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ARTICLE INFO ABSTRACT

Keywords: Continental-arc igneous rock compositions change in response to the transition from subduction to collision and

Continental arc these changes can reveal how the crust, lithosphere and magma sources evolved. Neotethys-related Late

Continental collision Cretaceous to Pleistocene subduction- and collision-related magmatic rocks from the ~350 km long southeast

Adakl,te . Urumieh-Dokhtar Magmatic Belt (UDMB) of Iran provide an excellent natural laboratory to better understand

Urumieh-Dokhtar Magmatic Belt N

Iran these changes. These igneous rocks are well-exposed and moderately eroded to reveal a nearly complete record
since subduction initiation at ~95 Ma. We analyzed new samples for major and trace elements (83 samples),
Sr—Nd isotopic compositions (47 samples), and U—Pb zircon ages (26 samples) and compiled geochemical and
geochronological data on the southeast segment of the UDMB. The geochronological data reveal two magmatic
pulses at ~80-70 Ma and ~50-0 Ma. Important changes in magmatic compositions reflect initial collision with
Arabia at ~32 Ma, changing from normal calc-alkaline to increasingly adakitic immediately after collision began.
Five stages can be identified: 1) normal continental-arc magmatism during the Late Cretaceous; 2) arc quiescence
in Paleocene and Early Eocene time; 3) Middle-Late Eocene extensional arc magmatism related to slab rollback;
4) early collision and crustal thickening during the Early Oligocene; and 5) slab breakoff, asthenospheric up-
welling, and associated adakitic magmatism from Middle Miocene onward. Temporal changes in UDMB magmas
reflect the response of the overriding plate to changes in the geometry of the subducting Neotethyan lithosphere
and to collision between Arabia and Iran. Crustal thickening and arc narrowing during Miocene to Pleistocene
post-collisional magmatism caused adakitic magmatism and associated Cu mineralization. Zircon O—Hf and
apatite O isotopes as well as bulk-rock Nd isotopes of Cu-bearing adakitic rocks are similar to other barren rocks,
but nearly all fertile rocks have higher Hf/Y, Eu/Eu*( in zircon and higher Sr/Y, V/Y, Eu/Eu*(,) in apatite than
barren rocks.

1. Introduction these margins change tectonic conditions due to buoyancy changes in
the down-going plate. These induce changes in magma production and
Magmatic arcs form on the upper plate of convergent plate margins; sources that are reflected in the geochemical and isotopic signatures of
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igneous rocks (DeCelles et al., 2009; Ducea et al., 2015). Arc magmatism
associated with normal subduction is well documented and is charac-
terized by arc-like magmas depleted in Nb—Ta and enriched in large ion
lithophile elements such as Rb, Ba, Th, U, K, Pb and La. Convergent
margins continue to deliver arc-like magmas even during and for some
time after continental collision as continental lithosphere begins to
subduct. In several places, very young or ongoing magmatic activity
occurs in collision zone that is not related to oceanic subduction, such as
the Carpathians or the Caucasus (e.g., Bindeman et al., 2021; Seghedi
and Downes, 2011). Collision-related magmatic products have similar
bulk chemistry (in both major-trace elements and isotopes) to subduc-
tion magmatism, and are dominated by calc-alkaline andesites, dacites
and rhyolites as well as their plutonic equivalents. However, several
workers suggest that syn-collisional magmatism is more alkali-rich and/
or adakitic, and those features (among others) illuminate different
melting regimes and igneous processes in subduction versus collision
settings. Although numerous papers have addressed this issue, the
textbook view on collision-related magmatism continues to centre on
leucogranites and S-type granites formed by partial melting of conti-
nental crust and metasediments thickened in continental collision zones
(e.g., Nabelek, 2020). This view needs to be modified to encompass
other products found in modern collision belts. The Tethys orogen of
southern Eurasia — where all Cenozoic continental collisions happened —
is the best place to study examples of collisional magmatism (e.g., Chiu
et al., 2013; Sepidbar et al., 2019; Verdel et al., 2011).

Addressing this problem benefits from investigating transitions from
subduction to collision in the geologic record to see how magmatism
changed over geologically short time scales. The problem with this
approach in most places along the Tethys orogen is that the timing of the
suturing is often not well enough constrained. For example, in the
Himalaya-Tibet region, uncertainties linger as to exactly when collision
started (Zhang et al., 2012), and while volcanic rocks spanning the
transition may exist (e.g., the Linzizong volcanic rocks in southern Tibet;
Liu et al., 2018); end-member models for collision initiation diverge by
tens of million years. Similar uncertainties plague studies of Carpathian
igneous rocks, where some envision that an oceanic slab was present
until recently (Matenco et al., 2010), while others argue that continental
collision was the sole driver of young magmatism (Ducea et al., 2020).

This paper reports on the results of multiple analytical approaches to
understand the temporal evolution of magmatism in the southeast
Urumieh-Dokhtar Magmatic Belt (UDMB) of Iran and shows how this
changed from subduction to collision. Our results are interpreted to help
us understand the geochemical changes during this important transition
and the relations between collision-related magmatism and porphyry Cu
mineralization.

2. Background geology

The Cenozoic magmatic arc of Iran is well-suited for understanding
the temporal evolution of convergent margin magmatism, because we
know when subduction initiation occurred (at ~95 Ma, Stern et al.,
2021), it contains numerous volcanic and intrusive products from the
Late Cretaceous to the Pleistocene and the beginning of collision in the
Oligocene is well resolved in the geologic record (e.g., McQuarrie and
van Hinsbergen, 2013). This broad magmatic arc preserves ~80 Myr of
magmatism over an area up to 1000 km wide from east to west and north
to south (Fig. 1A), recording the subduction of Neotethys oceanic lith-
osphere beneath Iran. Continental collision between Arabia and Eurasia
occurred at ca 27 Ma (McQuarrie and van Hinsbergen, 2013), although
some argue that the “soft” collision (characterized by lower rate of
deformation, uplift, and exhumation of the Iranian plateau during
earliest stage of collision) started at ~32 Ma (Early Oligocene) (e.g.,
Allen and Armstrong, 2008; Mouthereau et al., 2012; Tadayon et al.,
2017). It is also suggested that the “soft” collision was followed by
“hard” collision beginning ~20 Ma, characterized by shortening and
thickening of Iranian continental crust, causing more deformation,
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uplift, and exhumation (e.g., Madanipour et al., 2017; Madanipour
et al., 2013). Extensive crustal thickening occurred during increased
shortening at ~20 Ma (Ballato et al., 2013), which is consistent with
recent geochemical evidence from the Urumieh-Dokhtar Magmatic Belt
(UDMB), which indicates that crustal thickening to ~60-50 km culmi-
nated during the Early-Middle Miocene (Chaharlang et al., 2020).

The UDMB, which marks the magmatic front of the broad magmatic
arc in Iran, is 40-70 km wide and trends northwest-southeast for ~1000
km across Iran. UDMB arc magmatism began with subduction in the Late
Cretaceous, matured in the Paleogene and waned after collision with
Arabia in the Neogene (e.g., Babazadeh et al., 2017; Hosseini et al.,
2017; Moghadam et al., 2020; Yeganehfar et al., 2013). Moderate
erosion of the UDMB has exposed both its volcanic and shallow plutonic
levels, especially in the southeast portion of UDMB (Chaharlang et al.,
20205 Sepidbar et al., 2019). The Cenozoic igneous rocks of Iran and
their extension to the northwest of the Neotethyan orogenic belt (Cau-
casus region of Georgia-Armenia-Azerbaijan and the eastern Pontides of
Turkey) and east (Afghanistan, Pakistan and Tibet) also host abundant
Cenozoic precious- and base-metal epithermal and porphyry Cu deposits
(Moritz et al., 2016).

In addition to the magmatic front (the UDMB), there are magmatic
belts in the north-northwest, northeast, and eastern parts of Iran that
define the magmatic back-arc regions. The Alborz-Azerbaijan belt
(north-northwest Iran, Fig. 1A), continues into the magmatic belts of the
Lesser Caucasus and Pontides (Turkey) (Castro et al., 2013). It is con-
structed on Upper Jurassic-Late Cretaceous flysch and platform car-
bonates, and mostly consists of Eocene volcanic rocks intruded by
shoshonitic Oligocene-Miocene intrusive rocks (Jamali et al., 2010). An
ensialic back-arc basin setting is suggested for the formation of the
Alborz-Azerbaijan magmatic rocks (Asiabanha and Foden, 2012). This
belt hosts significant Cenozoic epithermal deposits in Iran (Siani et al.,
2020), although Cu porphyry-type ore deposits are also common. These
Cu porphyry deposits have molybdenite Re—Os ages of 28.2 + 0.4 to
20.5 + 3.6 Ma and zircon U—Pb data ages of 21.1 +0.2t019.3 + 0.3 Ma
(Aghazadeh et al., 2015).

