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A B S T R A C T   

Igneous rocks in central Iran preserve proof of several episodes of Late Mesozoic–Cenozoic Neotethyan sub
duction, and record temporal and spatial variations from subduction to collisional geodynamic regimes that 
remain a subject of debate. We revisit magmatic rocks from the central Urumieh–Dokhtar magmatic arc (UDMA; 
32◦ 30′ N to 36◦ 00′ N) and report new major and trace element analyses, whole-rock Sr–Nd–Pb-isotopic data and 
zircon U–Pb–Hf ages on plutonic rocks from the Kajan region. The data reveal magmatic pulses between 32 and 
22 Ma that are represented by igneous rocks with geochemical and isotopic features resulting from melting of a 
metasomatized, enriched mantle. Modeling indicates the samples represent a mixture of 97% batch melt (from a 
source with 98.5% mantle melt +1.5% terrigenous sediment) with 3% upper continental crust. The oldest 
yielded age (i.e., 32 Ma) rules out a lull in magmatism in the central UDMA between 37 and 26 Ma and speaks 
against distinct flare-up magmatic episodes at ~54–37 Ma and ~ 20–5 Ma in the frontal arc. We hypothesize that 
magmatism records down-going slab tearing into two pieces beneath the central to SE UDMA, which then 
changes the geometry and buoyancy of subducting Neotethyan lithosphere. The down-going slab remained 
involved in central UDMA (i.e., rollback) during Early Miocene whilst arc retreat beneath the SE UDMA pro
ceeded with detachment of subducted oceanic lithosphere (i.e., break-off). We hypothesize a diachronous 
collision in the UDMA, first in the southeastern segments, and subsequently in the central UDMA. These findings 
bear important implications for the geodynamic evolution of the Zagros orogen and run counter to a model 
suggesting that the collision initiated in the northwest to central and propagated progressively to the southeast 
along the Zagros suture zone.   

1. Introduction 

Subduction zones are significant regions for exchanging mass and 
energy between the mantle and crust, as well as the key location where 
continental crust forms, grows, and modifies (e.g., De Celles et al., 2009; 
Ducea and Barton, 2007). Active continental margins are collages of the 
products of long-lived magmatic activities (e.g., ≥100 My) which 
represent convective influx of asthenospheric mantle to shallower 

depths following lithospheric extension, separated by magmatic pauses, 
e.g., influxes and lulls (e.g., Paterson and Ducea, 2015). High-flux 
magmatic events, i.e., flare-ups, are accompanied by geochemical and 
isotopic modifications in the upper mantle (including sub-continental 
lithospheric mantle; SCLM) and lowermost crust which can be diag
nosed via investigation of mafic lavas (e.g., De Celles et al., 2009; Ducea 
and Barton, 2007 ). The lithospheric mantle yields juvenile mafic 
magmas with unradiogenic 87Sr/86Sr ratios and correspondingly 
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radiogenic Nd isotopes; however, flare-ups are dominated by felsic 
magmas which show “crustal” signatures, i.e., highly radiogenic Sr iso
topes (e.g., Burns et al., 2015). Flare-ups are characterized by initial 
emplacement of voluminous high-magnesian lavas (e.g., basalts and 
andesites with hydrous tholeiitic to calc-alkaline affinity; Grove and 
Kinzler, 1986; Stern, 2002), and they conclude with differentiated (i.e., 
silicic) lavas that record cannibalization of continental crust. Exhumed 
plutonic units reveal that flare-ups modify significant amounts of con
tinental crustal and lithospheric materials and result in higher 
87Sr/86Sr(t) and lower εNd–εHf values in the magmatic products (e.g., 
Ducea et al., 2015; Moghadam et al., 2023). However, flare-up mag
matism without these characteristic isotopic signatures has recently 
been reported in some continental arcs (e.g., Fiordland, New Zealand, 
and South American Cordillera; Decker et al., 2017; Ardill et al., 2018; 
Martínez Ardila et al., 2019; Attia et al., 2020). 

The Cenozoic magmatism of Iran records an archetypal Andean-type 
magmatic belt that sheds light on deciphering the temporal evolution of 
convergent plate margins. Across the Zagros Orogeny, including the 
Urumieh–Dokhtar magmatic arc (UDMA; Fig. 1a), numerous mafic units 
occur of dominantly calc-alkaline, and rarely potassic, affinity that 
reflect complex temporal–spatial evolution of subduction in a paleo-arc 

zone. The central segment of the UDMA (i.e., 32◦ 30′ N to 36◦ 00′ N; 
~500 km of ~2000 km total UDMA length; Fig. 2) is an epitome of 
volcanic–plutonic sequences reflecting the Cenozoic flare-ups history of 
the Zagros Orogeny. Three distinct magmatic episodes spanning pre- to 
post-collisional events have been recorded from this magmatic segment: 
a major episode at 56–36 Ma, subordinate at 26–15 Ma, and rare at <10 
Ma (e.g., Babazadeh et al., 2024b). Such magmatic episodes have not 
been fully documented previously in other segments of the UDMA, nor 
in NE Iran along the UDMA rear-arc. The present study concerns pre- 
collisional mafic to felsic plutonic rocks within the central segment of 
the UDMA, from Kajan (Fig. 1b) where the mafic samples record mag
matism outside the aforementioned magmatic episodes. Previously, 
Golkaram et al. (2016) used field observation and geochemical data to 
infer a Late Miocene–Pliocene age along with syn- to post-collisional 
tectonic setting for the magmatism of the southwestern Kajan region. 
From a geodynamics point of view, the prolonged “flare-up” magmatism 
in the UDMA is associated with Armenia where coeval calc-alkaline to 
high-K calc-alkaline magmatism are widely reported (e.g., Chiu et al., 
2013; Rezeau et al., 2018; Grosjean et al., 2022). The systematic 
cessation of magmatism following the collision between Arabia and 
Eurasia progressively from northwest (in Meghri) to southeast (in SE 

Fig. 1. (a) Simplified overview map of Iran showing the major structural units, and (b) geological map of the study area with approximate sample locations.  
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UDMA) is suggested and attributed to the notion of oblique and dia
chronous collision between the continental plates (e.g., Chiu et al., 
2013). Considerable debate persists regarding the Turkish branch of the 
Neo-Tethyan Ocean and timing of initial Arabian collision in the Eastern 
Anatolia Magmatic Belt (EAMB), e.g., Eocene (e.g., İmer et al., 2015; 
Schleiffarth et al., 2018), Oligocene (e.g., Agard et al., 2005; Allen and 
Armstrong, 2008; Karaoğlan et al., 2016; McQuarrie and van Hinsber
gen, 2013), Middle Miocene (e.g., Faccenna et al., 2006; Schildgen et al., 
2014; Ekici, 2016), and Middle-to Late Miocene (e.g., Keskin et al., 1998; 
Keskin, 2003, 2007; Şengör et al., 2008; Okay et al., 2010; Karaoğlan 
et al., 2016; Ekici, 2016). Nevertheless, a progressive initiation of 
steepening and rupturing of the subducted slab has also been suggested 
since the systematic westward extension of the EAMB reached central 
Anatolia following the progression of collision and arc maturity (e.g., 
Rabayrol et al., 2019). In both the Armenia and Turkey branches, the 
propagation of the tearing (i.e., break-off) occurred after slab steepening 
and rollback throughout the magmatic belts. 

