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Much of the crust of Iran and Anatolia, including their oldest exposed rocks, formed during an episode of intense
convergent margin (arc) magmatism as a result of subduction of oceanic lithosphere beneath northern Gond-
wana from ca 620 Ma to ca 500 Ma, the Cadomian crust-forming event. Most igneous rocks formed between
ca 570 and 525 Ma. Cadomian crust is well-known from western and southern Europe and from eastern North
America but is much less well-known from Iran and Anatolia. We use published age and compositional data
and contribute new data in order to better understand this ancient magmatic system. Cadomian magmatism
included calc-alkaline igneous rocks of arc affinity in the main arc and alkalic igneous rocks that formed in a
back-arc setting; these igneous rocks are associatedwith sedimentary rocks. Geochemical and isotopicmodelling
reveals that basaltic magmaswere themain input, that these formed by partial melting in the uppermantle, and
that basaltic magmas evolved further in deep crustal hot zones to form granitic magmas through a combination
of assimilating older continental crust and fractional crystalization of basaltic magmas.

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

Continental arcs are regionswith highmagmatic flux above subduc-
tion zones and are important sites of crustal growth and reworking. Fos-
silized continental arcs are especially useful because both upper
volcanic and lower plutonic parts can be examined. These provide espe-
cially useful insights for examining crustal growth processes because
moderate erosion exposes a record of arc evolution that cannot be
accessed by studies of active arcs. Studies of fossilized continental arcs
such as the western North America cordillera indicate that arc
magmatism is episodic, characterized by 20–30 Ma episodes of high
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magmatic flux or “flare-up” separated by longer magmatic lulls when
less magma is produced (Ducea and Barton, 2007). Flare-ups represent
major pulses of crust formation and reworking.

The Cadomian crust offers a good opportunity to study the record
of Late Neoproterozoic-Early Cambrian crust formation and reworking
associated with arc magmatism in northern Gondwana. This was
the second episode of arc magmatism that affected Gondwana in
Neoproterozoic and Early Cambrian time. Intense Neoproterozoic
magmatism generated much juvenile crust, especially in the Arabian-
Nubian Shield (ANS) and also reworked older crust to the west, in the
Saharan Metacraton (Abdelsalam et al., 2002), as well as to the north-
west of the ANS, in the Eastern Desert (Li et al., 2018). This episode is
marked by Tonian and Cryogenian arc magmatism, followed by Edia-
caran collisional and post-collisional magmatism, ultimately welding
the Greater Gondwana supercontinent together. As this supercontinent
cycle ended at ~600 Ma, a new subduction system formed along the
northern margin of the supercontinent and a new magmatic arc was
established in Ediacaran-Early Cambrian time (620–500 Ma). Igneous
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rocks and sediments generated during this episode, referred to as the
Cadomian, make up much of the crust of Western Europe; some west-
ern segments are called Avalonian. Cadomian and Avalonian crust
now underlies large tracts of eastern North America, southern and cen-
tral Europe, Iran and Turkey. Cadomian magmatic, sedimentary and
metamorphic rocks dominate the basement of Europe, southwest of
the Baltic craton, including Iberia, Armorica and Bohemia (Linnemann
et al., 2011; Tilhac et al., 2017). Cadomian crust can be traced eastwards
into southeast Europe, Iran and Anatolia, and perhaps further into Cen-
tral Asia (von Raumer et al., 2002).

The Cadomian-Avalonian magmatic arc formed during the sub-
duction of Prototethys beneath northern Gondwana, as evidenced
by the presence of Ediacaran high-P rocks, ophiolites and accreted
arc complexes (e.g., (Triantafyllou et al., 2020)) (Fig. 1A). Magmatism
began ~620 Ma and ended ~500 Ma, although most activity occurred
between 570 and 530 Ma. This single continental magmatic arc broke
into fragments that rifted away during the Paleozoic and Mesozoic to
open the Rheic and Paleotethys Oceans (Nance et al., 2002), and even-
tually accreted to southern Laurasia. Recent studies of U–Pb ages and
Hf-isotopes in zircon have addressed the age and geochemical evolu-
tion of Cadomian magmatic rocks in western and southern Europe as
well as the provenance of Cadomian sedimentary rocks (e.g., (Abbo
et al., 2015; Avigad et al., 2015)). Although Cadomian magmatic
rocks in Europe are well characterized, Cadomian magmatism in
Iran and Anatolia is less well known. This paper reports new and
Fig. 1. A- Paleogeography of the Cadomian-Avalonian active margin and related major peri-Go
massif, FMC=Frenchmassif central, SXZ=Saxo-Thuringian zone (part of the Bohemianmassif)
of Iran- Turkey showing the distribution of Cenozoic igneous rocks, Paleozoic-Mesozoic ophiol
alkaline (anorogenic) rocks which are associated with thick sequence of terrigenous sediment
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compiled bulk rock Sr–Nd and zircon U–Pb and Lu–Hf isotopic data
for Cadomian magmatic rocks from Iran and Anatolia. This is an enor-
mous tract of continental crust, almost 3000 km long and hundreds of
kilometers wide. We use these data to estimate rates of magmatic ad-
dition and to constrain how the source associated with the Cadomian
magmatism of Iran and Anatolia evolved.We also discuss tectonic and
magmatic mechanisms and their roles in controlling magmatic activ-
ity during the evolution of this part of the great Cadomian-Avalonian
magmatic arc.
2. Cadomian crust of Iran and Anatolia

It is not known precisely where the Cadomian magmatic rocks of
Iran and Anatolia formed, but this probably was somewhere on the
northern flank of the present-day Arabian-Nubian Shield (ANS) and
eastern Arabia (EA) and perhaps adjacent to the Saharan Metacraton
further west (Fig. 1A). ANS tectono-magmatic evolution began
~880 Ma as intra-oceanic convergent margins and ended at 570 Ma as
colliding blocks of East and West Gondwana were joined along the
East African Orogen (-EAO). Most eastern Arabia magmatic activity oc-
curred between ~900 and 750 Ma (Stern and Johnson, 2010). We
know little about the Saharan Metacraton but this crust seems to in-
clude important elements of Neoarchean and Paleoproterozoic crust
that was intensely reworked by pervasive Ediacaran magmatism.
ndwanan terranes at ~550 Ma (modified after (Linnemann et al., 2010)). AM= Armorian
, TBU=Tepla-BarrandianUnit (part of the Bohemianmassif). B- Simplified geologicalmap
ites and the Cadomian basement rocks and salt domes. Brown starts show the location of
ary rocks and evaporites.
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Magmatic activity along the Cadomian arc segment of Iran and Ana-
tolia was diachronous- since they have been formed in an identical
subduction-related tectono-magmatic setting, but through different
time. Despite the whole setting was subduction-related, but
magmatism was also accompanied by the extension in the overlying
plate. The extensional setting is inferred by abundant Cadomian
volcano-sedimentary basins, including back-arc or rear-arc basins that
widened after ~530 Ma to form the Rheic Ocean (Linnemann et al.,
2014). Opening of these basins also led to the Early Paleozoic rifting of
Gondwana at ~490 to 480 Ma to open Paleotethys (Moghadam et al.,
2017b; Nance et al., 2010) (Fig. 2). Broad tracts of the Cadomian conti-
nental arc including the Cadomian crust of Iran and Anatolia accreted
to south Eurasia as the result of Permian-Early Triassic opening
(Moghadam et al., 2015) and Late Mesozoic closure of Neotethys
(Topuz et al., 2013). These Cadomian terranes are now dominated by
meta-sedimentary and meta-igneous rocks and magmatic exposures
are particularly widespread in Iran (Fig. 1B). Exposures are also
scattered across Turkey, in the east (Bitlis-Pütürgemassifs), west (Men-
deres-Sandikli) and NW (Istanbul zone; Fig. 1B). The Cadomian base-
ment of Iran and Anatolia was mostly exhumed as a result of Cenozoic
extension.