The Birjand-Zahedan back-arc magmatic belt (eastern Iran, Fig. 1A)
includes a thick sequence of Late Cretaceous-Paleocene volcano-sedi-
mentary rocks, which are covered by Eocene-Oligocene (*°Ar-*°Ar;
46-25 Ma) calc-alkaline to shoshonitic magmatic rocks. It has been
proposed that the Paleogene magmatism in the Birjand-Zahedan
magmatic belt was triggered by convective removal of lithosphere
(delamination) and resultant asthenospheric upwelling accompanying
extensional collapse (Pang et al., 2012). Continued asthenospheric up-
welling led to Late Miocene alkali basaltic volcanism (40Ar-39Ar; 14-11
Ma) (Pang et al., 2012). This belt also hosts minor Cu porphyry-type
deposits with zircon U—Pb ages of 39.0 + 0.8 and 37.3 + 0.3 Ma
(Aghazadeh et al., 2015).

The Sabzevar-Torud back-arc magmatic belt (northeast Iran) consists
of a huge pile of Late Cretaceous to Miocene arc-related magmatic rocks,
including calc-alkaline to adakitic plutons and abundant Late Creta-
ceous to Eocene rhyolite sheets and domes. Minor Cu porphyry deposits
with hornblende and biotite *°Ar—3°Ar ages of 42.7 + 0.2 and 43.7 +
0.1 Ma (from their potassic alteration zones) are common in this belt
(Moghadam et al., 2020).

The southeast segment of the UDMB records both subduction-
(80-27 Ma) and collision-related (27-0 Ma) magmatism and preserves
temporal and along-arc variations in this evolution. Reconstructing
magma genesis and magmatic evolution in the southeastern UDMB over
the past 80 Ma can help us understand temporal geochemical variations
in convergent margin magmas, since both earlier subduction-related and
younger collision-related igneous rocks are abundant and well exposed
in this desert region. Most giant Cu deposits of Iran are also found along
the magmatic front of the southeastern UDMB (Fig. 1B). Mineralization
in the southeastern UDMB occurred over an interval of about 20 m.y.,
for which two metallogenic epochs have been recognized (Aghazadeh
et al., 2015): minor mineralization in Late Oligocene (~27 Ma) and
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Fig. 1. A- Simplified geological map of Iran emphasizing Mesozoic ophiolites, Cenozoic magmatic rocks, Neogene sedimentary rocks and Miocene-Quaternary
volcanic rocks. B- Geological map of the southeast segment of the UDMB, showing the distribution of Mesozoic-Cenozoic magmatic rocks. New and compiled
zircon U—Pb data on magmatic rocks are shown. Compiled zircon U—Pb ages are from Asadi (2018) and Chiu et al. (2017). Dashed red circles show the location of
the main porphyry Cu deposits. Dated samples are subdivided into radiogenic (zircon eHfy, > +4) and unradiogenic (¢Hf(;) < +4) rocks. Coloured bold, italic numbers
show location of samples selected for apatite analysis; blue-coloured are barren rocks while green-coloured are fertile rocks. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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giant Cu mineralization in Miocene (~20-6 Ma).
3. The Southeastern Urumieh-Dokhtar magmatic belt

The southeast segment of the UDMB is ~350 km long and ~ 50 km
wide (Fig. 1B). The post-subduction initiation magmatic succession in-
cludes minor outcrops of Late Cretaceous igneous rocks with zircon
U—Pb ages of ca 82-77 Ma (Chiu et al., 2013; Hosseini et al., 2017).
These are covered by Paleogene pyroclastic and volcano-sedimentary
rocks and intruded by Middle Eocene-Early Oligocene unmineralized
and Middle-Late Miocene Cu-bearing (fertile) plutons (Asadi, 2018;
Raeisi et al., 2021; Shafiei et al., 2009; Wan et al., 2018). Fertile in-
trusions are mostly felsic and porphyritic subvolcanic stocks, whereas
barren bodies are mostly holocrystalline gabbro to granite. Radiometric
ages and stratigraphic data indicate that Paleocene-Early Eocene time
witnessed minor eruptions of lavas and pyroclastic rocks, crosscut by
rare Eocene lamprophyre dikes (Shafiei et al., 2009). Magmatic activity
intensified during Middle to Late Eocene with calc-alkaline to shosho-
nitic basaltic to trachytic volcanism and intrusion of unmineralized
(barren) plutonic rocks with strong arc-like geochemical signatures
(Salehi Nejad et al., 2020). Eocene magmatism was followed by Early
Oligocene calc-alkaline igneous pulses. Collision began at ca 32 Ma and
magmatism may have stopped during a Middle Oligocene and Early
Miocene magmatic lull (Verdel et al., 2011). Eocene-Oligocene volca-
niclastics and intrusive rocks were uplifted, eroded and unconformably
covered by Late Oligocene-Miocene red-beds and shallow-water lime-
stones. Magmatism resumed in Middle Miocene time, with intrusions of
Cu-bearing porphyritic subvolcanic stocks with adakitic signatures
(Asadi et al., 2014); this change in the melting regime likely reflects
crustal thickening accompanying collision (Chaharlang et al., 2020).
Melting of hydrous garnet amphibolites and/or eclogites in the lower
crust may have produced Miocene adakitic rocks (Kheirkhah et al.,
2020; Wan et al., 2018). Slab breakoff and melting as Arabia and Eurasia
continued to collide may have facilitated Miocene adakite formation
(Omrani et al., 2008). Slab breakoff would allow asthenospheric up-
welling, which is consistent with geophysical data for the region
(Motaghi et al., 2015). Magmatism continued from Late Miocene to
Pleistocene, with eruption of volcanic rocks including high Sr/Y dacites,
high-K basalts to trachytes and olivine alkaline basalts along with
growth of a few stratovolcanoes (Fig. 1B).

4. Analytical procedures

The analytical procedures include: 1) X-Ray Fluorescence (XRF) and
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) for bulk-rock
major- and trace-element analyses; 2) Cathodoluminescence (CL) im-
aging of zircons by Scanning Electron Microscope (SEM); 3) Laser
Ablation Inductively Coupled Plasma-Mass Spectrometry (LA-ICPMS)
for U—Pb zircon dating and in situ zircon and apatite trace-element
analysis; 5) Secondary Ion Mass Spectrometry (SIMS) for U—Pb zircon
dating and O isotopes; 6) Multi-Collector Inductively Coupled Plasma-
Mass Spectrometry (MC- ICPMS) for zircon Lu—Hf and in situ Sr—Nd
isotopic analysis of apatite; and 7) Thermal ionization mass spectrom-
etry (TIMS) for Sr and Nd isotopes in bulk-rock samples. We sampled
both plutonic and volcanic rocks from different southeastern UDMB
locations to cover all rock units across the studied area; locations are
shown in Fig. 1B. We also compiled data from published literatures. All
analytical procedures, instrumentation, errors and other details are
presented in “Appendix A".

5. Results
5.1. Samples

Our samples from southeastern UDMB (Fig. 1B) are subdivided into
five groups according to age: Late Cretaceous (7 samples), Eocene (27
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samples), Oligocene (39 samples), Miocene (26 samples), and Pliocene-
Pleistocene (3 samples). We also compiled data on the southeastern
UDMB from the literature (see Tables S1 to S6). Field relationships have
also been used to constrain relative ages of undated lavas and dikes
based on their relationship to dated volcanic and plutonic rocks. Brief
petrographic descriptions of magmatic rocks from these five groups are
presented below.

5.1.1. Late Cretaceous

Late Cretaceous samples include volcanic and plutonic rocks. Vol-
canic rocks are porphyritic basalts and andesites. Phenocrysts in basalts
are mainly clinopyroxene, plagioclase and hornblende, with traces of
iddingsitized olivine- in a glassy to intersertal groundmass. Plutonic
rocks are gabbro to granodiorite and granite. Gabbros are dominated by
plagioclase, hornblende and clinopyroxene (plagioclase >clinopyroxene
>hornblende) whereas granodiorites and granites have plagioclase,
hornblende, biotite, potash (K-) feldspar and quartz as the main rock-
forming minerals. K-feldspar in granites include microcline and ortho-
clase as well as perthite intergrowths.

5.1.2. Eocene

Eocene samples include volcanic and plutonic rocks as well as
lamprophyre dikes. Volcanic rocks comprise basalts, andesites and
rhyolites which are mostly porphyritic. Basalts contain olivine, clino-
pyroxene, spinel and plagioclase in a microlitic to holohyaline ground-
mass. Andesites have plagioclase and amphibole phenocrysts and less
clinopyroxene (<5-8 vol%) than basalts. Andesite groundmass is
microlitic to holocrystalline with plagioclase phenocrysts. Rhyolites
have sanidine and quartz phenocrysts in a devitrified groundmass with
cryptocrystalline felsic minerals. Plutonic rocks comprise gabbros, di-
orites, tonalites and granodiorites-granites. Gabbros and diorites contain
plagioclase, amphibole and clinopyroxene (25-30% clinopyroxene and
5-10% amphibole in gabbros; 10-15% clinopyroxene and 30-40%
amphibole in diorites) whereas granodiorites and tonalites have
plagioclase, amphibole, quartz with minor K-feldspar. Granites have K-
feldspar (microcline, orthoclase and perthite), quartz, and biotite with
minor amphibole and plagioclase (oligoclase-andesine). Lamprophyres
contain clinopyroxene and amphibole phenocrysts in a holocrystalline
groundmass.

