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Amajor arc-relatedmagmatic episode is recorded in the Ediacaran-Early Cambrian (Cadomian) crust of Iran and
Anatolia due to the southward subduction of Prototethyan oceanic lithosphere beneath N Gondwana. This
magmatismwas generated at a convergentmargin, fragments ofwhich canbe traced for thousands of kilometres,
fromwest Avalonia to the Lhasa terrane. Cadomian crustal tracts in Iran and Tauride-Anatolia are represented by
abundant arc-like plutonic and volcanic rocks and a series of retro-arc, rifted basins dominated by thick se-
quences of terrigenous rocks as well as both calc-alkaline and alkaline magmatic rocks. This paper presents
new zircon U-Pb as well as geochemical-isotopic data from plutonic (granite to gabbro) and volcanic (basalt to
rhyolite) magmatic rocks of a Cadomian retro-arc rifted basin from Zarand in SE Iran. Geochemical data indicate
two different geochemical signatures; high K calc-alkaline-shoshonitic, characterized by strong depletions in Nb,
Ta, P, Ti, and alkaline rocks (and A1-type intrusions), with strong OIB-like trace element patterns. Cadomian OIB-
like rocks- as well as A1-type intrusions- are rare in the basements of Iran and Anatolia and are only documented
asminor gabbroic intrusions and/or (meta-) volcanic rocks from Saghand (central Iran), NE Iran and from exotic
blocks from Ediacaran salt domes. Moreover, A2-type granites are also present in the Cadomian crust of Iran.
Zarand volcanic rocks are interlayered with Rizu-Dezu terrigenous sedimentary rocks, whereas plutonic rocks
intruded these metasediments. New zircon U-Pb ages show that high K calc-alkaline-shoshonitic rocks formed
~ 537-536 Ma, whereas A1-type granites crystallized at ~535 Ma. Most zircons from A1-type granites show pos-
itive εHf(t) values from +1.1 to +5.1, mostly higher than high K calc-alkaline-shoshonitic rocks with εHf
(t) between−6.6 and+8.1. Bulk rockNd-Sr isotopic data (e.g., ɛNd(t)=+0.3 to+4.0) for OIB-like rocks confirm
that these rocks originated from an enriched OIB-like mantle source, whereas high K calc-alkaline-shoshonitic
rocks (with εNd(t) = −7.7 to −6.2) show strong interaction with, and/or re-melting of a continental crust.
Our results are consistent with an interpretation that the Zarand volcanic-plutonic rocks as well as associated
thick sequences of sedimentary strata rocks formed in a retro-arc rifted basin behind the Cadomian magmatic
arc. This basin seems to have developed during the Ediacaran at ~570-560 Ma with deposition of Ediacaran
Morad to Lower Cambrian Rizu-Dezo sedimentary rocks. The retro-arc extensional basin seems to have become
magmatically active at 540-535 Ma, as shown by the occurrence of both high K calc-alkaline- shoshonitic and
OIB-like magmatic rocks. This basin was flanked by a cratonic hinterland towards Gondwana and a magmatic
arc to the N. The cratonic hinterland fed detritus with detrital zircons older than 0.6 Ga into the basin, whereas
the magmatic arc shed detritus with 500-600 Ma old zircons. Our compiled and new data from Ediacaran-
Early Paleozoic magmatic rocks also show that Cadomian high magmatic fluxes occurred differently in parts of
Iran-Anatolia, with overlaps in some areas.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The geochronological evolution, paleo-positions and mechanisms
involved in the growth and reworking of the Phanerozoic superconti-
nents and adjoining continental blocks have been a matter of debate
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for many years. The Middle East is a good example of Phanerozoic
crustal growth and consists of a complex mosaic of continental blocks
that formed betweenGondwana and Eurasia to the S andN, respectively
(Ruban et al., 2007). These continental blocksmake upmost of the crust
of the Caucasus (Armenia, Azerbaijan, Georgia and southwest Russia),
Turkey, Iran, Afghanistan and the Tibetan plateau. They are variably de-
formed and occur within a wide tectonic belt between the Eurasian,
Arabian and Indian plates. These blocks record several pulses of
magmatism and both tectonic extension and shortening throughout
the Phanerozoic. However, basement rocks and associated
metasedimentary cover suggests that all of these terranes shared an
analogous tectono-magmatic heritage, dating from Late Ediacaran and
Early Cambrian. These terranes were affected by processes accompany-
ing opening of the Paleotethys and Neotethys oceans and henceforth
the evolution of the Hun (or Hunic including Turan, Tarim, N China,
Annamia and Armorica-Sakarya) and Cimmerian terranes (including
Lhasa, Anatolia, Iran and Afghan blocks) (e.g. (Cocks and Torsvik,
2002; Stampfli, 1996; von Raumer, 1998; von Raumer et al., 2002; von
Raumer et al., 2003; von Raumer et al., 2015)). Iran and Anatolia are
commonly regarded as Cimmerian blocks since they are floored by
Cadomian rocks (Kroner and Sengor, 1990; Sengor et al., 1991), al-
though (Tauride-) Anatolia seems to have behaved differently- as a dis-
tinct continental block- detached from Gondwana during Early Triassic
and accreted to Laurasia in Late Cretaceous (Topuz et al., 2013; Topuz
et al., 2020).

The igneous rocks and sediments generated during Ediacaran-Early
Cambrian, referred to as Cadomian (Crowley et al., 2000), make up
much of the crust of western Europe although some western segments
are called Avalonian. Cadomian and Avalonian crust now underlie large
tracts of eastern N America and southern Europe (Linnemann et al.,
2011). Cadomian crust can be traced eastwards into SE Europe,
Taurides-Anatolide, and Iran and perhaps further into Central Asia
(von Raumer et al., 2002). Cadomian-Avalonian fragments formed on
the northern margin of Greater Gondwana and rifted away from Gond-
wana first in Early Paleozoic (such as Turan, Tarim etc.) and then in Late
Paleozoic-Early Mesozoic (such as Iran, Tauride-Anatolia) during both
opening of the Rheic or Paleotethys and Neotethys Oceans, respectively
(Nance et al., 2002).

It is suggested that the Cadomian magmatic rocks on the northeast-
ernmargin of Gondwanaland formed at an active continentalmargin on
the northern flank of the Arabian-Nubian Shield (ANS; (Garfunkel,
2015; Stern, 1994) and older crust to the west. ANS tectono-magmatic
evolution began ~850 Ma as intraoceanic convergent margins and
ended at 570 Ma as colliding blocks of E and W Gondwana cratonized
along the East AfricanOrogen (-EAO). The Cadomian convergentmargin
trended along the northern margin of Greater Gondwanaland, perpen-
dicular to the EAO, indicating reorganization of global plate boundaries
~600-550 Ma. Cadomian crust formation in Iran and Anatolia began
~620 Ma and ended ~500 Ma, although most igneous activity occurred
between 530 and 570 Ma. Arc to back-arc basin activity led to the
Early Paleozoic rifting of Gondwana at ~530 to 485 Ma to open the
Rheic ocean (Nance et al., 2010; Sanchez-Garcia et al., 2008), whereas
Cimmerian blocks are suggested to have accreted to S Eurasia as the re-
sult of the opening of the Neo-Tethys Ocean during the Permian-Early
Triassic (Moghadam et al., 2015) and/or closure of Neotethyan Ocean
in Late Mesozoic (Topuz et al., 2013). Previous studies have established
that Cadomian magmatic rocks formed due to subduction of the Proto-
Tethys Ocean beneath the northern margin of Gondwana. Taurides-
Anatolia and Iran seem to be part of a single contiguous orogenic plateau
consisting of allochthonousGondwanan continental crustwith 620-500
Ma Cadomian magmatic and meta-igneous basement rocks
(Moghadam et al., 2015; Moghadam et al., 2017a). Geochronological
and geochemical data from Anatolia and Iran indicate that Cadomian
subduction-related magmatism initiated at 620 Ma and finished at
500 Ma (e.g., (Hassanzadeh et al., 2008; Honarmand et al., 2018a;
Moghadam et al., 2017a)), but crustal extension and its accompanying
magmatic “flare-up” started at ~572 Ma and ended at ~528 Ma, lasting
for ~44 Myr (Moghadam et al., 2017c).