Cadomian arc crust exposed in Iran andAnatolia consists of a hetero-
geneous assemblage of magmatic rocks with different types of occur-
rence, lithology and geochemical signatures. It is dominated by felsic
plutons along with minor acidic extrusive rocks. Mafic magmatic rocks
are less abundant (Fig. 3). There are several main exposures.

(a) Calc-alkalinemetagranites tometagabbros associatedwithmafic
to felsic ortho-gneisses associated with subordinate mafic and
felsic volcanic rocks. These are exposed in the Bitlis-Pütürge
and Menderes-Sandikli massifs in Anatolia and comprise nearly
all Cadomian exposures in Iran (Fig. 1B). Paragneisses,
metapsammites and metapelites (metamorphosed in upper
greenschist to upper amphibolite facies) with rare granulites
are closely associated with these rocks (Nutman et al., 2014;
Ustaomer et al., 2009). Significant amounts of metamorphosed
terrigenous sediments (psammitic paragneisses) are present;
these were mostly (>90%) derived from erosion of local
Cadomian rocks (both sedimentary andmagmatic rocks) and de-
posited in intra-arc and back-arc basins (Balaghi Einalou et al.,
2014;Moghadamet al., 2017b). Themaximumage of sedimenta-
tion is variable and overlaps with the local magmatism. Due to
exhumation from the middle crust, most of the Cadomian mag-
matic and metamorphic rocks are deformed and some have un-
dergone partial melting and migmatization. Felsic rocks include
Fig. 2. Probability diagrams for 206Pb/238U ages (n = 8852) of magmatic (both felsic and
mafic rocks with SiO2 ranging from 50 to 70wt%) and detrital zircons from Iran, Anatolia,
Iberia and ANS, showing themainmagmatic events in northernGondwana during Tonian,
Cryogenian-Ediacaran, Cadomian and Early Paleozoic (see caption Fig. 4 in “Appendix A”
for references).
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arc-related I-type magmatic rocks with less abundant A-type
(A2-type) granites and rhyolites, which are interpreted to have
formed in a rear-arc environment. Metamorphosed dikes (now
orthogneisses) are present. Muscovite-bearing S-type granites
are rare but occur in northwest Iran (Shahzeidi et al., 2017) and
the Menderes massif of Taurids (Erkül and Erkül, 2012)), al-
though their isotopic signatures indicate these S-type granites
are not pure melts of upper crust sediments.

(b) Unmetamorphosed mafic to felsic volcanic rocks and dikes/sills
reflecting mostly bimodal magmatism. Such bimodal
magmatism is known from magmatic arcs elsewhere. These
rocks are reported from near Zarand-Saghand in central Iran
and as exotic blocks in Ediacaran salt domes in southeast Iran,
the north UAE and northeast Oman (Sepidbar et al., 2020).
These rocks show calc-alkaline I-type and A-type (anorogenic)
signatures and are associated with thick (>1000 m) terrigenous
sedimentary rocks, evaporites and dolomites known as the
Morad and Rizu-Dezu series in southeast and Central Iran, the
Hormoz series in southeast Iran and the Ara group in Oman.
These metasediments are also stratigraphic equivalents of the
Tashk and Kahar volcano-sedimentary (with glacio-sediments)
formations (with ages of 550–520 Ma) from central Iran
(Saghand) and north Iran, respectively (Etemad-Saeed et al.,
2015; Ramezani and Tucker, 2003). The Derik complex in north-
ern margin of the Arabian plate also contains andesites and rhy-
olites intercalated with Cadomian volcanic breccias. The volcanic
sequence is crosscut by basaltic dikes. Zircon U–Pb dating of an-
desites and rhyolites indicates ages of 559 to 581 Ma (Gursu
et al., 2015).

Salt domes are unique to the Cadomian sedimentary basins around
the eastern Persian Gulf in southeast Iran, the UAE, and northeast
Oman (Fig. 1B). They include various type of exotic magmatic and sed-
imentary clasts set in a diapiric matrix of Ediacaran-Cambrian carbon-
ates, green tuffs, red sandstone-siltstone beds, sodium and potash-rich
salts, anhydrites and gypsum. Felsic exotic blocks from salt domes
have yielded zircon U–Pb ages of 558 ± 7 Ma for the Hormuz series
(Faramarzi et al., 2015), 560–545 Ma for exotic blocks in the salt
domes of the north UAE and northeast Oman (Thomas et al., 2015),
and 543 to 549Ma for ignimbrites and rhyolites from the Oman salt ba-
sins (Bowring et al., 2007) (Fig. 1A). It is believed that these terrigenous
sedimentary rocks and evaporites were deposited in an extensional
back-arc basin on the landward side of the continental arc, and thus
the terrigenous sedimentary rocks contain abundant Archean as well
as Neoproterozoic (2.5 to 0.6 Ga) detrital zircons (Bowring et al., 2007).

(c) Some exposures from Central Iran (Saghand) and north Iran (in
Alborz) contain A-type rhyolites, altered andesites, rhyolitic
tuffs and spillitized basalts and dolerites with thick sequences
of diamictites and cap carbonates. These central Iranian outcrops
are also accompanied by glaciogenic (iron-apatite-bearing)
banded iron formations and ash beds (Mohseni and Aftabi,
2015). These rocks have been dated to 635–515 Ma based on
Pb isotope dating of galena, monazite and apatite (Stosch et al.,
2011), but these ages have high uncertainties and the sedimen-
tary sequences need to be dated with zircons from tuff layers.
In Alborz, diamictites are associated with >2000m of siliciclastic
rocks and minor carbonates with zircon U–Pb depositional ages
of 560–550Ma (Etemad-Saeed et al., 2015); this is a bit younger
than the ~580 Ma Gaskiers Snowball Earth episode (Pu et al.,
2016), providing another promising avenue of future research.

(d) Exposures fromnortheast Iran include ultramafic-mafic hydrous,
garnet-bearing cumulates similar to mafic granulites (with zir-
con U–Pb ages of 547–532 Ma for mafic rocks) which show evi-
dence of forming in a deep crustal “hot zone” and foundering of
lower-crustal cumulates (Moghadam et al., 2020a). Similar



Fig. 3. A- Quartz-alkali feldspar-plagioclase (QAP) diagram for themodal classification of Iran and Anatolia Cadomian igneous rocks. B- and C- Bulk rock SiO2 concentration histograms of
the Cadomian magmatic pulses from Iran and Anatolia. See Tables S2A and S2B for references.
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cumulates are present in other parts of the Cadomian arc, e.g., in
Iberia (Tilhac et al., 2016), but are not yet reported in Anatolia.

(e) It is unclear if Cadomian ophiolites exist in Iran and Anatolia.
Some outcrops in Iberia and Anatolia include ophiolites and
eclogites which are remnants of the Prototethys and Rheic
oceans (Beyarslan et al., 2016; Candan et al., 2016); younger
ophiolites (~ < 600 to 500 Ma) may be remnants of the Rheic
ocean, whereas older ophiolites (~600Ma)may be related to ini-
tiation of theCadomian subduction zonewithin Prototethys (von
Raumer et al., 2015). Cadomian exposures from northwest Iran
contain metamorphosed sandstones, metagraywackes and
metapelites associated with tectonic slices and blocks of
serpentinites and metaperidotites (Saki et al., 2011), which
may be fragments of Cadomian subduction zone-related
ophiolites and associated accretionary prism, but precise ages
are needed to test this idea. In central Iran there is a noticeable
unconformity between Ediacaran-Early Cambrian sedimentary
and igneous rocks andMid-Late Cambrian siltstones, sandstones,
conglomerates and cherty limestones.

2.1. Samples and methods

We consider three types of data.

