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Across-arc geochemical variations between igneous rocks from the magmatic front (MF) to rear-arc (RA) are
commonly observed for convergent margins, but the processes that are responsible for these variations are un-
clear. To address these questions, we studied a well-exposed Cenozoic continental arc, the Urumieh-Dokhtar
Magmatic Belt (UDMB) of Iran and its rear-arc counterpart to the north.
North Iran RAmagmatism is bimodal, characterized bymafic to felsic igneous rocks of calc-alkaline to shoshonitic
affinity. The new zircon U -Pb ages show that plutonic rocks are ~ 42–38 Ma whereas volcanic rocks are older at
~52 Ma. 87Sr/86Sr(t) and εNd(t) values of UDMB RA igneous rocks range from 0.70483 and 0.70783 and –2.5 and
+ 3.6, respectively. Zircons from plutonic rocks show εHf(t) values ranging from+1.8 to +9.8, higher than vol-
canic rocks with εHf (t) between+2.6 and –9.2. Isotopic data agrees with inferences from incompatible trace el-
ement ratios (e.g., Th/Yb, Zr/Nb and La/Yb) that mafic plutonic rocks originated from an enriched mantle source,
whereas felsic volcanic rocks show more interaction with continental crust. High magmatic fluxes did not occur
at the same time in the MF and RA; UDMBMF flared-up at ~ 54–37 Ma and 20–5 Ma, overlapping RAmagmatic
flare-ups at 45–40Ma and 30–25Ma. The availablemajor and trace element data from theUDMB show thatmost
magmatic rocks experienced strong fractional crystallization and assimilation-fractional crystallization pro-
cesses,making it difficult to identify across-arc geochemical variations.Moreover, the bulk rock εNd(t) and zircon
εHf(t) values are highest at theMF, but the across-arc isotopic variability seems to bemainly controlled by crustal
influence. High-fluxmagmatism in the UDMBwas related to protracted heating of the crust as a result of subduc-
tion of Neotethys oceanic lithosphere. This weakened the continental lithosphere, leading to strong extension in
Paleogene time accompanied by decompression melting and magmatic flare-ups.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Iran has been a convergent platemargin for at least 90million years,
evolving from formation of a new subduction zone to a mature, exten-
sional Andean-type arc in Paleogene time, culminating in collision
with Arabia beginning in mid-Cenozoic time (Moghadam et al., 2018).
Paleogene arc igneous rocks are common along the southern margin
of Eurasia, from Turkey and the Caucasus eastward into Iran and into
the Lhasa terrane of Tibet (e.g., Chiu et al., 2013; Neill et al., 2013; Neill
et al., 2015). The Paleogenemagmatic flare-up of Iranwas characterized
by intense volcanism and plutonism along the Urumieh-Dokhtar Mag-
matic Belt (UDMB), which defined the magmatic front (MF), and also
amghan University, Damghan
occurred behind it in the rear-arc (RA) to the north (the Alborz mag-
matic belt) and NE (Fig. 1).

The UDMB has been studied in greater detail due to Cu-Au mineral-
ization in its central and southern sections. These studies have
established that melting of the mantle wedge and perhaps the
subducting slab were the primary sources of arc magmas, with minor
assimilation of continental crust (Aghazadeh et al., 2011). Voluminous
Cenozoic magmatism in Iran was stimulated by Eocene hyperextension
and Neogene transtension (Verdel et al., 2011). Paleogene extension
was also responsible for core complex formation in the Lut block
(Saghand), between the magmatic front and the rear-arc
(Kargaranbafghi et al., 2015). Geochronological data constrain the
UDMB magmatic flare-up to ca 17 Myr episode in the Eocene, from
~54Ma until 37Ma, although theremay have been a youngermagmatic
pulse at 20–5 Ma, mostly along the southern UDMB (Chiu et al., 2013;
Verdel et al., 2007). Several causes are proposed for the Eocene flare-
up, including decompression melting of lithospheric mantle hydrated
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Fig. 1. (a) Map of Iran showing Cadomian basement rocks, Mesozoic ophiolites and Cenozoic igneous rocks. We have plotted rock samples from regions 1, 2 and 5–7 in a series of K2O
against SiO2 diagrams to show the geochemical variations of the samples fromUDMBmagmatic front to rear-arc. The new data from this study (region 5) have been plotted as blue square
(5). (b) Geological map showing the distribution of Eocene volcanic rocks, Eocene-Miocene calc-alkaline and shoshonitic intrusions and Quaternary volcanic rocks. Zircon U-Pb data are
from ((Aghazadeh et al., 2011; Castro et al., 2013) and (Moghadam et al., 2017)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web ver-
sion of this article.)
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by slab-derived fluids (Verdel et al., 2007),break-off of the Neotethyan
slab and convective removal of thickened subcontinental lithospheric
mantle (Pang et al., 2013). Despite the recognition of an Eocene flare-
up in Iran (Verdel et al., 2007), how this was manifested in the MF vs.
the RA is unclear.

Compared to our growing knowledge of the Paleogene UDMB, we
understand far less about associated rear-arc magmatic rocks (Fig. 1).
Two scenarios exist for Paleogene igneous rocks in N and NW Iran in-
cluding: a) the development of a distinct northern arc relative to the
UDMB (e.g., Asiabanha and Foden, 2012); or b) the establishment of
an associated rear-arc magmatic regime (Moghadam et al., 2018).
Both hypotheses rely on insufficient geochemical, petrological and geo-
chronological data. In fact, rear arc igneous activity is quite common at
magmatically vigorous convergent margins, including the Andes,
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Cascades, and NW Pacific (Jacques et al., 2014). Across-arc geochemical
variations contain essential information about subduction zone
magmatism and the associated processes. Mantle signatures of volcanic
front lavas are often obscured by slab-derived components, but rear-arc
magmatic rocks are less affected and often better reveal the composi-
tion of the mantle wedge (Jacques et al., 2013; Wehrmann et al., 2014).

In this study, we present the first systematic geochemical, isotopic
and geochronological (zircon U-Pb) study of Paleogene Iran rear-arc ig-
neous rocks. The primary goals of this paper are: 1) to establish the
timing of rear-arc magmatism in N Iran using our new zircon U-Pb
age results; 2) to characterise, based on their petrology and geochemis-
try, the source and origin of Paleogene rear-arc magmatism in N Iran;
and 3) to reveal Paleogene across-arc geochemical variations between
the UDMB magmatic front and rear-arc.

2. Geological background

The Urumieh-Dokhtar Magmatic Belt is 50–80 kmwide, defines the
magmatic front of the Cenozoic Iran arc and trends NW-SE for 1000 km
across Iran between 28° and 39°N (Fig. 1A). Thismagmatic belt includes
a thick (~4 km) pile of early calc-alkaline and late shoshonitic as well as
adakitic rocks. The UDMB also contains several large Plio-Quaternary
stratovolcanoes (Allen et al., 2013).

Several rear-arc basins developed NW and NE of the UDMB during
the latest Cretaceous to Eocene, where marine and subaerial sediments
were deposited associated with volcanic rocks, including thick se-
quences of marine pyroclastic rocks such as the Karaj Formation
(Fig. 2; (Verdel et al., 2011). Voluminous magmatism produced up to
~3000 m-thick volcanic and pyroclastic sequences and edifices along
with sedimentary intercalations. Rear-arc magmatism differs between
NE and N Iran; NE Iran RA activity was mostly subaerial whereas N RA
activity was mostly submarine with thick sequences of pyroclastic
rocks and clastic sediments. Intrusive bodies ranging in composition
from gabbro to granite are also common.

Paleogene arc magmatism across the Iran arc - both along the mag-
matic front and in the.
Fig. 2. (a) Simplified geological map of the studied area in N Iran (modified after Tehran, Karaj a
showing the rock relationships in N Iran rear-arc.
rear-arc - was remarkably heterogeneous in composition and petro-
logical characteristics. Igneous and pyroclastic rocks of intermediate to
acidic composition dominate along the MF, with few mafic rocks. In
contrast, mafic rocks are more abundant in the RA. Shoshonitic rocks
are mostly restricted to the RA regions (Fig. 1) (Asiabanha and Foden,
2012; Castro et al., 2013; Moghadam et al., 2018).