Cadomian magmatic rocks in most exposures from NW-, NE and
central Iran include metagabbroic rocks, orthogneisses and
metagranitoids, which grade upward into volcanic rocks, mostly with
felsic composition (Hassanzadeh et al., 2008; Moghadam et al., 2015).
Basaltic rocks are rare. Cadomian intrusive rocks intruded mostly into
metasediments including paragneisses and amphibolites. Zircon U-Pb
ages from these magmatic rocks reveal Late Neoproterozoic-Early Cam-
brian ages, from ~620 Ma to ~500 Ma (Faramarzi et al., 2015;
Hassanzadeh et al., 2008; Horton et al., 2008; Hosseini et al., 2015;
Moghadam et al., 2015; Rahmati-Ilkhchi et al., 2011; Ramezani and
Tucker, 2003). However, the timescale of magmatism in this prolonged
continental arc construction seem to be different in various parts of Iran.
Late Paleozoic rifting of the Cadomian magmatic arc from Gondwana
further complicates efforts to reconstruct the magmatic architecture of
the Cadomian continental arc of Iran, especially the position of themag-
matic front vs retro-arc regions. However, it seems that some exposures
from SE Iranwhich include Ediacaran to Late Cambrian sediments, with
minor volcanic rocks and few intrusions, might represent retro-arc or
back-arc regions. These sediments have abundant Archean as well as
Neoproterozoic detrital zircons. In contrast, magmatic-front areas are
characterized by metasediments pierced by abundant Cadomian intru-
sions like exposures in NWandNE Iran. These sediments from themag-
matic front areas are interpreted to have been deposited in intra-arc
basins which were mostly (N90%) filled with detritus derived from ero-
sion of local Cadomian rocks, as shown by detrital zircons in
metasediments from NE and NW Iran (Balaghi et al., 2014;
Honarmand et al., 2018a). The minimum age of sedimentation is vari-
able and overlaps in time with magmatic activity.

In this study we present newwhole rock geochemical and Sr-Nd-Pb
isotope data, zircon U-Pb ages and Lu-Hf isotope for Cadomian mag-
matic rocks from Zarand (SE Iran). We believe this area is a retro-arc
fragment of the Cadomian magmatic arc from N Gondwana. Retro-arc
basins occur on the overlying plate of subduction systems and situated
behind the main magmatic arc (Li et al., 2018). Furthermore, we use
these new data and other compiled data from other Iranian outcrops
to constrain the paleogeography and geodynamic setting of the
Cadomian continental arcs in Iran and Anatolia.

2. Geological background

The Cadomian peripheral accretionary margin and related
magmatism reflected south-dipping subduction of Prototethys oceanic
lithosphere beneath northern Gondwana (Linnemann et al., 2008;
Linnemann et al., 2014; Pereira et al., 2006), leading to widespread ex-
tension (back-arc and retro-arc basins) within Anatolia and Iran. Docu-
mented Cadomian exposures in Turkey are found in the south (Poturge
massif), the west (Menderes and Sandikli massifs) and the NW (Istan-
bul zone). In Iran, Cadomian exposures are documented from regions
in western (Golpayegan), northwestern (Khoy-Salmas, Zanjan-Takab),
northeastern (Torud, Taknar), northern (Lahijan granites), and central
Iran (Saghand) (Hassanzadeh et al., 2008) (Fig. 1).Most Cadomian felsic
magmatic rocks from Iran and Anatolia have “volcanic arc granite”
(VAG) geochemical signatures and within plate granites (WPG) are
rare (Badr et al., 2013; Balaghi et al., 2014; Rossetti et al., 2015). Based
on zircon Hf and whole-rock Nd isotopic compositions, it is supposed
that these magmas formed during partial melting of older continental
crust (Paleoproterozoic - Archean) or bymixing between juvenileman-
tle derived-melts and old continental crust, during the subduction of the
Prototethyan Ocean beneath northern Gondwana (Abbo et al., 2015;
Moghadam et al., 2015; Moghadam et al., 2017a). Cadomian within
plate-like, alkaline felsic rocks are rare but occur in some places in NW
and central Iran and as exotic blocks within Ediacaran salt domes from
S Iran and are dominated by rhyolitic lavas. These felsic volcanic rocks
and their intrusive equivalents are known as Zarigan-Narigan units in
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central Iran, Qare-Dash rhyolites in NW Iran and Hormoz rhyolites in S
Iran exotic blocks. There are different scenarios suggested for the gene-
sis of these felsic rocks including; 1- Formation in an intra-plate rift set-
ting (Momenzadeh and Heidari, 1995); 2- Formation above a
subduction zone (for central Iran Zarigan-Narigan rhyolites and their in-
trusive equivalents; (Ramezani and Tucker, 2003); 3- Submarine volca-
nism in an extensional back-arc for Hormoz rhyolites (Faramarzi et al.,
2015); 4- Generation in fault-bounded trough basins during Gondwana
rifting (Berberian and King, 1981; Talbot et al., 2009); and 5 Formation
in a continental, intra-plate rift (Atapour andAftabi, 2017a; Atapour and
Aftabi, 2017b).

Alkaline felsic to mafic intrusive rocks are also present and range
from alkali-feldspar granites to kaersutite-bearing amphibole gabbros.
These intruded Late Neoproterozoic metamorphic rocks and Early Cam-
brian volcano-sediments, for example those from Saghand (Ramezani
and Tucker, 2003) (Fig. 1). In addition, alkaline basalts and metabasalts
(with metagabbros) are rare but occur in NE and Central Iran (Balaghi
et al., 2010; Maleki et al., 2019; Veiskarami et al., 2019). Zircon U-Pb
dating of alkaline Zarigan rhyolites (Saghand) yielded an 206Pb/238U
age of 526± 3Ma (Ramezani and Tucker, 2003). In addition, Cadomian
alkali-feldspar granites or A-type granites and orthogneisses have re-
ported from Sanandaj-Sirjan Zone of Iran (e.g., near Ghaleh-Dezh and
in Azna-Dorud). These intrusive rocks are geochemically classified as
A2-type granites (with crustal Nd isotope signatures; εNd(t)=−1.2 to
−1.5) and have zircon U-Pb ages of 568 ±11 Ma (Shakerardakani
et al., 2015) and 525.6 ±4 Ma (Shabanian et al., 2018).

Zarandmagmatic rocks in SE Iran occupy an area of ~50 km2 (Fig. 2).
The oldest sediments in this area include Ediacaran sandstones and
shales of the Morad series (Fig. 2A). The Ediacaran age for the Morad
rocks was suggested based on radiometric dating, stratigraphic position
and distinct Ediacaran and Cambrian fauna (Horton et al., 2008;
Ramezani and Tucker, 2003). The Morad formation is found in SE Iran,
but its stratigraphic equivalents such as the Tashk and Kahar Forma-
tions, have been reported from central Iran (Saghand) as well as N
Iran, respectively (Etemad-Saeed et al., 2015; Ramezani and Tucker,
2003). Cadomian clastic rocks of the Rizu-Dezu Formation rest over
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theMorad series (Fig. 2B). A U-Pb zircon age of 528.2±0.8 Ma for basal
dacites from the Rizu-Dezu Formation confirms an Early Cambrian age
(Horton et al., 2008; Ramezani and Tucker, 2003). The Rizu-Dezu For-
mation has two units; (I) a lower unit of grey, green to pink greywackes
and (II) an upper thick (N1100 m) volcano-sedimentary unit of silt-
stones, tuffaceous sandstones, thick iron-rich layers, tuffites, intermedi-
ate to felsic volcanic rocks, tuffaceous limestones and conglomerates
(Fig. 2). Felsic volcanic rocks include dacite, rhyolites, ignimbrites and
other pyroclastics. Dacite lava flows occur in the eastern and southern
part of region. Small (few 100m across) intrusions of A-type granite to
granodiorite are injected into the Rizu - Dezu volcano-sedimentary
unit. Granodiorites are also exposed as small stocks in the southwest
of the Zarand region. Field observations show that granodiorites cross-
cut both Ediacaran Morad series and Early Cambrian sedimentary
rocks of the Rizu-Dezu Formation. Locally, granodiorites intrude green
tuffs. A-type granites are also injected into the Rizu-Dezu Formation.
Subvolcanic mafic to intermediate rocks occur both as small stocks
and dikes or sills. These rocks crosscut Early Cambrian sedimentary
rocks of the Rizu-Dezu Formation.
3. Sample description and petrography

Petrographically, Zarand magmatic rocks are subdivided into
dacites, rhyolites, granodiorites, A-type granites, alkaline gabbros and
basalts. The petrography of these lithologies is discussed further
below. Dacites show aphyric to porphyritic textures. They contain
quartz and plagioclase phenocrysts set in a microcrystalline to crypto-
crystalline groundmass consisting of quartz and intergrowths of sodic
plagioclase and K-feldspar. Biotite, titanite and iron oxides occur as ac-
cessory minerals. Quartz with resorbed texture is the main phenocryst
(~47% volume). Plagioclase is altered into epidote and calcite whereas
alkali feldspars are altered to sericite. Apatite, biotite and iron oxides
are accessorymineralswhile calcite, sericite, titanite, hematite and chlo-
rite are common secondary minerals. Rhyolites are less abundant than
dacites and occur as lava flows. They have porphyritic textures and con-
tain phenocrysts of biotite (5-7%), sanidine (~5-10%), and quartz (20%)
set in a cryptocrystalline-felsite groundmass.