5.1.3. Oligocene

Oligocene samples include both volcanic and plutonic rocks. Volca-
nic rocks range from basalt-andesite to dacite-rhyolite and trachyte,
whereas plutonic rocks are diorite, tonalite, granodiorite and granite.
Diorite and tonalites contain plagioclase, amphibole, alkali feldspar and
quartz with minor clinopyroxene. Plagioclase and amphibole are com-
mon in tonalites and granodiorite while clinopyroxene is present in di-
orites. Quartz and alkali feldspar (+biotite) are the major components of
tonalite and granite. Andesites and basalts contain plagioclase, clino-
pyroxene and amphibole in a microlitic to glassy groundmass. Amphi-
bole is absent in basalts and these rocks contain olivine pseudomorphs.
Dacites and rhyolites contain rare sanidine and plagioclase phenocrysts
in a groundmass with felsic, cryptocrystalline texture. Fine-grained
sanidine and sodic plagioclase show shape-preferred orientation
(trachytic texture) in trachytes.

5.1.4. Miocene

Miocene plutonic rocks are mostly shallow porphyritic intrusions
and some host Cu mineralization. Plutonic rocks change from gabbro to
granite, but granodiorites and diorites (quartz diorites) are especially
abundant. Diorites and granodiorites have clinopyroxene (<10%),
amphibole, plagioclase, biotite, K-feldspar and quartz. Quartz diorites
have 5-10% quartz, K-feldspar and biotite in addition to clinopyroxene,
amphibole and plagioclase. Granodiorites, diorites and quartz diorites-
as shallow intrusions- have large crystals of plagioclase in a fine-grained
crystalline groundmass. Gabbros mostly contain clinopyroxene and
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plagioclase with green amphibole (actinolite) overgrowth around some
clinopyroxenes. Volcanic rocks comprise basalts and andesites to
dacites. Basalts and andesites contain clinopyroxene, amphibole and
plagioclase phenocrysts in a microlitic groundmass whereas dacites
have plagioclase, amphibole, biotite and quartz phenocrysts in a devit-
rified groundmass.

5.1.5. Pliocene-Pleistocene

Pliocene-Pleistocene samples are volcanic rocks, changing from
andesite to dacite-rhyolite. Dacites and rhyolites are weakly porphyritic
with phenocrysts of plagioclase, sanidine and resorbed quartz in a glassy
to microlitic texture. Andesites are mostly porphyritic with large crystals
(~2-3 cm) of plagioclase and amphibole in an intersertal to microlitic
groundmass.

5.2. Zircon U—Pb geochronology

We dated samples from the southeastern UDMB using both LA-
ICPMS and SIMS analyses of zircons. Results are shown on Terra-
Wasserburg plots in Figs. 2, 3 and Fig. S1 and are summarized in
Tables S3 and S4. We also compiled data from the literature (see
Tables S3 and S4). Our dated and compiled samples can be subdivided
into five groups according to age: Late Cretaceous, Eocene, Oligocene,
Miocene, and Pliocene-Pleistocene. Further details are presented below.

5.2.1. Late Cretaceous

Late Cretaceous samples are from the southeast parts of the study
area (Fig. 1B). One granitic sample (HA16-10) analyzed during this
study shows an age of 80.4 + 0.5 Ma (Fig. 2). Compiled zircon U—Pb
ages reported here also yield ages of 77.5 + 0.8 Ma (granite), 79.5 + 0.3
Ma (diorite), 80.8 £ 1.5 Ma (diorite), 81.8 & 2.4 Ma (diorite), 78.1 & 0.9
Ma (andesite) and 82.7 + 2.8 Ma (andesite) (Hosseini et al., 2017).
These results indicate that Late Cretaceous igneous activity began by ca
83 Ma and continued until at least 77 Ma.

5.2.2. Eocene

Our five Eocene samples include both volcanic and plutonic rocks.
Plutonic rocks have zircon U—Pb ages of 47.03 + 0.7 Ma (BT16-24,
diorite) and 37.6 + 0.3 Ma (D19-12, diorite). Volcanic rocks yield ages
of 37.2 £+ 0.5 Ma (KR16-22, rhyolite), 36.9 + 0.4 Ma (KR16-5, rhyolite)
and 37.9 + 0.6 Ma (KR16-1, rhyolite). These results indicate that
southeastern UDMB Eocene magmatism began by 47 Ma and continued
until at least 37 Ma (Early Middle to Late Eocene).

5.2.3. Oligocene

Plutonic rocks have zircon U—Pb ages of 24.7 + 1.0 Ma (R4-S9,
granodiorite), 24.8 £+ 1.2 Ma (R6-S22, granite), 28.4 + 0.9 Ma (R3-S2,
tonalite), 33.6 & 1.1 Ma (R6-S19, tonalite), 26.7 £ 1.1 Ma (R1-S15,
tonalite) and 24.8 + 0.8 Ma (R5-S4, granite). Volcanic rocks show ages
of 25.7 4+ 0.3 Ma (BT16-10, dacite), 29.2 4+ 1.4 Ma (R5-S1, andesite),
27.4 £+ 0.9 Ma (SG-4, andesite) and 33.6 + 1.2 Ma (R4-S15, rhyolite).
These results indicate that Oligocene magmatism began by 34 Ma and
continued at least until 25 Ma (Early to Late Oligocene).

5.2.4. Miocene

We dated sixteen Miocene igneous rocks. Miocene Cu-fertile and
barren plutonic rocks have ages of 19.4 + 0.3 Ma (BT16-3, diorite),
11.9 + 0.3 Ma (BT16-34, granodiorite), 11.2 + 0.3 Ma (BT16-28,
gabbro), 19.9 + 0.3 Ma (D19-4, granodiorite), 8.4 + 0.1 Ma (KR16-33,
quartz diorite), 13.3 + 0.1 Ma (KR16-M2, quartz diorite), 16.9 + 0.2 Ma
(KR16-139, diorite), 8.5 + 0.1 Ma (KR16-G2, diorite porphyry), 16.7 +
0.2 Ma (KR16-123, granite), 16.9 + 0.4 Ma (KR16-140, granite), 12.6
+ 0.1 Ma (KR16-90, granodiorite) and 19.5 + 0.3 Ma (D19-7, grano-
diorite). Volcanic rocks show ages of 5.4 + 0.1 Ma (KR16-2, dacite), 5.5
+ 0.1 Ma (KR16-3, dacite), 6.4 & 0.2 Ma (KR16-67, dacite) and 10.4 +
0.2 Ma (KR16-86, dacite). Our data show that Miocene magmatism
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started by 19.9 Ma and continued until at least 5.4 Ma.

5.2.5. Pliocene-Pleistocene

We analyzed two Pliocene-Pleistocene samples. They have ages of
3.2 + 0.1 (KR16-87, dacite) and 2.2 + 0.1 Ma (KR16-88, rhyolite).
Compiled data for three other rhyolitic samples indicate zircon U—Pb
agesof 1.3 +£ 0.1, 2.2 + 0.1 and 1.2 &+ 0.03 Ma (Pang et al., 2016).

5.3. Bulk rock major-trace elements and Sr—Nd isotope

We analyzed Late Cretaceous to Pliocene-Pleistocene magmatic
rocks for major- and trace- element abundances (83 samples) and
Sr—Nd isotopes (47 samples). New and compiled results are presented in
Tables S1 and S2.

5.3.1. Late Cretaceous

Our new and compiled data plotted in K20 + NazO vs SiO5 diagrams
(Fig. 4A-B) show that Late Cretaceous plutonic rocks vary from gabbro
to granodiorite whereas volcanic rocks have basaltic to dacitic and
trachy-basaltic andesite to trachy-andesitic compositions. Most
magmatic rocks have calc-alkaline and high-K calc-alkaline signatures in
the K20 vs SiO; diagram (Fig. 4C-D). They have low Sr/Y and Lay)/Yb)
ratios similar to normal arc rocks (Fig. 4E-H). Late Cretaceous rocks
have nearly flat to fractionated REE patterns with Lag)/Ybm) =1t0 17.5
(Fig. 5A). These rocks are depleted in Nb, Ta and Ti and enriched in Ba,
K, Pb, Th and U (Fig. 5B), similar to subduction-related magmatic rocks.
Late Cretaceous magmatic rocks have bulk-rock initial &’Sr/%°Sr and
eNd(y) values of 0.7043 to 0.7056 and +7 to +7.5, respectively (Fig. 6E).

5.3.2. Eocene

Eocene plutonic rocks (including lamprophyre dikes) are gabbro-
monzogabbro to granite with calc-alkaline to shoshonitic affinities.
They are similar to normal arc rocks on Sr/Y and La,)/Yb() plots.
Volcanic rocks are trachybasalt-basalt to rhyolite with low-K tholeiite to
shoshonitic signatures (Fig. 4A-D). Four samples show high Sr/Y but
low Lag)/Yb(y ratios (Fig. 4E-H). Three samples are similar to adakitic
rocks with both high Sr/Y and La,)/Yb(, ratios. Eocene igneous rocks
are enriched in Ba, U, K and Pb and depleted in Nb, Ta and Ti (Fig. 5C)
and in Light REEs (LREEs) compared to HREEs with Law)/Ybwm) =
1.9-10.6 (Fig. 5D). Eocene magmatic rocks have initial 875r/80Sr and
eNd(y values of 0.7041 to 0.7055 and +1.9 to +5.4, respectively
(Fig. 6E).

