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Abstract

Tethyan evolution is characterized by cyclical continent-transfer from Gondwana to the continents in the Northern Hemisphere,

similar to a “one-way” train. Subduction has been viewed as the primary driver of transference. Therefore, it is crucial to

understand the tectonic evolution of all past subduction zones that occurred along Eurasia’s southern margin. We studied the

earliest known eclogite located at the Neo-Tethyan suture in the Iranian segment. A prograde-E-MORB-like eclogite reached

a peak metamorphic condition of 2.2 GPa and 560°C, at 190 ± 11 Ma (1? rutile U-Pb ages), which constrains the youngest

age for subduction initiation of the Neo-Tethyan slab. Combined with regional magmatic and structural data, the oldest age

for Neo-Tethys subduction initiation is 210–192 Ma, which is younger than the Paleo-Tethyan closure time of 228–209 Ma.

These data, used with previous numerical modeling, supports collision-induced subduction initiation. The collision-induced

force, together with the Paleo-Tethyan subduction driven-mantle flow, is likely to have exploited weak inherited structures from

earlier Neo-Tethyan rifting, resulting in a northward directed subduction zone along the southern margin of Central Iran Block.
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Abstract 24	

Tethyan evolution is characterized by cyclical continent-transfer from Gondwana to 25	

the continents in the Northern Hemisphere, similar to a “one-way” train. Subduction 26	

has been viewed as the primary driver of transference. Therefore, it is crucial to 27	

understand the tectonic evolution of all past subduction zones that occurred along 28	

Eurasia's southern margin. We studied the earliest known eclogite located at the 29	

Neo-Tethyan suture in the Iranian segment. A prograde-E-MORB-like eclogite 30	

reached a peak metamorphic condition of 2.2 GPa and 560°C, at 190 ± 11 Ma (1s 31	

rutile U-Pb ages), which constrains the youngest age for subduction initiation of the 32	

Neo-Tethyan slab. Combined with regional magmatic and structural data, the oldest 33	

age for Neo-Tethys subduction initiation is 210–192 Ma, which is younger than the 34	

Paleo-Tethyan closure time of 228–209 Ma. These data, used with previous 35	

numerical modeling, supports collision-induced subduction initiation. The collision-36	

induced force, together with the Paleo-Tethyan subduction driven-mantle flow, is 37	

likely to have exploited weak inherited structures from earlier Neo-Tethyan rifting, 38	

resulting in a northward directed subduction zone along the southern margin of 39	

Central Iran Block.  40	

Key words: continental rifting, collision-induced, subduction initiation, Neo-Tethyan, 41	

Tethyan dynamics 42	

 43	



1. Introduction  44	

 45	
Figure 1. Views of Earth. Left: the South Polar view of the Earth and world map 46	
(at 500 Ma); Right: the North Polar map of the Earth and world map (present 47	
day) adapted from Lawver et al. (2015). Light grey: continent; dark grey: large 48	
igneous provinces. The study area is denoted by a black square.  49	

 50	

Currently, with the exception of Antarctica, most continents are connected and 51	

encircle the north pole (Fig. 1). Almost all continents,	 including Gondwana, were 52	

located in the central to southern hemisphere to cap the south pole at about 500 Ma 53	

(Lawver et al., 2015). The one-way mega-transferring of continents from south to 54	

north was a key event of Earth, that occurred during the last 500 million years (Myr),	55	

with the Australian continent moving north at a rate of 70 mm/year as a 56	

representative active example (DeMets et al., 2010). During this mega-transferring of 57	

continents, the sea-land paleogeography changed, which influenced the Earth’s 58	

surface temperature from an icy to a warmer world (Merdith et al., 2019; Bergman et 59	

al., 2021; Scotese et al., 2021). However, the driving mechanism for this one-60	



way/single-directed transfer is still debated. Two competing theories are: (1) whole 61	

mantle convection which involves plume upwelling and subduction (e.g. Becker and 62	

Faccenna, 2011; Jolivet et al., 2016; Faccenna et al., 2021); and (2) northward 63	

oceanic subduction (Wan et al., 2019; Wu et al., 2020). After 50 Ma, the Indo-64	

Australian oceanic plate began subducting beneath the southern Eurasian continent 65	

(Sunda Shelf) margin along the Java trench (Hall, 2017). The major eruption of the 66	