We present new bulk rock major–trace element data, zircon U–Pb–Hf 
isotopic values, Sr–Nd–Pb isotopic analyses, and crystal size distribution 

(CSD) data for the Kajan region to further decipher the genetic roles of 
mantle and crust, and the geodynamic evolution of the central segment 
of UDMA in the course of the Oligocene–Miocene high-flux magmatic 
episodes. Our focus on data from central- to SE UDMA allows us to 
propose an interpretation that runs counter to the previous hypotheses 
suggested for Iran, i.e., it does not support Neogene emplacement related 
to the collision events, nor cessation of slab rollback and initiation of 
break-off, nor a progressively diachronous collision toward SE UDMA, 
but provides a broader temporal perspective for the magmatism of 
central UDMA. 

2. Geological setting 

2.1. Geological setting of the Urumieh–Dokhtar magmatic arc 

Cenozoic magmatism in Iran records the final stage of subduction of 
the Neo-Tethyan Ocean in the Zagros Orogeny. Subduction initiated at 
~95 Ma (e.g., Late Cretaceous; Stern et al., 2021) and lasted until the 
Quaternary (e.g., Verdel et al., 2011; Pang et al., 2013; Chiu et al., 2013 

Fig. 2. Distribution of Cenozoic magmatic rocks in the central UDMA with compilation of published age data.  

S. Babazadeh et al.                                                                                                                                                                                                                             



Chemical Geology 662 (2024) 122247

4

and references therein; Fedele et al., 2023; Babazadeh et al., 2023, 
2024a, 2024b; Moghadam et al., 2022a, 2022b, 2023; Honarmand et al., 
2014, 2024). Despite general consensus on gradual change in tectonic 
regime from Late Cretaceous extension to contraction during the Early- 
to Middle Paleocene, considerable debate persists regarding the timing 
of collision between the Iranian and Arabian plates, interpreted as either 
Early Oligocene (~32–27 Ma; Agard et al., 2011; McQuarrie and van 
Hinsbergen, 2013; Moghadam et al., 2022a, 2022b) or Middle Miocene 
(~15–10 Ma; Chiu et al., 2013; Pang et al., 2013; Yeganehfar et al., 
2013; Babazadeh et al., 2017, 2023; Raeisi et al., 2020, 2021). The 
scenario is even more complicated as different geodynamic mechanisms 
have been put forward for the collision, e.g., from a “soft” collision at 
~32 Ma (Early Oligocene) (e.g., Allen and Armstrong, 2008; Mouth
ereau et al., 2012; Tadayon et al., 2017), to a “hard” collision at ~20 Ma 
(e.g., Madanipour et al., 2013, 2017; Moghadam et al., 2022a, 2022b). 
The former mechanism was accompanied by lower rate of deformation, 
uplift, and exhumation. The latter is thought to be the main reason for 
shortening and thickening of Iranian continental crust. Moghadam et al. 
(2022a) divided the whole history of magmatic pulses occurring during 
the Zagros Orogeny into two temporally distinct phases, first at ~80–70 
Ma, and second at ~50–0 Ma, and visualized a “slab break-off” geo
dynamic model for the southeast to central UDMA from the Oligocene 
onward; this model is not completely in line with the “slab rollback” 
mechanism proposed by many scholars for the central UDMA at Oligo
cene to Early Miocene time (e.g., Verdel et al., 2011; Chiu et al., 2013; 
Sarjoughian et al., 2018, 2020; Kazemi et al., 2019; Nouri et al., 2018, 
2021; Sepidbar et al., 2019; Babazadeh et al., 2017, 2019b, 2023, 
2024a, 2024b; Raeisi et al., 2020, 2021, 2024). Conversely, Babazadeh 
et al. (2023) illustrated that the ~25–18 Ma magmatic rocks of the 
central UDMA are dominantly positioned to the west (e.g., toward 
Sanandaj-Sirjan Zone) whereas those dating from ~42–38 Ma are in the 
east (e.g., toward Central Iran). Babazadeh et al. (2023) interpreted that, 
in response to the slab rollback (e.g., slab retreat from northeast to 
southwest), the magmatic front of the central UDMA apparently 
migrated ~40 km from the northeastern to southwestern segments be
tween ~42 and ~ 18 Ma (see Fig. 11 of Babazadeh et al., 2023). Analysis 
of geochronologic, geochemical, and isotopic data by Babazadeh et al. 
(2021a) led to the terms “High Alumina” for pre-collisional (i.e., ~47–17 
Ma) and “Low Alumina” for post-collisional magmatism of the UDMA. 
According to ~20 Ma as the starting time of main collision (as per 
Moghadam et al., 2022a), the youngest magmatic phase of the rocks of 
this study could not be emplaced within the collision context. 

2.2. Geological outline of the study area and sample selection 

The plutonic rocks studied here are located ~75–90 km southeast of 
Ardestan, and ~ 30–45 km west to southwest of Nain (Fig. 1b). The 
oldest exposed stratigraphic unit is Cretaceous limestone which is 
intruded by slightly metamorphosed basaltic to andesitic spilites. Pre
vious studies reveal the presence of Late Eocene (U–Pb age ~ 37 Ma) 
and Miocene (K–Ar age ~ 19 Ma) volcanic suites (e.g., basaltic andesite, 
andesite, pyroclastics, and acidic lithic crystal tuff; Yeganehfar et al., 
2013) as the dominant rock types which are exposed in a broadly 
NW–SE trending belt over an area of ~65 km2. Exposure of volcanic–
plutonic rocks is elongated parallel to the strike of the large-scale 
NW–SE Qom–Zefreh Fault which stretches along the central UDMA 
(Fig. 2). Widespread centimeters to meter thick dikes, e.g., basaltic 
andesite and aplite, with NNW–SSE orientations (i.e., following the 
Qom–Zefreh Fault) crosscut the host rocks. The different Kajan plutonic 
rocks show spatially systematic exposures without reciprocal contacts in 
the field. Dioritic rocks are exposed in the northern segment of the 
mapped area; toward the center gabbroic outcrops occur, and in the 
southern part of the mapped area a suite of granodiorites is exposed. The 
plutons are, marginally, surrounded by volcanic rocks. 

From the study area, we collected twenty-seven representative 
plutonic samples (including 6 gabbros, 11 diorites, and 10 

granodiorites) for bulk-rock major and trace element analyses. We 
determined zircon U–Pb–Hf geochronology data from three samples, 
radiogenic Sr–Nd–Pb isotopic data from 14 samples (including 5 gab
bros, 4 diorites, and 5 granodiorites), and crystal size distribution (CSD) 
data from 1050 plagioclase grains. The gabbroic to granodioritic rocks 
are composed of variable amounts of euhedral to subhedral- and well- 
developed twin lamellae plagioclase; in some cases, plagioclase is 
partly replaced by secondary minerals (e.g., sericite), especially in gab
bros (Figs. 3a–d). Clinopyroxene is the most abundant ferromagnesian 
mineral in the gabbroic rocks whereas amphibole (and to lesser extent 
biotite) is the ferromagnesian mineral in the diorite and granodiorite. In 
detail, gabbroic rocks are composed of plagioclase (~80–85 vol%; 1–4 
mm length) and clinopyroxene (~15–20 vol%; up to 2 mm length), 
which are commonly intergranular in texture. The diorites to quartz 
diorites are composed of plagioclase (~65–75 vol%) and subhedral 
hornblende (~10–15 vol%; up to 2 mm length) with variable amounts of 
biotite (up to 5 vol%) and allotriomorphic quartz (up to 5 vol%). 
Granodiorites exhibit a granular to microgranular porphyritic texture 
and comprise plagioclase (~50 vol%), quartz (~30 vol%), alkali feld
spar (~15 vol%), and minor hornblende (~5 vol%). The ferromagnesian 
minerals are occasionally altered to chlorite. The investigated samples 
contain Fe–Ti oxides and zircon as principal accessory minerals. 