(a) New and compiled zircon U–Pb ages and Lu–Hf isotopes for
Cadomian magmatic rocks from northwest, southeast and cen-
tral Iran as well as the Pütürge massif of Anatolia and some
compiled data - mostly our own - on Cadomian Iran and An-
atolian arcs as well as Cadomian xenoliths from salt domes in
Iran and Oman. Our new samples include metagranites and gra-
nitic augen gneisses from the Pütürge massif and basalts-
rhyolites and granites to gabbros as well as granitic to dioritic
orthogneisses from Central (Saghand and Zarand) and NW Iran.
Zircon U–Pb dating for new samples was carried out using both
Cameca IMS-1280/HR SIMS and Laser Ablation Inductively
Coupled Plasma-Mass Spectrometry (LA-ICPMS). Zircons have
been further analysed for Lu–Hf using a laser ablation attached
to a multicollector-inductively coupled plasma-mass
4

spectrometer (LA-MC-ICPMS). Detailed analytical procedures
can be found in “Appendix A" and the complete analytical data
are given in Tables S1 to S6. GPS coordination data for the new
analysed samples is presented in Table S7.

(b) New and compiled bulk-rock geochemical (major- and trace ele-
ments) and isotopic (Sr–Nd) data on mafic to felsic magmatic li-
thologies from Iran and Anatolia Cadomian arc and Iran-Oman
salt domes. New samples were analysed for major and trace ele-
ments using X-Ray Fluorescence, Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-AES) and Inductively
Coupled Plasma- Mass Spectrometry (ICP-MS). Sr and Nd analy-
ses were performed using Multi-Collector Thermal Ionization
Mass Spectrometer (TIMS). Analytical facilities used for these
analyses are described in Appendix A. Our new and compiled
data reveal compositions that vary from gabbro to granite (and
basalt to rhyolite) to alkali-feldspar granites (A-type granites)
in QAP modal diagram (Fig. 3).

(c) Compiled detrital zircon U–Pb ages and Lu–Hf isotopic data from
Cadomian and Early-Mid Paleozoic terrigenous rocks of Iran and
Anatolia. To compare our Cadomian data with the Cryogenian-
Cadomian magmatism of the ANS and Iberia, we also have com-
piled data onmagmatic and detrital zircon U-Pb-Hf from the ANS
and Iberia.

3. Results

3.1. Age of magmatic pulses

Wehave analysed new samples and gathered zircon U–Pb data pub-
lished on magmatic and detrital zircons from nearly all Cadomian out-
crops of Iran and Anatolia to avoid sampling bias. We used magmatic
zircons (e.g., with oscillatory zoning and Th/U> 0.1) and avoided zircon
rims (which were rare). We infer that the zircon U–Pb data from each
magmatic sample represents the best estimate of the emplacement
age of arc magmatic intrusions and/or eruption of volcanic rocks. The
compilation of zircon U–Pb data indicates that the magmatism in the
ANS and Cadomia lasted over ~370 Myr (850–480 Ma; Fig. 2). These
data imply that magmatic activity was continuous but with three
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main events represented by peaks of zircon ages. These are described as
periods of high magma flux at 850–750 Ma (with peak at 816 Ma),
750–590 Ma (with peak at 604 Ma) and 570–510 Ma (with peak at
550 Ma) interrupted by periods of less magmatic activity. The older
magmatism of 850 to 590 was connected to the ANS juvenile
magmatism, which was triggered by continental and oceanic arc mag-
matic activities as well as during the amalgamation of continental frag-
ments, whereas the younger cycle was related to the Cadomian
magmatism.

U–Pb magmatic zircon ages from Iran and Anatolia indicate that
Cadomian magmatism took place between 600 and 500 Ma and was es-
pecially intenseduring a 45-Myr timespan ca570–525Ma in Iran andAn-
atolia (Fig. 4A–C), in good agreement with detrital zircon data from
Cadomian and Paleozoic strata of Iran and Anatolia (e.g., (Abbo et al.,
2015; Avigad et al., 2015), but quite different from our compiled detrital
zircon dataset (see next section). New zircon data reported here also
show that magmatism probably started earlier in NW Iran, at ~619 ±
6.5 Ma, and at ~630 ± 20 Ma in central Iran (Nutman et al., 2014). Felsic
andmaficmagmatic episodes are coeval but felsic igneous rocks aremore
abundant (Fig. 3B–C). Early Cadomian magmatism overlaps with post-
collisional (Ediacaran) juvenile magmatism in the ANS at >580 Ma.
Late Cadomian magmatism overlaps with Early Paleozoic magmatism
(<500 Ma) linked to the opening of the Rheic and Paleotethys oceans.

3.2. Geochemical significance of the Cadomian magmatic rocks

In order to study the geochemical evolution of Cadomian magmatic
rocks we also compiled all bulk rock data formagmatic rocks of Iran and
Fig. 4. Zircon Hf (A) and bulk-rock Nd (B) isotopes vs zircon 206Pb/238U age (n = 2200 zircon
analysed zircon grains are available in panel A) for Iran and Anatolia Cadomian mafic and felsi
data for detrital zircons from Iran and Anatolia as well as ANS magmatic zircons. 176Lu/177H
mafic lower crust, respectively (Griffin et al., 2004). Probability diagrams for magmatic and d
and F). For comparison of we have plotted data from ANS, Iberia and Bohemia. A zircon age (206

from Cadomian to Ordovician sediments and Cadomian magmatic rocks of Iran, Anatolia and I
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Anatolia (with a few additional new samples reported in Table S8).
Since our new and compiled geochemical data come from a long
Cadomian belt of Iran and Anatolia, which is represented by ~100 Myr
magmatic activities, there might be a spatial and temporal differences
between analysed samples. Considering this, we have classified our
samples according their location (Iran vs Anatolia), their composition
(e.g., felsic vs mafic) and their tectono-magmatic signatures (e.g., arc-
related calc-alkaline rocks vs rift- or back-arc related alkaline-like
lavas and/or exotic blocks from salt domes; see below).

Cadomian magmatic rocks are subalkaline to alkaline and composi-
tionally bimodal, changing from basaltic to rhyolitic composition with
few intermediate rocks, except for trachy-andesitic (high-K to
shoshonitic) lavas from the Derik complex, southeast Anatolia
(Figs. 3B–C and 5A–C). Mafic rocks seem to be rare in Turkey. The
Cadomian magmatic rocks scatter widely in the low K tholeiitic to
high K calc-alkaline-shoshonite series (Fig. 5B–D).

Mid-Oceanic Ridge Basalt (MORB)-normalized spider diagrams
(Fig. 6) show that most Cadomian magmatic rocks (both mafic and
felsic varieties) have typical arc signatures with enrichment in large
ion lithophile elements (LILEs such as Rb, Ba, Sr) compared to high-
field strength elements (HFSEs) and have negative Nb–Ta anomalies.
Some of these rocks are enriched in light rare earth elements (LREEs)
but not depleted in Nb–Ta and thus are similar to within-plate granites
(for felsic rocks with zircon U–Pb ages of 526 ± 4 Ma and 535 ± 1.2,
(Sepidbar et al., 2020; Shabanian et al., 2018)) and Enriched- Mid-
Oceanic Ridge Basalts (E-MORBs) to Oceanic Island Basalts (OIB)-like
rocks (for mafic rocks with zircon U–Pb ages of 539 ± 1.8 Ma, (Asadi
Sarshar et al., 2020)). Felsic plutonic and volcanic rocks from Iran and
grains analysed for Lu–Hf isotope; n = 102 bulk rocks for Nd isotope; details about the
c magmatic rocks (SiO2 ranging from 50 to 70 wt%). For comparison, we show Hf-isotope
f values of 0.015, 0.012 and 0.017 are for an average continental crust, upper crust and
etrital zircon 206Pb/238U ages of Iran and Anatolia (C and E), and for zircon Hf values (D
Pb/238U for ages <1Ga and 207Pb/235U for ages >1Ga) plot of detrital and inherited zircons
beria (G). For references of compiled data, please see “Appendix A”.