Granodiorite stocks occur in the eastern and western Zarand area
(Fig. 2). They showporphyritic to granular texture and contain euhedral
to subhedral phenocrysts of quartz (30%), K-feldspar (25%), plagioclase
(35%), amphibole and biotite (3-8%). Subhedral to anhedral K-feldspar
(0.5-2mm) are perthitic. K-feldspar is usually anhedral, occurs intersti-
tially between plagioclase grains and is partially replacedwith claymin-
erals. Magnetite, ilmenite, zircon and apatite are accessory minerals.
Mafic minerals are replaced by secondary minerals such as chlorite
and calcite. Tabular plagioclase varies from 0.5 to 3 mm in size.

A-type granites occur as shallow intrusions. These rocks contain
quartz, K-feldspar and minor sodic plagioclase (albite). Chloritized am-
phiboles are also common.

Alkaline gabbros have plagioclase (50-60 wt. %), high-Ti brown am-
phibole (20-30 wt. %) and clinopyroxene (5-10 wt. %) as primary con-
stituents, although minor olivine and biotite can be observed in some
samples. Epidote, clinozoisite and chlorite are secondary minerals.
These rocks are generally medium grained with a granular texture.
Clinopyroxenes are altered into amphiboles in some samples. Plagio-
clase is altered into scapolite and albite.

Basaltic dikes are generally fine-grained with intersertal textures.
The main constituents are plagioclase and altered clinopyroxene,
whereas the accessory minerals consist of opaque minerals, apatite
and biotite. Epidote, chlorite, calcite and albite are common secondary
minerals.
4. Results

4.1. Geochronology

We determined U-Pb zircon ages for four samples using the LA-
ICPMS method: one A-type granite, one granodiorite, one dacite and
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one rhyolite. These results are discussed below. Detailed analytical pro-
cedures are described in Appendix A.

4.2. A-type granite

Weanalyzed one sample of A-type granite (sample SG-12) for zircon
U-Pb ages (Table S1). Cathodoluminescence (CL-) images (Fig. 3A)
show the position of the laser spots and the U-Pb age of the representa-
tive zircons. Zircons from sample SG-12 are subhedral to euhedral and
show oscillatory zonation (Fig. 3A). U, and Th contents range from 207
to 451 ppm and 82 to 319 ppm, respectively. The Th/U ratio changes
from 0.4 to 0.9 which is typical for zircons from intermediate igneous
rocks (Belousova et al., 2002). Twenty-five analyzed zircon from alka-
line granite yielded a concordia age of 535.2 ± 1.4 Ma (MSWD=0.8)
(Fig. 4A).

4.3. Granodiorite

Thirty zircon grains from granodiorite sample GRM-19 were ana-
lyzed for U-Pb ages (Table S1). Some zircons show inherited cores
(Fig. 3B). U and Th contents of zircons vary from 132 to 754 and 77 to
680 ppm, respectively. Th/U ratios range from 0.4 to 1.0, which are typ-
ical for magmatic zircons (Belousova et al., 2002). Zircons from sample
GRM-19 yielded a concordia age of 537.2 ± 2.4 Ma (MSWD=2.4)
(Fig. 4B), which is interpreted as the crystallization age of this granodi-
orite. Three zircon cores show 207Pb/206Pb ages of 1184.9 ± 55, 1865.7
± 52 to 2083.6 ± 22 Ma, which are interpreted as the age of some
crustal protolith.

4.4. Dacite and rhyolite

Zircons in dacite sample GRM-18 and rhyolite JV-17 showoscillatory
zoning (Fig. 3C and D). samples GRM-18 (dacite) has low U (109-
305ppm) and Th (58-185 ppm) contents and their Th/U ratios vary
from 0.4 to 0.7. Twenty-four analyses from this sample yielded an age
of 535.5 ± 1.6 Ma (MSWD=0.77) (Fig. 4C) which is interpreted as the
crystallization age of dacitic sample GRM-18. One 207Pb/206Pb age on
zircon cores is 2346 ± 28 Ma.

Zircons from rhyolite sample JV-17 range from 100 to 200μm long,
with length to width ratios between 1:1 and 2:1. Zircons are mostly
euhedral and show oscillatory zoning (Fig. 3D). Twenty analyzed zir-
cons show low to moderate U (157-1977 ppm) and Th (67-1139
ppm) contents and narrow Th/U ratios of 0.4 to 0.6. A concordia age
SG-12; A-type granite 
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Fig. 3. Cathodoluminescence images of zircon grains from the Cadomian magmatic rock
from twenty-three analyses of this sample yielded is 536.5 ± 1.7 Ma
(MSWD=0.9) (Fig. 4D) which is interpreted as the crystallization age
of this rhyolite.
4.5. Whole rock geochemistry

Major, trace and rare earth element contents of Cadomianmagmatic
rocks from the Zarand region are given in Table S2. Detailed analytical
procedures are described in Appendix A. Zarand Cadomian igneous
rocks can be subdivided into two distinct suites: 1) high-K calc-
alkaline and shoshonitic rocks and 2) Alkaline mafic rocks and granites.
Data for these are discussed separately below.
4.6. Zarand high-K calc-alkaline and shoshonitic rocks

Zarand granodiorites and dacites/rhyolites show subalkaline sig-
natures on the Na2O+K2O vs SiO2 diagram of (Winchester and
Floyd, 1977) (Fig. 5A). Dacites have high SiO2 (68.7-72.9 wt. %) and
Zr/Ti ratios (0.16-0.23). MgO and Al2O3 content of dacites/rhyolites
range from 0.59 to 1.95 wt% and 12.25 to 15.23 wt%, respectively.
A/CNK (molar Al2O3/(CaO+Na2O+K2O) ratio of these rocks varies
1.45-2.03, displaying a peraluminous signature (Fig. 5B). Granodio-
rites have similar SiO2 (68.6-71.2 wt%) and MgO and Al2O3 contents
range from 0.55 to 1.75wt% and 12.98 to 14.53wt%, respectively. The
A/CNK ratio of these rocks varies in the range of 1.4-1.9, showing a
peraluminous signature (Fig. 5B). Both granodiorites and dacites
have high-K2O content and are similar to high-K calc-alkaline rocks
and shoshonites (Fig. 5C). These samples are similar to volcanic arc
granites (Fig. 5D).

