eu anomalies (Fig. 9), consistent with
their igneous origin (Rubatto, 2002; Wu and Zheng, 2004).

5.1.5. Sample CHJ09-13 (paragneiss)

In CL images, most zircon grains show oval to short-long prismatic
shapes, and a few show core-rim structures (Fig. 7). Some grains show
oscillatory zoning, whereas others are sector-zoned or unzoned
(Fig. 7), suggesting that they may have been derived from different
sources. The zircons show large variations in U contents (205 to
1653 ppm) and Th (51-470 ppm), with Th/U of 0.18-0.69. This moder-
ately high Th/U is consistent with a magmatic origin. The zircons have
steep HREE patterns (except one old zircon with a flat HREE trend), pos-
itive Ce and moderate negative Eu anomalies (Fig. 9). The 2°°Pb/2*8U ages
of the zircons range from 2397 to 420 Ma (Supplementary Table 3). Four
zircon grains (points 1 & 17) have old 2°7Pb/2%Pb ages of 2457 and
1732 Ma as well as younger ages of 609-620 Ma (points 7, 12 & 18,
points on rim) reflecting re-worked grains. Most analyses plot on
concordia yielding a 2°°Pb/?*%U age of 552.3 4 3.6 Ma (MSWD of
concordance = 0.37) (Fig. 8). This age is similar to the ages obtained
from the orthogneissic rocks (ca. 548 Ma for sample CHJ09-7 and
530 Ma for sample CHJ10-3), suggesting that the sedimentary protolith
of the paragneiss was deposited between ~552 and ~530 Ma. This sug-
gests that the Andean arc, presumably the source of detrital zircons in
the sedimentary protolith of the paragneiss, was close to the sedimentary
basin. Younger 2°°Pb/228U concordant ages of ca. 502 and 483 Ma are
possibly metamorphic ages.

5.2. Zircon Hf isotopes

The initial Hf-isotope ratios (('7®Hf/'””Hf)initia1) for the Chahjam-
Biarjmand gneissic rocks (Supplementary Table 5) range from
0.281276 to 0.282590 with negative to slightly positive eHf(t) of —
7.03 to + 3.33 (except one point with gHf(t) = 7.81) (Fig. 10), suggest-
ing involvement of older continental crust in magma genesis. This is
consistent with bulk rock eNd(t) values. Tpy; age is the single-stage
model age of Hf-isotopes assuming that the sample was derived from
depleted mantle, whereas Tpy, is a two-stage model age of Hf-
isotopes via the lower crust following derivation from depleted mantle.
The samples show a Tppy;; 0f919-1292 Ma and a Tpypp of 1083-1753 Ma
(except two points with old U-Pb ages). We consider only Tpyp, to have
geological meaning, because it is consistent with Sr and Nd isotopic ev-
idence for involvement of older crust and the presence of old zircons in
the ChahJam-Biarjmand paragneiss.

6. Discussion
6.1. Interpretation of age and geochemical data

The ChahJam-Biarjmand metamorphic rocks include paragneiss,
amphibolite, mica schist and orthogneiss. These rocks were metamor-
phosed at lower amphibolite facies, presumably in the middle crust.
The granitic to tonalitic orthogneisses have I-type signatures with
trace and rare earth element characteristics similar to arc-related gran-
ites. They have high Rb and low Nb + Y contents similar to volcanic arc
granites (VAG), except some samples with higher modal garnet and
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Fig. 8. U-Pb concordia plots of zircon ages for ChahJam-Biarjmand gneissic rocks.