Fig. 5. (A) Total alkalis vs SiO2 diagram after (Lebas et al., 1986) and (B) SiO2 vs K2O diagram for classification of the Iran-Anatolia Cadomian magmatic rocks. For references of compiled
data, please see “Appendix A”.
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Anatolia have tendency to both volcanic-arc granites (VAG) andwithin-
plate granites (WPG) in tectonic discrimination diagrams using Rb vs
Y + Nb, Rb vs Yb + Ta, Nb vs Y and Ta vs Yb (Pearce et al., 1984)
(Fig. 7). Once again, most Cadomian felsic rocks (>70%) are similar
to volcanic arc granites (VAG), but some are more like within-plate
granites (WPG).

Cadomianmafic rocks are sometimes similar to E-MORB and OIB (or
basanites-hawaiites) and arc-related rocks in the Th/Yb vs Ta/Yb dia-
gram (Pearce and Peate, 1995), whereasmost felsic rocks are character-
ized by high Th/Yb ratios, although some (A-type granites) show
similarities to OIB-like rocks (Fig. 8A). These differences can be attrib-
uted to a different contribution of continental crust to the felsic
magmas; higher for arc-like granites and lower for A-type or OIB-like
granites. A similar distinction is seen in the Nb/U vs Nb plot
(Kepezhinskas et al., 1996); mafic rocks plot between OIBs and arc ba-
salts (Fig. 8B), whereas most felsic rocks are characterized by low Nb/
U and are similar to continental crust. Additionally, nearly all samples
are characterized by low, non-adakitic La/Yb(N) and Sr/Y ratios and are
similar to normal arc rocks (Fig. S1). Volcanic rocks from the Derik com-
plex have higher La/Yb(N) ratio and Yb concentrations, similar to other
shoshonites (Fig. S1).
3.3. Isotopic signatures of the magmatic pulses

Sr and Nd isotopes were analysed for new samples and integrated
with data compiled from the literature. Initial εNd values were cal-
culated using the available U–Pb zircon ages. Since 87Sr/86Sr initial
ratios depend on 87Rb/86Sr ratios and can be erroneous for high
87Rb/86Sr, data with 87Rb/86Sr > 4 and 87Sr/86Sr(t) < 0.700 are not
6

plotted in Fig. 9. For calculating the Nd model ages, we have used
147Sm/144Nd = 0.165 as a cut-off.

Contemporaneous Cadomian mafic and felsic rocks from Iran have
variable whole-rock εNd(t) ranging from +9 to −2.7 and + 6.1 to
−7.7, respectively (Fig. 9). We have fewer whole-rock Nd isotopic
data from Anatolia, but these show that Cadomian mafic and felsic
rocks have εNd(t) from +3.2 to −3.1 and + 4.2 to −4.3, respectively
(Table S3). Volcanic rocks from the Derik complex are similar; +3.2 to
+0.5 (Gursu et al., 2015), but negative values (−1.2 to −2.3) are
found in Cadomian granites of the Bitlis massif and metagranites
(−0.5 to −4.3) and granulites (+1.4 to −3.6) of the Menderes massif
(Ustaomer et al., 2009). In spite of overlapping ranges in initial Nd iso-
topic compositions, Cadomian mafic rocks are more mantle-like,
whereas most felsic rocks have lower εNd(t), indicating a larger crustal
contribution to the magmas (Fig. 9). Some mafic samples have εNd
(t) values similar to that expected for MORB mantle (εNd(t) of
+7.49 at 560 Ma) and show subduction-related geochemical finger-
prints consistent with their emplacement in an arc setting. Mafic
shoshonites from Derik may show derivation from a metasomatized
sub-arcmantle, attested to by their shoshonitic signaturewith high con-
tents of incompatible elements and by their isotopic signatures. The
negative εNd(t) values of Cadomian felsic rocks also imply assimilation
of older crust by mafic melts to generate the felsic outputs.

The Hf isotopic compositions of Cadomian magmatic zircons of Iran
and Anatolia span a very wide range of εHf(t), from +20 to−43 (+20
to −43 for Iran, +16 to −43 for Anatolia) (Fig. 4A). Zircons in mafic
rocks have a smaller range of εHf(t), from +20 to −25. Hf crustal
model ages (TDMC ) of the zircons with the least radiogenic Hf-isotope
compositions vary between ~1 and 4Ga, suggesting great heterogeneity
in the pre-Cadomian crust beneath Iran and Anatolia.
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4. Discussion

We use our new and compiled data to discuss four topics below:
1) Tempo and causes of Cadomian arc magmatism; 2) Geochemical
and isotopic characteristics of Cadomian magmatic rocks; 3) Fractional
crystallization and coupled assimilation-fractional crystallization pro-
cesses in Cadomian magmatic evolution; and 4) Extensional tectonics,
magmatic fronts and rear-arcs.
5. Tempo and causes of Cadomian arc magmatism

Cadomian magmatic activity in northern Gondwana was episodic,
with evidence for a prolonged magmatic flare-up (Moghadam et al.,
2017c). The compiled zircon U–Pb data indicate that Cadomian
magmatism started at ca 620–600 Ma in Iran and Anatolia (Fig. 4C);
these are the oldest rocks known from either region. Rates of
magmatism climaxed at ~570 Ma, beginning with a ~ 45-Myr flare-up.
The Iran-Anatolia flare-up resembles those observed in other
continental arcs such as the Andes and the Gangdese arc in Tibet, but
is significantly longer than the ~10–30 Myr episodes reported for
Mesozoic-Cenozoic arcs (Ducea et al., 2017). The ages confirm that
Iranian-Anatolian crust is related to the Cadomianmagmatismof south-
ern Europe, although the latter started earlier, at ca ~ 670 Ma
(Linnemann et al., 2008). Detrital-zircon ages suggest a 542–525 Ma
magmatic flare-up (with a peak at 538Ma). The detrital zircon data sug-
gest another magmatic climax at 620–580 Ma (with a peak at 608 Ma),
which may reflect activity in the ANS (Fig. 4E).

Cadomian magmatism in Iran and Anatolia overlaps in time with
ANS magmatism and sometimes the two episodes are linked together
as “Pan-African”, but ANS igneous activity is readily distinguished
using combined age and Hf–Nd isotopic data. The ANS is characterized
by voluminous 630–600 Ma calc-alkaline granites, evolving to increas-
ingly alkaline intrusions between 610 and 570 Ma (Be'Eri-Shlevin
et al., 2009; Morag et al., 2011). Furthermore, whole-rock εNd(t) and
zircon εHf(t) of ANS igneous rocks aremore radiogenic (Fig. 4A–D) sug-
gesting that most ANS magmatism came from a depleted mantle with-
out contamination by old continental crust. It may be more difficult to
distinguish Iran-Anatolian Cadomian detrital zircons from those of the
Saharan Metacraton because igneous rocks of these regions overlap in
both age and isotopic composition (e.g., (Meinhold et al., 2011)).