Chondrite-normalized rare earth element (REE) patterns of granodi-
orites and dacites/rhyolites (Figs. 6A-C) show high La(n)/Yb(n) ratio of
6.04-14.25, with conspicuous negative Eu anomalies (Eu/Eu ∗= 0.44 to
0.89). On a multi-element, N-MORN-normalized diagram (Figs. 6B-D),
these rocks exhibit positive anomalies for Rb, Ba, Th, U, K, Pb and nega-
tive anomalies in Ti, Sr, P and Nb relative to N-MORB. The geochemical
signatures of granodiorites and dacites, including depletion in Nb, Ti
and enrichment in large-ion lithophile elements (LILEs) and high ratios
of light rare elements (LREEs)/heavy rare earth elements (HREEs), are
similar to the geochemical characteristics of continental arc magmatic
rocks (Ducea et al., 2010). Granodiorite and dacites/rhyolites have so
many features in common (including their age), they may be intrusive
and extrusive expressions of the same magma.
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s of Zarand. Red circles show analytical spots for U-Pb and Hf isotopes, respectively.
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Fig. 4. Concordia and weighted mean 206Pb/238U age plots for the investigated zircons from the Late Neoproterozoic-Cambrian Zarand magmatic rocks.
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4.7. Zarand alkaline rocks

Zarand basalts, gabbros andA-type granites showhigh content of al-
kalies (Na2O+K2O) and some other alkaline characteristics. Basalts
show narrow ranges of SiO2 (47.2- 49.4 wt%), high concentrations of
Al2O3 (16.40-17.30wt%), and K2O (2.1-2.2wt%) andmoderate contents
of TiO2 (1.12 to 1.45 wt%) and Na2O (2.80 to 3.40 wt%). Gabbros have
lower SiO2 (43.07-47.13 wt%) and Al2O3 (14.5-16.9 wt%) compared
to basalts. These rocks are characterized by variable K2O (0.80 to
2.98 wt%) but high Na2O (4.12 to 5.56 wt%) contents. A-type granites
are characterized by 72.70 to 75.20 wt% SiO2, 11.20-13.10 wt% Al2O3,
4.7-5.8 wt% K2O, 3.7-5.2 wt% Na2O, and 0.96-1.23 Na2O/K2O ratio. The
A/CNK ratio for A-type granites ranges from 1.18 to 1.24, displaying
peraluminous signatures (Fig. 5B). Alkaline mafic igneous rocks are
enriched in Na2O, with K2O/Na2O b1 and plot in the trachy-basalt to
tephrite and within-plate fields in SiO2 vs Na2O+K2O and Y+Nb vs Rb
diagrams, respectively (Fig. 5C-D). Chondrite-normalized rare earth el-
ement (REE) patterns of basalts show enrichment in LREEs relative to
HREEs, with La(n)/Yb(n) ratio of 18.2 to 9.2 and without Eu anomalies
(Eu/Eu ∗ = 1.03-1.12) (Fig. 6E). In a N-MORB-normalized multi-
element diagram (Sun and McDonough, 1989), LILEs such as K, Ba, Rb,
Th and U are enriched relative to high-field strength elements (HFSEs)
such as Nb, Ti and Zr (Fig. 6F). A-type granites and gabbros are also
enriched in LREEs relative to HREEs, with La(n)/Yb(n) = 13.2 to 22.5
and 8.8 to 14.1, respectively. These rocks do not show Eu anomalies
(Eu/Eu ∗=0.97-1.56) (Fig. 6G). On N-MORB normalized spider diagram
(Fig. 6H), basalts, gabbros, and A-type granites show steepHREE to LREE
- OIB-like trace element patterns with no HFSE depletions

4.8. Zircon Lu-Hf isotopes

Themeasured 176Lu/177Hf and 176Hf/177Hf ratios of zircons in Zarand
igneous rocks are summarized in Table S3. Detailed analytical proce-
dures are described in Appendix A. The 176Hf/177Hf ratios vary between
0.282331 to 0.282583 for the alkaline granites and 0.282250 to
0.282669 for high-K calc-alkaline to shoshonitic rocks (samples GRM-
18, GRM-19 and JV-17), except one point with low 176Hf/177Hf ratio of
0.281551. Zircons from A-type granites have positive εHf(t) values of
+1.1 to +5.1 (av +3) (Fig. 7A), except one point with negative εHf
(t) value of−3.8, suggesting that nearly all zircons fromA-type granites
have juvenile signatures without significant contribution of crustal
components in the melt source or during the melt ascent and emplace-
ment. Crustal model ages of zircons from A-type granites are in the
range of 0.9 to 1.3 Ga. Zircons from high-K calc-alkaline to shoshonitic
rocks including granodiorites and dacitic-rhyolitic lavas have variable
εHf(t) values of −6.6 to +8.1 (except one point with negative εHf
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(t) value of -31.4) (av +1.5), indicating that mantle-derived magmas
and pre-existing crustal material were involved in their genesis. Crustal
model ages of zircons from high-K calc-alkaline-shoshonitic rocks are in
the range of 0.8 to 1.2 Ga, except one point with TDMC age of 2.4 Ga.

4.9. Bulk rock Sr-Nd-Pb isotopes

We analyzed 10 samples (2 A-type granites, 2 gabbros, 2 basalts, 2
granodiorites, 2 dacites) from Zarand Cadomian rocks for Sr-Nd-Pb iso-
topes (Table S4). Initial 87Sr/86Sr(i),143Nd/144Nd(i), 206Pb/204Pb
207Pb/204Pb and 208Pb/204Pb of these rocks re-calculated based on their
zircon U-Pb ages. The 87Rb/86Sr ration of Zarand alkaline rocks ranges
from 0.349 to 0.385, 0.121 to 0.771 and 0.232 to 0.240 for A-type gran-
ites, gabbros and basalts, respectively. These rocks display initial ɛNd
(t) values of +3.6 to +3.7 for the A-type granites, +3.8 to +4.0 for
the gabbro, +0.3 to +3.1 for basalts. These rocks have depleted mantle
model ages (TDM) of ~0.8-1.1 Ga. Although (87Sr/86Sr)(i) values show
considerable variations, from 0.7053 to 0.7111 for basalts, 0.7032 to
0.7033 for A-type granites and 0.6988 to 0.7049 for gabbro (Table S4),
but they have positive εNd(t) values with narrow variations. Since, Nd
isotopes are more resistant to alteration than Sr isotopes, it can be sug-
gested that the Sr isotope has influenced by alteration for basalts rela-
tive to gabbro and A-type granites. Gabbros and A-type granites show
more juvenile (mantle-derived) isotopic composition relative to basalts
(Fig. 7B).

High-K calc-alkaline rocks and shoshonites have εNd(t) values of
−7.7 to −7.4 and −6.7 to −6.2, respectively, with depleted mantle
model ages (TDM) of 1.5 to 1.6 Ga. The 87Rb/86Sr ratios for granodiorites,
dacite and rhyolite show values of 0.58 to 0.60, 0.78 and 0.62, respec-
tively, so significant correction for radiogenic growth of Sr isotopes is
needed to determine initial values. These rocks have (87Sr/86Sr)(i) ratios
of 0.7195-0.7235 and 0.7112 to 0.7139. These isotopic values attest to
remelting of much older continental crust to generate these magmas.
The 206Pb/204Pb and 208Pb/204Pb values of granodiorites and rhyolites
are also high, ranging from 15.62 to 19.35 and 37.11 to 40.68, respec-
tively (Table S4). These samples are also characterized by radiogenic
207Pb/204Pb ratios, ranging between 15.51 and 15.87. These rocks plot
above the Northern Hemisphere Reference Line (NHRL; (Zindler and
Hart, 1986)), in the 207Pb/204Pb and 208Pb/204Pb vs 206Pb/204Pb diagram
(Fig. 7C and D) and their isotopic composition is similar to that of conti-
nental crust. The 206Pb/204Pb and 208Pb/204Pb ratios of alkaline rocks are
lower than the high-K calc-alkaline suite and change from 16.96 to
18.89 and 36.36 to 39.24, respectively (Table S4). These samples are
also characterized by elevated 207Pb/204Pb ratios, ranging between
15.14 and 15.87. They plot above the Northern Hemisphere Reference
Line (NHRL; Hart (1984)), in 207Pb/204Pb and 208Pb/204Pb vs
206Pb/204Pb diagrams (Figs. 7C and D).

5. Discussion

Cadomian igneous and sedimentary rocks constitute the main rock
units that formed on the northern margin of Gondwana although this
crust is now found in a N5000 km long belt in Eastern N. America,
Europe, (Avigad et al., 2016) Turkey, Iran and Tibet (Wang et al.,
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2016). Our results indicate that in addition to the high-K calc-alkaline-
shoshonitic magmatism which characterized Cadomian arc igneous
rocks, alkaline rocks are also present. These observations suggest that
some Cadomian rocks in Iran formed in a back-arc region and/or
retro-arc rifted basins behind (south of) the main magmatic arc.
Below, we discuss the origin and petrogenesis of both Cadomian calc-
alkaline and alkaline rocks separately. Then we will discuss the tempo-
ral and spatial occurrences of Cadomian rocks in Iran and Gondwana.