Kerguelen large igneous province (90–120 Ma) has been proposed to have 67	

fragmented the Antarctic-Australia plate. However, this eruption was earlier than the 68	

abrupt velocity change of the Australia plate at 45 Ma (Whittaker et al., 2013; 69	

Williams et al., 2019). Instead, the Australian plate acceleration is temporally closer 70	

with that of the 50 Ma Java trench subduction zone activity. This supports the idea 71	

that subduction is the driving force of the northward migration of the Australian plate 72	

(Forsyth and Uyeda, 1975).  73	

The cycle of Tethyan oceans involved the Proto-Tethys (440–420 Ma closure), 74	

the Paleo-Tethys (330–220 Ma closure), and the Neo-Tethys (65–15 Ma closure). 75	

This cycle merged many Gondwana-derived continents with continents to the north. 76	

All surviving Tethyan sutures are presently located in the northern hemisphere 77	

(Stampfli et al., 2013; Torsvik and Cocks, 2017; Wu et al., 2020). It is unclear if the 78	

closure of the Tethyan oceans was caused by the same tectonic forces that are 79	

controlling the current evolution of the Indian Ocean and the northward migration of 80	

the Australian plate. To compare these two scenarios, it is necessary to first 81	

constrain the subduction initiation for the Tethyan oceans, in particular the youngest 82	



Neo-Tethyan ocean. However, subduction initiation is a challenging and poorly 83	

understood topic (Stern and Gerya, 2018), especially given the discrepancy between 84	

numerical modeling (Gerya et al., 2015; Leng and Gurnis, 2015; Zhong and Li, 2020; 85	

Zhou et al., 2020; Zhong and Li, 2022), and geological observations (Whattam and 86	

Stern, 2011; Guilmette et al., 2018; van Hinsbergen et al., 2021).  87	

The Neo-Tethyan Iranian segment preserves many Neo-Tethyan ophiolites 88	

(Moghadam and Stern, 2015; Ao et al., 2016), subduction-related magmatic 89	

episodes (Omrani et al., 2008; Chiu et al., 2013; Chiu et al., 2017; Zhang et al., 90	

2018; Moghadam et al., 2022), and metamorphic events (Agard et al., 2011; 91	

Davoudian et al., 2016; Bonnet et al., 2020). This makes the Iranian segment an 92	

ideal location to study the Neo-Tethyan subduction initiation problem. There is a 93	

consensus about Neo-Tethyan subduction initiation along the southern Iranian 94	

continent’s margin (Hassanzadeh and Wernicke, 2016; Stern et al., 2021). However, 95	

the timing of Neo-Tethyan subduction initiation in Iran is debated, and either 96	

occurred in the Triassic-Jurassic (Arvin et al., 2007), or the Cretaceous (Moghadam 97	

and Stern, 2015). In addition, the driving mechanism has been explained through 98	

either collision-induced (Wan et al., 2019), or spontaneous nucleation (Moghadam 99	

and Stern, 2011) Additionally, it is crucial to understand why the subduction of the 100	

Indian, Neo-Tethyan, and Paleo-Tethyan ocean basins consistently initiate along the 101	

southern Eurasian margin with a north-dipping slab, as opposed to how subduction 102	

polarity frequently reverses in the southern hemisphere in the Pacific realm (Brown 103	

and Ryan, 2011).  104	



 105	

Figure 2: Tectonic sketch map of Iran, highlighting tectonic domains, Neo-106	

Tethyan suture, Jurassic magmatism, and high-pressure metamorphism. 107	

Based on the map from the Geological-Survey-of-Iran (2009). Strata 108	

observation positions from Leven and Gorgij, (2011). 109	

In this study, an eclogite sample along the Neo-Tethyan suture zone in southern 110	

Iran was analyzed to find out its photolith nature, in situ metamorphic age, and its 111	

corresponding metamorphic condition based on geochemical-petrological studies. 112	

The new in-situ U-Pb rutile age is the earliest subduction-related high-pressure 113	

metamorphic event observed in the Neo-Tethyan suture zone. This event defines the 114	

latest (youngest) timing of subduction initiation. In addition, the mechanism for how 115	



and why subduction occurred is discussed with the goal to better understand other 116	