3. Analytical methods and procedures 

We applied multiple analytical techniques to study the Kajan 
magmatic rocks: (1) Inductively Coupled Plasma Atomic Emission 
Spectrometry (ICP–AES), and Inductively Coupled Plasma Mass Spec
trometry (ICP–MS) to determine whole rock contents of major, trace and 
rare earth elements (REE) (ACME Analytical Laboratories Ltd., Canada); 
(2) Cathodoluminescence (CL) imaging of zircons and (3) Laser Ablation 
Multi Collector Inductively Coupled Plasma Mass Spectrometry 
(LA–MC–ICP–MS) to determine zircon U–Pb ages (Institute of Mineral 
Resources, Chinese Academy of Geological Sciences, Beijing, China); (4) 
Neptune Plus MC–ICP–MS (Thermo Fisher Scientific, Germany), in 
combination with the GeoLas 2005 (Wuhan Sample Solution Analytical 
Technology Co., Ltd., China); and (5) Triton Plus Thermal Ionization 
Mass Spectrometry (TIMS) to determine whole rock Sr–Nd isotopic 
ratios (Dipartimento di Scienze della Terra, dell’Ambiente e delle 
Risorse, University of Napoli Federico II, Naples, Italy), and Pb isotopic 
ratios (Analysis and Testing Research Center of the Beijing Research 
Institute of Uranium Geology, Beijing, China). Details on the analytical 
methods and procedures are given in Appendix 1, along with informa
tion on quality that was assured. 

4. Results 

4.1. Whole-rock geochemistry 

Supplementary Table 1 lists whole-rock major, trace and rare earth 
element analyses of the collected plutonic rocks from the Kajan region. 
The data show a wide compositional spectrum, e.g., SiO2 49.53–69.05 wt 
%, Al2O3 15.42–19.48% wt%, TiO2 0.45–1.08 wt%, MgO 0.99–7.68 wt 
%, and plot in the gabbro, diorite and granodiorite fields on Na2O + K2O 
vs. SiO2 diagram (Middlemost, 1994; Fig. 4a). The mafic rocks conform 
to the high-Al melts definition (i.e., ≥ 18 wt%; as per Schiano et al., 
2004), and follow a calc-alkaline trend on the K2O vs. SiO2 plot (Fig. 4b). 
The loss on ignition (LOI) values of the rocks are up to 2.6 wt%. No 
compositional gaps are evident in Harker plots, and several of them 
establish strikingly linear trends (Fig. 4c–h). 

Fig. 5 illustrates representative trace and rare earth element (REE) 
patterns with their abundances normalized to primitive mantle and 
chondrite, respectively. The data have rather parallel patterns with the 
lowest trace element abundances in gabbroic rocks, and gradually 
higher abundances in dioritic and granodioritic samples. On primitive 
mantle-normalized trace element patterns, data follow homogeneous 
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geochemical trends, e.g., enrichment in large ion lithophile elements 
(LILE: Rb, Th, U, K), and depletion or moderate enrichment in high-field 
strength elements (HFSE: Nb, Ta, Zr), alongside a remarkable positive Pb 
anomaly. Negative anomalies are present for some HFSE, although not 
remarkably and consistently all over the suite. REE patterns show var
iable light REE (LREE) enrichment, e.g., up to 20 times in mafic, and up 
to 50 times in felsic samples, with (La/Lu)cn = 1.93–5.21, and flat 
middle and heavy REE (MREE and HREE) patterns with (La/Yb)cn =

1.94–6.05, (La/Sm)cn = 1.46–4.63, and (Gd/Yb)cn = 1.04–1.33 
(Figs. 5b, d and f). Negative Eu anomalies gradually deepen from the 
mafic to felsic samples. The chondrite-normalized REE profiles display 
the lack of marked REE-pattern tetrad effects (TE1–3 = 0.97–1.01; Sup
plementary Table 1), ruling out melt–hydrothermal fluid interactions 
(typically F– and Cl–rich) (e.g., Babazadeh et al., 2014, 2021b; Rostami 
et al., 2014; Raeisi et al., 2019). The remarkably fractionated REE pat
terns, high LILE/HFSE, high LREE/HREE, and negative Nb–Ta–Ti 
anomalies are in line with the universally recognized geochemical sig
natures of continental margin arc-like igneous rocks (Figs. 5a, c and e). 

4.2. U–Pb geochronology and Lu–Hf isotopes 

Three samples of the representative mafic to felsic plutonic rocks 
were dated by the U–Pb zircon method (i.e., KJ5, KJ11, and KJ26; 
Supplementary Table 2). Zircons in the mafic samples are relatively 
scarce, and without concentric zonation. As illustrated by CL images, 
analyzed zircon grains in the evolved samples are prismatic and large 
(~180 μm) to medium and stubby (<100 μm), with dark unzoned cores 
and well-developed concentric zonation in mantle and rims, the typical 
textures of zircons that show they are of magmatic origin (Fig. 6). Nine 
zircon analyses from gabbroic sample KJ5 (SiO2 = 53.20 wt%) yield a 
concordia age of 32.1 ± 0.3 Ma (MSWD = 0.2) and weighted mean 
206Pb/238U age of 31.9 ± 0.3 Ma (MSWD = 0.2) (Fig. 6a). The dioritic 
sample KJ11 (SiO2 = 60.08 wt%) gives a concordia age of 24.6 ± 0.2 Ma 
(MSWD = 2.3) and weighted mean 206Pb/238U age of 24.5 ± 0.1 Ma 
(MSWD = 1.3, n = 18) (Fig. 6b). The granodioritic sample KJ26 (SiO2 =

68.09 wt%) gives a concordia age of 22.0 ± 0.2 Ma (MSWD = 1.2) and 

weighted mean 206Pb/238U age of 21.9 ± 0.1 Ma (MSWD = 1.4, n = 22) 
(Fig. 6c). Although zircon saturation occurs in evolved magmas, it is not 
unusual finding magmatic zircon in mafic rocks, which has been pre
viously recorded both elsewhere in the UDMA and worldwide (e.g., 
Kaczmarek et al., 2008; Chiu et al., 2013; Wang et al., 2015; Ejima et al., 
2018; Shang and Chen, 2020; Azizi et al., 2020; He et al., 2020; Baba
zadeh et al., 2021a, 2023, 2024a, 2024b; Shao et al., 2021; Moghadam 
et al., 2022b; Moradi and Ghorbani, 2022; Kara et al., 2022; Wu and Qin, 
2022; Nicollet et al., 2022; Du et al., 2023). 

Supplementary Table 3 presents the measured 176Lu/177Hf and 
176Hf/177Hf ratios of zircons from Kajan plutonic rocks. The 176Hf/177Hf 
values for study zircons range from 0.28132 to 0.28255 corresponding 
to εHf(t) of − 0.7 to +5.9 (Fig. 7a). Considering 176Lu/177Hf = 0.015 as an 
average of the continental crust (as per Griffin et al., 2002), the 
176Hf/177Hf value of zircons yield TDM modal ages of 492 to 728 Ma, and 
TDM

C modal ages of 596 to 926 Ma. 