5.1. Petrogenesis of Cadomian high-K calc-alkaline-shoshonitic rocks

Zarand high-K calc-alkaline to shoshonitic magmatic rocks comprise
granodiorites and dacites-rhyolites (~537-536 Ma) closely associated
with alkaline stocks (~535 Ma). Granodiorites and dacites-rhyolites
have geochemical characteristics that resemble I-type granites. They
show geochemical similarities to continental magmatic arc-related
rocks in the Th/Yb vs Ta/Yb diagram (Fig. 8A) (Tindle and Pearce,
1983). In addition, the Th/Ta ratio at relatively constant Yb values can
be used to discriminate the tectonic setting of the analyzed samples as
within-plate, active continental margin and oceanic arcs (Schandl and
Gorton, 2002). The Th/Ta ratio of Zarand granodiorites and dacites-
rhyolites range from 10.57 to 15.37 and 6.53 to 20.59, respectively and
plot within the active continental margin arc field (Fig. 8B). The Zr/Nb
vs Nb/Th diagram of (Condie, 2005b) (Fig. 8C) also suggests a
magmatic-arc origin for the genesis of these rocks. Nearly all Cadomian
rocks from NW, NE and Central Iran also have similarities to magmatic
arc granites (Fig. 5D). Dacites-rhyolites and granodiorites belong to
the high-K calc-alkaline/shoshonitic magmatic series and share their
geochemical signatures both in terms of trace element patterns
(Figs. 6A-D) and peraluminous characteristics (Fig. 5B). These rocks
are cogenetic and may have formed from the same magma.

The high-K calc-alkaline to shoshonitic Zarand igneous rocks are
characterized by enrichment in LREEs, Rb, Ba, Th, U, Pb andK, and deple-
tion in Nb, Ta, Ti. These geochemical signatures are a feature of magmas
erupted and emplaced in active continental arcs (Baier et al., 2008;
Pearce and Peate, 1995). The noticeabley negative Nb-Ta anomalies
may explained by a Nb-bearing phase during hydrous melting of the
mantle wedge (Smedley, 1988) to generate the parental melts of
these rocks. These rocks are also characterized by depletion in Sr and
Eu, indicating plagioclase fractionation.

It is generally believed that high-K I-type felsicmeltsmay be derived
from melting of hydrous intermediate to mafic high-K meta-igneous
rocks; i.e., melting of a heterogenous continental lower crust
(e.g., (Roberts and Clemens, 1993; Sisson et al., 2014)) or form by
mixing of mantle-derived magmas with crustal melts (e.g., (Hildreth
et al., 1991; Huang et al., 2013)). Experimental data also confirm that
partial melting of hydrous, calc-alkaline to high-K calc-alkaline, mafic
to intermediate metamorphic rocks in the lower-middle crust can gen-
erate high-K, I-type felsic intrusions (Roberts and Clemens, 1993).
Moreover, fractional crystallization (FC) of mantle-derived mafic
magmas is an alternative mechanism for the generation of Zarand
calc-alkaline-shoshonitic magmas. The Zarand calc-alkaline to
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shoshonitic felsic samples show high SiO2 contents (68-72 wt%), low
MgO (0.55-1.95 wt%) and non-radiogenic Nd isotope (εNd(t)= −7.7
to −6.2), suggesting they did not equilibrate with the upper mantle.
This criterion, and the lack of the mafic counterparts in the study area,
argues against derivation of the Zarand calc-alkaline to shoshonitic
felsic magmas from mantle melts via FC. Generally, the felsic rocks of
the Zarand rocks have high concentrations of Zr, Hf, LILEs and LREEs,
typical of continental-arc magmas. Although these geochemical charac-
teristics imply a crustal contribution, the depletion of Nb and other
HFSEs relative to the LREEs, and enrichment of LILEs may be related to
fluid-melt released from a down-going slab and mantle wedge melting
or inherited from anatexis of a continental crust above a subduction
regime.

Understanding the role of mafic continental lower crust in the gene-
sis of high-K calc-alkaline to shoshonitic Zarand igneous rocks is
challenging, because it is difficult to discriminate between fractionated
mantle-derivedmelt andmelts derived frompartialmelting of the juve-
nile lower crust. The non-radiogenic bulk εNd(t) (−7.7 to −6.2) and
zircon εHf(t) (mean= +1.6) isotopic values for high-K calc-alkaline to
shoshonitic Zarand igneous rocks does not favor melting of mafic conti-
nental lower crust, which is expected to be radiogenic. These felsic
magmas may have formed by partial melting of older continental
crust and/or via interaction of mantle melts with such crust via
assimilation-fractional crystallization. Mixing of mantle-derived
magmas with crustal melts is an alternative explanation. The
peraluminous signature of these rocks confirm a crustal component in
the genesis of thesemagmas, probably via crustalmelting and fractional
crystallization (Rudnick, 1992, 1995). Zarand high-K calc-alkaline-
shoshonitic rocks have high concentrations of Th (high Th/Yb ratios of
1.7-6.3) with negative εNd(t)= −6.2 to −7.7), showing significant
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influences of crustal components during magma genesis and evolution.
Pb isotopes also attest to the involvement of crustalmaterials during the
genesis of Zarand high-K calc-alkaline-shoshonitic rocks. The variable
range of Hf isotopic composition of the zircons (εHf(t)= −6.6 to
+6.3) rules out a simple evolution of the Zarand high-K calc-alkaline-
shoshonitic melts by fractional crystallization, nevertheless other
mechanisms such as wall-rock assimilation can explain the observed
Hf isotope variations. Therefore, the heterogeneous distribution of the
zircon Hf-isotope data, as well thewhole-rockNd isotopic compositions
of Zarand high-K calc-alkaline-shoshonitic rocks show that mantle-
derived magmas and pre-existing crustal material were involved in
their genesis. The presence of xenocrystic zircons (with ages of 1.1 to
2.3 Ga) in Zarand high-K calc-alkaline-shoshonitic rocks further sup-
ports assimilation of older crust (Belousova et al., 2006; Griffin et al.,
2002; Yang et al., 2008).

Although the role of crustal components during the genesis of
Zarand high-K calc-alkaline-shoshonitic rocks is clear, it is difficult to
simulate the composition of the precursor mantle melts that interacted
with the continental crust to generate these magmas. In addition, it is
challenging to unravel whether the high contents of K, Th and other in-
compatible elements come from melting of continental crust or these
elements were supplied from melting of a metasomatized mantle
wedge. Therefore, we suggest that melting of a metasomatized mantle
wedge could be the source of mafic melt precursors to granitic
magmatism in the Zarand region. In this scenario, underplating of the
lower crust by mafic magmas led to partial melting of the lower crust,
then assimilation-fractional crystallization generated granite melts
(e.g., (Ferre and Leake, 2001; Karsli et al., 2010)). Furthermore, negative
Eu anomalies indicates that thesemelts likely experienced low-pressure
plagioclase fractionation in crustalmagmachambers. Nd-isotope crustal
residence ages (TDM) of Zarand high-K calc-alkaline-shoshonitic rocks
range from 1.5 to 1.6 Ga, suggesting that Mesoproterozoic or older
crust was involved in their genesis. Moreover, zircon Hf TDMC ages are
also a good indicator of the age of the older crust that contributed to
the Cadomian magmas. Zarand zircon Hf TDMDM

C model ages range be-
tween 0.9 and 1.9 Ga for calc-alkaline-shoshonitic rocks; except for one
point with a model age of 3.4 Ga (Table S3). This inference also agrees
with U-Pb ages of 1.1 to 2.3 Ga for inherited zircons separated from
these rocks. In addition, compiled data from all of Iran show a preva-
lence of Hf model ages in the range of 1-3.7 Ga (Moghadam et al.,
2017c). This is in agreement with the ages of inherited zircon cores
from other Cadomian rocks which show dominant distribution at
N600–1000 Ma and 2.4–2.5 to 3.6 Ga, which is consistent either with
an original Cryogenian-Tonian to Archean crust with Gondwanan affin-
ities (Honarmand et al., 2018b; Nutman et al., 2014; Shafaii Moghadam
et al., 2020). From all this evidence, we infer that Zarand high-K calc-
alkaline-shoshonitic rocks are the products of assimilation-fractional
crystallization of originally mafic magmas derived from a
metasomatized mantle wedge interacting with Proterozoic to Archean
continental crust. Mixing between mafic magmas and secondary melts
from Proterozoic to Archean continental crust is also possible. These
secondary melts were generated by underplating of mafic magmas be-
neath the cratonic, old crust above the Cadomian subduction zone,
which caused crustal anatexis.