Considering the Cadomian exposures in Iran and Anatolia (and as-
suming a continental crust of ~30- km thick, see below) and our geo-
chronological data, we suggest that the Cadomian crust of Iran and
Anatolia formed at a rate of ~0.6 km3/a (Moghadam et al., 2020a),
which is a significant fraction of the modern global arc magma produc-
tion rate of 1.65 km3/a (Reymer and Schubert, 1984). This rate is also
comparable to the rate of 0.78 km3/a for the ANS during ~300 Myr of
magmatism (Reymer and Schubert, 1984). The Cadomian crust of Iran
and Anatolia was produced by ultrahigh magmatic addition rates of
~92,000 km3/Myr during the flare-up stage (Moghadam et al., 2017c),
a much higher rate than the ~40,000 km3/Myr estimated for Phanero-
zoic North American arcs (Ducea et al., 2015). The causes of magmatic
flare-up during the evolution of the Cadomian arcs are controversial.
Cadomian magmatic arcs nucleated at ca ~ 670 Ma in southwest
Europe and ca 620 Ma in Iran and Anatolia, with subduction of an old
and dense Prototethyan oceanic lithosphere beneath Gondwana. Our
data show that Cadomian arc magmatismwas diachronous and formed
in an extensional setting as indicated by thin continental crust
(<30–40 km, (Moghadam et al., 2017c)), high magma fluxes over ~45
My and an abundance of Cadomian volcano-sedimentary basins. Thin
Fig. 6.N-MORB-normalized trace-element patterns of Cadomian igneous rocks from Iran and A
piled data, please see “Appendix A”.
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Cadomian continental crust in Iran and Anatolia has been inferred
using Sr/Y and La/Yb (Chapman et al., 2015) as well as Gd/Yb (Farner
and Lee, 2017) ratios for intermediate rocks and Ce/Y ratios for mafic
rocks (Mantle and Collins, 2008). (Chapman et al., 2015) suggested
that the Sr/Y ratio can be used as a proxy for crustal thickness in inter-
mediate calc-alkaline rocks (55–68 wt% SiO2). Since Sr can be affected
by plagioclase fractionation, we have also used the Gd/Yb and La/Yb ra-
tios for our intermediate rocks (55–68% SiO2). Our compiled data show
that most Cadomian magmatic rocks with intermediate SiO2 reflect a
crustal thickness of 20 to 30 km (Moghadam et al., 2017c). Gabbroic
rocks from Iran have maximum Ce/Y ratios <1.4, indicating a crustal
thickness for the Iran Cadomian arc of <30 km (Moghadam et al.,
2020a).

Extensional basins in Iran and Anatolia accumulated several kilome-
ters of sediments along with retro-arc basins in the Cadomian of SW
Europe (Nance et al., 2010) and other lines of evidence attest to this ex-
tension. Thin continental crust precludes the formation of thick-crust
adakites, which are not known from the Cadomian magmatic rocks of
Iran and Anatolia. It is suggested that continental extension - which ul-
timately led to the opening of the Rheic Ocean - triggered the
570–525 Ma magmatic flare-up, generating >90% of the continental
crust of the region. This extension, perhaps accompanied by delamina-
tion of the metasomatized lower part of the lithospheric mantle,
allowed upwelling and partial melting of the asthenosphere, and subse-
quent melting of the residual subcontinental lithospheric mantle and
lower crust, generating mafic precursors for the magmatic flare-up.
Such a scenario is consistent with the presence of Cadomian arc rocks
that carry variable Nd–Hf isotope signatures of both juvenile mantle
and reworked materials (Fig. 4A).

However, subduction and high melt production in Anatolia and Iran
may have begun earlier (e.g., (Nutman et al., 2014)), as the detrital-
zircon dataset clearly shows a magmatic flare-up at 620–580 Ma. We
suggest that Cadomian extension may reflect steepening of the proto-
Tethyan slab and resulting trench roll-back. Slab rollback results in
upper-plate extension and augmented arc magmatism such as that ob-
served in Cordilleran subduction systems (Ducea et al., 2017). Trench
roll-back is the most important cause of upper-plate extension and ul-
trahigh rates of magma generation in nearly all arcs worldwide
(Ducea et al., 2017). It is most likely that similar roll-back of the
subducting slab and the resultant upper plate extension triggered
back-arc rifting, ultimately opening the Rheic Ocean (see next section).
Waxing and waning of upper-plate extension from 620 to 500 Ma also
explains the lack of Cadomian crustal thickening, and episodic mag-
matic flare-ups. Long-lived arcs with magmatic flare-ups can generate
>30 km of ultramafic-mafic cumulates (Ducea et al., 2015); these are
likely to be lost by delamination (Tilhac et al., 2016) and are rarely pre-
served in the Cadomian arcs, but are observed in the northeast Iran.
High magmatic flux during the ~570–525 Ma extension probably trig-
gered partial infiltration and accumulation of primary mafic magma in
lower-crustal reservoirswhichproduced large volumes ofmagmatic cu-
mulates such as those reported from northeast Iran with zircon U–Pb
ages of 547–532Ma (Moghadamet al., 2020a). These processes resulted
in stratified Cadomian arc crust, with two pyroxene+olivine+amphi-
bole (±garnet) mafic cumulates in the lower crust, mafic-felsic intru-
sions in the middle crust and volcano-sedimentary sequences in the
upper crust. Delamination of arc-related dense cumulates and subse-
quent reactivation of the mantle wedge and related magmatism
would produce the observed magmas with juvenile isotopic signatures.
There is a connection between continental-arc tectonic regimes and cy-
cles of magmatic flare-up vs lull. Some magmatic flare-ups are sug-
gested to be related to upper plate compression during subduction,
natolia. Normalization data are from (Sun and McDonough, 1989). For references of com-



Fig. 7. Rb vs Y + Nb (A), Rb vs Yb + Ta (B), Nb vs Y (C) and Ta vs Yb (D) diagrams (Pearce et al., 1984) for classification of Cadomian felsic magmatic rocks from Iran and Anatolia (see
caption Fig. 5 in “Appendix A” for references).
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but the mechanism for this is difficult to understand. Recent studies on
the Andean arc indicate there is also a relationship between the upper
plate tectonic regime and the geometry of the subducting lithosphere.

In contrast to theAndean arcs, some fossilized arcs have evidence for
extreme extension in the overlying plate - such as the Late
Neoproterozoic-Early Cambrian arcs fromnorthGondwana - but similar
to other arcs show traces of magmatic flare-up and isotopic perturba-
tion in their magmatic rocks (Moghadam et al., 2017c). Magma produc-
tivity in these extensional arcs appears to be more continuous than in
the compressional arcs. In these arcs, the extensional movements
allow mantle and lower crust instabilities and cause high-degree melt-
ing of the sub-arc mantle, which play an important role in the genera-
tion of high magmatic fluxes.

Because crustal thickness controls the height of the mantle column
available for melting beneath continental arcs (Plank and Langmuir,
1988), the extent of melting partly reflects the amount of adiabatic de-
compression, which is a function of melt-column length. Lithospheric
thinning- such as that prevailed in the Cadomian territories- will
lengthen the melt column beneath arcs, enhancing melting. The longer
mantle column for arcs with thin continental crust will lead to higher
degrees of mantle melting, which thus will generate flare-ups in the
arc. In contrast, lithospheric thickening should lead to lulls because it
shortens the melt column. Thermal runaway for triggering flare-up is
less important in the extensional arcs. Nevertheless, thermal agents
9

are important for assimilation and fractional-crystallization (AFC) and/
or Melting, Assimilation, Storage and Homogenization (MASH) pro-
cesses in the deep crust or crustal “hot zones”.