biotite that show within-plate granite (WPG) signatures. The general
sense is that The ChahJam-Biarjmand metamorphic complex represents
the roots (middle crust) of an Andean-type arc. Biotite could have
controlled Nb enrichment while garnet has influenced Y abundance.
Paragneiss with high modal biotite also displays enriched Nb contents.
Amphibolites have tholeiitic to calc-alkaline characteristics and their
geochemical signature suggests a supra-subduction zone tectonic set-
ting. Orthogneisses have broadly similar 2°°Pb/238U ages from ca. 530
to 548 Ma. It seems that magmatic activity lasted only around 18 m.y.
Detrital zircon from paragneiss yielded old 2°”Pb/2°Pb ages of 2457
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and 1732 Ma as well as younger ages of 609-620 Ma, but most popula-
tions have 2°5Pb/?38U ages of 552 Ma. It seems that the clastic fill of the
sedimentary basin was shed from a local source area, dominated by
Ediacaran-Cambrian igneous rocks with minor clastic materials coming
from older strata and/or igneous rocks. Variable but high Sr isotopic com-
positions of granitic to tonalitic gneisses and dikes along with negative
eNd (—2.2 to —5.5) implicate older continental crust; Nd and Hf model
ages suggest that this older crust is Mesoproterozoic, ~1.5 Ga. These
results together with zircon Hf isotopes are interpreted to mean that
the rocks reflect partial melting of Mesoproterozoic continental crust.
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Fig. 9. Chondrite-normalized REE patterns of zircon in samples from the ChahJam-Biarjmand complex. Chondrite-normalize values are from Sun and McDonough (1989).
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6.2. Mesoproterozoic crust in Iran?

All zircon ages for basement rocks of Iran reported to date are
Ediacaran-Cambrian. Our Sr, Nd and Hf isotopic studies of C]BC gneisses
indicate that these may not be juvenile additions to the crust from the
mantle, but contain a significant admixture of older continental crust.
Nd and Hf model ages suggest that this older continental crust was
Mesoproterozoic (1000-1600 Ma), but so far no reliable ages older
than 600 Ma have been reported for any Iranian rock (Fig. 11). It is dif-
ficult to unequivocally interpret the significance of these model ages,
but it seems likely that older Proterozoic and even Archean basement
may exist in Iran or at least in areas attached to Iranian terranes at
that time. However, these older model ages could be from sedimentary
rocks derived from older Proterozoic or even Achaean sources (and not
necessarily directly from Mesoproterozoic igneous sources), as would
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Fig. 11. Histograms showing U-Pb zircon age distributions, Nd model ages and zircon Hf
model ages for Ediacaran-Cambrian basements in Iran and Turkey. Data on Iran are similar
to Fig. 1. Nd model age data are from Ustadmer et al. (2009, 2011) and U-Pb zircon ages for
Turkey are from Yilmaz Sahin et al. (2014).

be the case if the Andean arc was formed on an inverted passive margin
with sediments in the passive margin derived from older terranes.
Further geochronological and isotopic studies of Ediacaran-Cambrian
basement units in Iran are needed to address this question. Similarities
in the isotopic and geochronological record reported from SE Turkey
(Ustadmer et al., 2009, 2012) suggest that the Iranian terranes stretched
into what is now Turkey (Fig. 11).

6.3. Geodynamic implications

Gondwana was assembled by the collision of about 7-8 Australia-
sized Neoproterozoic continents mainly during two periods: 1) at
~650-600 Ma and 2) at ~570-520 Ma (Collins and Pisarevsky, 2005;
Ustadmer et al., 2009). After final amalgamation of Gondwana, an
Andean-type active margin formed along the Australia-Antarctica and
South America sector of the Gondwana as well as northern margin of
the India (Foden et al., 2006; Cawood et al., 2007) (Fig. 12). This type
of margin also can be traced westward into Central Iran (ca. 599-
525 Ma) (Ramezani and Tucker, 2003; Hassanzadeh et al., 2008; this
study), the Sanandaj-Sirjan Zone (ca. 596-540 Ma) (Hassanzadeh
et al., 2008; Jamshidi Badr et al., 2013), the Alborz (~551-572 Ma)
and then into Turkey, mainly in the Tauride-Anatolian platform (570-
540 Ma, Giirsu et al., 2004; Gessner et al., 2004; Giirsu and Gonciioglu,
2006), the Istanbul fragment (Bolu massif, 576-565 Ma, Chen et al.,
2002; Ustadmer et al., 2005), the Armutlu metagranites (565-585 Ma,
Okay et al., 2008), and the Bitlis massif of SE Turkey (545-531 Ma;
Ustadmer et al., 2009 and 572 Ma, Ustadmer et al., 2012).