5.2. Petrogenesis of Cadomian alkaline rocks

Zarand alkaline igneous rocks including granites, gabbros and ba-
salts have similar ages to the high-K calcalkaline and shoshonitic suite.
Granites have high contents of Na2O, K2O, FeO/MgO, Ga/Al and HFSEs,
and low contents of CaO, Al2O3, Sc, Cr, Co and Ni. These rocks show en-
richment in LREEs, Rb, Th, U, Pb and K,without depletion in Nb and Ti, in
agreementwith geochemical features of A-typemagmas formed in con-
tinental rift zones (e.g., (Collins et al., 2019; Eby, 1990; Frost et al., 2002;
Whalen et al., 1987). Zarand alkaline rocks plot in within-plate field in
the Th/Yb vs Ta/Yb, Th/Ta vs Yb and Zr/Nb vs Nb/Th diagrams
(Figs. 8A-C). Th/Ta ratios of the alkaline rocks range from 0.85 to 2.27,
significantly lower than those of high-K calc-alkaline-shoshonitic
rocks. In the Al/Ga×1000 vs Zr diagram (Fig. 8D), gabbros and granites
are similar to within-plate A-type granites. The alkaline rocks are char-
acterized by high concentrations of Yb (lower Th/Yb ratios of 1.8-3.8
compared to Zarand calc-alkaline-shoshonitic rocks) and positive εNd
(t) values (+0.3 to +4.0), clearly showing more juvenile mantle-
derived component than do high-K calc-alkaline-shoshonitic rocks.

On the triangular Nb-Y-Ce and the binary Ce/Nb vs Y/Nb diagrams
(Eby, 1992b), the Zarand alkaline granites and gabbros plot in the A1-
type granite field (Figs. 8E-F). A-type granites and gabbros are also sim-
ilar to OIB rocks in a Ce/Nb vs Y/Nb plot. This geochemical signatures for
Zarand alkaline gabbros and A-type granites are different than
Cadomian alkaline rocks from NE Iran, Sanandaj-Sirjan Zone and from
the exotic blocks within the Cadomian salt domes, which are similar
to A2-type granites (Fig. 8E-F).

Several models have been proposed to explain the source and origin
of A-type granites and their associated alkaline mafic rocks including:
(1) Fractionation of a mantle-derived mafic alkaline magma to yield
alkali-rich differentiates (Bonin, 2007); (2) Late stage alkali-, F- or Cl-
rich solutions interact either with residual magmas- ormetasomatically
with pre-existing granites to generate A-type granites (Harris et al.,
1986); (3) Melting of high grade felsic metamorphic rocks from which
a previous melt phase had been extracted (Clemens, 1990). A1-
granites are peralkaline and thought to originate from differentiation
of OIB-like magmas whereas A2-granites are peraluminous and are
interpreted as differentiation products of tholeiitic magmas and/or are
the partial melting products of lower continental crust (Karsli et al.,
2012; Karsli et al., 2018; Vasyukova and Williams-Jones, 2019). There-
fore, the genesis of A2-type granites needs crustal melting under high-
T anhydrous conditions (Clemens, 1990; Clemens et al., 1986; Patiño
Douce, 1997; Patiño Douce, 1999), which is consistent with their geo-
chemical signatures (Eby, 1992a). Instead, the occurrence of A1-type
granites like those of Zarand can be related to fractionation of parental
alkalinemagmawhichwas generated bydecompressionmeltingduring
lithospheric extension but without the influence of the advecting aque-
ous fluids from hydrous arc magmas. Zarand A1-type granites are simi-
lar to alkaline gabbros in term of their Ce/Nb, Y/Nb, Zr/Nb, Nb-Y-Ce and
Nd isotopic composition. Therefore, we propose that fractional crystalli-
zation of alkaline gabbros generated Zarand Cadomian A1-type granites.

The mantle source of gabbros and basalts can be traced by their ra-
diogenic (143Nd/144Nd) i isotopic ratios, HFSE concentrations and N-
MORB-normalized patterns, which are similar to those of OIBs (Fig. 6),
although they have more LILE content. Their high HFSE concentrations
suggest generation of these alkaline rocks from an enriched mantle
source. Enriched mantle sources such as EM-I and EM-II reservoirs
may form alkaline magmas with negative εNd(t) values (Zindler and
Hart, 1986), in contrast to the εNd(t) values of Zarand gabbros and ba-
salts rockswhich are positive. From this, we propose that Zarand basalts
and gabbros were not formed from a long-lived enriched mantle
sources (EM-I or EM-II) or involvement of crust components in their
mantle reservoir. The range of εNd(t) in basalts and gabbros, from
+0.3 to +4.0, along with their enrichment in K, Rb, REEs and other
HFSEs suggest a metasomatized mantle source such as SCLM- or OIB-
like reservoir for their formation. There is no evidence for subduction
components in the Zarand alkaline suite magmas and these are most
consistent with formation in a continental rift.
5.3. Implications for Cadomian magmatism in Iran-Anatolia

One of the main inquiries related to the origin and evolution of the
Cadomian Zarand magmatic rocks is how can we relate these to other
exposures of similar age magmatic rocks elsewhere in Iran and Anato-
lia? Cadomian igneous rocks in Iran and Anatolia aremainly felsic intru-
sive rocks with less felsic extrusive rocks and are mostly geochemically
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classified as Volcanic Arc Granites (VAG) (Moghadam et al., 2015;
Moghadam et al., 2017a; Ustaomer et al., 2009).

Cadomian exposures in SE Anatolia are mainly metagranitoids and
granitic to dioritic gneisses with zircon U-Pb ages of 572 to 529 Ma,
which are hosted by Late Neoproterozoic schist, amphibolite and
orthogeneiss. Volcanic rocks show zircon U-Pb ages of 581.4 ± 3.5 Ma
and 559.2 ± 3.2 Ma for andesites and 569.6 ± 1.6 Ma, 571.6 ± 1.9 Ma
and 575.4±4.3Ma for rhyolites (Beyarslan et al., 2016).Metagranitoids
and granitic to dioritic gneisses are characterized bynegative zircon εNd
(t) values of −5.1 to −4.1 (Fig. 7B), whereas andesites and rhyolites
have positive εNd(t) values of +0.5 to +4.2 (Fig. 7B) with low εHf
(t) values of +0.4 to −5.3. These isotopic characteristics imply that
Cadomian magmas from SE Anatolia experienced strong interaction
with older continental crust (Ustaomer et al., 2009; Ustaomer et al.,
2012). The Nd model ages suggest that Proterozoic crust of 1.1-2.1 Ga
was involved in the genesis of these magmas.

Cadomian basement exposures are also found in NW Iran (ca 590-
540 Ma (Honarmand et al., 2018b)), central Iran (ca 599-525 Ma
(Ramezani and Tucker, 2003)), NE Iran (ca 560-525 Ma) and in the
Sanandaj-Sirjan zone (ca 596-540 Ma (Hassanzadeh et al., 2008)).
Cadomian exposures from NW Iran (Zanjan-Takan and Khoy-Salmas)
are mostly composed of granitic to tonalitic gneisses, granitoids,
migmatites, granulites along with rhyolites with zircon U-Pb ages of
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620 to 500 Ma (Hassanzadeh et al., 2008; Moghadam et al., 2017a;
Moghadam et al., 2017c; Moghadam et al., 2019). The magmatic rocks
are characterized by low εHf(t) values of−7 to−0.7, suggesting signif-
icant involvement of older Proterozoic continental crust (1.1-2.3 Ga).
However, some zircons have Archean Hfmodel ages (~2.5 Ga), suggest-
ing the involvement of Archean crust. Archean detrital zircons are also
widespread in Ediacaran to middle Paleozoic sedimentary rocks and
may be derived from Gondwana or are inherited from hidden pre-
Cadomian crust in Iran (Fergusson et al., 2016; Moghadam et al.,
2017d; Nutman et al., 2014; Shakerardakani et al., 2019). Cadomian ex-
posures from NW Iran also contain metamorphosed sandstones,
metagraywackes and metapelites in association with tectonic slices
and blocks of serpentinites and metaperidotites (Hajialioghli et al.,
2007; Saki et al., 2011), which may be fragments of a Cadomian accre-
tionary prism.