Paleogene rear-arc igneous activity developed partly in response to
the thinning of Iran continental crust associated with extension. Several
transgressive-regressive cycles are recorded in Iran RA sediments
during latest Cretaceous to Eocene (Ballato et al., 2011). Mid- to late Pa-
leocene regression led to emergence and deposition of red volcano-
sedimentary sequences. These units in NE Iran consist of clastic sedi-
ments that grade from sandstones to conglomerates, with intercalated
mafic to andesitic lavas, and minor interbedded intermediate to felsic
pyroclastic rocks. In N Iran, pyroclastic rocks dominate over clastic sed-
iments (Verdel et al., 2007). A marine transgression beginning in early
tomiddle Eocene time is represented by thick (500–1000m) sequences
of deep marine Nummulitic limestones in NW and NE Iran. These lime-
stones vary in thickness and often grade into fine-grained pyroclastic
rocks. Eocene flare-up magmatism in both the FA and RA of Iran coin-
cides with Eocene transgressions, which occurred during a time of rap-
idly falling sea-level globally (Miller et al., 2005), suggesting that
magmatism was associated with subsidence related to extension. Eo-
cene intermediate-mafic (calc-alkaline and OIB-like) intrusive rocks
and extensional basins are also abundant along the Sanandaj-Sirjan
Zone (SaSZ) of Iran (Fig. 1, in the outboard parts of the UDMB)
(Deevsalar et al., 2017; Zhang et al., 2018). The occurrence of Eocene
magmatic rocks in the SaSZ is ascribed to mantle melting due to
break-off of the subducted Neotethyan oceanic slab (Deevsalar et al.,
2017).

Cenozoic rear-arc magmatism in N Iranwas built on Ediacaran-Early
Paleozoic (Cadomian) crystalline basement. This basement is exposed
NW of Karaj (Fig. 2) and can be traced NW-ward into Ediacaran rocks
of Lahijan and Zanjan (Fig. 1A). NW of Karaj, Ediacaran volcano-
sedimentary rocks (the Kahar Formation) including glacial sediments,
are found (Etemad-Saeed et al., 2015). Ediacaran sediments are overlain
nd Qazvin 1/250000maps, Geological Survey of Iran). (b) Simplified stratigraphic column
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stratigraphically by Cambrian-Ordovician clastic sediments and by Cre-
taceous carbonates and basaltic-andesitic rocks (Fig. 2). Mesozoic
volcano-sedimentary rocks are unconformably covered by Paleocene
to Eocene volcanic rocks and pyroclastic deposits. Paleogene volcanic
rocks mainly consist of andesites and basalt with less abundant acidic
rocks. Andesitic pyroclastic rocks (the Karaj Formation) are abundant.

There are several mafic to acidic intrusions into Cenozoic volcano-
sedimentary rocks in N and NW Iran with U-Pb zircon ages of ~21–
39 Ma (Castro et al., 2013; Moghadam et al., 2017) (Fig. 1B). These
intrusions and associated volcanic rocks show shoshonitic and high-K
calc-alkaline geochemical signatures (Asiabanha and Foden, 2012;
Castro et al., 2013). (Asiabanha and Foden, 2012) proposed a post-
collisional setting for shoshonitic intrusions near Zanjan, whereas
(Castro et al., 2013) proposed extension and melting of a
metasomatized mantle source for similar intrusions near Lahrud
(Fig. 1). Both bulk rock Nd and zircon Hf isotope data indicate that
mantle-derived (juvenile) magmas interacted with Cadomian crust to
generate these granitoid magmas (Moghadam et al., 2017).

There are also numerous undatedmafic to acidic intrusions in N Iran.
The main intrusions are Mobarak-Abad and Lavasan NE of Tehran, the
Karaj intrusion north of Karaj and those east of Qazvin (Fig. 2). A biotite
40Ar/39Ar age of 37.2 ± 0.38 Ma is reported for the Mobarak-Abad
gabbros (Verdel et al., 2011). There are few geochronologic data for
the host rocks of these intrusions. Zircon U-Pb ages from andesites
and tuffs north of Karaj (from the base and top of the Karaj Formation)
are 47.4 ± 3.8 Ma and 36.0 ± 0.2 Ma respectively (Ballato et al., 2011).
(Verdel et al., 2011) also reported zircon U-Pb ages of 49.3 ± 2.9 Ma,
45.3 ± 2.3 Ma, and 41.1 ± 1 for the Karaj tuffs.

Based on the available age information, RAmagmatism inN Iranwas
active for ~15 Myr, from ~49 to 36 Ma (early to late Eocene). To further
examine the timing of the RAmagmatism,we report here new zirconU-
Pb zircon ages for igneous rocks from N Iran. Geochemical and isotopic
data are also reported and used to reconstruct the geochemical evolu-
tion of Eocene rear-arc magmatism and contrast this with better
known coeval UDMB igneous rocks.

3. Field geology and petrography

We collected representative samples from plutonic and volcanic
rocks from NE of Tehran to Qazvin (Fig. 1A). Our RA samples come
from the Mobarak-Abad and Lavasan intrusions NE of Tehran and
Karaj intrusive rocks fromNof Karaj and Chenask intrusions E of Qazvin.
Fig. 3. A- Quartz-alkali feldspar-plagioclase (QAP) (Streckeisen, 1979) diagram for the classifica
Belt (UDMB) are from (Honarmand et al., 2013) and Moghadam et al., (unpublished data).
We also collected associated volcanic rocks around the intrusions for
geochronological and geochemical analyses. Below we discuss these
rocks in more detail.

3.1. Mobarak-Abad intrusion

TheMobarak-Abad (MA) intrusion occupies an area of ~ 5 km2. This
intrusion is dominated by monzogabbro and occurs as an elongated
body bounded by NW-SE trending faults (Fig. 2). The intrusive contact
of this monzogabbrowith Eocene volcanic and pyroclastic rocks is obvi-
ous in its southern parts, whereas in the north, the gabbro abuts
Cambrian-Ordovician sedimentary rocks.

MA gabbros have medium-grained granular texture. The main min-
erals are euhedral to subhedral phenocrysts of plagioclase (~45 vol%),
alkali feldspar (~15%), pyroxene (~25%), olivine (~5%), amphibole and
biotite (~5%) and quartz (b2%). Magnetite, apatite and ilmenite are ac-
cessory minerals (b 3%). Subhedral to anhedral plagioclase
(0.5–2 mm) are altered to kaolinite and sericite (Fig. S2A). Plagioclase
are zoned, with compositions between andesine and labradorite. Rare
quartz grains are interstitial between plagioclase and alkali feldspar.
Clinopyroxenes contain inclusions of magnetite, amphibole and biotite.
They are uralitized and partly replaced by chlorite. In the quartz-alkali
feldspar-plagioclase (QAP) diagram (Streckeisen, 1979), MA intrusive
rocks show monzogabbroic compositions (Fig. 3A).

3.2. Lavasan intrusion

The Lavasan intrusion occupies an area of ~35 km2. It has intrusive
contacts with Paleocene-Eocene volcanic rocks including andesites, ba-
salts and pyroclastic rocks (Figs. 2, S1A-B). The Lavasan stock is a com-
posite intrusion composed of syenite and monzonite (Fig. 3A).
Monzonite occurs in the centre of the stock whereas syenite is exposed
near the northern and southern margins. Syenites are pinkish and por-
phyritic and are characterized by abundant subhedral to anhedral or-
thoclase and minor sodic plagioclase, amphibole, biotite, quartz (b5%)
and rare pyroxene (Fig. S2B). Zircon, apatite, titanite and opaque min-
erals are accessories. Alkali feldspars contain small inclusions of
euhedral plagioclase and subhedral biotite. Plagioclase is partly altered
to sericite and carbonate. Rare clinopyroxene occurs as fine-grained in-
terstitial crystals between feldspars and as inclusions in feldspar.
Subhedral to anhedral amphiboles occur as fine- to medium-grained
phenocrysts. Anhedral quartz is interstitial between feldspars.
tion of the N Iran plutonic (a) and volcanic (b) rocks. Data on Urumieh-Dokhtar Magmatic
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Monzonites are coarse-grained and contain plagioclase, quartz, amphi-
bole, biotite, and minor alkali feldspar (Fig. Fig. S2C). Subhedral to
euhedral plagioclase is the major mineral. Plagioclase is lath-shaped
and zoned, with compositions between oligoclase and labradorite. Or-
thoclase is interstitial between plagioclase and also rims plagioclase.
Anhedral quartz occurs as small inclusions within feldspar and amphi-
bole. Amphibole is partly replaced by chlorite andminor epidote and bi-
otite is common.

3.3. Karaj intrusive rocks

Karaj intrusive rocks occur as ring sills and dikes injected into
Paleocene-Eocene strata including tuffs and lavas of theKaraj Formation
(Figs. 2, S1C). Karaj intrusive rocks are mainly monzogabbros, monzo-
nites and rare syenites (Fig. 3A).Monzogabbros, the dominant lithology,
contain plagioclase and clinopyroxene as themainmineralswhereas ol-
ivine, apatite, biotite and titanomagnetite are accessories. Monzonites
contain more plagioclase (Fig. S2D) and amphibole with minor
K-feldspar whereas syenites contain more alkali feldspar and less am-
phibole. Plagioclase is usually altered to sericite, epidote, calcite, and
titanite, especially their cores (Fig. S2D). Clinopyroxenes are occasion-
ally uralitized and replaced by chlorite.