5.3.3. Oligocene

Oligocene plutonic rocks range from diorite to granite with calc-
alkaline to high-K calc-alkaline and non-adakitic (low Sr/Y and La,)/
Yb(, ratios) signatures. Volcanic rocks have basaltic to trachytic and
rhyolitic compositions that vary from low-K tholeiite to high-K calc-
alkaline in the K30 vs SiO; diagram. Oligocene volcanic rocks have non-
adakitic signatures (Fig. 4E-G) and LREE enrichment with La,)/Yb) =
2.3-23.8 (Fig. 5E). These rocks show positive anomalies in Ba, Th, U, K
and Pb along with negative Nb, Ta, and Ti anomalies (Fig. 5F).

Oligocene rocks are characterized by initial 8Sr/%®Sr ratio and eNd
values of 0.7043 to 0.7073 and — 2.2 to +5.03, respectively (Fig. 6E).
However, Asadi (2018) reported more variable 878r/80Sr ratios and
eNd(y) values for Oligocene plutonic rocks from the southeastern UDMB,
in the range of 0.7064-0.7093 and — 1.1 to —8.

5.3.4. Miocene

Miocene plutonic rocks have gabbro-diorite to granitic compositions
and are mostly calc-alkaline to high-K calc-alkaline in the K20 vs SiO»
diagram (Fig. 4D). Most Miocene igneous rocks (especially those host Cu
deposits) have high Sr/Y and Lag)/Yby) ratios and are adakitic
(Fig. 4E-H). Miocene volcanic rocks are basaltic andesite to dacite-
trachyte and have calc-alkaline to high-K calc-alkaline affinities. Vol-
canic rocks have both non-adakitic and adakitic signatures. Miocene
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rocks are enriched in LREEs with Lag,)/Yb) = 2.1-67.8 (Fig. 5G). These +0.81 (Moghadam et al., 2018) and —0.9 to +3.5 (Wan et al., 2018) are
rocks are strongly enriched in Ba, Th, U, K and Pb and depleted in Nb, also reported for Miocene plutonic rocks from the southeastern UDMB.
Ta, and Ti (Fig. 5H). Miocene rocks have initial 878r/80Sr ratios and

eNd(y values of 0.7044 to 0.7057 and —1.5 to +4.2, respectively 5.3.5. Pliocene-Pleistocene

(Fig. 6E). Similar eNd( values of +1.4 to +3.8 (Asadi, 2018), —4.8 to Pliocene-Pleistocene lavas are andesitic, dacitic and rhyolitic. They
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have high Sr/Y and La(,)/Yb(y ratios, and are adakitic and are strongly
LREE-enriched, with Law)/Ybm) = 35.4-89.1 (Fig. 5I). Pliocene-
Pleistocene lavas are enriched in Rb, Ba, Th, U, K, Sr and Pb, and are
depleted in Nb, Ta, and Ti (Fig. 5J). Pliocene-Pleistocene volcanic rocks
have eNd( values of +2.9 (this study) and + 3.2 to +5.3 (Pang et al,,
2016). The initial 8Sr/%Sr ratios of these rocks range from 0.7043 to
0.7058.

5.4. Zircon Hf—O isotope and trace elements

Zircon Hf—O isotopic data for southeastern UDMB igneous rocks are
summarized in Fig. 6C-D and Tables S6-S8, whereas zircon trace-
elements data are summarized in Table S5. For zircon trace elements,
we used criteria proposed by Lu et al. (2016) to exclude contaminated
(with inclusions) analyses, e.g., La >1 ppm is considered to show apatite
contamination, Fe > 5000 ppm is taken to reflect contamination by Fe
oxides and Ti >50 ppm reveals contamination by Ti—Fe oxides.

10

5.4.1. Late Cretaceous

Zircon initial eHf(;) values range from +10 to +21.6 (Fig. 6C),
whereas zircon §'%0 varies between 4.6 and 5.8%o (Fig. 6D). These 5180
values are similar to those reported for mantle-derived rocks (5.3 + 0.6;
Valley et al., 1998). In addition, Chiu et al. (2017) reported zircon eHf(y
values of —1.5 to +15.2 for Late Cretaceous magmatic rocks of the
southeastern UDMB. Late Cretaceous zircons are characterized by steep
patterns from heavy REE (Lu) to light REE (Ce) (Fig. S2), with average
Cem)/Lug) = 0.0004, Dy(;)/Yb) = 0.14 and a strong negative anomaly
in Eu (Eug,)/Eumy* = 0.04) (Fig. 6F).

5.4.2. Eocene

Zircon eHf(y and 5'80 values for Eocene rocks vary from +3.3 to
+16.1 and 8.4 to 4.8%o, respectively (Fig. 6C-D). Our data are consistent
with reported eHf(y) data for Eocene magmatic rocks of the southeastern
UDMB which range from +1.1 to +14.5 (Chiu et al., 2017). Eocene
zircons have steep patterns from HREEs to LREEs with average Ce()/
Lug) = 0.004, Dy()/Yb) = 0.16 and depletion in Eu (Euw)/Eumy* =
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0.18) (Fig. 6F).

5.4.3. Oligocene

Zircon eHf() values for Oligocene rocks vary from —2.6 to +14.1
(Fig. 6C), whereas zircon 5'80 varies between 4.7 and 9.1%o (Fig. 6D). In
addition, eHf(y) values of +2.6 to +10.6 and — 10.6 to +2.8 are reported
for zircons from Oligocene plutonic rocks by Chiu et al. (2017) and Asadi
(2018), respectively. Zircon 5'20 values vary between 6.3 and 9.4 for
Oligocene barren rocks (Asadi, 2018). Oligocene zircons are also rep-
resented by a steep trend from HREEs to LREEs with average Ce(,)/Lum,)
= 0.004, Dy()/Ybg) = 0.17 and depletion in Eu (Eug)/Eupm)* = 0.19)
(Fig. 6F).

5.4.4. Miocene

Zircon eHf(yy values for Miocene rocks varies between +1.8 and +
14.9 (Fig. 6C), whereas zircon 5'80 varies between 4.7 and 7.3%o
(Fig. 6D). These values are similar to those reported by Chiu et al. (2017)
(+6.1 to +12.7) and Asadi (2018) (+6.1 to +10.6) for Miocene plutonic
rocks. Zircon 880 values vary from 5.1 to 6.8%. for Miocene fertile rocks
(Asadi, 2018). Miocene zircons have a less steep trend from HREEs to
LREEs with average Ce(,)/Lu(,) = 0.01, moderate Dy(,)/Yb) = 0.15 and
less Eu depletion (Eug,)/Eumy* = 0.39) compared to Late Cretaceous to
Oligocene zircons (Fig. 6F). Miocene zircons have also a higher positive
Ce anomaly than Late Cretaceous to Oligocene zircons.

5.4.5. Pliocene-Pleistocene
Zircon eHf(y) values for Pliocene-Pleistocene lavas vary from —3.8 to
+10.4 (Fig. 6C).

5.5. Apatite major and trace elements and O-Sr-Nd isotopes

Apatite is the dominant phosphorus-bearing mineral in calc-alkaline
rocks and also concentrates REEs, Th and U. Major-trace elements and O-
Sr-Nd isotope composition of apatites are useful for understanding the
geochemical evolution of magmas, the genesis of various type of granites
and mechanisms of Cu mineralization (Palma et al., 2019; Sha and
Chappell, 1999). Major- and trace- element compositions of apatite are
sensitive to changes in magmatic composition (including magmatic
fractionation) and oxidation state (e.g., Belousova et al., 2002b; Cao
et al., 2012; Duan et al., 2019; Pan et al., 2020; Sha and Chappell, 1999;
Yang et al., 2018). Apatites that crystallize from oxidized magmas
should contain more Eu but less Ce, Ga, and Mn, compared with apatites
that crystallize from less oxidized magmas.

We selected Eocene (sample D19-12), Oligocene (sample R5-S1) and
Miocene barren (samples D19-4 and D19-7) to fertile rocks (samples
KR16-71, KR16-33, KR16-M2, KR16-3 and KR16-67) for the analysis of
apatite major- and trace-elements and O-Sr-Nd isotopes. Magmas with
high SiO; contents (SiO5 > 70 wt%) and/or peraluminous melts (S-type)
have different effects on the solubility of apatite in magmas and its
composition (Palma et al., 2019; Sha and Chappell, 1999). Our samples
from southeastern UDMB are metaluminous and samples selected for
apatite analysis have SiOy < ~66 wt%. Therefore, the difference in
apatite trace elements between our samples is not influenced by high
alumina saturation indices (e.g., apatite from S-type granites) and/or
extreme fractionation. The major-element (e.g., MnO) composition of
apatites from southeastern UDMB show no correlation with the
aluminium saturation index (ASI) or SiO, (the fractionation index) of
host magmas (not shown).