Cadomian rocks fromNE Iran aremostly high-K calc-alkaline granit-
oids, gabbros to diorites, rhyolites and tuffs with zircon U-Pb ages of 530
to 556Ma (Bagherzadeh et al., 2015;Moghadamet al., 2017c).Minor al-
kaline mafic rocks with zircon U-Pb ages of 545 to 555 Ma are also re-
ported from NE Iran. The NE Iran high-K calc-alkaline magmatic rocks
are characterized by εNd(t) values of −4 to +8.4 and εHf(t) of −3.4
to+8.5 (Bagherzadeh et al., 2015; Moghadam et al., 2017c), which is
broadly similar to other Cadomian rocks from SE Anatolia and NW
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Iran, which also show variable interaction with older continental crust.
Alkaline mafic rocks from NE Iran are characterized by a stronger man-
tle signature (high Nb/Yb ratio, without Nb-Ta depletion). The genera-
tion of these alkaline magmas is attributed to an enriched mantle
source (Balaghi et al., 2010; Veiskarami et al., 2019). Calc-alkaline and
alkaline Cadomian xenoliths with similar ages (~538-540 Ma) are also
reported from Saghand and salt domes of S Iran. Alkaline intrusive
rock xenoliths from salt domes of S Iran are characterized by strong
mantle signatures and positive initial ɛNd(t) values of +4.7 to +6.8
(Asadi et al., unpublished data).

In summary, the heterogeneous distribution of zircon Hf-isotope
data as well as whole-rock Nd isotopic compositions of Cadomian
calc-alkaline rocks with subduction signatures from Iran and Anatolia
indicate that two discrete components - mantle-derived magmas and
pre-existing continental crust or sediments -were involved in their gen-
esis. The role of pre-existing continental crust componentmay decrease
from SE (Zarand) toward NE and NW Iran.

Cadomian rocks fromZarand are geochemically bimodal and include
both high-K calc-alkaline-shoshonitic rocks and alkaline rocks. Alkaline
rocks have no Nb-Ta anomalies with radiogenic Pb isotopic composi-
tion. Cadomian alkaline rocks (OIB-likemafic rocks andA-type granites)
have rarely reported from other Cadomian exposures of Iran, such as
those from NE, Central and S Iran as well as the Sanandaj-Sirjan Zone.
Part of this rarity seems to be related to the paucity of geochemical
data from the Cadomian exposures of Iran. Our new data indicate that
Zarand alkaline rocks are characterized by a stronger mantle signature,
with εNd(t) and εHf(t) values of +0.3 to +4.0 and +1.1 to +5.1, re-
spectively. The generation of these alkaline magmas requires the in-
volvement of somewhat enriched mantle.

Cadomianmagmatic rocks in Iran andAnatolia are suggested to have
formed during a magmatic flare-up that lasted ~44 Myr, from ~572 Ma
until 528 Ma (Moghadam et al., 2017e). Our new and compiled data
(Fig. 9) are consistent with this general assessment but also show the
high-flux magmatism- within this interval- occurred at various times
in different parts of Iran. For example, in central/SE and NW Iran, the
flare-up lasted from ~580 to 530 Ma, while magmatism started by
~620 Ma. Alkaline magmatism in central/SE Iran seems to have waned
earlier, at ~550 Ma. In NE Iran magmatic flare-up lasted for ~40 Myr
from 570 to 530 Ma and alkaline magmatism mainly lasted ~20 Ma
(520-500 Ma). In contrast, magmatic flare-up in S Iran and Sanandaj-
Sirjan Zone happened at 570 to 530 Ma and 550-520 Ma, respectively
(Fig. 9).

5.4. Geodynamic implications for the formation of Zarand Cadomian igne-
ous rocks

Zarand Ediacaran-Early Paleozoic sedimentary and magmatic rocks
are broadly similar to rocks from other Cadomian exposures in Iran
and Anatolia. However, there are differences in inferred magmato-
depositional environments relative to the likely trend and location of
the main magmatic arc, which lay to the north. Most Cadomian mag-
matic rocks in Iran-Anatolia formed as parts of the magmatic arc.

The most important new result of our studies is the discovery of
Cadomian alkaline rocks in the Zarand region. These alkaline rocks are
geochronologically similar to calc-alkaline rocks, with both forming at
~535 Ma. In support of geochemical and isotopic evidence for a rift
basin origin for the alkaline rocks, there is a relationship between the
presence of the alkaline suite and sediment thickness. Thick sequences
of terrigenous rocks with minor evaporites in Rizu-Dezo Formation,
similar to the Hormoz series to the south, support deposition in a rift
basin. The deposition of banded iron-salt deposits- mainly in the Hor-
moz series- at about this time also indicate deposition in a rift basin
(Atapour and Aftabi, 2017a; Atapour and Aftabi, 2017b).

Alkaline magmatic rocks are rare among the Cadomian terranes of
Iran and Anatolia but are reported from Central (e.g., (Ramezani and
Tucker, 2003)) and NW Iran (e.g., (Hassanzadeh et al., 2008)) where
they occur as rhyolitic flows. Igneous rocks with alkaline signatures
are also present as Cadomian exotic blocks within the salt domes of S
Iran (Faramarzi et al., 2015). The mafic alkaline rocks and their meta-
morphosed (lower amphibolite facies) equivalents are also reported
from Central and NE Iran (Balaghi et al., 2010; Maleki et al., 2019;
Veiskarami et al., 2019). In addition, Cadomian A2-type granites have
been reported from the Sanandaj-Sirjan Zone of Iran (Shabanian et al.,
2018; Shakerardakani et al., 2015). Alkaline rhyolites are also reported
fromSaghand (Momenzadeh andHeidari, 1995). Higher alkalies and in-
compatible elements in these rhyolites show their highly fractionated
nature; these are not really alkaline volcanic rocks. These rocks are sug-
gested to have formed in a subduction-related setting (Ramezani and
Tucker, 2003), in contrast to a rift-environment proposed by others
(Momenzadeh and Heidari, 1995).

All studied Cadomian exposures from Iran, Anatolia, Taurids and Ibe-
ria comprise bothmagmatic and sedimentary rocks (and/or their meta-
morphic equivalents, metamorphosed in greenschist to amphibolite
facies) with minor high-pressure metamorphic rocks (eclogites) and
Cadomian ophiolites (Moghadam et al., 2017a; Moghadam et al.,
2017b). The ratio of magmatic to sedimentary rocks varies from expo-
sure to exposure. The presence of ophiolite and high-pressure rocks
shows the presence of a fossilized subduction-related forearc and accre-
tionary prism. Such ophiolites and high-P rocks are present in Iberia and
Taurides (Candan et al., 2015; Kounov et al., 2012). The extensive occur-
rence of plutonic to volcanic calc-alkaline rocks (both spatially and com-
pared to alkaline rocks) in Cadomian exposures probably show a main
arc (magmatic front). These exposures usually contain minor volcanic
rocks which probably eroded extensively during Ediacaran-early Paleo-
zoic and/or younger tectonic processes. The assumed magmatic front
contains minor sediments, most of which are metamorphosed into
greenschists and paragneiss. These rocks contain prevalent 600-500
Ma old detrital zircons (~70-90%), with minor (30-10%) older zircons
(Balaghi et al., 2014). In contrast, suspected retro-arc exposures such
as Zarand contain minor plutonic rocks, with subordinate volcanic
rocks interlayered with terrigenous sedimentary rocks (Fig. 10). There-
fore, the volume of magmatism in the Iran Cadomian retro-arc was less
than at the magmatic front to the north. These sedimentary rocks
(which mostly are non-metamorphosed) contain abundant Archean
and Paleoproterozoic as well as Cadomian zircons, which show strong
crustal reworking and a supply from a both juvenile crust of Arabia
and cratonic crust of Africa (Drost et al., 2004; Drost et al., 2011;
Linnemann et al., 2011; Moghadam et al., 2017b; Pereira et al., 2006;
Pereira et al., 2012). These sediments were supplied from these regions
via super-fan systems or detrital sheets (Meinhold et al., 2013) (Fig. 10).
Archean and Paleoproterozoic xenocrystic zircons and/or zircon cores
are also present in metasedimentary rocks (e.g., paragneisses) from
other Cadomian terranes (e.g., fromNW Iran), but the ratio of Cadomian
to Archean -Paleoproterozoic zircons are much higher than found in
Zarand retro-arc sediments.