3.4. Chenask (E Qazvin) intrusion

The Chenask intrusion occupies ~100 km2 and intrudes Eocene vol-
canic rocks, green tuffs, crystal lithic tuffs, tuffites, calcareous tuffs,
marls and minor arkosic sandstones and volcanic wackes (Fig. S1D).
Monzonites are the most common lithology, while syenites are rare
(Fig. 3A).

Monzonites consist of plagioclase, alkali feldspar, amphibole, biotite
andminor clinopyroxene (Fig. S2E). Plagioclase is subhedral to anhedral
and ranges in size from 0.2 to 3 mm. Alkali feldspar laths vary from 0.5
to 2.5 mm. Biotite and amphibole show slight alteration into chlorite.
Syenites consist predominantly of alkali feldspar and amphibole along
with minor plagioclase, quartz and biotite. Both alkali feldspar and pla-
gioclase are altered into sericite and titanite and amphiboles are
chloritized. Zircon, apatite and opaque minerals occur as accessories.

3.5. Volcanic rocks (the Karaj Formation)

Paleocene-Eocene volcano-sedimentary rocks include dominant py-
roclastic rocks and subordinate lava flows associated with Paleocene-
Eocene submarine sedimentary rocks, making the ~3000 m thick Karaj
Formation. These rocks are widespread in N Iran and are the main
host of Paleogene intrusive rocks. These rocks were deposited in a sub-
siding marine basin.

The volcanic rocks vary from rhyolite-dacite to latite and quartz
latite (Fig. 3B). Dacites and rhyolites are porphyritic with phenocrysts
of plagioclase, alkali feldspar (sanidine), biotite and resorbed quartz in
a glassymatrix (Fig. S2F). Sanidine is present as randomly oriented, tab-
ular crystals in dacites whereas in rhyolites, they are occasionally ori-
ented. Sanidine in some dacitic lavas is altered into sericite and
carbonate (Fig. S2F). Latites generally accompany dacites and contain
more plagioclase than sanidine along with more mafic minerals such
as zoned clinopyroxene and amphibole (Fig. S2G). Iddingsitized olivines
are common in some latites (Fig. S2G). Apatite and iron oxides (magne-
tite and titanomagnetite) are also present. These rocks aremore crystal-
line than are dacites and rhyolites.

4. Analytical procedures

We used five main analytical procedures including: 1) X-Ray Fluo-
rescence (XRF) and Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) for whole-rock major- and trace-element analyses;
2) Cathodoluminescence imaging of zircons; 3) Laser
Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICPMS)
analyses for U-Pb zircon ages; 4) Multi-Collector Inductively Coupled
Plasma-Mass Spectrometry (MC-ICP-MS) to analyse zircon Lu-Hf iso-
topes; and 5) Thermal ionization mass spectrometry for Sr and Nd iso-
topes in whole-rock samples. We studied N70 samples
petrographically, 25 for whole-rock chemical analysis, 6 for LA-ICPMS
U-Pb zircon ages, 6 for Lu-Hf analysis and 10 for Sr-Nd isotopes. We se-
lected fresh samples for whole rock geochemistry. Analytical details are
presented in Appendix A.

5. Results

5.1. Major- and trace-element geochemistry

Weanalysed 16 plutonic rock samples and 10 volcanic rock samples.
Major, trace and REE data are given in Table S1.

In the total alkalis vs silica diagram (Middlemost, 1994), the RA
plutonic rocks have high alkali contents and plot in syenite, monzo-
nite, monzodiorite and gabbro fields (Fig. 4A). Volcanic rocks also
have different compositions and fall in the fields of trachybasalt to
rhyolite (Fig. 4B). Monzogabbros are characterized by rather constant
SiO2 (49.8–52.6 wt%) but with high Al2O3 (16.9–21.2 wt%) and K2O
(1.9–2.9 wt%). Monzonites have a wide range of SiO2 (50.2–59.6 wt
%), Al2O3 (16.7–21.5 wt%) and K2O (0.6–5.2 wt%). Syenites have
higher contents of SiO2 (60.5–64.2 wt%), but variable K2O values
(0.5–7.2 wt%). In the Al2O3/ (CaO + K2O + Na2O), i.e. A/CNK, vs
SiO2 diagram (Chappell, 1999), these rocks show metaluminous to
slightly peraluminous affinities (Fig. 4C). In the K2O-SiO2 (Fig. 4D)
and Th-Co (Fig. 4E) co-variation diagrams, most plutonic and volcanic
rocks have calc-alkaline to shoshonitic signatures, although some
samples have low contents of K2O (Fig. 4D & E). Both volcanic and
plutonic rocks are characterized by variable Sr (44.5–885 ppm), with
low Y (13.3–41.7 ppm) and Yb (1.5–4.4 ppm) contents. The Sr/Y
ratio (1.5–44.9) of the N Iran RA igneous rocks correspond to normal
arc rocks (Fig. 4F).

North Iran RA plutonic and volcanic rocks show similar rare earth
and trace element patterns in chondrite- and N-MORB-normalized
diagrams (Fig. 5). Chondrite-normalized rare earth element (REE)
patterns for both plutonic and volcanic rocks are enriched in light
REEs (LREEs) compared to heavy REEs (HREEs) (e.g., La(n)/Yb(n) =
2.04–12.70), without conspicuous negative Eu anomalies (Eu/Eu* =
0.61–1.02) (Fig. 5). In an N-MORB-normalized multi-element diagram,
enrichment in Rb, Ba, Th, U and K, and modest negative anomalies in
high field strength elements (HFSEs) such as Nb, Ti and P, are notice-
able for the N Iran RA igneous rocks (Fig. 5). These rocks are weakly
fractionated in HREEs compared to MREEs (Gd(n)/Yb(n) = 1.73–2.18)
(Fig. 5) and show control by feldspar, not garnet. Geochemically, the
rare earth and trace element patterns of N Iran RA magmatic rocks
are similar to shoshonitic rocks. Similar high-K calc-alkaline and
shoshonitic volcanic rocks are also reported from near Qazvin
(Asiabanha and Foden, 2012).

5.2. Bulk rock Sr-Nd isotope

Nd-Sr isotopic ratios of plutonic and volcanic rocks from N Iran RA
are given in Table S2. The 87Sr/86Sr(t) and 143Nd/144Nd(t) ratios were
calculated using an age of 40 Ma. The 87Sr/86Sr(t) and εNd(t) values
of the RA igneous rocks span a range of 0.70483 and 0.70783 and
− 2.5 and + 3.6, respectively. The isotopic composition of the plu-
tonic rocks lies within the upper right quadrant of the Sr-Nd isotope
diagram (Fig. 6A), except for two volcanic samples which fall within
the enriched (lower right) quadrant (Fig. 6A). Some igneous rocks
have radiogenic Nd but less radiogenic Sr, whereas three monzonites
and monzogabbros have higher (N0.706) 87Sr/86Sr(t) and are close to
the isotopic values of the EMII mantle source. Volcanic rocks with
less radiogenic Nd probably show more contamination with the Late



Fig. 4. Plots of Na2O+K2O for classifying plutonic (a) and volcanic (b) rocks fromN Iran (modified after (Lebas et al., 1986)). Alumina saturation index (c) andK2O vs SiO2 (d) for N Iran RA
magmatic rocks. Th vs Co (Hastie et al., 2007) (e) and Sr/Y vs Y (f) diagrams for discriminatingmagmatic rocks fromN Iran rear-arc (thefields for adakite and normal island-arc dacites and
rhyolites are based on the work of (Castillo, 2012; Defant and Drummond, 1990)). Data for NW and N Iranmagmatic rocks are from (Aghazadeh et al., 2011; Asiabanha and Foden, 2012;
Castro et al., 2013) and (Moghadam et al., 2017). Data on Urumieh-Dokhtar Magmatic Belt (UDMB) are from (Honarmand et al., 2013) and Moghadam et al., (unpublished data).
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Neoproterozoic continental crust of Iran. All samples plot between a
MORB-type depleted mantle and Cadomian continental crust; gabbros
have more radiogenic Nd versus volcanic rocks with less radiogenic
Nd. Our rocks have low 147Sm/144Nd ratios ranging from 0.1363 to
0.0894, except dacites with higher 147Sm/144Nd N 0.1496. A two-
stage Nd isotopic model ages (TDM) of N Iran samples range from
0.3 to 0.7 Ga for intrusive rocks and 1.2 Ga for volcanic rocks. A
two-stage mantle model age is better for the rocks with evidence of
crustal contamination. In this case it is assumed that a significant
change in Sm/Nd ratio occurred during fractionation and/or mixing
in the crust, after extraction from the mantle.
5.3. Zircon U-Pb geochronology