Apatites from Eocene rocks have 5'80 = 6.50 + 0.27%s, and Oligo-
cene apatites have 5180 = 6.08 & 0.30%o. Apatites from both fertile and
barren Miocene rocks have similar §'%0 of 6.43 + 0.32%0 and 6.25 +
0.30%o, respectively. Apatites are both Cl- or F-rich; Oligocene apatites
and those from fertile Miocene sample KR16-M2 have high Cl >2 wt%,
but most apatites from Miocene fertile rocks as well as Eocene apatites
have low CI contents. Barren Miocene rocks have Cl contents between
those of Oligocene and sample KR16-M2 apatites and Eocene and fertile
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rocks. The high Cl content of apatites from sample KR16-M2 compared
to those from the other fertile magmatic rocks suggests that its melt was
more Cl-rich as apatite crystallized. In addition, hydrothermal exsolu-
tion may have led to loss of Cl in apatite from other fertile magmatic
rocks (Boudreau and Kruger, 1990; Meurer and Boudreau, 1996; Schisa
et al., 2015). Exsolution of Cl- bearing fluids would extract Cu from the
melt in the form of Cl-bearing complexes (Williams et al., 1995). Apatite
from Miocene fertile rocks is slightly depleted in MnO compared to other
rocks; MnO changes from 0.03 to 0.18 wt% (mean 0.11 + 0.03) for
Miocene fertile rocks, whereas Eocene apatites have MnO = 0.04 to 0.17
wt% (mean 0.10 + 0.02) and Oligocene apatites are represented by
MnO = 0.09-0.22 wt% (mean 0.15 + 0.03). Apatite from Miocene
barren rocks has higher MnO = 0.06-0.19 wt% (mean 0.14 + 0.02). The
lower MnO of apatite from fertile rocks may be related to the oxidized
nature of fertile, Cu-bearing magmas and thus the predominance of
highly-charged Mn (Mn** and Mn*®), which cannot replace Ca*?2 in the
apatite structure (Sha and Chappell, 1999). Instead, in oxidized
magmas, V occurs as V>, which can form V043’ and thus can substitute
for PO4>~ in apatites.

Eocene apatites show a steep trend from LREEs to HREEs with
average Lag,)/Yb) ~ 77 and Eu depletion (Eug)/Eumy* = 0.4) (Fig. S3);
the trend from La to Sm (Lag)/Sme) = 11.9) is steeper than in other
analyzed apatites. Oligocene apatites have less steep LREE to HREE
patterns and less Eu depletion with Lag)/Yby = 53.2, Lagm)/Sme) = 4.2
and Eu)/Eumy* = 0.7. Miocene barren rocks have Lag,)/Yb) = 20.5,
Lag)/Sme) = 2.9 and Eug,)/Eum)* = 0.3, whereas fertile rocks have
Lagn)/Ybwm) = 56.7, Lawm)/Smy) = 6.5 and Eu)/Eumy* = 0.8. There are
two non-equivalent sites for Ca™2 in apatite, which Eu*3, the cation with
similar ionic radius to Ca*? and abundant in oxidized magmas, can
easily occupy these non-equivalent sites compared to Eu™2 (Sha and
Chappell, 1999). Sample KR16-M2 displays chondrite-normalized
spoon-shaped MREE-HREE trend compared to apatites from other
fertile rocks, which could suggest extreme amphibole fractionation
(Fig. S3). We also analyzed for in situ Sr—Nd isotopes in the larger ap-
atites; most are too small for a laser spot size of 60-120 pm needed.
Apatite eNd(;) values changes from +0.9 to +3.2 for Miocene barren
rocks, to +1.4 to +5.5 for Miocene fertile rocks, +3.2 to +4.8 for Eocene
rocks and + 3.3 to +4.5 for Oligocene rocks (Fig. S7). Miocene fertile
rocks have lower 7Sr/%°Sr values than other rocks, ranging from
0.70478 to 0.70450, compared to 0.70596-0.70449 for Eocene rocks
and 0.70542-0.70464 for Oligocene rocks. Apatite from Miocene barren
rocks (sample D19-7) have high 87Sr/86Sr = 0.70802-0.70607. Apatite
from sample D19-4 is too small for a laser spot after ablating the grains
for trace elements and Nd isotopes.

6. Discussion

Four questions concerning southeastern UDMB arc magmatism are
addressed below. First, we discuss the timescale of magmatism along the
magmatic front and its relations to back-arc magmatism. Second, we
discuss the time-dependant geochemical variations of magmatic rocks
and explore the significance of this for reconstructing crustal thickness.
Third, we consider what geochemical variations can be identified during
the transition between the initial Arabia-Iran collision and post-initial
collisional period? Fourth, we examine what are the relationships be-
tween zircon and apatite compositions and Cu mineralization?

6.1. Timescale of magmatism

Our new data coupled with previously published ages allow south-
eastern UDMB magmatism to be subdivided into two distinct episodes:
~80-70 Ma and ~ 50-1.2 Ma (Eocene to Pleistocene) (Fig. S8). We
assume that the magmatic flux we discuss in this paper was proportional
to the number of rock ages. We recognize that identifying magmatic
flare-ups and lulls only from compiled zircon age peaks can introduce
bias because younger rocks may be oversampled and because most
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Eocene rocks are zircon-poor intermediate to mafic volcanic rocks. We
have attempted in our sampling program to counteract these possible
biases.

Assuming that the magmatic flux is approximated by the number of
rock ages, the high-flux magmatic episode that started at ~40 Ma
intensified after the collision with Arabia began ~32 Ma, without
further magmatic lulls until very recently. Our data do not confirm the
Early to Late Eocene flare-up nor the Middle Oligocene to Early Miocene
magmatic lull in the southeastern UDMB proposed by Verdel et al.
(2011). Our compiled data also confirm that there are differences in
magmatic flux between the southeast and central segments of the UDMB
(the magmatic front) and between the UDMB and magmatic back-arc.
For example, Late Cretaceous magmatic rocks are absent in central
UDMB, but Early Eocene (~50 Ma) to Early Miocene (~20 Ma) igneous
rocks are abundant. Furthermore, compared to the UDMB, Late Creta-
ceous magmatism was concentrated in the Birjand-Zahedan and/or
Sabzevar-Torud magmatic back-arc. Magmatism in the Alborz-
Azerbaijan magmatic belt was vigorous from ~70 to 30 Ma, with a
flare-up at 60-40 Ma, which is consistent with new **Ar—3%Ar ages for
Alborz-Azerbaijan volcanic rocks (~45 to 36 Ma; van der Boon et al.,
2021) and zircon U—Pb and biotite *°’Ar—3°Ar ages for pyroclastic rocks
of the Eocene Karaj Formation of central Alborz (49.3 + 2.9, 45.3 + 2.3
and 41.1 + 1.6 Ma; Verdel et al., 2011, and younger ages of 36.0 + 0.2
Ma; Ballato et al., 2011). Our data show that the high magmatic fluxes in
the Alborz-Azerbaijan magmatic belt started earlier (~60 m.yr. earlier
than considered by Verdel et al., 2011). The compiled data also show
that the rate of magmatic activity decreased in the back-arc after colli-
sion with Arabia began ~32 Ma (Fig. S8).

6.2. Temporal variations in magmatism and crustal thickness

Our geochemical and isotopic data reveal systematic temporal vari-
ations for Late Cretaceous to Pleistocene magmatic rocks, although these
all show the geochemical signatures expected for melts generated above
subduction zones, i.e., depletion in Nb—Ta and enrichment in Rb, Ba,
Th, U and Pb (Fig. 5). In detail, Late Cretaceous rocks have low Sr/Y and
La/Yb and mantle-like zircon O—Hf and bulk-rock Nd isotopes
(Fig. 6A-E). Some Late Cretaceous diorites and granodiorites have less
radiogenic zircon eHf(yy values (Chiu et al., 2017). Eocene magmatism
was geochemically variable, with mostly low but some high Sr/Y and
La/YDb ratios as well as broadly similar zircon O—Hf isotopic values.
Some Eocene volcanic rocks are shoshonitic (Fig. 4C-D). Oligocene
rocks have similar Sr/Y and La/Yb to Eocene rocks but more variable
880 and zircon eHfy as well as bulk-rock eNdg) values. Miocene
(20-5.3 Ma) rocks show increasing Sr/Y and La/Yb, indicating the
increasingly adakitic nature of magmatism at this time. These rocks are
broadly similar to older rocks in terms of zircon 5'80 and eHf) and bulk-
rock eNd(y). Pliocene-Pleistocene rocks have high Sr/Y and La/Yb with
bulk-rock eNd(y) and zircon eHf(;) values that are mostly radiogenic, but
some also show less radiogenic Hf, suggesting contamination with upper
continental crust (Fig. 6). These geochemical data show that south-
eastern UDMB magma-genetic system changed from Late Cretaceous
calc-alkaline to increasingly adakitic Neogene magmatism when the
“hard” collision with Arabia began at ~20 Ma. Our zircon O—Hf and
bulk-rock Nd isotopic results indicate that Early Oligocene and Early
Miocene (32-20 Ma) magmatism was isotopically more variable than
younger magmatism and became more radiogenic with time. Most Early
to Late Miocene (<20 Ma) magmatic rocks from the southeastern UDMB
have radiogenic eHf) values (> + 5, Fig. 6C) and show more homo-
geneous isotopic compositions than Late Cretaceous (~80 Ma) to Early
Miocene (~20 Ma) rocks. Bulk-rock Nd-isotope data reveal some simi-
larities in magmatic sources of Eocene-Pleistocene rocks. These rocks are
isotopically different from melts expected from a depleted MORB mantle
(DMM) and/or depleted mantle beneath the Pacific arcs, but mostly
show similarities to the melts deriving from a highly refertilized mantle
lithosphere. Most Eocene-Pleistocene rocks plot in a trend between the
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average fertilized sub-continental lithospheric mantle (Griffin et al.,
1988; O’Reilly and Griffin, 2013) and the subducting sediment melts or
global subducting sediments (GLOSS) in the plots of eNd) vs 87gr/865r
and eNd(; vs elemental ratios such as Th/Nd, Hf/Nd and Sm/Nd
(Fig. S4). However, some rocks plot in a trend between the average
fertilized sub-continental lithospheric mantle (e.g., Griffin et al., 1988;
O’Reilly and Griffin, 2013) and upper continental crust of Iran (Mog-
hadam et al., 2021). Igneous rocks that interacted with the Cadomian
continental crust of Iran, such as Oligocene syn-collisional magmas,
show less radiogenic whole-rock Nd and zircon Hf and high §'80 values.
Late Cretaceous rocks with more radiogenic Nd and zircon Hf isotopes
probably reflect derivation from a depleted mantle isotopically similar
to DMM.