4.3. Sr–Nd–Pb isotopes 

Supplementary Table 4 lists Sr–Nd isotopic values of fourteen 
representative samples from the Kajan region. The initial (age-cor
rected) 87Sr/86Sr values are 0.7047 to 0.7059, and 143Nd/144Nd are 
0.51267 to 0.51273, corresponding to positive εNd(t) ranging from 1.18 
to 2.25. On the plot of 87Sr/86Sr(t) vs. εNd(t) (Fig. 7b), the data points plot 
within the OIB field, and concentrate close to the bulk silicate earth 
(BSE) but rightward deviated toward an enriched mantle component 
(EMII-type), and sediment fluids and/or alteration. The isotopic values 
of the Kajan rocks are analogous to those reported from the Eocene to 
Middle Miocene UDMA magmatic rocks (e.g., Dargahi et al., 2010; 
Yeganehfar et al., 2013; Honarmand et al., 2014; Golkaram et al., 2016; 
Babazadeh et al., 2017; Babazadeh et al., 2021a, 2023, 2024a, 2024b; 
Sarjoughian et al., 2018, 2019, 2020, 2022; Chekani Moghadam et al., 
2018; Haghighi Bardineh et al., 2018; Nouri et al., 2018, 2021; Kazemi 
et al., 2019, 2020, 2024; Sepidbar et al., 2019; Nazarinia et al., 2020; 
Moradi et al., 2021; Moradi and Ghorbani, 2022; Moghadam et al., 
2022a, 2022b) and Eocene NE Iran (i.e., UDMA rear arc; Mazhari et al., 

Fig. 3. (a) Representative photos showing plagioclase and pyroxenes in Kajan gabbro (sample KJ5). (b and c) Plagioclase and amphibole in diorites (samples KJ8 and 
KJ11, respectively), and (d) Plagioclase and alkali feldspar in granodioritic sample KJ26. Symbols: Plg = plagioclase; Af = alkali feldspar; Cpx = clinopyroxene; Hbl 
= hornblende. 
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2017; Sepidbar et al., 2019; Moghadam et al., 2015, 2020, 2023; Ali
zadeh et al., 2023; Azizi et al., 2020). For the study rocks, the average 
TDM(Nd) model ages cluster around 474 to 568 Ma (Supplementary 
Table 4), concurrent with Cadomian orogeny events in Iran (e.g., Hon
armand et al., 2014; Moghadam et al., 2015; Moghadam et al., 2020, 
2023; Nayebi et al., 2023, 2024; Alizadeh et al., 2023). 

The Kajan samples have a relatively restricted range in initial Pb 
isotopic compositions: 206Pb/204Pb(t) = 18.21 to 18.36, 207Pb/204Pb(t) =

15.48 to 15.55, and 208Pb/204Pb(t) = 37.91 to 38.22 (Supplementary 
Table 5) resembling magmatic rocks reported from OIB, Indian Ocean 
MORB, Zagros ophiolite, and pre-collisional Ardestan magmatic rocks, 
and do not fit well with Eocene NE Iran (i.e., UDMA rear arc), Niyasar 
(west of Kashan; Fig. 2) and Kahak (south of Qom; Fig. 2) magmatic 
rocks. As per uranogenic-Pb diagram (Figs. 7c and d), the data plot 
within the OIB field, namely, between depleted MORB mantle (DMM) 
and subducting sediments (SED) (e.g., Stracke et al., 2005; Kimura et al., 
2014; Moghadam et al., 2022a, 2022b, 2023 and references therein). 

5. Discussion 

5.1. Evaluation of geochemical data 

The trends of major oxides on binary Harker plots (Figs. 4c–h; see 
also Appendix Fig. 1) argue for an early crystallization of high-Ca py
roxene, calcic plagioclase, and amphibole. However, similar trends 
might have been caused by mixing between mafic and felsic magmas. On 
the primitive mantle-normalized profiles, depletions of Ba, Sr, P, and Ti 
suggest fractional crystallization of Sr- and Ba-rich minerals (e.g., 
plagioclase), P-rich minerals (e.g., apatite), and clinopyroxenes and Ti- 
rich minerals (e.g., titanomagnetite). On chondrite-normalized REE 
profiles, the samples display moderately fractionated patterns from 
LREE to MREE (Figs. 5a, c and e), and rather flat patterns for M–HREE 
sections. The latter features argue against the presence of considerable 
garnet, either in the mantle residue or as part of the fractionating 
assemblage in the magma. The low abundances of HREE, Ti, Sm, and Zr 

Fig. 4. Geochemical diagrams. (a) Total alkalis versus silica (Middlemost, 1994). The plutonic samples plot in the gabbro, diorite and granodiorite fields. (b) SiO2 vs. 
K2O (Peccerillo and Taylor, 1976). (c–h) Major element Harker variation diagrams for mafic to felsic plutonic rocks from the Kajan area. 
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together with slightly concave–upward pattern in MREE section attest to 
amphibole and rutile stability in the magma source region. Negative 
anomalies for Th–U on some profiles likely reflects the presence of 
apatite as a fractionating phase. Rather weak negative Eu anomalies on 
chondrite-normalized REE profiles and a negative correlation between 
MgO and Al2O3 (not shown) in the mafic and intermediate samples place 
emphasis on fractionation of plagioclase rather than K-feldspar, and a 
high oxidation state in the magmatic system, i.e., europium mostly 
occurring as Eu3+, not Eu2+ (Richards et al., 2012), suggesting 
emplacement at shallow depth. The geochemical signatures of Kajan 
rocks (e.g., high Al2O3 and moderate MgO) invoke melting of a meta
somatized rather depleted mantle and crystal fractionation under low-P 
and high-fH2O (e.g., dissolved H2O ≥ 6 wt%) rather than accumulation or 
flotation of plagioclase (e.g., Sisson and Grove, 1993). We suggest the 
order of crystallization is clinopyroxene (± subordinate olivine) and 
minor Ca-rich plagioclase segregated during the first stages of magmatic 
evolution, and nucleation of biotite, amphibole (±clinopyroxene) and 
accessory magnetite. Finally, a decrease in growth of amphibole was 
followed by K-feldspar and quartz fractionation in the course of the later 

stages of magmatic evolution. The protracted process of fractional 
crystallization from basic to felsic melts over geological timescales can 
be attributed to (i) large size of the magmatic chamber (e.g., Marsh, 
1988; Annen and Sparks, 2002; Bachmann and Bergantz, 2004, 2008), 
(ii) slow cooling rates (e.g., Marsh, 1988; Putirka, 2008), (iii) continuous 
magma input (e.g., Charlier et al., 2005; Marsh, 1988), (iv) efficient 
separation of crystals (e.g., Cashman and Blundy, 2000; Annen and 
Blundy, 2008), and (v) complexity of magmatic processes (e.g., Huber 
and Bachmann, 2016). Our inference of the protracted fractional crys
tallization through time is analogous to Eocene to Miocene magmatic 
suites which pertain to the long-term extent of Neo-Tethyan subduction 
(e.g., Pang et al., 2013; Babazadeh et al., 2017, Babazadeh et al., 2023, 
2024a, 2024b; Nouri et al., 2018; Omidianfar et al., 2022; Moghadam 
et al., 2022a,b, 2023; Fazlnia et al., 2023; Sepahi et al., 2023). 