We analysed 6 samples for zircon U-Pb ages includingmonzogabbro
(2 samples), monzonite (2 sample), syenite (1 sample) and dacite (1
sample). CL images and U-Pb age results are shown in Figs. 7 and 8
and are given in Table S3.
5.3.1. Sample A-2-1 (Mobarak Abad monzogabbro)
Sixteen zircon grains from the Mobarak Abad monzogabbro

were dated by LA-ICPMS. Cathodoluminescence (CL) images

Image of Fig. 4


Fig. 5. Chondrite- and N-MORB-normalized REE and trace-element patterns of the N Iran igneous rocks. Normalization data are from (Sun and McDonough, 1989). Data on Urumieh-
Dokhtar Magmatic Belt (UDMB) are from (Honarmand et al., 2013) and Moghadam et al., (unpublished data).
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show that zircons are long prismatic and mostly are euhedral to
subhedral (Fig. 7A). Zircons are ~100–250 μm long, with length
to width ratios of 2:1 to 1:1. Zircons show oscillatory zoning in
CL images (Fig. 7A) confirming a magmatic origin (Belousova
et al., 2002). Analysed zircons show a weighted mean 206Pb/238U
Fig. 6. 143Nd/144Nd vs 87Sr/86Sr (a) for the N Iran RA rocks compared with the mantle compone
(Bell et al., 2004); and CHUR (Chondritic Uniform Reservoir). Data for the Cadomian upper an
rocks (UPR) are from (Wang et al., 2014). Isotope data for NW and N Iran magmatic rocks
(Moghadam et al., 2017). Data on Urumieh-Dokhtar Magmatic Belt (UDMB) are from (Honarm
to formula presented by (Ersoy and Palmer, 2013). The composition of the starting melt is simi
erage Cadomian lower and upper crust is according to (Moghadam et al., 2015). We assume th
crust, as these outcrop widely in Iran and there are abundant Cadomian inherited and xenocrys
magmatic rocks. MORB and OIB data are from (Chauvel and Blichert-Toft, 2001; Pearce et al., 1
age of 40.6 ± 0.4 Ma (MSWD = 1.4) (Fig. 8A). Older zircons are
also present and are interpreted both as earlier components in a
long-lived magma chamber (206Pb/238U ages of 45–46 Ma) and
inherited zircons from older continental crust (206Pb/238U age of
123.4 Ma).
nts HIMU, EMI, EMII, DMM (Zindler and Hart, 1986); FOZO1 (Hart and Hauri, 1992), ITEM
d lower crust (U-LC) rocks are from (Moghadam et al., 2015). Data for Lhasa ultrapotassic
are from (Aghazadeh et al., 2011; Asiabanha and Foden, 2012; Castro et al., 2013) and
and et al., 2013) andMoghadam et al., (unpublished data). The AFC modelling is according
lar to island-arc tholeiitic lavas from NE Iran and Zagros ophiolites. The composition of av-
at the main assimilant of Cenozoic Iran arc magmas was Late Neoproterozoic (Cadomian)
tic zircons in most Cenozoic Iran arc magmatic rocks. b- εHf(t) vs εNd(t) for the N Iran RA
999). Mantle array data are after (Vervoort and Blichert-Toft, 1999).
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Fig. 7. Cathodoluminescence images of the dated samples from the N Iran rear-arc.
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5.3.2. Sample A-6 (Lavasan monzonite)
Zircons from the Lavasan intrusion are long prismatic (N 150 μm)

with length to width ratios of 2:1 to 1:1. Zircons show oscillatory zon-
ing, although some are unzoned. Inherited cores are distinguished in
the CL images. The analysed zircons reveal a weighted mean
206Pb/238U age of 41.4 ± 0.5 Ma (MSWD= 1.8) (Fig. 8B). Some zircons
are slightly olderwith 206Pb/238U ages of 42 to 45Ma. These zirconsmay
represent an earlier component that crystallized in the magma cham-
ber, suggesting slow cooling (Schaltegger et al., 1999).
5.3.3. Sample A-10-1 (Karaj monzogabbro)
This sample is from the Karaj sill-like gabbroic intrusion. Zircons are

100 to 200 μm long, with length to width ratios between 1:1 and 2:1.
Most zircons are euhedral and exhibit oscillatory zoning (Fig. 7C). Four-
teen analysed grains cluster with a weighted mean 206Pb/238U age of
37.6 ± 0.4 Ma (MSWD = 0.6) (Fig. 8C).
5.3.4. Sample A-1 (Karaj dacite)
This sample comes from felsic lavas interlayered with the Karaj For-

mation pyroclastic rocks. Zircons are 100 to 200 μm long, with length to
width ratios between 1:1 and 2:1. Zircons are mostly euhedral and ex-
hibit oscillatory zoning (Fig. 7D). Fifteen analysed zircons yield a
weighted mean 206Pb/238U age of 51.9 ± 1.2 Ma (MSWD = 2.3)
(Fig. 8D). CL images reveal some inherited cores, with 206Pb/238U ages
of 63–99, 240 and 408–424 Ma.
5.3.5. Sample A-15 (Chenask monzonite)
This sample comes from the mafic parts of the Chenask (E Qazvin)

intrusion. Zircons are euhedral to subhedral (Fig. 7F) with lengths of
~100–250 μm and length to width ratios of 2:1 to 1:1. Zircons show
weak oscillatory zoning in CL images and some are unzoned (Fig. 7F).
A total of 30 analyses define a weighted mean 206Pb/238U age of 42.3
± 0.5 Ma (MSWD = 0.6) (Fig. 8F).
5.3.6. Sample A-13 (Chenask syenite)
This sample is from the felsic parts of the Chenask (E Qazvin) intru-

sion. We analysed twenty zircon grains from this sample. CL images re-
veal zirconswithwell- to weakly developed oscillatory zoning (Fig. 7E).
Zircons cluster with a weighted mean 206Pb/238U age of 42.0 ± 0.6 Ma
(MSWD= 1.8) (Fig. 8E).
5.4. Zircon Hf isotopes

Measured 176Lu/177Hf and 176Hf/177Hf ratios of zircons in N Iran RA
magmatic rocks are summarised in Table S3. Zircons from
monzogabbros (samples A-2-1 and A-10-1) show εHf(t) values ranging
from +4.2 to +9.8 (Table S3). Two-stage model ages (TDMC ) for
monzogabbro zircons using a 176Lu/177Hf value of 0.015 (Griffin et al.,
2004) show young ages (480–850 Ma), confirming the juvenile nature
of the monzogabbroic magmas. Monzonites (samples A-15 and A-6)
have zircons with slightly lower εHf(t) values; +1.8 to +8.7 and TDMC

between 580 and 1000 Ma. Syenite (sample A-13) also has positive
εHf (t) values between ~+ 3 and+ 7, with TDMC = 670–930Ma. Dacite
(A-1) magmatic zircons have εHf (t) between +2.6 and − 9.2, with TDMC

= 0.9 to 1.7 Ga. The inherited zircons have even more variable εHf
(t) values; +4.1 to −20.2 with TDMC = 1–2.4 Ga. On a zircon εHf (t) vs
bulk rock εNd (t) plot, plutonic rocks appear to have originated from
enriched mantle, similar to that responsible for OIBs, whereas volcanic
rocks have less radiogenic Nd and Hf and plot toward the Cadomian
crust of Iran (Fig. 6B).
6. Discussion

Here we use our new results to discuss 6 topics: 1) source of N Iran
igneous rocks; 2) Lu-Hf isotopic systematics; 3) ages of RA vsMF rocks;
4) across-arc geochemical variations; 5) fractional crystallization and
assimilation-fractional crystallization processes in Iran arcs; and 6) hy-
perextension and arc magmatism in Iran.