The Cadomian-Avalonian fragments rifted from the north Gondwana
margin during the Cambrian-Ordovician and accreted to Laurasia at
various times (Nance et al., 2008, 2010). In the case of Iran, Cadomian
fragments (sometimes called Cimmeria) accreted to Eurasia in Triassic
times (Sengor and Natalin, 1996). The early Paleozoic cover strata are
missing in the ChahJam-Biarjmand metamorphic complex and Jurassic
sediments are the youngest strata that stratigraphically overlie the
ChahJam-Biarjmand metamorphic complex.

The subduction of lapetus oceanic lithosphere during Ediacaran-
Cambrian time was responsible for arc magmatism in northern
Gondwana (Fig. 12). This period of igneous activity was also an impor-
tant crust-forming episode for Turkey (Giirsu and Gonctioglu, 2005,
2006) and SW and central Europe (D'Lemos et al., 1990; Dérr et al.,
2002; Genna et al., 2002; Murphy et al., 2002; Mushkin et al., 2003).
To the south, the Arabian-Nubian Shield shows older magmatic activity,
starting from at least ~900 Ma (Johnson et al., 2011; Ali et al., 2013).
Subduction beneath the active margin of Gondwana is suggested to
have ceased around 450-400 Ma, due to continental or oceanic plateau
collision (Ustadmer et al., 2009) and/or to the change in relative plate
motion. After this collision, early Ordovician to Silurian rifting opened
Paleotethys (Fig. 12), separating slices of N Gondwana including the
Istanbul fragment (Bolu massif, Ustadmer et al., 2005) from the southern
basement fragments. The evidence of this rifting in NE Iran includes the
Soltan-Meidan basalts and Ordovician (~460 Ma; Shafaii Moghadam
et al., 2014) alkaline shallow plutons/sills. Further rifting of Gondwana's
northern margin in Permian times (~280-250 Ma) and Neotethys prop-
agation was responsible for the separation of central Iran, the Alborz and
the Tauride-Anatolian blocks and their travel toward Eurasia, each con-
taining Cadomian rocks. These terranes again re-amalgamated to the
Arabian Plate in Oligo-Miocene times.

The ChahJam-Biarjmand orthogneisses and metagranites have
negative éNd (bulk rock) and negative to slightly positive zircon gHf,
suggesting that these granites were not direct melts from either
subducted oceanic lithosphere or the mantle wedge. Instead they
come from partial melting of lower continental crust. Pooling of
mantle-derived mafic magmas could be responsible for partial melting
of continental lithosphere along the northern Gondwana active margin.
Alternatively, a three step model was suggested for the Ediacaran-
Cambrian arc rocks in Turkey (Giirsu and Gonciioglu, 2005), including:
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(i) the injection of arc magmas into Gondwana basement above a
southward-subducting northern margin of Gondwana at ca. 590-
570 Ma, (ii) initial stages of extension and rifting within Gondwana
continental crust and the formation of I-type granites (with post-
collisional/extensional geochemical signature) at ca. 550-540 Ma, and
(iii) lithospheric thinning and back-arc extension within the Gondwana
pericratonic margin above the southward subducting system during the
early Cambrian (ca. 540-530 Ma). The latter phase was accompanied by
eruption of spilitic lavas and diabasic dikes in the Sandikli region
(Turkey) with back-arc basin geochemical characteristics. The second
stage of model, proposed by Giirsu and Génciioglu (2005), is supported
here for the generation of the continental crust-derived Chahjam-
Biarjmand Ediacaran-Cambrian granites.

7. Conclusions

Metagranites, orthogneisses and paragneissic rocks of the ChahjJam-
Biarjmand metamorphic complex have late Neoproterozoic (Ediacaran)

to early Cambrian ages, and are further evidence for a pulse of Cadomian
magmatism at the northern active margin of Gondwana. Geochemical
data show that the rocks formed in a subduction-related tectonic setting
via partial melting of lower continental crust. Paleogeographically,
the ChahJam-Biarjmand complex together with other similar age
basements in Central Iran, the Sanandaj-Sirjan region, the Alborz
block (Iran), and the Tauride-Anatolian block (Turkey) were part
of Gondwana until later in the Paleozoic, when they separated
during Neotethys rifting and were re-amalgamated in Oligo-Miocene
times.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2013.10.014.
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