Tethyan regions and subduction zones globally. 117	

 118	

2. Geological background  119	

Three major tectonic domains dominate the Tethyan evolution in Iran. Along the 120	

Talesh-Alborz-Binalud mountain range in northern Iran, the Paleo-Tethyan suture 121	

divides the Kopeh-Dagh domain to the north from the Central Iran domain to the 122	

south. The Neo-Tethyan	 closure sutured the Central Iran domain and Arabia domain 123	

in southern Iran. The Kopeh-Dagh is dominated by Jurassic to Cenozoic shallow 124	

marine to continental sedimentary rocks such as: limestone, sandstone, shale, and 125	

conglomerate. The basement of the Kopeh-Dagh domain is a Paleozoic–Early 126	

Mesozoic volcanic arc located on the Baltic or Siberian Precambrian continents 127	

(Natal'in and Şengör, 2005; Zanchetta et al., 2013; Chu et al., 2021).  128	

According to sedimentary records, the entire central Iran domain was formerly 129	

part of the Arabian continent but separated as a ribbon continent (Cimmeria) in the 130	

late Permian (Koop et al., 1982). During the rifting and drifting process, Central Iran 131	

was surrounded by passive margins, as indicated by sedimentary facies analyses 132	

(Leven and Gorgij, 2011), which share a similar scenario of Indian drifting northward 133	

during the Cretaceous. Recent research in northern Iran, along the Paleo-Tethyan 134	

suture near Mashhad, indicate that the first arrival of Eurasian material to the passive 135	

margin of central Iran occurred at 209–228 Ma (Chu et al., 2021). Previous 136	

stratigraphic studies suggest that the collision must have occurred between the late 137	



Triassic (228 Ma) and the mid Jurassic (174 Ma), and possibly initiated at the 138	

Carnian–Norian boundary (Fürsich et al., 2009). Additionally, the extensive time 139	

span might be restricted by a stitching pluton at 217 ± 1.7 Ma (2s) that crosscuts 140	

through Triassic compressional structures in the Alborz (Zanchetta et al., 2013). 141	

Thus, the new detrital zircon results (209–228 Ma) (Chu et al., 2021), corroborate 142	

prior stratigraphic and structural geological studies (217–228 Ma), implying a Triassic 143	

collision event.  144	

Magmatism is extensive in Central Iran, with two magmatic flare-ups occurring in 145	

the Jurassic along southern Iran (Fig. 2), and in the Cenozoic throughout Central 146	

Iran (Verdel et al., 2011; Chiu et al., 2013; Zhang et al., 2018; Moghadam et al., 147	

2022). The Jurassic plutons are mostly granite, granodiorite, quartz diorite, and 148	

gabbro (Hassanzadeh and Wernicke, 2016), whilst the Jurassic volcanic rocks are 149	

mostly basaltic, andesitic lava, and volcanoclastics (Emami and Khalili, 2008). 150	

Geochemical studies on the Jurassic igneous rocks found eHf(T) values ranging from 151	

+13 to −3 (Chiu et al., 2017; Zhang et al., 2018), indicating that they originated from 152	

a mixed juvenile and reworked crustal sources. The Hf isotopic ratios of Jurassic 153	

igneous rocks are in the range of Cenozoic igneous rocks eHf(T) (+14 to -7) along 154	

southern Iran (Chiu et al., 2017; Moghadam et al., 2022). The similar petrological 155	

and geochemical features between Jurassic and Cenozoic magmatic rocks implies a 156	

similar subduction-related tectonic environment, while some researchers think that 157	

the Jurassic rocks have inherited the geochemical signature from a Mesozoic 158	

continental rifting episode (Azizi and Stern, 2019).  159	



 160	

Figure 3. (a) Simplified geological map showing the juxtaposition of various 161	

rock types and metamorphic grades of rocks, based on the Shahrekord Sheet 162	

of the Geological-Survey-of-Iran (2009). (b)  Marble lenses in schist and gneiss. 163	

(c) Top-to-the-SW fabric in eclogite (white square marks the thin section site). 164	

Two thin section photos (d:	 cross polarized light, e: backscattered electron) 165	



showing the major mineral associations. Grt: garnet, Omp: omphacite, Rt: 166	

rutile, Amp: amphobile, Qtz: quartz, Ilm: ilimnite, ep: epidote, and Ms: mica 167	