Image of Fig. 7


Fig. 8. U-Pb inverse-concordia (207Pb/206Pb vs 238U/206Pb) and weighted mean 206Pb/238U ages for zircons from the N Iran RA magmatic rocks.
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6.1. Source of the N Iran igneous rocks

The N Iran RA igneous rocks consist of mafic to felsic lavas, with var-
iable SiO2 (49.2–72 wt%) and MgO (0.5–6.3 wt%) contents. They are
mostly calc-alkaline to shoshonitic and show geochemical characteris-
tics similar to normal I-type arc-related igneous rocks (Fig. 4). Both
mafic and felsic intrusions have comparable rare-earth and trace ele-
ments patternswith similar isotopic values. Volcanic rocks are also sim-
ilar in rare-earth and trace element patterns, but some seem isotopically
to be more contaminated by country rocks; e.g. low bulk rock εNd and
variable zircon εHf values. Bulk rock Sr-Nd isotope modelling confirm
~20% contamination of the volcanic rocks with the Neoproterozoic con-
tinental crust of Iran (Fig. 6A). Crustal contamination is also confirmed
by abundant inherited zircons within the volcanic sample we dated.
Geochemically, lavas are also similar to the intrusive rocks in terms of
rare-earth and trace element patterns. These similarities, along with
presence of the mafic counterparts (with high zircon εHf and bulk
rock εNd values) and also lavas with contamination signatures, suggest
derivation of N Iran RA parental magmas via mantle melting, which
evolved to more felsic compositions via coupled assimilation-
fractional crystallization (AFC) and/or Melting-Assimilation-Storage
and Homogenization (MASH) processes. Negative correlation of Dy/Yb

Image of Fig. 8
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ratios with increasing SiO2 content (Fig. 9A) may reflect amphibole (±
clinopyroxene) fractionation (Davidson et al., 2007). The CaO/Al2O3 vs
FeOtot/MgO plot (Fig. 9B) confirms amphibole (±clinopyroxene) frac-
tionation, but also suggests that olivine and plagioclase probably frac-
tionated during magma differentiation.

Arc-related signatures for N Iran RA intrusions and volcanic rocks in-
clude depletion inNb-Ta and enrichment in both LILEs (e.g., Cs, Rb, Th,U,
and K) and LREEs (e.g., La, Ce) (Pearce and Peate, 1995). The contribu-
tion of subduction components to the genesis of N IranRAmagmas is in-
ferred from their high Th/Yb ratios in a Th/Yb vs Ta/Yb diagram(Fig. 9C).
However, high Th/Yb ratio can also result from the interaction of as-
cending magmas with continental crust through AFC processes. The
role of AFC processes on the N Iran RA rocks can be deduced from a
Th/Yb vs SiO2 plot (Fig. 9D). In this diagram, themore fractionated sam-
ples with high SiO2 contents are characterized by higher Th/Yb
Fig. 9.Dy/Yb vs SiO2 (a), CaO/Al2O3 vs FeO/MgO (b), Th/Yb vs Ta/Yb (c) and Th/Yb vs SiO2 (d) dia
rocks. Zr/Nb vs La/Yb (e), and Th/Yb vs Ba/La (f) plots for tracing themantle source of the N Iran
shoshonites and EasternMediterranean sediments (EMS) are after (Kirchenbaur andMünker, 20
(PS) are from (Todd et al., 2011). The composition of NW Iran shoshonites is from (Shafai
(Honarmand et al., 2013) and Moghadam et al., (unpublished data).
ratios, confirming that some igneous rocks (especially volcanic rocks)
assimilated more continental crust. This means that we must focus on
mafic rocks to identify the mantle signature. High content of Ba and
other large ion lithophile elements and low Nb abundance in these
rocks (Ba/La= 5.4–39.1 and Nb/La= 0.2–1.1) ratios, are a conspicuous
arc-related characteristics of N Iran RA igneous rocks, although these el-
ements can also be influenced by the crustal contamination which is
best recorded in the felsic rocks.

The trace elements (e.g., high content of incompatible elements such
as Nb-La) and isotopic (high zircon εHf- bulk rock εNd) geochemical
signatures of the mafic precursors, which are less influenced by AFC
processes, imply that RA parental melts were probably sourced from a
mantle that was metasomatized by melts or fluids released from
subducted altered oceanic crust (AOC) and/or sediments (Gertisser
and Keller, 2003). The metasomatized mantle source for Iran RA
grams for the N Iran RA rocks to track the FC and AFC processes during the genesis of these
RA rocks (modified after (Kirchenbaur andMünker, 2015)). The fields for Mediterranean
15). The composition of altered oceanic crust (AOC), terrestrial (TS) and pelagic sediments
i Moghadam et al., 2018). Data on Urumieh-Dokhtar Magmatic Belt (UDMB) are from
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magmatism was likely sub-continental lithospheric mantle (SCLM).
Such a mantle source could also help explain the high-K content of the
rear-arc magmatic rocks, a scenario that has also been proposed by
(Asiabanha and Foden, 2012; Castro et al., 2013) for the genesis of
high-K magmatic rocks in N and NW Iran. SCLM can also play a major
role for the genesis of high-K rocks in the UDMB MF. Moreover, arc-
related, high-alumina magmatic rocks generally have higher Th/Ce,
Nb/Zr and Th/Nb ratios but low Pb/Nd than depleted MORB-sourced
rocks. These geochemical characteristics are commonly interpreted to
be the result of subducted sediment inputs into the mantle source
(Gertisser and Keller, 2003). Intermediate to mafic igneous rocks from
the N Iran RA show variably high Al2O3 contents (16.6–21.5 wt%) but
variably low Th/Ce (0.03–0.12) and Th/Nb (0.14–0.59) ratios, implying
that sediments had little effect on the magma source of these rocks. In
contrast, in a Ba/La vs Th/Yb plot (Fig. 9F), it looks like subduction-
related fluid components contributed more to the mantle source of N
Iran RAmagmas. However, felsic rocks with high Th/Yb and Ba/La ratios
also indicate higher contribution of upper crust materials through AFC
processes during their genesis. Low Zr/Nb but high La/Yb ratios of N
Iran RA igneous rocks (Fig. 9E) imply that the mantle source was
enriched, resembling that of NW Iran shoshonites (Moghadam et al.,
2018).

6.2. Lu-Hf isotopic compositions of N Iran RA rocks

New zircon U-Pb ages show that volcanic rocks from the N Iran rear-
arc began erupting by ~52Ma andwere intruded by younger gabbroic to
granitic bodies (~38–42 Ma); these intrusions may mark the necks of
eroded volcanoes. Zircons from monzogabbros have high εHf(t) values
(+4.2 to +9.8), whereas monzonite zircons have slightly lower εHf
(t) values (+1.8 to +8.7). Syenites also have moderately high εHf
(t) values (+3 and+ 7). The volcanic sample has zircons with variable
εHf (t) values (+2.6 and − 9.2), indicating AFC processes had a major
role during the genesis of these rocks. This is also confirmed by their
low bulk rock εNd(t) values and the results of Sr-Nd isotope modelling
(Fig. 6A).

The wide range of Hf isotopic composition of the N Iran RA plutonic
(εHf = +1.8 to +9.8) and volcanic (εHf = −9.2 to +2.6) rocks pre-
cludes the simple evolution of these magmas by fractional crystalliza-
tion, but other mechanisms such as wall-rock assimilation can explain
the observed Hf isotope variations. This isotopic evolution suggests
that early magmas interacted more with continental crust than later
magmas. In a 176Hf/177Hf vs U-Pb age plot (Fig. 10A), it seems that AFC
processes were important during the first stages (~8 Myr) of high-flux
magmatism in N Iran (56–48 Ma), whereas juvenile magmas became
increasingly important in the late Eocene (38–35 Ma). This is also con-
firmed by a 176Hf/177Hf vs SiO2 plot (Fig. 10B) showing that fractionated
rocks have lower and more variable 176Hf/177Hf values. This evolution
suggests that conduits through the crust became better organized so
Fig. 10. 176Hf/177Hf (initial) vs zircon 206Pb/238U age (a) and SiO2 (b). This shows that rear-arcm
crustal influence.
that mantle-derived magma interacted less with continental crust
with time. Mixed contributions from mantle and crustal sources
are also indicated from isotopic compositions of ~ 42–60 Ma
“flare-up” igneous rocks in the UDMB, when Hf isotopic composi-
tions varied more (see next section). In summary, the heteroge-
neous distribution of zircon Hf-isotope data as well as whole-rock
Nd isotopic compositions of N Iran RA rocks indicate that two dis-
crete components, mantle-derived magmas and pre-existing conti-
nental crust or sediments, were involved in their genesis. The
mantle source of mafic magmas was enriched, similar to SCLM, as
shown in the zircon εHf(t) vs bulk rock εNd(t) plot (Fig. 6B). Partial
melting of the SCLM has been similarly proposed for the genesis of
high-K and shoshonitic magmas in both NW Iran and Anatolia
(Aghazadeh et al., 2011; Castro et al., 2013).

6.3. Ages of rear arc vs magmatic front igneous rocks

To better understand the age variations along the UDMB and to un-
derstand its relationship to magmatic flare-up in the Iran arc, we com-
piled all Paleogene-Neogene age data from both MF and RA (regions 1
to 7 in Fig. 11A). We infer but do not know that there is a simple rela-
tionship between the number of dated samples and the volume of
magma produced for that time. If this assumption is correct, then the
age peaks shown in Fig. 11B-D can be interpreted as approximating
magma generation rates, from which magma flare-up intervals can be
inferred.