5.2. Appraisal of mantle enrichment by subduction components 

Potassium-bearing phases, e.g., amphibole and phlogopite, are the 
volatile-bearing minerals which mainly control LILE enrichment in the 

Fig. 5. Primitive mantle normalized trace element and chondrite-normalized REE patterns for the Kajan plutonic rocks. Normalization values are from Sun and 
McDonough (1989). 
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mantle source of subduction-related magmas (e.g., Ionov et al., 1997). 
Since Ba and Rb have different degrees of compatibility in phlogopite 
and amphibole, melts in equilibrium with phlogopite tends to have 
elevated Rb/Sr (>0.1) and lower Ba/Rb (<20) ratios compared to those 
from amphibole-bearing sources (e.g., Furman and Graham, 1999). The 
Kajan mafic rocks (e.g., Rb/Sr up to 0.15, and Ba/Rb up to 46) are in line 
with residues of both hydrous phases (e.g., amphibole and phlogopite) 
during melting of a lithospheric mantle source. As amphibole is unstable 
in the upper mantle (e.g., Juricek and Keppler, 2023), the presence of 
residual amphibole in the mantle source beneath Kajan suggests the 
lithospheric mantle is the dominant source region for mafic magmatism. 
Our inference is not a unique solution to elucidate the mantle signature 
of all Eocene to Miocene magmatic rocks; given the long-term extent of 
Neo-Tethyan subduction some segments of the UDMA were already 
characterized by sources with either residual amphibole or phlogopite 

(e.g., Babazadeh et al., 2017, 2021a; Nouri et al., 2021). 
In subduction settings, melts derived from asthenospheric mantle 

and traveling toward upper levels are commonly metasomatized by 
addition of fluids and/or melts derived from the subducting slab, 
including sediments. As a result, such a magma could have geochemical 
and isotopic signatures of arc setting (i.e., enrichment of LILE relative to 
HFSE, and positive Pb anomalies) or oceanic islands (OIB-like) or basalt 
erupted at mid-ocean ridges (transitional MORB-like, i.e., moderate 
concentrations of incompatible trace elements together with Nb–Ta–Ti 
anomalies in basic suites) (e.g., Hofmann, 1997; Turner and Foden, 
2001). The Kajan data support this inference (Figs. 5 and 7b). We thus 
rule out a pure asthenosphere mantle source and suggest that meta
somatized mantle wedge and/or lithospheric mantle above the sub
ducting plate were involved, as confirmed previously by the presence of 
both amphibole and phlogopite in the mantle source of Oligocene to 

Fig. 6. Tera–Wasserburg concordia and weighted mean age diagrams showing analytical data for zircons from Kajan plutonic rocks.  
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Miocene plutonic rocks in Ardestan (i.e., ~75–90 km northwest of Kajan; 
Babazadeh et al., 2017). Specific geochemical features, e.g., moderate 
87Sr/86Sr ratios (0.7047–0.7059), Sr (161–515 ppm), elevated Y (13–46 
ppm) corresponding to moderate Sr/Y (3− 33) ratios, are far from those 
typical of adakitic rocks, e.g., low 87Sr/86Sr < 0.7045, Y < 8 ppm, Sr >
400, and Sr/Y > 20 (as per Castillo, 2008), and thus, do not conform to 
melts derived from a subducting slab. 

Interaction between sediments and mantle can occur either through 
mixing of the bulk sediment (i.e., diapirs of sediment or a crust–sediment 
‘mélange’) with peridotite, or through an influx of sediment melts and/ 
or fluids into peridotite (e.g., Elliott, 2003; Marschall and Schumacher, 
2012). For the former, the sediment- or mélange diapirs would not be a 
‘slab component’ rising off the slab, but direct subduction erosion to the 
mantle wedge peridotite (e.g., Marschall and Schumacher, 2012; Nielsen 
and Marschall, 2017). As per experimental findings of Codillo et al. 
(2018), residual garnet is not thought to be stable in the low-pressure 
partial melting of the mélange diapirs. Thereby, this process would 
not be able to produce melts enriched in Th and without also enrichment 
in HREE, geochemical signatures standing in marked contrast to the 
Kajan samples. Turner and Langmuir (2022a, 2022b) have recently re- 
examined geochemistry, experimental results, physical models, and 
tectonic constraints to account for incompatible element differences in 
continental arc settings including; (i) the influence of thick crust, (ii) slab 
thermal structure, (iii) heterogeneity of the ambient mantle wedge, (iv) 
mantle wedge thermal structure, and (v) slab diapirs and subduction 
erosion. Accordingly, neither crust processes nor slab temperature 
models are aligned with the variety of observations. Further, the find
ings run counter to a significant role for transportation of bulk sediments 
to the wedge (e.g., in a diapir or slab diapirs) and that arc compositions 
are most consistent with slab melting on or near the surface of the 
subducting plate. As per finding of Turner and Langmuir (2022a, 
2022b), slab components (e.g., sediment or fluid), apparently, have 

greater influence on depleted mantle compositions. 
Among Kajan samples, varying degrees of mantle metasomatism by 

slab components, specifically sediments (i.e., an enriched-mantle 
source), can be inferred from observed high Th and Pb abundances, 
and Th/Yb and La/Yb ratios. The Nb/Zr and Nb/Yb values and Nd–Pb 
isotopic variations (i.e., Nb/Zr 0.05–0.14; Nb/Yb 2.7–4.7; 
143Nd/144Nd(t) 0.51267–0.51273; 206Pb/204Pb(t) 18.21–18.36) of our 
samples, which resemble those of NE Iran and SE UDMA magmatic 
suites, but far from average of altered oceanic crust (AOC) (i.e., Nb/Zr 
~0.03; Nb/Yb ~1.5; 143Nd/144Nd(t) ~ 0.51315; 206Pb/204Pb(t) ~ 18.53) 
(Figs. 8a–d; see Appendix 2 for the references). This inference is further 
supported by elemental and isotopic diagrams, e.g., Th/Nb vs. 
206Pb/204Pb(t) and Ba/Nb, and Ba/Th vs. 206Pb/204Pb(t) (Figs. 9a–c). 
Notice that our parameters applied to the binary diagrams (e.g., Figs. 8 
and 9) are heuristic, selected utilizing the best constraints available for 
the model inputs. 

To constrain the contribution of terrigenous sediments during 
petrogenesis, we have designated the investigated rocks for source 
modeling which represent the composition of the mantle melts (Figs. 9d 
and e). Our modeling, based upon contributions from the upper limit of 
OIB-like (e.g., 143Nd/144Nd(t) ~ 0.5130; 206Pb/204Pb(t) ~ 18.65; Ba/La 
~ 9; Ol + Opx + Cpx + Spl mineral assemblage; as per Workman and 
Hart, 2005) and terrigenous sediments (as per Kimura et al., 2014) re
veals that the mafic samples fit well with a batch melt composed of 
98.5% mantle melt and 1.5% terrigenous sediments.. That sediment 
contribution is lower than values calculated for NE Iran (i.e., rear-arc) 
and SE UDMA, for which the effect of terrigenous sediments has been 
proposed to be up to 3% (e.g., Moghadam et al., 2022a, 2022b, 2023; 
Babazadeh et al., 2021c, 2023; Alizadeh et al., 2023). 