Sr/Y and REE patterns (e.g., La/Yb) provide information about the
role of pressure-sensitive residual or fractionating minerals such as
plagioclase and garnet or amphibole, and serve as first-order constraints
on depths of magma generation and fractionation and indirectly on
crustal thicknesses (Lieu and Stern, 2019; Profeta et al., 2015). Lower
La/Yb (<15) and Sr/Y (<40) generally indicate residues dominated by
plagioclase and/or clinopyroxene; higher Sr/Y (>40) and La/Yb (> 30)
reflect retention of HREE by garnet and/or amphibole in the residues or
cumulates (e.g., Barth et al., 2002; Farner and Lee, 2017). To understand
temporal geochemical variations in the southeastern UDMB and their
causes, crustal thickness has been reconstructed by using Sr/Y and La/
Yb elemental ratios for intermediate to felsic rocks (55-68 wt% SiO5)
(Chapman et al., 2015; Farner and Lee, 2017; Hou et al., 2015a; Hu
et al., 2020; Hou and Zhang, 2015; Lieu and Stern, 2019; Profeta et al.,
2015). For reasonable thickness estimates, we have ignored Eocene
lamprophyre dikes and some Eocene volcanic rocks with high calc-
alkaline affinities. This is because the alkalinity would affect the thick-
ness estimates (Hou et al., 2015b; Hu et al., 2020). Also, we do not es-
timate crustal thicknesses for Pliocene-Pleistocene rocks based on the
geochemical data since these rocks are highly silicic and/or show
extremely high Sr/Y (and/or La,)/Yb(y)) ratios, well outside the range of
calibrated paleomohometric sensors (Profeta et al., 2015).

These proxies indicate that crustal thicknesses increased after colli-
sion between Iran and Arabia began; the continental crust was at least
20-30 km thicker than before collision (Fig. 6A-B)- and this can be
confirmed from plots of La/Yb and Dy/Yb vs SiO5 (Fig. S5). These plots
show that igneous rocks from each age group experienced mostly cli-
nopyroxene -+ plagioclase- or amphibole-dominated fractionation.
However, Miocene and Pleistocene high-Sr/Y rocks display trace of
high-pressure garnet and or amphibole fractionation. Garnet and/or
amphibole fractionation, along with assimilation and fractional crys-
tallization (AFC) processes, at the base of the thickened continental crust
are thought to be responsible for the genesis of some adakitic rocks (e.g.,
Chiaradia, 2009; Hidalgo and Rooney, 2014). In addition, zircon Eu/
Eu* () ratios in intermediate to felsic rocks correlate with bulk rock La/
Yb and can also be used to infer crustal thickness (Tang et al., 2021; Tang
etal., 2020a). These estimates based on the zircon Eu/Eu* ) ratios have
been confirmed by results presented by (Balica et al., 2020). Our results
show that zircon Eu/Eu* ) increases with time (Fig. 6F), consistent with
the trend of high Sr/Y and La/Yb in bulk rocks and crustal thickening
during collision.

6.3. Zircon-apatite composition and Cu mineralization

In situ trace-element analyses of zircon reflect the chemistry of the
host magmas (Belousova et al., 2002c). Studies on Tibetan Cu deposits
have shown that zircon in mineralized rocks has higher (Eu/Eu*)/Y than
in barren rocks, suggesting the source fertility controls the genesis of
mineralization (Lu et al., 2016). Apatite is also sensitive to geochemical
changes in magmatic systems and can be used to understand the Cu
fertility of host magmas (Palma et al., 2019). The trace-element contents
of apatite are mainly controlled by (1) their abundance in the magma at
the time of apatite crystallization, which can be modified by an earlier
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fractionating mineral (e.g., plagioclase, zircon, allanite, monazite etc.,
Duan et al., 2019); and (2) the partition coefficients between apatite and
melt, which are mainly controlled by magma composition (e.g., SiO», Cl,
F content), degree of differentiation and P-T conditions (Li and Her-
mann, 2017; Prowatke and Klemme, 2006; Watson and Green, 1981).
Measured 87Sr/%%sr and 1*3Nd/***Nd isotope ratios of apatite could be
further used to infer the composition of host magmas (Belousova et al.,
2002c; Palma et al., 2019). Most zircons in Miocene adakitic rocks from
the southeastern UDMB show high Hf/Y (> ~ 10 to <70) and Eu/Eu*
(> ~ 0.3) but low Yb/Gd (<~30) (Fig. S6), which represent fraction-
ation of amphibole (+titanite) and/or garnet from host magmas (e.g., Lu
et al., 2016). Zircon Eu/Eu*(y is high in fertile, Cu-bearing Miocene
rocks. This ratio also increases with time, consistent with the trend of
high Sr/Y and La/Yb in bulk rocks and thickening of the crust after
collision (Deng et al., 2018; Tang et al., 2020b).

Apatites from Miocene barren and fertile rocks as well as Eocene-
Oligocene rocks can provide further information about the Cu fertility
of host magmas. Apatites 5'80 values are similar to zircon 5'%0 and
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show no obvious trend with age (Fig. 6D). However, apatite in fertile
Tibetan rocks has high Cl and S concentrations with high Cl/F and V/Y
and less radiogenic Sr isotopes than in barren rocks (Xu et al., 2021),
suggesting derivation of volatile-rich magmas from metasomatized
SCLM. Our dataset shows that apatites from fertile UDMB Miocene rocks
have high Sr/Y and Eu/Eu*() (Fig. 7). However, our sample from Cu-
bearing rocks of NE Shahr-e-Babak (sample KR16-M2, Fig. 1B) shows
a different trend and is characterized by high Eu/Eu*(, but instead low
Sr/Y. The crystallization of plagioclase prior to or during apatite satu-
ration would significantly deplete the melt in Eu and Sr simultaneously,
generating a negative Eu anomaly and decreased Sr content. Thus, the
Eu/Eu* should correlate with the Sr contents. The Cl, F, S concentrations
and V/Y ratios behave differently; in most fertile rocks from the south-
eastern UDMB, e.g., apatites have high F contents and V/Y ratios but low
Cl contents. Instead, apatites from sample KR16-M2 have high Cl and S
(SO3 > 0.2), but low F contents. Apatite Eu/Eu*(y) and Sr/Y ratios are
low in Eocene and Oligocene rocks as well as in Miocene barren rocks.
V/Y is highly variable but also is higher in Eocene and Oligocene rocks
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than in Miocene barren rocks. The lower V/Y ratio in apatite of sample
KR16-M2 could be related to extreme amphibole fractionation during
apatite crystallization. The partition coefficient (D) of Y in amphibole is
higher than V. However, in the halogen-bearing felsic and oxidized
magmas, such as those that trigger Cu mineralization, the D2mPhibole/melt
for Y depends on the Mg# of fractionating amphibole, changing from D
> 26 for amphibole with Mg# = 0.63 to D ~ 0.75 when Mg# = 0.82
(Iveson et al., 2018). This means that fractionation of magnesium-rich
amphiboles in an oxidizing magma could be responsible for enriching
Y in the melt from which apatite crystallizes (i.e., sample KR16-M2).