Along southern Iran, Jurassic high-pressure low-temperature (HP/LT) 168	

metamorphic rocks have been reported (Davoudian et al., 2016; Jamali Ashtiani et 169	

al., 2020). The HP/LT rock is an eclogite with a peak metamorphic condition of 2.35–170	

2.5 GPa and 520–600°C, and metamorphic ages of 172–184 Ma by Ar-Ar dating of 171	

phengite (Davoudian et al., 2016). The eclogites outcrop along a regional NW-172	

striking shear zone (Fig. 3), and the field relationship has been described in detail by 173	

(Davoudian et al., 2016). Eclogite bodies and marbles occur as lenses in the schist, 174	

and the lenses are mostly meters-scale. The marble lenses contain dark eclogite, 175	

indicating the marble has also undergone HP metamorphism. The schist is at 176	

amphibolite-grade, with greenschist in the surrounding region. The ages of the 177	

schists are still unknown. Recent studies show that the gneisses are from Cadomian 178	

basement, with an age of 552 Ma, which also containing a younger intrusion dated 179	

as 176  ± 3.3 Ma (2s) (Jamali Ashtiani et al., 2020). Permian limestone, Jurassic 180	

volcanic-sedimentary rocks are thrust over the metamorphic complex with various 181	

grades of metamorphic rocks such as schist, gneiss, and amphibolite. The Jurassic 182	

volcanic-sedimentary rocks have experienced low-grade metamorphism, at 183	

prehnite–pumpellyite facies. This type of rock assemblage, with different origin with 184	

contrasting metamorphic grades is very similar to the accretionary complex 185	

associated with subduction zones observed globally (Wakabayashi, 2011). 186	



Additionally, understanding the origin of the HP/LT rocks will aid in comprehending 187	

the subduction environment at the time. 188	

Many early Cretaceous ophiolites occur in the south of Central Iran (Moghadam 189	

and Stern, 2011; Moghadam and Stern, 2015), and extensive Cretaceous to 190	

Cenozoic magmatic rocks are viewed as the subduction products of the Neo-191	

Tethyan slab (Omrani et al., 2008; Moghadam et al., 2022). The final closure of the 192	

Neo-Tethys merged the Central Iran domain with the Zagros domain along the 193	

Zagros suture during the Oligocene or the Miocene (McQuarrie and van Hinsbergen, 194	

2013; Zhang et al., 2017).  195	

 196	

3. Sample, analytical methods and results 197	

In the Shahrekord region, we sampled an eclogite (TM107, N32°45'47" 198	

E50°39'37") near Chadegan (Fig. 3). The eclogite is composed of garnet, omphacite, 199	

muscovite, chlorite, barroisite, calcic-amphibole, epidote, quartz, rutile, and ilmenite. 200	

The metamorphic mineral assemblage at its peak is composed of amphibole, 201	

muscovite, garnet, omphacite, quartz, and rutile. 202	



 203	

Figure 4. Analytical results from bulk sample or minerals from studied eclogite 204	

sample TM107. (a) Primitive mantle-normalized trace-element pattern, 205	

normalizing data from Sun and McDonough (1989). (b) EMPA profiles 206	

showing homogenous components of Mg, Ca, Al and decreasing Mn 207	

garnet end-member components from core to rim in garnet grain; (c). P–T 208	

pseudosection (SiO2 48.23, TiO2 1.89, Al2O3 14.51, FeO 12.86, MgO 7.54, 209	

CaO 11.18, Na2O 2.62, MnO 0.24, K2O 0.65 wt.%, which is corrected from 210	

table 1). Ellipse region is calculated from EPMA data of garnet 211	

(Supplementary table), and rectangle region from Davoudian et al. (2016). 212	

(d) Rutile SIMS U-Pb age. 213	

The sample was ground the sample into 200-mesh powder and the bulk-214	

sample’s major and trace elements geochemistry was analyzed to determine the 215	

rock’s origin. To understand the metamorphic processes and peak metamorphic 216	



conditions, we chose a representative garnet was selected for major oxide 217	

measurements and P-T pseudosection modeling. Additionally, rutile was separated 218	

and the U-Pb isotopes were analyzed to determine the absolute age of peak 219	

metamorphism. Rutile was used as it formed at a peak metamorphic stage, is in 220	

equilibrium with garnet, and has an appropriate U-Pb system closure temperature of 221	