On the basis of limited data, (Verdel et al., 2007) suggested a mag-
matic flare-up in the MF that lasted ~17 Myrs, from ~54 Ma until
37 Ma. Our compilations agree with this overall assessment but show
that increased igneous activity during this interval occurred at different
times in different parts of Iran. Moreover, in the central and SE parts of
the UDMB (MF), the flare-up lasted from 40 to 30Ma (late Eocene-early
Oligocene) (Fig. 11B), although magmatism started by ~60 Ma (Paleo-
cene). A younger magmatic flare-up also occurred between 20 and
10 Ma (Miocene), mostly along the southern UDMB (Chiu et al., 2013;
Verdel et al., 2007). In Saghand, between the MF and RA, the magmatic
flare-up began earlier, lasting for 10 Myr from 55 to 45 Ma (early-mid-
dle Eocene) (Fig. 11C). In the RA between 39o and 36o N, the magmatic
flare-up appears to have occurred in two stages; at 45 to 40 Ma and 30
to 25 Ma (Oligocene) (Fig. 11D). The RA seems to have experienced a
magmatic lull at 35–40Ma,when theUDMBmagmatic front underwent
a flare-up (compare Figs. 11B and D). Our compilations in Fig. 11 indi-
cate that the magmatic flare-up probably began earlier in the RA than
in MF. We emphasize that our assessment of magmatic flare-ups only
considers the number of radiometric ages, we have not determined vol-
umes of igneous rocks per unit time. We note that the compiled data
comes mostly from plutonic rocks and few volcanic rocks. The UDMB
contains thick sequences of middle Paleocene-Eocene pyroclastic
rocks and interlayered lavas, which are missing in radiometric datasets
agmas have less crustal influencewith time and that felsic igneous rocks show the greatest
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Fig. 11. Compiled data from both MF and RA regions of Iran arcs (a) to see the temporal variations of magmatism inMF and RA (b-d) and across-arc geochemical variations (e-i). Whole
rock major-trace elements and isotope data for NW and N Iran magmatic rocks are from (Aghazadeh et al., 2011; Asiabanha and Foden, 2012; Castro et al., 2013) and (Moghadam et al.,
2017). Data on Urumieh-DokhtarMagmatic Belt (UDMB) and NE Iran are from (Honarmand et al., 2013; Moghadam et al., 2016; Sepidbar et al., 2018) andMoghadam et al., (Unpublished
data). Zircon U-Pb-Hf isotope results on Iran arcs are from (Aghazadeh et al., 2011; Castro et al., 2013; Chiu et al., 2013; Chiu et al., 2017; Moghadam et al., 2016; Moghadam et al., 2017;
Sepidbar et al., 2018) and Moghadam et al., (unpublished data).
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due to lack of dated samples. The abundance of pyroclastic rocks (and
interlayered lavas) confirm the explosive eruptions of Paleocene-early
Eocene MF volcanoes, probably due to the high volatile contents of
magmas characteristic of the arc magmatic front. Therefore, the mag-
matic flare-up started firstly atMFwith explosive eruptions of pyroclas-
tic materials and lavas. Afterwards, flare-up ignited the RA regions at
~45–40 Ma. In addition, the magmatic flare-up continued for a longer
time, ~30 Myr (55–25 Ma), against the ~17 Myr suggested by (Verdel
et al., 2007).

6.4. Across-arc geochemical variations

The origin of geochemical across-arc variations of arc igneous rocks
continues to attract the attention of geoscientists. Across-arc variations

Image of Fig. 11


Fig. 12. Ni vsMg# (100 Mg/Mg + Fe) plot for the compiled data from Iran MF and RA to
evaluate the effects of fractional crystallization in our data. Data for NW and N Iran mag-
matic rocks are from (Aghazadeh et al., 2011; Asiabanha and Foden, 2012; Castro et al.,
2013) and (Moghadam et al., 2017). Data on Urumieh-Dokhtar Magmatic Belt (UDMB)
and NE Iran are from (Honarmand et al., 2013; Moghadam et al., 2016; Sepidbar et al.,
2018) and Moghadam et al., (unpublished data).
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are well documented in many convergent margins where the subduc-
tion zone has a moderate slab dip angle. Igneous rocks associated with
these convergent margins reveal a major shift in lava geochemistry be-
tween those from themagmatic front and those in the rear-arc (e.g., Izu-
Bonin, Kurile, Kamchatka, Central America, (Churikova et al., 2001;
Hochstaedter et al., 2001)). The MF rocks have higher FeO/MgO ratio
and are low-K tholeiites to calc-alkaline rocks, whereas RA magmatic
rocks show medium- to low- FeO/MgO ratio and are high-K to
shoshonitic lavas. For a given MgO content, RA magmatic rocks tend
to have higher incompatible trace element concentrations than MF
rocks. Elemental ratios involving both fluid-mobile and immobile ele-
ments and isotope ratios generally differ between MF and RA igneous
rocks (Hochstaedter et al., 2001). The across-arc geochemical variations
may be linked to the different factors such as (1) different degrees of
partial melting beneath the MF and RA, perhaps caused by higher vola-
tile fluxes from the subducted slab into the mantle wedge beneath the
MF (Hochstaedter et al., 2001) and/or (2) differing source fertility due
to themantle wedge corner flow causing the transport of mantle mate-
rials that lost a melt component beneath the RA (Hochstaedter et al.,
2001). The nature of released slab components depends on the thermal
structure of the subducting oceanic slab and its depth in the subduction
zone and thus the height of MF and RA magmatic centers above the
subducted slab. For example, incompatible trace elements (LILE, HFSE;
e.g., Th, Rb, Pb, Nb) increase toward the RA region, perhaps due to a de-
crease in slab-related volatile input into the mantle wedge, which di-
minish the degrees of partial melting (Chiaradia et al., 2009). The
lower degree of mantle melting beneath the RA would help explain
the enrichment in incompatible elements in the RA magmatic rocks.
Furthermore, ratios of fluid-mobile over immobile incompatible trace
elements such as Ba/Th, Ba/Nb, Ba/La, Pb/Th, Pb/La increase toward
the MF, suggesting greater slab dehydration and water flux below the
MF (Ancellin et al., 2017). However, these elemental ratios strongly de-
pend on the released slab components, which can vary from an
aqueous-dominated fluid to hydrous silicate melt.

We used major and trace elements data as well as isotopes from Pa-
leogene igneous rocks to draw the geochemical-isotopic across-arc tra-
jectories from Iran MF to RA. Our compiled data show more felsic than
mafic rocks in all of the Iran arc (11E). We must consider the role of
the AFC in the genesis of felsic magmas, as shown by variations in in-
compatible trace element ratios and isotopic compositions. Although
field observations suggest that the Iran RA has more mafic rocks (SiO2

b 55%) compared to the MF which has more felsic igneous rocks (SiO2

N 55%), our compilation suggests that the abundance of mafic and felsic
rocks are similar in both MF and RA (Fig. 11). RA igneous rocks do tend
to contain more K2O than MF igneous rocks (Figs. 1 and 11) and high-K
and shoshonitic rocks are restricted to the RA.

Ratios such as Ba/Th indicate an input of aqueous fluid into theman-
tle wedge source region because Ba ismobile in fluid ormelt while Th is
only mobile in silicate melts (Kessel et al., 2005). MF igneous rocks of
the UDMB display higher Ba/Th ratios than those from the RA
(stdev. = 92.4 ± 51), thus the subducted slab seems to dehydrate ex-
tensively beneath the MF, as seen for global arcs. However, some RA
magmatic centers in NE Iran show variable Ba/Th ratios. Eocene RA ig-
neous rocks from NE Iran with higher Ba/Th show adakitic-like signa-
ture (Moghadam et al., 2016). Th/Yb ratio also varies but generally
increases toward the RA, especially at 36o to 38o N (N-NW Iran)
(Fig. 11); this may indicate more sediment melt input, a role for garnet
peridotite in RA melt generation, or some combination of these effects.
RA igneous rocks at 32o N also have high Th/Yb ratios, but field relations
show clear contamination with Neoproterozoic country rocks. Crustal
contamination is also supported by fluctuations in zircon Hf isotope
values.