Fig. 7. (a) Plots of zircon εHf(t) vs. zircon U–Pb age. (b) εNd(t) vs. (87Sr/86Sr)t. Data of the studies rocks plot in the mantle array field. Cadomian continental crust 
(CC) from Moghadam et al. (2015). (c) Plots of 207Pb/204Pb vs. 206Pb/204Pb, and (d) 208Pb/204Pb vs. 206Pb/204Pb. Data for Eocene NE Iran (rear-arc), central-and SE 
UDMA are presented in Appendix 2. Data for subducting sediments (SED) and altered oceanic crust (AOC) are from Arc Basalt Simulator version 3 (Kimura et al., 
2014). Field for OIB as defined by Stracke et al. (2005). 
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5.3. Mantle signature and crustal assimilation in evolved magmas 

Trace element ratios, alone or in combination with isotopic values, 
are widely employed as proxies to distinguish the contribution of mantle 
vs. continental crust during magma evolution. Average values of Zr/Nb 
and Nb/La (i.e., ~11 and ~ 1, respectively) in the Kajan samples are 
close to those observed in the mantle (~8 and > 1, respectively) and do 
not argue for involvement of significant amounts of continental crust 
(22–25 and < 0.46, respectively; e.g., Morata et al., 2005). Relative 
abundances of Zr–Hf and Nb–Ta (as conservative elements) can be 
explored to constrain whether fractionation of these element pairs was 
originally rooted in the mantle wedge or whether it rather mirrors 
assimilation-fractional crystallization (AFC) (e.g., Moghadam et al., 
2022a; Pearce and Peate, 1995). Mantle-derived melts retain chondritic 
Zr/Hf and Nb/Ta ratios, i.e., Zr/Hf = 36 and Nb/Ta = 17.6–19 (Sun and 
McDonough, 1989). The Kajan samples have chondritic to sub- 
chondritic values of Zr/Hf = 30–36 and Nb/Ta = 16–17 that approach 
OIB- to MORB-like compositions in Nb/Ta vs. Zr/Hf and Th/Yb plots 
(Figs. 10a and b). They have Nb/Yb ratios of ~2.8 to 4.8, geochemically 
akin to E-MORB (i.e., Nb/Yb ~3.5) and distinct from those of N-MORB (i. 
e., Nb/Yb ~0.3). The average of Th/Yb, La/Yb and Nb/Ta ratios are 
~0.2, ~17.12, and ~ 17.6–19, respectively, for mantle derived melts (e. 
g., OIB- to MORB-like) and ~ 5.5, 0.3–0.6, and 11–12, respectively, for 
crustal derived melts (e.g., Sun and McDonough, 1989; Green, 1995; 
Morata et al., 2005). As illustrated on Figs. 10a and b, the data establish 
negative correlations between Th/Yb (or La/Yb) and Nb/Ta from 
parental mafic (i.e., Nb/Ta and Th/Yb ratios comparable to OIB- to 
MORB-like melts) to derivative felsic magmas (i.e., Nb/Ta and Th/Yb 
ratios comparable to average continental crust), suggesting only small 
degrees of crustal assimilation. 

Positive Nd isotopic values (i.e., εNd(t) = 1.18–2.52) of the entire 
Kajan suite and Pb-isotope ratios aggregating near fields for OIB- to 
EMM, and Indian MORB fields (Figs. 7c and d), deviate toward the 
Cadomian crust of Iran (Figs. 8a–d; see Moghadam et al., 2015 for an 

extended discussion about the Cadomian crust), and variable but 
dominantly positive initial Hf (i.e., − 0.7 to +5.9) reinforce the evidence 
for a mantle source signature (e.g., DePaolo and Daley, 2000). However, 
slightly negative initial Hf in some zircon grains (5 out of 49 spots), 
depletions in HFSEs (e.g., Nb and Ti) relative to LILEs and LREEs, and 
negative Nb anomalies in some whole-rock samples attest a slight degree 
of heterogenity in the mantle wedge (absolute depletion) and/or met
asomatization of the mantle wedge (relative depletion) via fluids or 
sediment-derived melts from the down-going oceanic slab (e.g., Binde
man et al., 2005; Duggen et al., 2007; Ahmadi et al., 2019) or crustal 
contamination (e.g., Vervoot and Kemp, 2016). On a plot of 143Nd/144Nd 
vs. Hf/Nd (Fig. 10c), the Kajan data form curves between mantle melt 
and either continental crust (CC) or global subducting sediments 
(GLOSS). Notice that some evidence of partial melting of the juvenile 
continental crust is documented in conjunction with post-collisional and 
Cu-mineralization events, e.g., SE UDMA (e.g., Shafiei et al., 2009; 
Aghazadeh et al., 2015; Lechmann et al., 2018; Raeisi et al., 2021; 
Moghadam et al., 2022a; Javidi Moghadam and Karimpour, 2023), 
Turkish Eastern Pontides (e.g., Eyuboglu et al., 2012; Karsli et al., 2011, 
2020; Dokuz et al., 2013, 2019), and South Armenian Block (e.g., Moritz 
et al., 2016; Rezeau et al., 2016, 2017, 2018; Grosjean et al., 2022). 
Therefore, the pre-collision stage (i.e., pre-hard collision) of the inves
tigated samples plausibly precludes the possibility of partial melting of 
juvenile continental crust, instead, speaks for more and less contribution 
of the old continental crust (e.g., Cadomian crust) during the petrogen
esis of the Kajan region– an analogous mechanism to the Eocene 
Kuh-e-Dom and Eshtehard, and Oligocene Ardestan, Kahak, and Kashan 
magmatic rocks (e.g., Yeganehfar et al., 2013; Kananian et al., 2014; 
Babazadeh et al., 2017; Babazadeh et al., 2019a; Moradi et al., 2021; 
Khaksar et al., 2022). As posited by Babazadeh et al. (2017, 2019a), the 
Ardestan dioritic rocks, which are coeval to the investigated dioritic 
Kajan (i.e., 24 Ma; exposed approximately 18 km to the N–NW of the 
investigated rocks), contain a significant number of ca. 550 Ma zircons 
(24 spots)– an evidence that further supports the contribution of the 

Fig. 8. (a and b) Plots of Nb/Zr and Nb/Yb vs. 143Nd/144Nd(t). (c and d) Plots of Nb/Zr and Nb/Yb vs. 206Pb/204Pb(t). Data for the composition of Eastern Medi
terranean Sea sediments are from Klaver et al. (2015). DMM and EMM are depleted and enriched Indian oceanic (MORB-) mantle sources, respectively (Zindler and 
Hart, 1986). 
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Cadomian continental crust beneath the central UDMA before the 
initiation of the “hard” collision and crustal thickening. Instead, no re
cord of ca. 550 Ma zircons from the post-hard collision suites (e.g., < 20 
Ma) as well as the occurrence of Cu mineralization in association with 
adakitic magmatism mirror the plausible cannibalization of juvenile 
crust during the arc maturity. 

Crystal size distribution (CSD) is a heuristic qualitative method that 
allows appraisal of processes occurring during transport or storage 
within crustal magma chambers e.g., FC, AFC and/or mixing, accumu
lation, and cooling (see Appendix Fig. 2). The CSD method is widely 
used for plagioclase and pyroxene crystals (c.f., Cashman and Marsh, 
1988); here we employ the method for plagioclase feldspar. Straight-line 
CSD slopes record a batch system in steady-state conditions; by contrast, 
gull-wing or kinked and curved CSD profiles record inflowing and out
flowing magma followed by renewal nucleation, i.e., unsteady-state 
conditions. On binary plots of population density (ln(n), mm-4) vs. 
size (L, mm) (Supplementary Table 6; Fig. 11), the aggregate Kajan CSD 
profiles illustrate at most negligible displacement from the classic 
straight-line trend, which we interpret as supplementary evidence for a 
trivial role for assimilation or mixing processes. Regarding an active 
continental margin setting such as that of the UDMA, including Kajan, 

modification in melt-derived magma composition by crustal compo
nents is not far-fetched. 