On the other hand, the positive correlation between apatite Eu/Eu*
and Sr of some Miocene barren rocks (Fig. S9) could indicate control of
magmatic Eu via feldspar crystallization (Pan et al., 2020). The Eu/Eu*
vs Sr plot for sample KR16-M2 also displays a weak positive trend
(Fig. S9), which suggests feldspar fractionation during apatite crystal-
lization. In addition, the La/Sm, Ce/Th and Y/ XREE ratios of apatite are
linked to the oxygen fugacity of the magma (Belousova et al., 2002a).
La/Sm and Ce/Th increase with increasing oxygen fugacity, whereas Y/
ZREE shows a negative correlation with oxygen fugacity. These corre-
lations may reflect the stabilisation of minor phases such as allanite
along with apatite, that both take up Fe3* and compete with apatite for
the HREE (Belousova et al., 2002a). The fertile rocks from southeastern
UDMB have apatites with higher La/Sm and lower Y/ XREE compared to
other apatites, implying higher oxygen fugacity. However, the Ce/Th
and La/Sm ratios of apatites from sample KR16-M2 are abnormally low.
The low Ce/Th and La/Sm ratios of the KR16-M2 apatites along with
high Y/ ZREE suggests lower oxygen fugacity for this sample, compared
to other Miocene fertile apatites, whereas crystallization of plagioclase
prior to or during apatite crystallization depletes the melt in Eu and Sr
simultaneously, producing a positive correlation in plots of Eu/Eu*,
Lag)/Yb(,y and/or Sr/Y vs Sr for sample KR16-M2 (Fig. S9). Low oxygen
fugacity (along with fractionation of magnesium-rich amphiboles) is
also consistent with the low V/Y ratio of this samples.

Apatite Eu/Eu*(,) increases with time, although barren Miocene
rocks have low Eu/Eu*(y) (Fig. 6F). There is no increase in SOs3 in apa-
tites with decreasing age, in contrast to the clear trend in apatite S with
age in Tibet (Tang et al., 2020b). This probably indicates there was only
minor fractionation of garnet during the crustal thickening beneath the
southeastern UDMB. There is no noticeable trend in apatite Nd isotopes;
fertile rocks generally have more radiogenic Nd, but less radiogenic Sr
than Eocene-Oligocene rocks as well as Miocene barren rocks (Fig. 6E,
Fig. S7). Porphyry Cu deposits are considered to have formed by
magmas that were oxidized and unusually rich in Cu (e.g., Halter et al.,
2005; Richards, 2015; Stern et al., 2007), but also need sulfides to not be
saturated and separate from the magma before exsolution of magmatic
fluids (Hou et al., 2020). These considerations lead us to assume that the
Miocene fertile magmas had higher magmatic oxygen fugacity, which
promoted the decomposition of sulfides in the magma source to form
parental magmas rich in S and Cu. Lower oxygen fugacity in Eocene-
Oligocene magmas not only delayed the melting of sulfides from the
sources but also facilitated the early saturation of the Cu-bearing sulfide
during fractional crystallization (Wang et al., 2014). This could produce
sulfide-rich magmatic cumulates at the base of lower-crustal magma
chambers, rather than high-level Cu porphyries.

6.4. Formation of Cu deposits in southeastern UDMB

Several mechanisms have been suggested for forming Cu deposits in
Iran (see Deng et al. (2018), Wan et al. (2018) and Atapour and Aftabi
(2021) and references therein). Southeastern UDMB Cu-bearing rocks
are Miocene and have high Sr/Y ratios with radiogenic bulk-rock Nd and
zircon Hf isotopes, “mantle” 5'%0 and higher zircon Eu/Eu*, similar to
fertile adakitic rocks worldwide (Hollings et al., 2005; Hou et al., 2015a;
Hou and Zhang, 2015; Lu et al., 2016; Stern et al., 2011; Wang et al.,
2018). Asadi (2018) suggested that the Cu-barren rocks are of Eocene to
Oligocene age and have unradiogenic bulk-rock Nd and zircon Hf
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signatures whereas Cu-bearing, fertile rocks have radiogenic Nd and Hf
isotopes and come from melting of a more juvenile source. However, our
results indicate that similarly-aged barren and fertile rocks in the
southeastern UDMB have identical bulk-rock Nd and zircon Hf-isotope
signatures, although other parameters such as zircon Hf/Y and Eu/Eu*
and apatite Eu/Eu* and Sr/Y differ. Apatite compositions show that
there might be multiple mechanisms for forming Cu deposits and/or that
the composition of Cu-bearing fluids (halogen complexes) was different.

The major models suggested for making Miocene Cu deposits in
southeast Iran include: (i) partial melting of metasomatized SCLM, and
(ii) melting of lower continental crust (Aghazadeh et al., 2015; Wan
et al., 2018). It is supposed that melting of SCLM refertilized by volatile-
enriched magmas/fluids due to subduction modification or accompa-
nying asthenosphere upwelling can play a vital role in generating
magmatic-hydrothermal ore systems (e.g., Hou et al., 2015a; Hou et al.,
2015b; Hronsky et al., 2012; Richards, 2009). Furthermore, astheno-
sphere upwelling can also modify the mantle lithosphere particularly
above subduction zones, with the subducting slab supplying fluids/
melts. These magmas and fluids progressively heat and alter the SCLM,
generating horizontal heterogeneity in both isotopic composition and
seismic signatures (Hou et al., 2015a; Hou et al., 2015b).

The Eocene flare-up likely thickened the UDMB arc root by mafic
underplating and addition of cumulates (Wan et al., 2018). Most Eocene
magmatic rocks are enriched in F, S and HpO and some have lamp-
rophyric compositions with high contents of volatiles; both magma types
are supposed to have originated from melting of refertilized SCLM
(Salehi Nejad et al., 2020). Under reducing conditions, mafic cumulates
can contain significant sulfide minerals (Lee et al., 2012), which could
sink to the base of the crust and be metamorphosed into garnet-bearing
gabbros (“arclogites”; Ducea et al., 2021), similar to the mechanism
suggested for southeast Tibet (Hou et al., 2015a). Upwelling of
asthenosphere following slab break-off during collision would provide
enough heat to partially melt refractory sulfide-rich arclogites to
generate mineralized adakitic rocks, a scenario that has been suggested
for forming Cu deposits worldwide (Lee et al., 2012) and in the south-
eastern UDMB (Wan et al., 2018). Sulfide-bearing cumulates are re-
fractory and thus might avoid being remelted during normal subduction
(<1200 °C), but can be remelted under conditions of asthenospheric
upwelling (>1400 °C) (Lee et al., 2012). Consequently, such upwelling
might have promoted the genesis of giant Miocene porphyry deposits in
southeast Tibet (Hou et al., 2015a) and in the southeastern UDMB.
Remelting these cumulates can also release volatiles which could
transport Cu complexes and other metals (Zajacz et al., 2012; Zajacz and
Halter, 2009). Copper could mainly originate from decompression
melting of Cu-bearing sulfides in the newly-formed lower mafic conti-
nental crust and/or from metal-rich lithospheric mantle (Hou et al.,
2020). Further fractionation and AFC processing of sulfide-rich sec-
ondary melts can concentrate Cu ore-bearing melts and fluids. As pre-
viously noted, slab breakoff and asthenospheric upwelling (the heater) is
consistent with geophysical data for the southeastern UDMB (Motaghi
et al., 2015).

Another consideration for forming Cu deposits is crustal thickening
associated with continental collision, which fosters garnet formation
and fractionation, enriching the magma in Fe®t (Lee and Tang, 2020).
This can lead to the oxidation of residual magmas, releasing Cu from
sulfides into magmatic fluids which can later concentrate Cu in the top
of shallow plutons (Lee and Tang, 2020). This scenario can explain the
close association of adakitic rocks and Cu—Au mineralization but does
not explain the occurrence of similarly-aged barren and mineralized
adakitic rocks in same areas of the southeastern UDMB. Additionally,
the lack of an increase in SO3 of apatite with decreasing age indicates
that garnet plays a minor role in shaping the chemistry of Miocene
magmas (Fig. 7F).

We therefore suggest that the lithospheric mantle beneath the
southeastern UDMB has been refertilized in Cu during Late Cretaceous to
Oligocene but mostly during the Middle-Late Eocene high magmatic
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fluxes, and then was tapped by mantle melting triggered by astheno-
sphere upwelling. We also suggest that a refertilized, hot and volatile-
rich lithospheric mantle could have significant control on porphyry Cu
deposits in the southeastern UDMB, as suggested for southeast Tibet by
studies on the magmatic rocks and ore deposits along with conventional
bulk rock Nd and zircon Hf isotopes (Hou et al., 2015a; Hou et al.,
2015b; Xu et al., 2021), empirical studies (Griffin et al., 2013; Griffin
et al., 2009) as well as apatite trace elements and Sr isotopes (Xu et al.,
2021) and Cu isotopes from both fertile and barren rocks (Zheng et al.,
2018).

6.5. Arabia-Iran collision and magmatism

The principal objective of our study is to examine how convergent
margin magmatism changes from subduction to collision. In the
Himalaya-Tibet region there is a ~ 10 Myr gap in magmatism between
subduction termination at 65-50 Ma and the proposed breakoff of the
Neo-Tethyan oceanic slab at 55-50 Ma (Kapp et al., 2005; Ma et al.,
2016; Wang et al., 2018). Kapp et al. (2005) argues that a magmatic
flare-up was caused by the breakoff. Zircon Hf isotope data show that
Himalayan-Tibet syn-collisional (<55 Ma) igneous rocks have more
heterogeneous eHf(;) than pre-collisional subduction-related rocks,
likely reflecting increased assimilation of thickened crust (Alexander
et al., 2019).