Element partitioning between slab and fluids strongly influences the
isotopic budget of hydrous fluids expelled from the slab. Pb and Sr are
moremobile thanNd in thesefluids (Kessel et al., 2005) and strongly af-
fects the isotopic composition of the mantle source beneath the MF; in
contrast Hf and Nd are liberated by sedimentmelting deeper in the sub-
duction zone (Kelley et al., 2005). However, the influence of slab com-
ponents (fluid vs melt) and the role of the continental crust must be
considered for tracing isotope variability across the Iran convergent
margin. Multistage partial melting of mantle wedge flowing from be-
neath the RA toward theMFwill also providemore depletedmantle be-
neath the MF. For UDMB igneous rocks, the bulk rock εNd(t) and zircon
εHf(t) values seemare highest inMF igneous rocks and across-arc isoto-
pic variability seems to be mainly controlled by crustal influence. The
highest 87Sr/86Sr, lowest 143Nd/144Nd andmost variable 176Hf/177Hf iso-
topic ratios are found in the RA (e.g., region 6) where magmas were
more contaminated by Neoproterozoic continental crust (Fig. 11).
6.5. Assimilation and fractional crystallization processes and zircon Lu-Hf
isotope systematics

In this section, we discuss the significance of fractional crystalliza-
tion (FC) and Assimilation-Fractional Crystallization (AFC) processes
for Iran arc magmagenesis using major and trace element concentra-
tions and Lu-Hf isotope variations in our new and compiled data from
the MF and RA regions. Understanding the FC and AFC processes that
controlled Iran arcmagma evolution is important because it can help re-
construct howmagma evolution andmineralization occurred across the
Paleogene Iran convergent margin.

Our geochemical dataset (both our and compiled data) shows that
both MF and RA magmatic rocks were affected by FC and AFC. These
processes complicate identifying the mantle source signatures of MF
and RAmagmas. To better understand the role of the FC processes dur-
ing the genesis of the MF and RA rocks, we plot our compiled data in a
Mg# vs Ni diagram (Fig. 12). This diagram shows our dataset (n =
335 samples) includes more fractionated rocks (with Mg# b50) than
nearly primitive ones with Mg# N 50% (66.6% fractionated vs 33.4% for
near primitive rocks; considering primitive magmas with Mg# = 65,
this value changes to ~ b 7% for primitive rocks). Magmas from NE (re-
gion 4 in Fig. 11), and NW (region 7) are more mafic, whereas most
felsic rocks come from N Iran (region 5). We also plotted Ba/La, Nb/La,
Sr/Nd and Pb/Ce ratios vs Mg# for Iran MF and RA rocks (Fig. 13).
These trace element ratios overlap for bothMF and RA rocks. More frac-
tionated rocks with Mg# b 50 show a slight decrease in Sr/Nd ratio,
which probably are related to the plagioclase fractionation. Both frac-
tionated and primitive shoshonitic-adakitic rocks have lower Nb/La
and Pb/Ce ratios, but higher Ba/La and Sr/Nd. These variations for the
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Fig. 13.Ba/La,Nb/La, Sr/Nd andPb/Ce vsMg#plots to track the relations between fractionation crystallization andvariations of the trace elements ratios throughMF to RA. Data forNWand
N Iran magmatic rocks are from (Aghazadeh et al., 2011; Asiabanha and Foden, 2012; Castro et al., 2013) and (Moghadam et al., 2017). Data on Urumieh-Dokhtar Magmatic Belt (UDMB)
and NE Iran are from (Honarmand et al., 2013; Moghadam et al., 2016; Sepidbar et al., 2018) and Moghadam et al., (unpublished data).
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shoshonitic and adakitic rocks show compositional enrichment of their
mantle source(s) and are not controlled by FC.

Zircon is a robust mineral for tracking the long-termmagmatic evo-
lution including theAFC processes (Andersen et al., 2004; Hawkesworth
and Kemp, 2006). Regardless of the coexisting minerals, zircon has a
very low Lu/Hf ratio ~0.005 and high Hf contents, whichmakes it useful
as a Hf isotopic tracer. Both depleted mantle (TDM) and crustal model
ages (TDMC ) are also considered to be useful for unravelling both themin-
imum source age of host magmas and the protolith crustal residence
time, respectively. We calculated TDM based on a mantle source similar
to the depleted MORB mantle (DMM) with present-day 176Hf/177Hf =
0.28328 (Salters and Stracke, 2004) and 176Lu/177Hf = 0.0384 (Griffin
et al., 2000), whereas TDMC was estimated by projecting the initial values
of 176Hf/177Hf of a zircon to the depleted mantle growth curve, consid-
ering a 176Lu/177Hf value of 0.015 (Griffin et al., 2002). The compiled
Hf isotope values and sourcemodel ages for all UDMBMF and RA Ceno-
zoic rocks are presented in Figs. 14A and B.

The Hf isotopic compositions of different Cenozoic magmatic pulses
(64–2Ma) span an overall εHf(t) range of−43.2 to+19 (176Hf/177Hf=
Fig. 14. Initial Hf isotopic composition of themagmatic (and inherited in “a”) zircons from the Ir
model ages (TDMC ) relate to the 176Lu/177Hf ratio of 0.015; for a garnet-free crust. The 176Lu/177Hf
of isotopically heterogeneous reservoirs) and two component (interaction betweenmantlemel
systematics. Zircon Lu-Hf isotope results on Iran arcs are from (Chiu et al., 2017; Moghadam e
0.281521–0283283). Late Oligocene-Pliocene zircons exhibit more
juvenile character (+14.9 to −16.4; av + 8.2) whereas Paleocene-
early Oligocene zircons have a very wide range (+19 to −43.2; av
+2.2) (Fig. 14). Again, AFC processes seem to bemore important during
the first stages of Iran arc magmatism (66–27 Ma; Paleocene-early Oli-
gocene), whereas more juvenile magmas became increasingly impor-
tant in the late Oligocene-Pliocene (25–2 Ma) (Fig. 14B).
Geographically, the magmas from SE UDMB (area 1 in Fig. 11, MF) and
NE Iran (area 4 in Fig. 11, RA) are more juvenile than other parts of
Iran arcs.

The calculated crustal Hf model ages (TDMC ) for late Paleocene-early
Oligocene (66–27 Ma) zircons with the least radiogenic Hf isotopic
compositions vary between ~0.6 to 3.8 Ga (Fig. 14) and correspond to
a difference of ~3.2 Ga in source crustal residence time, which reflect a
possible heterogeneity of the underlying crust in different parts of the
Cenozoic Iran arcs. Less radiogenic zircons from late Oligocene-
Pliocene (25–2 Ma) rocks have TDMC values of 0.6–3 Ga. These values
suggest involvement of Proterozoic to Archean crust for the formation
of these rocks, although crust older than Ediacaran is unknown in Iran.
anian arcs (areas 1 to 6 in Fig. 11) vs 206Pb/238U age of crystallization. The calculated crustal
ratios of 0.047, 0.033 and 0.017 are related to the required variations in the single (melting
ts and upper crust materials)models that are crucial to explain the Cenozoic Lu-Hf isotope
t al., 2017; Sepidbar et al., 2018) and Moghadam et al., (unpublished data).
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Two isotopic models have been advocated to be responsible for rep-
licating the observed isotopic variations of Iran Cenozoic arc magmatic
rocks (Andersen et al., 2007; Miskovic and Schaltegger, 2009). The
first scenario simulatesmelting of isotopically heterogeneous reservoirs
(e.g., either a sub-continental lithospheric mantle or a juvenile lower
continental crust) with nearly uniform TDM ages (b0.6 Ga), with little
or no continental crust contamination. This model explains isotopic ar-
rays with restricted 176Hf/177Hf values, such as more radiogenic zircons
(εHf(t) N +7) of Cenozoic age. For this single component model, the
upper mantle (or juvenile lower crust) reservoirs could have evolved
along both low and high 176Lu/177Hf ratios of 0.017 and 0.033 respec-
tively since separating from the sources at ~0.5 Ga (Fig. 14B). Some zir-
cons showevidence of evolving along a higher 176Lu/177Hf ratio of 0.047.
The 176Lu/177Hf evolutionary trend of 0.017 is well within the average
values of a magma reservoir which is barren of garnet, whereas the
higher values of 0.033 to 0.047 shows the presence of an enriched res-
ervoir probably containing garnet (with 176Lu/177Hf N 0.03) (Miskovic
and Schaltegger, 2009; Scherer et al., 2007). The presence of garnet in
the source of such rocks is corroborated by their whole rocks steep
HREE-MREE patterns.

On the other hand, the generation of Cenozoic magmas containing
zircons with more variable but less radiogenic Hf isotopic ratios can be
simulated using a two-component model, with mixing between a de-
pleted mantle melt (with present-day 176Hf/177Hf = 0.28328 (Salters
and Stracke, 2004), 176Lu/177Hf = 0.0384 (Griffin et al., 2000) and Hf
= 2.31 ppm (Kelemen et al., 2003) and upper crustal materials (with
present-day 176Hf/177Hf = 0.28242 and 176Lu/177Hf = 0.0008 and Hf
= 5.12 ppm for upper crust (Gao et al., 1998)). To obtain the total
range of 176Hf/177Hf observed in the Cenozoic zircons with more vari-
able zircon Hf isotopic compositions, minor contamination with upper
crustal materials (N5–25 mass % as computed using the formulation of
(Miskovic and Schaltegger, 2009)) is needed over the time etween 0.6
to 3.8 Ga. The modelled upper crust contamination rate, using the Hf
isotope variations within the UDMB (N5–25 mass %) is consistent with
the bulk rock Sr-Nd modelling (Fig. 6A), which shows the UDMB rocks
may have formed via contamination with 5 to ~20 mass % of
Neoproterozoic upper crust or ~50% contamination by Neoproterozoic
lower crust.