6. Petrogenesis of Cadomian magmatic rocks

Compiled geochemical data from all Cadomian terranes show that
>70% of the magmatic rocks have strong subduction-related geochem-
ical signatureswith negative anomalies in Nb–Ta and are similar to calc-
alkaline volcanic-arc granitoids (Fig. 6). Shoshonitic rocks are also pres-
ent and show subduction-related geochemical signatures but may have
different sources than the calc-alkaline magmas. The arc-like Cadomian
magmatic rocks have high concentrations of K, Rb, U, Th, Ba and other
LILEs as well as LREEs, which are typical of continental-arc magmas.
These geochemical characteristics imply a crustal contribution but de-
pletion in Nb–Ta and other HFSEs relative to the LREEs, and enrichment
of LILEs, may be related to fluids/melts released from the down-going
slab and inducing mantle-wedge melting, or inherited from anatexis
of the continental crust. Mafic shoshonites (absarokites) such as the
Derik volcanic rocks can also originate frommelting of ametasomatized
sub-continental lithosphericmantle (SCLM) (Gursu et al., 2015). High-K
felsic rocks are fractionated and their high concentrations of LILEs can be
inherited from fractional crystallization (FC) and/or coupled
assimilation-fractional crystallization (AFC) processes, which is



Fig. 8. (A) Th/Yb vs Ta/Yb (Pearce and Peate, 1995) and (B) Nb/U vs Nb (Kepezhinskas
et al., 1996) for classification of Cadomianmagmatic rocks from Iran andAnatolia (see cap-
tion Fig. 5 in “Appendix A” for references).
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supported by their less radiogenic Nd-isotope values. A-type granites
and mafic alkaline (basanites-hawaiites) or (E-MORB-) OIB-like rocks
(both known from basement outcrops and/or as xenoliths within the
Fig. 9. Epsilon Nd vs 87Sr/86Sr (radiogenic growth corrected for 560 Ma) for Cadomian magma
(0.702589) initial values for MORB are calculated using the present-day isotopic composition
McDonough, 1989). Data from pyroxenite, metasomatized lherzolite and granulite xenoliths a

10
Cadomian salt domes) should have a different source. Cadomian A-
type granites can be generated from partial melting of lower-crustal
amphibolites or granulites and/or by fractionation of mafic melts com-
ing from partial melting of either ametasomatized sub-continental lith-
ospheric mantle (SCLM) or from an asthenospheric mantle wedge
(Sepidbar et al., 2020; Shabanian et al., 2018). The positive εNd(t) and
εHf(t) values of the OIB-like mafic rocks, along with their enrichment
in K, Rb, REEs and other HFSEs also suggest a mantle plume and/or a
metasomatized mantle source such as SCLM for their formation, which
is consistent with their genesis in a continental rift, including a conti-
nental back-arc basin (Sepidbar et al., 2020). Cadomian felsic rocks
seem to be formed via extensive FC and AFC processes, which can be
identified on the basis of εHf(t) and εNd(t) vs SiO2 plots (see next sec-
tion) where felsic rocks have less radiogenic Hf and Nd isotopes,
reflecting the involvement of older crust. Since the geochemical and iso-
topic characteristics of Cadomian mafic and felsic rocks differ, we dis-
cuss their petrogenesis separately.

6.1. Zircon Lu–Hf isotopes

In addition to the variation in Nd isotopes of Cadomian magmatic
rocks, data for Iranian magmatic zircons also show variable εHf
(t) values with peaks at−1.3, +3.1 and + 10.8 (Fig. 4D). Furthermore,
detrital (600–500Ma) zircons are characterized by peaks at−2.8, +2.4
and+ 5.7 (Fig. 4F). Cadomian detrital zircons from Anatolia have peaks
at −1.1 and + 7.5. Although juvenile magmas clearly dominate, the
large range in εHf(t) values can be explained by a threefold increase
in magmatic flux during the ~45 Ma magmatic flare-up. The variable
Hf-isotope values reflect a major contribution from older crust through
combined assimilation-fractional crystallization (AFC) and melting-
assimilation-storage-homogenization (MASH) processes, particularly
in the felsic rocks, for which mafic magmas were probably thermal
precursors.

We argue that two models can explain the observed Lu–Hf isotopic
variations of Cadomian igneous rocks (Andersen et al., 2007; Miskovic
and Schaltegger, 2009). The first involvesmelting of an isotopically het-
erogeneous reservoir (lower crust and/or upper mantle) which is con-
sistent with the restricted range of 176Hf/177Hf, as observed in
Cadomian zircons with radiogenic Hf. The corresponding rocks were
probably generated by fractional crystallization of melts derived from
upper-mantle reservoirs that evolved with a 176Lu/177Hf ratio of
~0.017–0.019 (Fig. 4A), assuming a lack of garnet in the melt source.
This is consistent with the low La/Yb and Sr/Y elemental ratios among
analysed Cadomian magmatic rocks (Fig. S1), which imply their melts
tic rocks of Iran and Anatolia (see Fig. 5 for references). Epsilon Nd (+7.74) and 87Sr/86Sr
of N-MORBs, and assuming the Rb, Sr, Sm and Nd elemental concentrations by (Sun and
re from (Griffin et al., 1988; O'Reilly and Griffin, 2013).
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formed in a crust <~35 km thick (Moghadam et al., 2017c). However, it
is worth noting that granulites and charnockites (with zircon U–Pb ages
of 590–580 Ma; (Koralay, 2015)) are present in the Menderes massif
and show that parts of the Cadomian crust may have been thicker
than we expect.

The second model explains the Hf isotopic variability by a two-
component mixing (Miskovic and Schaltegger, 2009) between a
depleted-mantle melt (with present-day 176Hf/177Hf = 0.28328
(Salters and Stracke, 2004), 176Lu/177Hf = 0.0384 (Griffin et al., 2000)
and 2.3 ppm Hf (Kelemen et al., 2003)) and older crust and sediments.
The crustal components would have present-day 176Hf/177Hf =
0.28242 and 176Lu/177Hf = 0.0008 as inferred from the 2.5 Ga inherited
zircons, assuming 5.1 ppm Hf (Gao et al., 1998)). In this model, the zir-
con Hf isotopic data can be replicated by assuming a 1.5–2.5 Ga crust, a
176Lu/177Hf ratio of 0.012–0.015 and 20–50% of crustal components.
Such assimilation of old materials by the Cadomian magmas is also
attested by the presence of xenocrystic zircons in nearly all analysed
felsic igneous rocks. The incomplete assimilation and homogenization
are also reflected in the range of zircon Hf isotopes within each sample.

The former existence of the older crust, which is not known from
outcrops, is required as an assimilated component; this is supported
by Nd–Hf model ages and by inherited zircons in magmatic rocks and
detrital zircons in sediments. We therefore conclude that this older
crust was essentially completely obliterated during the flare-up. Our
compiled data for both inherited zircon cores in Cadomian igneous
rocks and detrital zircons in Iran and Anatolia sediments show peaks
at 0.6–0.8 Ga, 1.0 Ga, and 2.0–2.5 Ga (Fig. 4G), further suggesting either
the presence of older crust or derivation of zircons from the interior of
Greater Gondwana. The presence of a hidden crust beneath Iran and An-
atolia, as old as Meso-Proterozoic (~1 Ga) to Paleo-Proterozoic and
Paleo-Archean (2.4–3.6 Ga) also has been suggested based on
xenocrystic zircons from the Cadomian magmayic rocks (Nutman
et al., 2014). Moreover, our zircon Hf crustal model ages (TDMC ) show
many values of ~1 to 3.5 Ga (Fig. 10), which are consistent with the
ages of inherited zircons. Iranian values of TDMC mostly are 1–2 Ga,
whereas Anatolia is characterized by TDMC of 1–1.5 Ga. The Cadomian
Fig. 10.Histograms for zircon crustalmodel ages (TDMC ) and zircon TDMC vs crystallization ages for
caption Fig. 4 in “Appendix A”.
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crust of Iberia differs in being dominated by inherited-zircon age
peaks at 1 and 2 Ga (Fig. 4G), probably reflecting a less heterogenous
crust or limited sampling.

6.2. FC-AFC modelling and Nd isotopes

We have discussed earlier -using both geochemical and isotopic
data- that FC in deep crust formedmafic cumulates and the resultant as-
cending melts further suffered AFC in the mid-upper crust to generate
the evolved felsic rocks, although a few felsic rocks have radiogenic
Nd and Hf and do not have evidence for extensive assimilation of
upper crustal materials. In this section, we simulate the FC-AFC pro-
cesses using isotopic data and in particular the variation of
143Nd/144Nd(t) with respect to SiO2 (wt%) as a representative differenti-
ation index. We use only the cogenetic, subduction-related rocks in our
model (especially those have identical ages) and ignore the alkaline
rocks (both lavas and rock clasts in salt diapirs) and A-type granites,
since they have a different origin than I-type, subduction-related calc-
alkaline rocks.