The crustal contribution hypothesis can be further tested by isotopic 
mixing mass balance modeling. Quantitative AFC mixing modeling 
using the parental melt– geochemically and isotopically analogous to 
OIB- and EMM-like (e.g., 87Sr/86Sr(t) ~ 0.703, 143Nd/144Nd(t) ~ 0.5130; 
Stracke et al., 2005 and references therein) – and Cadomian upper and 
lower continental crust (i.e., 87Sr/86Sr(t) ~ 0.713 and 143Nd/144Nd(t) ~ 
0.5121, and 87Sr/86Sr(t) ~ 0.707 and 143Nd/144Nd(t) ~ 0.5112 for UCC 
and LCC, respectively; Moghadam et al., 2015) as endmembers best 
matches a mixture of 97–98% of the batch melt (i.e., 98.5:1.5 of mantle 
melt and terrigenous sediment) and 2–3% of the UCC (Fig. 10d). This 
ratio corresponds to the minimum percent of assimilation of continental 
crust (i.e., 20% to as little as 2%) by mantle-derived melts modeled for 
the UDMA (cf. Yeganehfar et al., 2013; Honarmand et al., 2014; Hosseini 
et al., 2017; Babazadeh et al., 2017, 2019a, 2019b, 2023, 2024a; Naz
arinia et al., 2020; Asadi, 2018; Nouri et al., 2018, 2021; Sarjoughian 
et al., 2018, 2019, 2020, 2022; Moghadam et al., 2022a, 2022b, 2023; 
Sepahvand et al., 2022). 

Fig. 9. (a and b) Plots of Th/Nb vs. 206Pb/204Pb(t) and Ba/Nb. (c) Ba/Th vs. 206Pb/204Pb(t); the data follow the sediment melt trend. (e and d) Plots of 143Nd/144Nd(t) 
vs. 206Pb/204Pb(t) and Ba/La; illustrating up to 1.5% enrichment by sediment-derived melts for the samples. Applying the maximum and minimum values of 
terrigenous sediments composition (as per Kimura et al., 2014) permits ±0.5% deviation value (i.e., SD), thus from 0.5 up to 1.5% sediment contribution. 
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Fig. 10. (a and b) Plots of Nb/Ta vs. Zr/Hf and Th/Yb. (c and d) 143Nd/144Nd(t) vs. Hf/Nd and 87Sr/86Sr(t). The data dislocate toward the assimilation-fractional 
crystallization (AFC) trends, and modeled the contribution of no more than ~3% of Cadomian upper continental crustal (UCC) components in Kajan magma. 
The average Cadomian continental crust from Moghadam et al. (2015). 

Fig. 11. (a–c) CSD plots of plagioclase crystals from Kajan plutonic rocks. Dotted lines are the regression lines calculated based on the frequency of crystal sizes, 
horizontal axis unit is in millimetres. The Kajan plots are almost parallel to the dotted lines (d) CSD patterns may change in response to physical processes in the 
magma chamber. Crustal contamination with different crystal density or coarse-grained crystals can result in concave-up CSD patterns (Higgins, 2006). The sche
matic patterns of processes that can influence the shape of the CSD are presented in Appendix Fig. 2. 
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6. Geodynamic implications 

An approximately 95 Myr tectonic framework and evolutionary 
history of the UDMA encompasses magmatic “flare-up” and “lull” epi
sodes (Appendix Fig. 3). Episodic magmatism is attributed globally to 
either tectonic events external to the arc (e.g., change in subducting 
plate dip, age of the down-going slab, and convergence rate) or internal 
triggers (e.g., underthrusting as a consequence of shortening in the retro- 
arc) (e.g., DeCelles and Graham, 2015; Paterson and Ducea, 2015; Kirsch 
et al., 2016). The external forces during the ~95 Myr magmatism in the 
UDMA feasibly include: (i) close to flat-slab subduction during Paleo
cene and Early Eocene time as the plausible reason for the lull in mag
matism (e.g., Moghadam et al., 2020), and rapid trench migration 
followed by increase in down-going slab dip– corresponding to increase 
in volatile fluxing into mantle wedge– during Eocene onward (e.g., 
Wortel and Spakman, 2000; Hafkenscheid et al., 2006), and (ii) sys
tematic reduction in convergence velocities between Arabia and Eurasia 
(including Iran), i.e., from ~6 cm/yr in Late Cretaceous, to ~4.5–5 cm/ 
yr during flare-ups in Eocene (50–35 Ma), and ~ 3 cm/yr during 
Neogene (c.f., Agard et al., 2007). 

Our results suggest that the oldest yielded age (i.e., 32 Ma) speaks 
against the following aspects of these tectonic models: (i) a lull in central 
UDMA magmatism from 37 to 26 Ma, and (ii) distinct flare-up magmatic 
episodes at ~54–37 Ma and ~ 20–5 Ma in the front arc, and ~ 45–40 Ma 
and ~ 30–25 Ma in the rear-arc as proposed by Sepidbar et al. (2019). 
Synthesizing our data with regionally appropriate values from the 
literature, we envision multistage tectono-magmatic events for this 
segment of the central UDMA, namely, Saveh to Nain regions (32◦ 30′ N 
to 36◦ 00′ N; ~ 500 km). Here, we find a plutonic mafic phase (~32 Ma) 
that is temporally distinct from the surrounding Zafar
ghand–Ardestan–Fesharak volcano–plutonic rocks exposed in the N–NW 
(~26.2–19.7 Ma; Yeganehfar et al., 2013; Babazadeh et al., 2017, 
2019b; Kananian and Sarjoughian, 2017; Fig. 2), but younger than Kuh- 
e-Dom–Nasrand–Golshekanan–Soheyle-PaKuh granodiorites in the NE 
(~54–37 Ma; Sarjoughian and Kananian, 2017; Sarjoughian et al., 2019; 
Fig. 2) which are considered as pre-collisional products. The continua
tion of the Paleogene magmatism in the central UDMA proceeded with 
the presence of local mantle-dominant adakite-like magmatism (~18.5 
Ma; Yeganehfar et al., 2013), and ended with post-collisional high-K 
magmatism during Middle to Late Miocene (~15–10 Ma; Babazadeh 
et al., 2019a, in review) following the collision between Arabian and 
Iranian plates. Thus, despite some mitigation in magmatic activity, we 
find no “lull” in magmatism for the central UDMA. 

We are able also to address the mechanism of subduction in central to 
SE UDMA from Early Oligocene onward. A succession of studies has 
favored the initiation of slab break-off (and post-collisional magmatism) 
in Early Oligocene– Early Miocene time in the SE UDMA (e.g., Omrani 
et al., 2008; Dargahi et al., 2010; Paul et al., 2010; Aghazadeh et al., 
2015; Asadi, 2018; Nazarinia et al., 2020; Moghadam et al., 2022a, 
2022b; Ghadami and Nazarinia, 2022; Yang et al., 2023) because there 
is no geophysical evidence for the subducted slab beneath the south
easternmost sector of the UDMA and west of the Makran today (e.g., 
Stern et al., 2021; Moghadam et al., 2022a, 2022b), implying a slab- 
break-off at interval age of Early Oligocene– Early Miocene times. By 
contrast, subduction has been well described beneath the central 
segment of the UDMA (specifically 32◦ 30′ N to 36◦ 00′ N) from Oligo
cene to Early Miocene as confirmed by the presence of both calc-alkaline 
and slab-derived adakitic rocks (e.g., Verdel et al., 2011; Yeganehfar 
et al., 2013; Chiu et al., 2013; Ghorbani et al., 2014; Babazadeh et al., 
2017, 2019a, 2019b, 2023, 2024b; Raeisi et al., 2020, 2024; Khaksar 
et al., 2022). 