All southeastern UDMB igneous rocks show subduction-related trace
element signatures and temporal trends in magmatic, geochemical and
isotopic patterns from Late Cretaceous to Pleistocene. These variations
must reflect changes in the geometry and buoyancy of the subducting
Neotethyan lithosphere and the responses of the overriding plate, first to
slab rollback accompanied by extension in the Iranian Plateau during
the Eocene, and then to the progression of Arabia-Iran collision begin-
ning in Late Oligocene time accompanied by compression.

UDMB magmatism began with normal continental arc activity dur-
ing the Late Cretaceous and then became quiescent in Paleocene and
Early Eocene time. Early to Middle Paleocene magmatic quiescence may
have been caused by a decreased dip of slab or a flat-slab subduction (e.
g., Moghadam et al., 2020), which would be accompanied by
compression in the overlying plate. Subduction of very young and
buoyant oceanic lithosphere may have been responsible (e.g., Hu et al.,
2016; Espurt et al., 2008), perhaps including subduction of the
spreading ridge that once existed between Arabia and Iran.

The increase in the slab dip is an effective mechanism to cause the
trench migration during Eocene (e.g., Hafkenscheid et al., 2006; Olbertz
et al., 1997; Wortel and Spakman, 2000). This rollback may reflect the
initial subduction of older and denser oceanic lithosphere that lay to the
south of the subducted Neotethyan spreading axis. This slab began to
roll back, exerting extensional stresses on overriding Iranian litho-
sphere, much the same as the present situation of the Aegean Sea and
subducting African plate. This mechanism generated extension in the
overlying Iranian crust which produced extensive magmatism across
Iran, in both the magmatic front and back-arc. Extension within the
Iranian plateau was associated with exhumation of core complexes such
as the Saghand metamorphic complex (Fig. 1A), remelting continental
crust and generating migmatites, granites and granodiorites with zircon
U—Pb and mica 3°Ar/*°Ar ages of 47-42 Ma (Kargaranbafghi and
Neubauer, 2015; Kargaranbafghi et al., 2015; Ramezani and Tucker,
2003). Extension was accompanied by subsidence of sedimentary ba-
sins, leaving thick sequences of deep-water limestones and/or tuffites
and interlayered lavas within the Iranian Plateau. The Middle to Late
Eocene magmatic flare-up within the Iranian plateau and granitization
within the Saghand core complex are supposed to reflect the melting of
crustal components (e.g., Kargaranbafghi and Neubauer, 2015; Verdel
et al.,, 2011). However, this is not consistent with our recent isotopic
data, at least for the magmatic flare-up, which show that mantle inputs
with minor crustal contamination dominated during the Eocene flare-
up.
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Slab breakoff in Miocene time (<20 Ma) may also have occurred,
since a well-defined subducted slab is not present beneath Iran west of
the Makran today (Stern et al., 2021). However, the relationships be-
tween magma generation and their geochemical signatures during the
transition between the initial Arabia-Iran collision and post-collisional
period previously were unresolved in the UDMB of Iran. Our results
are graphically summarized in Fig. 8 and show that there are
geochemical-isotopic differences between subduction-related and
collision-related magmatism and that these changes began when Arabia-
Iran “soft” collision started at ~32 Ma. We suggest that both a meta-
somatized mantle (for Oligocene rocks with unradiogenic eNd,, but
moderately high 87Sr/%%Sr(y compared to most Eocene and Miocene
rocks) and a continental crust to foster assimilation continued to play
important roles in magmatism after the onset of soft collision between
Arabia and Iran in the Early Oligocene (at ca 32 Ma). The onset of
collision is also marked by isotopic perturbation of bulk-rock eNd, and
zircon eHf(y and 8'80 values, indicating more assimilation of conti-
nental crust about the time that collision began. The increased hetero-
geneity of eNd(, eHf(y and 5'®0 and greater degrees of assimilation
probably reflect thickening of the continental crust after collision began
at ca 32 Ma, which had a noticeable effect on magmatism. However, it
should also be taken into consideration that the “soft” collision begin-
ning ~32 Ma means that transitional crust of the Arabian passive margin
and overlying sediments began to be subducted and these may be re-
flected in magmatic compositions. Furthermore, because this subducted
lithosphere was more buoyant than oceanic lithosphere, it resisted
subduction more, leading to more compression and thickening in the
overriding plate. This increasingly disrupted the arc magma plumbing
system, leading to increased interaction of mantle-derived magmas with
the Iranian continental crust.

Post-collisional rocks (<20 Ma) have mostly mantle-like eNdy), eHf(y
and 8'80 values that are more homogeneous than in ~Early Oligocene
to Early Miocene (~32-20 Ma) rocks, although some younger, Middle
Miocene samples have low bulk rock eNd(, values (Fig. 6E). We also
note that post-collisional rocks from SE Tibet show a decrease in eHf)
after collision with India (from 55 Ma to 15 Ma) (Hou et al., 2015a; Hou
et al., 2015b). This indicates that the magmas assimilated more crustal
components during ascent through the thick and heterogeneous crust.
However, although the crustal thickness continued to increase with
decreasing age in the southeastern UDMB, most <20 Ma samples have
high zircon eHf(y) values. These relationships could have several expla-
nations: (1) This could suggest that melt conduits became better orga-
nized so that mantle-derived magmas interacted less with the
continental crust through time, as suggested for similar Hf isotopic
variations in magmatic rocks from the Alborz-Azerbaijan magmatic belt
(Sepidbar et al., 2019); (2) Interaction of Miocene magmas with juvenile
crust formed during the Eocene flare-up would not result in Hf-isotope
perturbations; and (3) Miocene (<20 Ma) magmatic pulses injected
into the magmatic lower crust could cannibalize previous intrusions
with progressively less isotopic contrast due to dilution with mantle-
derived magmas (Storck et al., 2020). High-temperature melting of
lower-crust could also decompose zircons, releasing more Hf into the
melts.

We also suggest that the breakoff of the Neo-Tethyan slab following
collision promoted asthenospheric upwelling that contributed to
melting subduction-modified subcontinental lithospheric mantle and
lower crust “arclogites” to produce magmas with low eNd;) and cause
intense southeastern UDMB magmatism. These observations suggest
that different magma-generation mechanisms dominated before, during,
and after initial Arabia-Iran collision ca 32 Ma. Assuming convergence
velocities of ~3 cm/yr. between Arabia and Iran during Neogene (Van
de Zedde and Wortel, 2001), it is suggested that the subducting slab
broke off ~10 m.yr. after collision began at 32 Ma (Hafkenscheid et al.,
2006), which is consistent with the seismic tomography (e.g., Kaban
et al., 2018), and the relative isotopic homogeneity in ~20 Ma mag-
matism (this study). Slab break-off was associated with Iranian plateau
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(A) Middle-Late Eocene (slab rollback, extension and flare-up)

Accretionary wedge Magmatic front Rear-arc

\Zagros ophiolites f F Extension F F NE
Core complex

NALA
Lag ot

Melt underplating
MASH zone

SW' Siab rollback
fab rolibac

50 km

(e

(A <A Melt/fluid

Sinking slab
(B) Early Oligocene (Initiation of Arabia-Iran collision and crust thickening)
Zagros accretionary complex F Rear-arc
Compression F F
R

':adomian crus»
us melting/assimilation

Sinking slab
(C) Miocene (Crust thickening, slab breakoff and post-collision magmatism)

&

Zagros Fold-Thrust Belt
Compression
Lt

to rear-arc
—

Cadomian crust

100 km

Asthenosphere Detached slab

Fig. 8. Simplified cross-section showing different Middle-Late Eocene, Early Oligocene and Miocene magmatic episodes. Black dikes display melt conduits for
primitive basaltic melts to enter the Melting- Assimilation- Storage and Homogenization (MASH) zones in deep lower crust. See text for further discussion.

uplift, the heating and consequent thinning of the lithosphere and then Hafkenscheid et al., 2006).
subsequent Iranian Plateau magmatism, which is geochemically
different (mostly OIB-type lavas) than those involved in southeastern
UDMB magmatism (Francois et al., 2014a; Francois et al., 2014b;
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7. Conclusions

The SE segment of the UDMB provides an outstanding opportunity to
see how a magmatic arc evolves compositionally and isotopically from
subduction through collision. Five stages can be identified: 1) normal
continental-arc magmatism during the Late Cretaceous; 2) Arc quies-
cence in Paleocene and Early Eocene time; 3) Middle-Late Eocene
extensional arc magmatism related to slab rollback; 4) Early collision
and subduction of Arabian transitional crust and overlying sediments
beginning in the Early Oligocene; and 5) Slab breakoff, asthenospheric
upwelling, and associated adakitic magmatism in Middle Miocene and
younger time. Northward subduction of the Neotethyan oceanic plate
initiated UDMB magmatism, following an amagmatic period during the
Paleocene-Early Eocene shortening episode and then strong extension
during the Middle to Late Eocene to induce high-flux magmatism. Late
Cretaceous and Eocene magmatic activity are isotopically variable;
Eocene magmas are more geochemically variable due to the concomi-
tant extension and flare-up at that time. Extension ended as Arabia
approached, and magmatism changed fundamentally after collision
with Arabia started at ca 32 Ma. The collision had a strong effect on
magmatic compositions, yielding a thick continental crust with pre-
dominant adakitic magmatism and Cu mineralization.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.earscirev.2022.103930.
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