For the modelling, we used the selected equations of (DePaolo,
1981) and (Powell, 1984):

CL ¼ C0⁎f þ r
r−1þ Dð Þ

� �
⁎CA⁎ 1−fð Þ ð1Þ

εL ¼ ε0 þ εA−ε0ð Þ⁎ 1−
C0

CL

� �
⁎f

� �
ð2Þ

f ¼ F−
rþD−1
r−1ð Þ ð3Þ

where i) C0, CA and CL are the element concentrations in the parental
magma, in the assimilant and in the daughter melt; ii) r is the ratio of
the rate of assimilation relative to the rate of fractional crystallization;
iii)D is the bulk partition coefficient; iv) F is the fraction of residualmelt
and v) e0, eA and eL are the isotopic ratios (e.g., 143Nd/144Nd) in the pa-
rental magma, in the assimilant and in the residual melt.
Cadomianmagmatic pulses from Iran andAnatolia. References for zircon data are similar to
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In this study we consider the FC-AFC modelling using parameters
andfractionatingassemblages (Olmodel: Cpx2.6+Pl40.8+Ol54.9+Ilm1.6

and Hbl model: Cpx3.0 + Pl20.8 + Hbl74.5 + Ilm1.7) defined in
(Moghadam et al., 2020a). The Ol and Hbl fractionating assemblages
are considered to be representative of the clinopyroxene-bearing gab-
bro (cpx-gabbro) fractionation and of the amphibole-dominated frac-
tionation of (Davidson et al., 2007), respectively, together with the
gabbroic primary melts as starting melts and the Cadomian upper
crust sedimentary rocks as assimilants. Phase/melt partition coefficients
for basaltic-andesitic and dioritic melts were selected from the litera-
ture (e.g., (Keshav et al., 2005; Vannucci et al., 1998), among others).
Calculated partition coefficients (KD) are i) for Ol model: DSi = 0.897
and DNd = 0.148 and ii) for Hbl model: DSi = 0.941 and DNd = 3.419.
A complete description of the FC-AFC models and their parameters
(e.g., parental melts, assimilants, fractionating assemblages and parti-
tion coefficients), as applied to the Cadomian magmatic rocks from NE
Iran, can be found in Appendix B of (Moghadam et al., 2020a).

Perfect fractional crystallization (Ol-FC and Hbl-FC curves in Fig. 12)
indicates a melt evolution with negligible/limited crustal assimilation
and is graphically represented by the lack of correlation between the
Nd isotopes and SiO2 (Fig. 11). The failure to correctly reproduce the
main population of felsic rocks strongly suggests a contribution of
crustal material during melt evolution. We suggest that the coupling
of fractional crystallization (30–90%) and assimilation of felsic crust
(r = 0.2) is able to describe the Nd-isotope signatures of the Iran and
Anatolia Cadomian magmatism.
6.3. Source and genesis of Cadomian mafic rocks

Cadomianmafic rocks include calc-alkaline and alkaline suites. Alka-
linemafic rocks occur as lavas and shallow plutonic bodies or dikes/sills
within the Cadomian terrigenous sedimentary rocks in Central (Zarand)
and northeast Iran (Torud) and/or as exotic blocks within the salt
domes from southern Iran and northeast Oman. Shoshonitic mafic
rocks (absarokites) occur in the Derik complex of southeast Anatolia.
Nearly all these mafic rocks are fractionated and are characterized by
Mg# (100 Mg/Mg + Fe) <50 and low Ni contents (except 3 samples,
Fig. S2A). Fig. 11 shows that although these mafic rocks have different
sources (different 143Nd/144Nd values at constant SiO2), most also re-
cord significant crustal assimilation through AFC processes. Different
sources for the genesis of these mafic rocks probably include the as-
thenosphere, which is geochemically equivalent to the depleted source
of MORBs; SCLM which is assumed to develop its geochemical-isotopic
complexities through metasomatic events; and OIB-type sources or
Fig. 11. Plot of initial, age corrected 143Nd/144Nd vs SiO2 for Iran and Anatolia Cadomian
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mantle plumes, i.e., enriched geochemical signatures coming from the
deep mantle (650-km discontinuity). Melting of old SCLM, or other
mantle volumes such as a mantle wedge that record interaction with
metasomatic fluids/melts from deep mantle sources and/or from
subducting plates can show more complexities (O'Reilly and Griffin,
1988; O'Reilly and Griffin, 2013). Contribution of OIB-type basanitic
melts from the deep mantle can produce further heterogeneities in
the SCLM (O'Reilly and Griffin, 1988). Crystallizing hydrous basaltic
melts in the mantle can also generate pyroxenitic heterogeneities
within the SCLM.Melting of a heterogenous SCLM(mica-amphibole-ap-
atite lherzolites and/or pyroxenites) can generate melts with variable
isotopic and geochemical signatures (Figs. 9 and 11).

Fig. 9 shows that some calc-alkalinemafic rocksmayhave originated
from a depleted MORB-like source with radiogenic Nd isotope signa-
tures and very young Nd depleted-mantle model (TDM) ages
(Fig. S2D). The Derik shoshonites and some calc-alkaline mafic rocks
originated from an enriched source, similar to extremely subduction-
modified SCLM (metasomatized lherzolites and/or pyroxenites, Fig. 9).
This scenario is also supported by their old TDM ages (1–1.5 Ga,
Figs. S2D-E). Alkaline mafic rocks including mafic clasts from salt
domes can have originated from an OIB-type source or from a modified
SCLM metasomatized by basanitic melts. SCLM involvement is favored
by lithospheric extension due to trench roll-back, and accompanying
foundering of dense cumulates, which can be concomitant with a volu-
minous asthemosphere-related melt influx to the arc lithosphere. This
can also lead to a return to juvenile isotopic compositions in some
magmas and their zircons, with peaks in εHf(t) at +3.1 to +10.8.
Mafic rockswith low εNd(t) and high 87Sr/86Sr record significant assim-
ilation of old continental crust. Mafic clasts show high 87Sr/86Sr which
can reflect the altered nature of these rocks.

The plots of incompatible-element ratios as well as 143Nd/144Nd and
87Sr/86Sr vs incompatible elements (Fig. 12) imply a heterogeneous
mantle source for the mafic rocks as well as the assimilation of conti-
nental crust during the generation of evolved mafic rocks. In plots of
143Nd/144Nd and 87Sr/86Sr vs Sr/Nb and Zr/Nb, mafic rocks suggestmelt-
ing of a metasomatized SCLM similar to lherzolite-pyroxenite xenoliths,
although the Zr/Nb ratios attest to the contribution of another compo-
nent, probably similar to global subducting sediments and/or continen-
tal crust (Fig. 12A–D). Plots of Th/Nb and K/Nb vs Zr/Nb also clearly
show that two components were involved in the genesis of these
rocks. One component comprises metasomatizedmica-amphibole-apa-
tite-bearing lherzolites and/or pyroxenites and the other component is
similar to arc igneous rocks, subducting or continental sediments or
even both.We suggest that a heterogenous SCLMwith variable incorpo-
ration of different components from subducting slabs, including the
magmatic rocks to modelise the FC and AFC processes (see text for explanation).