In summary, although there are two types of igneous rocks in the
Zarand region, the calc-alkaline-shoshonitic and alkaline suites formed
simultaneously in a single tectonic setting (Fig. 10). The presence of al-
kaline rocks is important for showing the location of a continental rift
behind the continental arc, as is seen elsewhere (e.g., Iran Paleogene
arcs, (Moghadam et al., 2018; Sepidbar et al., 2019)). Such extensional
rifts can be related to slab roll-back which can also be responsible for
arc magmatic flare-ups and exhumation of subduction-related high-
pressure rocks (Ducea et al., 2017). Slab rollback may have been espe-
cially important because this causes extension, crustal thinning, conti-
nental rifting and juvenile crustal addition (Miskovic and Schaltegger,
2009). Extension and crustal thinning permit decompression melting
of the subcontinental lithospheric mantle (=SCLM) or sub-arc mantle
beneath the retro-arc (Fig. 10B). Low degree of melting of an enriched
SCLM and/or plume-influenced sub-arc mantle can generate OIB-like
melts. Such melts may differ from OIB-like melts from oceanic Islands
and/or continental plumes which are more undersaturated and
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isotopically evolved. Plumes also affect a larger area, with a diameter of
~N300 km (e.g., (Poore et al., 2011)), which is not the case for Iran’s
Cadomian terranes. Fractionation of primary OIB-likemelts can produce
gabbros and then upon more fractionation to crystallize A1-type gran-
ites. These mantle melts can also provide heat to melt continental
crust to produce Zarand calc-alkaline-shoshonitic rocks via assimilation
and fractional crystallization. However, we cannot rule out the effect of
flux melting in the sub-arc mantle beneath the retro-arc basin which
can also generatemaficmelts that can interactwith overlying continen-
tal crust to produce Zarand calc-alkaline-shoshonitic rocks via assimila-
tion and fractional crystallization. Retro-arc calc-alkaline rocks- such as
Zarand rhyolites-dacites and granodiorites- are geochemically similar to
Cadomian calc-alkaline rocks from the magmatic front (Figs. 5, 7-8), al-
though retro-arc calc-alkaline rocks show more negative εNd(t) values
and higher Pb isotopic compositions alongwith higher Rb, K and A/CNK
ratios.

Another alternative for the generation of Zarand OIB-like mafic rocks
is low-degree melting of asthenospheric mantle accompanying delami-
nation. Influx of asthenosphericmaterials to the arc root, due to the foun-
dering of dense cumulates, may trigger the generation of more mafic
magmas. This process has been suggested to explain the isotopic disrup-
tion of magmatic rocks from other arcs (e.g., (Paterson and Ducea, 2015;
Stuart et al., 2016)). Foundering of Cadomian arc cumulates is evidenced
by the presence of garnet-amphibole bearing ultramafic-mafic cumu-
lates from NE Iran (Shafaii Moghadam et al., 2020) (Fig. 10B). Cadomian
alkaline magmatism started at ~550 Ma, which accords well with zircon
U-Pb ages of the foundered cumulates. Considering upwelling rate of as-
thenosphere instabilities of ~270mm/yr. (Poore et al., 2011), amaximum
upwelling of ~13.5 meter is expected for the asthenosphere materials
during 50 m.yr. (550-500 Ma), depending on mantle temperature and
extensional regimes in theoverlyingplate. Thismay explainwhyalkaline
rocks are rare even in the retro-arc settingof Cadomianarcs. It seems that
Cadomainmagmatism-with strong subduction signatures- continued in
the main arc until ~500 Ma, whereas magmatism in retro-arc probably
died earlier.

6. Conclusions

1- Cadomian magmatic high K calc-alkaline -shoshonitic to alkaline
rocks from Zarand (SE Iran)were formed during southward subduc-
tion of Prototethyan oceanic lithosphere accompanied by Late
Neoprotozoic-Early Cambrian back-arc extension in a continental
arc setting. Zircon U-Pb geochronology indicate that the high K
calc-alkaline -shoshonitic rocks and A-type granites from Zarand
have almost identical ages of 537-536 and 535 Ma, respectively.

2- Trace element geochemistry, bulk-rock Nd and zircon Hf-isotope
composition indicate involvement of both juvenile melts and an
older continental crust during the generation of high K calc-
alkaline-shoshonitic rock, whereas an enriched mantle was respon-
sible for the genesis of alkaline rocks.

3- At ca 590-560 Ma, a back-arc/rifted retro-arc basin formed behind
the Cadomian magmatic arc. The formation of this basin was caused
by crustal stretching due to the subduction of Prototethyan ocean be-
neath N Gondwana. The retro-arc basin was filled by detrital sed-
iments of eroded Cadomian arcs and by juvenile and reworked
old components of both Arabian plate and African craton of
Gondwana.
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.lithos.2020.105569.
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Appendix A

Zircon grains from four rock samples were separated using conven-
tional magneto separator and heavy liquid techniques. Subsequently,
representative zircon grains were handpicked, mounted in epoxy
resin, polished and coatedwith afilm for CL imaging. All grainswere im-
aged by CL and BSE to provide maps to guide the choice of analytical
spots. Zircon U-Pb dating analysis was performed at Key Laboratory of
Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou (China) by Laser ablation
multi-collector inductively coupled plasma mass spectrometry (LA-
MC-ICPMS). Laser ablation was performed using a RESOlutin M-50 sys-
tem equipped with a 193 nmArF-excimer laser. A Neptune PlusMC853
was used to acquire ion-signal intensities. Detailed descriptions of both
instruments were reported in (Zhang et al., 2014). The laser beam has a
diameter of 24 μm, a repetition frequency of 6 Hz and energy density of
~5 J cm−2. Five ion counters were used to detect the signals of 202Hg,
204Pb, 206Pb, 207Pb and 208Pb. 232Th and 238U were collected by Faraday
cups. Zircon 91500 was used as the external standard for U-Pb dating.
Preferred U-Th-Pb isotope ratios used for zircon 91500 are from
(Wiedenbeck et al., 1995). Uncertainty of preferred values for the stan-
dard 91500 was propagated to the final results of the samples. Zircon
standard Plešovice (Slama et al., 2008) was analyzed as an unknown.
U-Pb isotopic ages were calculated using the ISOPLOT program of
(Ludwig, 2003). Zircon U-Pb ages are presented in Table S1. Major ele-
ment composition of samples was analyzed at the State Key Laboratory
of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Acad-
emy of Sciences, Guizhou (China). The precision of analysis, based on
the repeated analyses, is ±1.0% for major elements, whereas most
trace elements have an uncertainty of ±5.0%. Whole-rock major- and
trace-elements data are presented in Table S2. In-situ zircon Hf isotopic
analyseswere obtained using LA-MC-ICPMS at Key Laboratory ofMiner-
alogy and Metallogeny, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, Guangzhou (China). During the analysis, a laser
repetition rate of 7 Hz was used with the spot size of 45 μm. Each spot
analysis consists of 20 s gas blank collection with laser off and 30s sam-
ple signal collectionwith laser on. All isotope signalswere detectedwith
Faraday cups. The isobaric interferences of 176Yb and 176Lu on 176Hf
were corrected with the signal intensities of 173Yb and 175Lu combined
with the natural ratios of 176Yb/173Yb and 176Lu/175Lu. The 176Hf/177Hf
was normalized to 179Hf/177Hf of 0.7325 using an exponential law for
mass bias correction. During the analysis, the 176Hf/177Hf ratio of the
standard zircon (Penglai) was 0.282915 ± 0.000022 (2σ), agreeing
with the recommended values within 2σ error (Li et al., 2010). Zircon
Hf isotope data are presented in Table S3.

Sr and Nd isotope ratios were determined at Key Laboratory of Min-
eralogy and Metallogeny, Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences, Guangzhou (China). Samples for Sr-Nd
isotopic analysis were dissolved in Teflon bombs by HF+HNO3mix-
ture acid. Sr and Ndwere separated using conventional ion exchange
procedures and measured using a Neptune Plus MC-ICP-MS. Proce-
dure blanks of the total chemical treatment was at the level of less
than 1 ng for Nd and Sr. During the period of laboratory analysis,
measurements of NIST SRM- Sr standard yielded 87Sr/86Sr ratio of
0.710250 ± 0.000030 (2σ), and the JNdi-1 Nd standard yielded
143Nd/144Nd ratio of 0.512115 ± 0.000004 (2σ). The detailed Sr-Nd
analytical technique and correction procedure is provided in (Wu
et al., 2006). The whole rock Sr-Nd isotope data are presented in
Table S4.
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