6.6. Hyperextension and arc magmatism in Iran

The Cenozoic Iran arc was similar in some ways to an Andean-type
convergent margin, whereby subduction of oceanic crust triggered
mantle melting, the melts of which interacted with the continental
crust to generate both MF and RA (Fig. 15). However, the Cenozoic
Fig. 15. Simplified cross-section of the Paleogene subduction zone in Iran, showing posi-
tions of magmatic front (MF) and rear-arc (RA); slab fluids vs sediment melts in MF and
RA, Subcontinental Lithospheric Mantle (SCLM) melting and assimilation/fractional crys-
tallization (AFC) or Melting-Assimilation-Storage-Homogenization (MASH) processes.
Iran arc differs significantly from the Andean continental arc, which re-
flects a convergent margin under compression, the crust of which is
shortened and thickened. In contrast, the Iranian arc experienced strong
extension throughout its evolution. Much of this extension accompa-
nied subduction initiation during the Late Cretaceous and younger ex-
tension may have resulted from Paleogene slab roll-back (Moghadam
et al., 2018; Moghadam and Stern, 2011). Alternatively, the MF and RA
magmatism are better described in retreating (compressional) arcs
such as Andes, but the extensional arcs such as Iran is enigmatic. In
retreating arcs, the wide and volume of magmatic rocks are noticeable
in the MF and the RA magmatic belt is mostly restricted to the ~100–
200 km far from the main arc (MF). In some subduction systems, the
rear-arc magmatism is located faraway from trench. For example, the
Cenozoic rear-arc magmatism in the Oligocene San Juan Volcanic Field
(US) erupted about 1000 km away from trench (Lake and Farmer,
2015). In recent extensional arcs such as Izu-Bonin-Mariana arc, the
magmatic rocks are noticeable in RA, but are restricted to the 150–
200 km far from themagmatic front (Kodaira et al., 2010). The distance
of the RA from the main arc (MF) is a parameter than is controlled
mainly by the dip of the subducting slab.

The Paleogene Iran arc contrasts strongly with the Andes and thus
represents a usefulmagmatic-tectonic contrast. The extension triggered
both lithospheric and asthenospheric mantle upwelling, resulting in a
differentmagmatic style. This is obvious in the N-NW Iran RAmagmatic
belt, where calc-alkaline, shoshonitic to ultrapotassic and even
nepheline-sodalite-bearing alkaline rocks coexist (Ashrafi et al., 2018;
Moghadam et al., 2018). Therefore, we propose the distance of the RA
from theMF in the extensional arcs like as Iran, is extremely dependent
of the dip of the subducting Neotethyan slab. The change in the slab dip
from Late Cretaceous to present can also control the spatial occurrence
of magmatic rocks. This phenomena in close associationwith other trig-
gers such as rifting in the RA due to the extreme extension will control
the extent of the magmatic rocks, which in some cases can generate gi-
gantic magmatism compared to the MF.

To evaluate the magmatic greatness, we calculated the magma vol-
ume per year of both MF and RA from 55 to 25 Ma. Using the exposed
area (km2) for igneous rocks ofMF and RA and approximating the thick-
ness of each as 30 ± 10 km, the magmatic rate is estimated to be
~12,000 ± 4000 km3/yr−1 during the ~30 Myr magmatism for RA and
~ 64,000 ± 11,000 km3/yr−1for MF.

Alternating transgressive-regressive cycles preserved in Paleogene
extensional basins suggest that the Paleogene tectonic evolution of
Iran was complex. Both compression and extension likely occurred
and may have been controlled by the age and convergence rate of
subducted Neotethyan lithosphere, seamount or plateau subduction,
trench retreat and roll-back. Cenozoic extension may have been related
to the steepening dip of the Neotethyan slab and trench roll-back. Nu-
merical modelling indicates that long-term subduction is not steady
state and shows periodic shallowing and steepening of slab dip (Kay
and Coira, 2009). Slab rollback may have been especially important be-
cause this is routinely associated with extension, crustal thinning and
juvenile crustal addition (Miskovic and Schaltegger, 2009). Slab roll-
back is the most important cause of upper plate extension and has pro-
duced elevated rates of magma generation in nearly all arcs worldwide
(Ducea et al., 2017). The effects of these processes differed in different
parts of Iran and probably are linked to variations in crustal thickness.

A crustal profile of the Cenozoic arc of Iran can be reconstructed by
using Sr/Y elemental ratios for intermediate rocks (Chapman et al.,
2015) and Ce/Y ratios for mafic rocks (Mantle and Collins, 2008).
(Chapman et al., 2015) suggested that Sr/Y ratios of intermediate calc-
alkaline rocks (55–68wt% SiO2) can be used as a proxy for crustal thick-
ness. Our compiled data for the intermediate SiO2 composition of the
Paleogene rocks show that the crustal thickness or Moho depth varied
in different segments of Iran arcs; av. 42 km in N Iran (Alborz), 47–
48 km in NE Iran and 27–28 km for the UDMB. These Moho depth re-
sults are confirmed by the Ce/Y ratio of the mafic rocks. These crustal

Image of Fig. 15
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thickness variations show that lithospheric extension was more impor-
tant for the MF (UDMB).

Eocene crustal thinning in theUDMB could also have been accompa-
nied by lithospheric drips or delamination (e.g., Pang et al., 2013). The
other alternatives to explain the causes for the extreme extension dur-
ing the Paleogene are changing slab dip (Verdel et al., 2007) and slab
break-off (Deevsalar et al., 2017). However, the long-lived nature of
magmatic events in the Iran convergent margin and irregular but wide-
spread patterns of magmatism during late Mesozoic to Paleogene are
inconsistent with either drip or delamination-related magmatism or
slab break-off. The slab-break off and asthenosphere upwelling is prob-
ably the main mechanism for the telescopic occurrence of fertile Mio-
cene plutonic rocks in the SE segment of the UDMB, which are the
main causes for the Cu-Au mineralization. This occurred after the Iran-
Arabia collision at ~25 Ma (McQuarrie and van Hinsbergen, 2013). The
other concerns invoking the driving mechanisms for flare-up is sug-
gested to be change in the rate of plate convergence. In this scenario,
the flux melting will generate high-volume magmatism, which should
be closely related to high-flux of slab-derived hydrous fluids. High-
flux of slab-derived fluids can be correlated with subduction velocity.
Such positive correlations have been observed in some arcs (e.g.,
Huang and Lundstrom, 2007), although numerous studies elsewhere,
however, showmagmatic flare-up coincident with low and/or decreas-
ing convergence rates (e.g., Shellnutt et al., 2014) or no obvious correla-
tion (Ducea et al., 2015; Zhang et al., 2019).

7. Conclusions

Iran arcs (both MF and RA) were generated during northward sub-
duction of Neotethyan oceanic lithosphere accompanied by strong ex-
tension during Late Cretaceous and Paleogene time; extension
stopped when collision with Arabia began at the beginning of Neogene
time, ~25 Ma. Major and trace elements and bulk rock Sr-Nd- zircon Hf
isotope analyses reveal an across-arc shift in the geochemical composi-
tion of Iran Paleogene arc magmas, frommore depleted along themag-
matic front to more enriched in the rear-arc. However, the across-arc
geochemical shift is obscured by greater fractional crystallization and
crustal contamination effects for rear-arc. Magmas which complicates
understanding the underlying mantle sources and processes. Bulk rock
εNd(t) and zircon εHf(t) isotope systematics show thatmelts of subcon-
tinental lithospheric mantle interacted less with crust for the MF and
more for the RA. The highest Th/Yb, 87Sr/86Sr, but lowest 143Nd/144Nd
and variable 176Hf/177Hf isotopic ratios are found in the RA where
magmas seem to be highly contaminated with the Cadomian continen-
tal crust; variations in the composition of themantle source are difficult
to identify between MF abd RA.

Further research is needed to better understand magmagenesis be-
neath the Paleogene Iran convergent margin. A systematic
geochemical-isotopic traverse across Iran arc is needed to better capture
the across arc variation. This traverse should focus on samplingmafic ig-
neous rocks because these are least affected by coupled fractional crys-
tallization and crustal assimilation. Primitive (Mg# N65, Ni N100 ppm)
basalts are especially useful in this effort because mantle melting pro-
cesses are most easily reconstructed from these; in addition, melt inclu-
sions in olivine can be analysed to determine magmatic fluid
compositions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2019.06.022.
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