We note that in terms of porphyry copper deposits (PCDs) the plutons 
studied here (i.e., 32–22 Ma) are both non-adakitic and barren, in 
contrast to Middle Miocene Kahang plutons (i.e., ~15 Ma; Babazadeh 
et al., in review) exposed ~1.5 km northwest of Kajan that are both non- 
adakitic and fertile. There is a general consensus that the transition from 

barren to fertile contexts in the UDMA was accompanied by change in 
crustal thickness and oxygen fugacity (fO2) (e.g., Zarasvandi et al., 2013; 
Rabiee et al., 2019, 2020, 2022; Khosravi et al., 2020, 2021; Raeisi et al., 
2021, 2023, 2024). Interestingly, Moghadam et al. (2022b) invoke slab 
break-off and asthenospheric upwelling associated with Cu-bearing 
adakitic magmatism from Miocene onward in the SE UDMA. The same 
authors also suggest that a re-fertilized, hot and volatile-rich mantle 
might play a vital role on forming PCDs in this area. 

Noting the presence of contemporaneous Cu-bearing non-adakitic- 
and adakitic rocks in central and SE UDMA, respectively, we corroborate 
the role of changes in the geometry and buoyancy of the subducting 
Neotethyan lithosphere (as per Moghadam et al., 2021a) and the re
sponses of the overriding plate. We also propose somewhat different 
subduction mechanisms beneath central and SE UDMA from Oligocene 
onward. Taking into consideration the slab-derived adakitic magmatism 
in central UDMA, and no evidence for subducted slab beneath SE UDMA 
at Early Miocene time, we hypothesize tearing of the down-going slab 
into two spatially distinct shreds in the region between central and SE 
UDMA, and then buoyancy and change in the dip of subduction (as per 
Moghadam et al., 2021a) in the SE UDMA. We infer that the down-going 
slab was undergoing rollback beneath the central UDMA that facilitated 
ascending of lithospheric mantle melts at the same time whilst arc 
retreat was proceeding beneath the SE UDMA with detachment of sub
ducted oceanic lithosphere (i.e., slab break-off) and consequent influx of 
the hot asthenosphere (Fig. 12). 

Synthesizing zircon εHf(t) and whole rock εNd(t) isotopic data of pre- 
to post-collisional settings (e.g., Moghadam et al., 2022b) demonstrates 
that the products of the collision yielded higher values of εHf(t) and 
εNd(t) values. In this scenario, the Late Oligocene – Early Miocene 
magmatism of SE UDMA have significantly higher isotopic values of 
εHf(t) and εNd(t) (i.e., εHf(t) = +1.8 to +14.9 and εNd(t) = − 1.5 to +5.3) 
than their coeval in the central UDMA (i.e., εHf(t) = − 2.3.6 to +8.5 and 
εNd(t) = − 8 to +3.2). Moghadam et al. (2022b) attributed higher εHf(t) 
values of the post-collisional magmatism to (i) paving of melt conduits to 
facilitate interaction between mantle-dominant melts and subordinate 
continental crust materials; (ii) interaction between mantle-derived 
melts and juvenile crust formed during the Eocene flare-up; and (iii) 
infiltration of magmas into the lower segments of continental crust to 
cannibalize previous intrusions with progressively less isotopic contrast 
due to dilution with mantle-derived magmas (e.g., Storck et al., 2020). 
From a mineralization point of view, Raeisi et al. (2021) and Rabiee 
et al. (2022) by inference of geochemical and isotopic data proposed a 
progressive thickening of continental crust along with an increase in fO2 
following the collision between the Arabia and Iran plates as the plau
sible scenario for the formation of large fertile (i.e., optimally produc
tive) porphyry copper deposits (PCDs) throughout the UDMA from 
Oligocene–Miocene onward. The Tafresh, Natanz, and Niyasar granitoid 
rocks (20.1 Ma, 19.7 Ma, and 17.8 Ma, respectively; Raeisi et al., 2021; 
Babazadeh et al., 2024a; Honarmand et al., 2014, respectively) in cen
tral UDMA lack of the geochemical criteria for Cu-productivity (i.e., 
barren). In contrast, SE UDMA granitoid rocks record optimally sub- 
productive to productive geochemical signatures during Oligocene to 
Early Miocene, e.g., Bondar Hanza (~ 28 Ma; Mohebi et al., 2020), 
Zaftak ~28 Ma; Raeisi et al., 2021), Dali (~ 21–17 Ma; Aghazadeh et al., 
2015), Chah-Firouzeh (~ 17 Ma; Mohammaddoost et al., 2017), Ali 
Abad (~ 16.5 Ma; Aghazadeh et al., 2015), and Darreh Zereshk (~ 16 
Ma; Aghazadeh et al., 2015). In this scenario, the variable isotopic 
values in central- to SE UDMA at Late Oligocene – Early Miocene time, 
and the records of Cu-productivity pertaining to thickening of conti
nental crust along with increasing fO2, we hypothesize a diachronous 
collision in the central to SE UDMA, with priority in SE segments 
(Fig. 12). We infer that subduction in central UDMA also resulted ulti
mately in slab break-off (Babazadeh et al., in review) as proposed for the 
SE UDMA (Moghadam et al., 2022a, 2022b). However, the time of hard 
collision and detachment of subducted oceanic lithosphere might be 
spatially variable and likely did not coincide with processes taking place 
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in the SE segment of the UDMA. These findings bear important impli
cations for the geodynamic evolution of the Zagros orogen and run 
counter to a model suggesting that the collision initiated in the north
west and propagated progressively to the southeast along the Zagros 
suture zone (e.g., Chiu et al., 2013). The purported both slab steeping 
and slab tearing of the Neo-Tethys Ocean beneath Iran is not unique but 
analogous to Late Triassic–Early Jurassic tectonic setting of south
western Gondwana (e.g., Gianni et al., 2019), Late Triassic magmatism 
of eastern Tibet (e.g., Chen et al., 2017), and within the western Hellenic 
subduction zone (e.g., Hansen et al., 2019) where the geochemical and 
tomography data imply an intermittent evidence for the presence of a 
subducted slab. 

7. Conclusion 

Magmatic rocks in the Kajan region of the central UDMA have zircon 
U–Pb ages of 32 Ma to 22 Ma (i.e., Early Oligocene to Early Miocene), 
reflecting a 10 My magmatic record. The rocks have εNd(t) from 1.18 to 
2.25, zircon εHf(t) of − 0.7 to +5.9, 206Pb/204Pb(t) = 18.21 to 18.36, 
207Pb/204Pb(t) = 15.48 to 15.55, and 208Pb/204Pb(t) = 37.91 to 38.22. 
The geochemical and isotopic data are diagnostic of an active conti
nental margin, and reflect melting of a metasomatized, enriched mantle. 
Mixing modeling of the samples indicate mixture of up to 97:3 of the 
batch mantle melt (i.e., 98.5:1.5 of depleted mantle melt and terrigenous 
sediment): upper continental crust during magma evolution. The 32 Ma 
age of Kajan plutons is temporally distinct from the surrounding 
magmatic rocks, i.e., ~54–37 Ma and ~ 26.2–20 Ma, and < 15 Ma, thus 
indicating no lull in central UDMA magmatism during the Cenozoic. The 
oldest age (32 Ma) further speaks against distinct flare-up magmatic 
episodes of ~54–37 Ma and ~ 20–5 Ma in the front arc. We hypothesize 
a plausible tearing of the down-going slab into two spatially separated 
shreds in the region between central and SE UDMA, with diachronous 

collision related to resulting changes in buoyancy and dip of subduction. 
The down-going slab was likely still involved in central UDMA (i.e., 
rollback) whilst arc retreat beneath the SE UDMA proceeded with 
detachment of subducted oceanic lithosphere (i.e., break-off). We hy
pothesize that the diachronous collision in the UDMA was initiated in SE 
segments of the UDMA, and then progressed into central UDMA. Despite 
the apparent difference in collision time, we suggest that subduction in 
central UDMA also ended with slab break-off similar to the SE UDMA. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2024.122247. 
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