Fig. 12. Plots of 143Nd/144Nd vs Sr/Nb (A), 143Nd/144Nd vs Zr/Nb (B), 87Sr/86Sr vs Sr/Nb (C), 87Sr/86Sr vs Zr/Nb (D), Th/Nb vs Zr/Nb (E) and K/Nb vs Zr/Nb (F) for Cadomianmafic rocks of Iran
and Anatolia. Compositions of primitive mantle (PM), normal mid-oceanic ridge basalts (N-MORB) and oceanic island basalts (OIB) are from (Sun andMcDonough, 1989). Data from py-
roxenite, metasomatized lherzolite and granulite xenoliths are from (Griffin et al., 1988; O'Reilly and Griffin, 2013). Enriched (high 87Sr/86Sr and low 143Nd/144Nd) and juvenile (high
143Nd/144Nd and low 87Sr/86Sr) arc magmas are from Urumieh-Dokhtar Cenozoic magmatic rocks of Iran (data from (Moghadam et al., 2020b)). The composition of global subducting
sediments (GLOSS) is from (Plank and Langmuir, 1998).
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sediment melts reflected in high Th/Nb and Zr/Nd ratios and their pos-
itive correlation, and/or involving basanitic melts from a deep mantle,
can generate mantle sources for most of the Cadomian mafic rocks of
Iran-Anatolia. The geochemical heterogeneities were accentuated dur-
ing AFC processes in shallow-mantle and crustal magma chambers.

7. Extensional tectonics, magmatic fronts and rear-arcs

Above subduction zones, magmatic activity is concentrated along
the magmatic front and behind it, in the “rear-arc” or “retro-arc”.
Some convergent margins have only a well-defined magmatic front
and little rear-arc igneous activity. Extensional arcs such as the Cenozoic
arcs in Iran have significant rear-arc magmatism (Moghadam et al.,
2020b); this also is a dominant process at some active continental mar-
gins, such as the Andes, Cascades, and eastern Eurasia (e.g., (Jacques
et al., 2014)). Rifting of the Cadomian terranes from Gondwana during
the Paleozoic complicates efforts to reconstruct the magmatic front vs
retro-arc regions of the Anatolian-Iranian convergent margin. All stud-
ied Cadomian exposures from Iran, Anatolia and Iberia comprise both
magmatic and sedimentary rocks (and/or their metamorphic equiva-
lents, metamorphosed in greenschist to amphibolite facies) with
minor eclogites, granulites and Cadomian ophiolites (Moghadam et al.,
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2017a; Ustaomer et al., 2009). The ratio of magmatic to sedimentary
rocks varies from exposure to exposure. The high proportion of calc-
alkaline plutonic rocks compared to volcanic rocks in Cadomian ex-
posures may approximate the location of the main arc, i.e., the mag-
matic front (Fig. 13). The volcanic rocks that may have been related to
these exposures probably eroded extensively during Ediacaran-early
Paleozoic and/or younger periods of uplift. The assumed magmatic
front contains minor sediments, most of which are metamorphosed
into greenschists and paragneisses. These rocks contain abundant
600–500 Ma old detrital zircons (~70–90%), with fewer (30–10%)
older zircons. These sediments are interpreted as derived from the ero-
sion of local Cadomian sedimentary, metamorphic and magmatic rocks
and deposited in intra-arc basins. Themaximumage of sedimentation is
variable and overlaps in time with magmatic activity.

In contrast, some exposures include Cadomian sedimentswithminor
volcanic rocks and might represent retro-arc regions. These exposures
contain few plutonic rocks, but the volcanic rocks are interlayered with
terrigenous sedimentary rocks aswell as evaporites. The terrigenous sed-
imentary rocks (whichmostly are unmetamorphosed) contain abundant
Archean and Paleoproterozoic as well as Cadomian zircons, which show
strong crustal reworking and a supply from both the juvenile crust of
the Arabian-Nubian Shield and older cratons of Africa (Linnemann



Fig. 13. Simplified cross-section of the Cadomian (~550 Ma) convergent margin of Northern Gondwana (Iran-Anatolia), showing magmatism along the main arc and rear-arc as well as
detrital and evaporite sedimentation in the rear-arc.
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et al., 2011; Moghadam et al., 2017b; Pereira et al., 2012). These sedi-
ments are suggested to be supplied from these regions via super-fan sys-
tems or detrital sheets (Meinhold et al., 2013). Archean and
Paleoproterozoic xenocrystic zircons and/or zircon cores are also present
in metasedimentary rocks (e.g., paragneisses) from the Cadomian mag-
matic front, but the ratio of Cadomian to Archean-Paleoproterozoic zir-
cons is much higher than in retro-arc sediments. The other important
evidence for the existence of Cadomian retro-arcs is the occurrence of
E-MORB to OIB-like mafic rocks, which are associated with thick se-
quences of terrigenous sediments as well as evaporites such as the dolo-
mites near Zarand in central Iran, and/or accompanied by red sandstones
and thick sequences of black dolomites, Na–K bearing salts, anhydrites
and gypsum (Hormuz series) in salt domes from southwest Iran and
northeast Oman.

Several scenarios have been suggested for the genesis of the OIB-like
(basanites-hawaiites) mafic rocks (and coeval rhyolites, ignimbrites
sandstones and evaporites) in Iran and Oman including formation in a
retro-arc basin above a subduction zone, submarine volcanism in an ex-
tensional back-arc basin and formation in a continental, intra-plate rifts;
all of these scenarios signify rift environments far from the main arcs.
The presence of OIB-like rocks is important as indicating the location
of continental extensional rifts, but the presence of similar-aged
calc-alkaline and subduction-related rocks also implicates a convergent
margin in the formation of these rocks. Therefore, the simultaneous
presence of OIB-like and calc-alkaline magmatic rocks, terrigenous
rocks and evaporites is most easily explained by a retro-arc environ-
ment for the genesis of these rocks (Bowring et al., 2007; Sepidbar
et al., 2020; Thomas et al., 2015).

Extensional rifts are often found in back-arc regions of active conti-
nental margins and many of these are related to slab roll-back and
ocean-ward retreat of the subduction hinge (Ducea et al., 2017). Slab roll-
back is important because this causes upper-plate extension, crustal thin-
ning, continental rifting and the addition of juvenile crustal (Miskovic and
Schaltegger, 2009). In the case of the Cadomian convergent margin of
Iran-Anatolia, extension and crustal thinning led to decompression melt-
ing of the SCLMbeneath the retro-arc. Lowdegrees ofmelting of enriched
SCLM and/or plume-influenced sub-arc mantle can generate the OIB-like
melts we have documented. Such melts are not difficult to distinguish
from OIBs from oceanic Islands and/or continental plumes, which are
sometimes more undersaturated and isotopically evolved. Flux melting
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in the metasomatized sub-arc mantle beneath the retro-arc crust can
also generate calc-alkaline mafic melts that can interact with overlying
continental crust to produce I-type felsic rocks via assimilation and frac-
tional crystallization.

8. Conclusions

Regional extension of a convergent margin on the northern flank of
Gondwana caused a magmatic flare-up which produced most of the
Cadomian crust now preserved in Iran-Anatolia. The presence of exten-
sional basins in Iran andAnatolia that accumulated several kilometers of
sediments alongwithmafic-felsic lavas and back-arc basin formation in
the Cadomian of southwest Europe testifies to the importance of exten-
sion in the evolution of the Cadomian arc system in northern Gond-
wana. Trench roll-back was the most important cause of upper plate
extension and caused ultrahigh rates of magma generation or flare-up
in Iran and Anatolia. Cadomian mafic magmas were produced by de-
compression melting of SCLM followed by extensive fractionation and
limited crustal assimilation. In contrast, Cadomian felsic rocks evolved
from mafic parents that fractionated and assimilated more older crust
through AFC andMASH processes during Cadomian arcmagmatism. Al-
kaline rocks are also present in Cadomian terranes of Iran-Anatolia and
are accompanied by thick sequences of detrital sedimentary rocks and/
or occur as xenoliths in salt domes. Cadomian alkaline magmas reflect
extension in back-arc or rear-arc basins established behind the main
Cadomian arc.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2020.105940.
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