~600°C, with a proper crystal size (Cherniak, 2000). The analyses were undertaken 222	

by various facilities at the Institute of Geology and Geophysics, Chinese Academy of 223	

Sciences. The details are described in the supplementary file.  224	

The eclogite sample (TM107) has SiO2 of (47.02 wt. %), Fe2O3T (13.92 wt. %), 225	

TiO2(1.84 wt. %), MgO (7.34 wt. %), Na2O (2.55 wt. %), CaO (7.94 wt. %), K2O 226	

(0.65 wt. %), and negligible P2O5. The eclogite is characterized by a slightly enriched 227	

light-rare-earth element pattern (La/Yb = 2.68). It shares a typical composition with 228	

that of enriched middle-ocean ridge basalt (E-MORB) (Sun and McDonough, 1989) 229	

(Fig. 4a; Table 1). The garnet is relatively homogenous with Fe and Al, belonging to 230	

the almandine end-member, and shows a decrease in Mn from the core to the rim 231	

along a profile across the mineral (Fig. 4b). The compositions of minerals and bulk-232	

rock are presented in detail in Table 1 and Supplemental Table. The garnet-derived 233	

P-T conditions constrain a prograde path with a maximum P-T condition of 2.2 GPa 234	

and 560°C and a geothermal gradient of 7.7°C/km (Fig. 4c). Exhumation of the 235	

eclogite resulted in the production of epidote and amphibole following peak 236	

metamorphism. The modeling result agrees with the thin section observations, 237	

indicating that rutile formed at the garnet rim during peak metamorphism. A total of 238	



32 rutile grains (each with a 100 µm crystal size) was measured for U-Pb isotopes, 239	

with 24 grains providing valid data (Table 2). The U concentration is modest (1.8–0.3 240	

ppm), while the Th/U ratio varies between 0.01 and 0.33. The valid 24 analyses yield 241	

a lower intercept age of 190 ± 11 Ma (1s) with an MSWD of 1.9., as shown on the 242	

Terra-Wasserburg diagram (Fig. 4d). 243	

 244	

4. Discussion  245	

4.1. Neo-Tethyan subduction initiation time 246	

Most researchers agree that Neo-Tethyan subduction began at the southern 247	

margin of Central Iran, but disagree on the timing of initiation between the Triassic-248	

Jurassic (Arvin et al., 2007; Ahadnejad et al., 2011; Chiu et al., 2013; Davoudian et 249	

al., 2016; Zhang et al., 2018) and the late Cretaceous (Moghadam and Stern, 2015). 250	

The widespread magmatism in the early Jurassic in Central Iran clearly shows arc 251	

signatures of depleted Hf isotopes (Chiu et al., 2017; Zhang et al., 2018), which are 252	

regarded as an upper constraint (earliest age) of subduction initiation. Some 253	

researchers attribute a late Triassic Siah-Kuh granite (200 ± 30 Ma (2s) Sm-Nd 254	

isochron as the earliest evidence (Arvin et al., 2007). However, the updated LA-255	

ICPMS zircon U-Pb dating gave ages of 175 ± 1.8 Ma (2s) from the Siah-Kuh granite 256	

(Chiu et al., 2013), and now the earliest and most reliable arc magmatism in 257	

southern Iran is a 187 ± 6 Ma (2s) granodiorite (Ahadnejad et al., 2011) (Fig. 2). 258	

Stern (2004) suggested that the age of the SSZ-type ophiolite could represent 259	

subduction initiation. The earliest SSZ-type ophiolites in southern Central Iran along 260	



the Turkish-Zagros suture formed 90 ± 10 Ma (Whattam and Stern, 2011; 261	

Moghadam and Stern, 2015), which is significantly younger than the Jurassic 262	

subduction arc magmatism (Zhang et al., 2018).  263	

In contrast, the oldest HP rocks associated with subduction in the accretionary 264	

complex may provide better evidence for subduction initiation. Using the phengite Ar-265	

Ar technique, the earliest eclogite was dated as being 184 ± 1 Ma (1s) (Davoudian et 266	

al., 2016). The sub-arc depth is known to be 100 kilometers, which corresponds to 267	

the location of the majority of arc magma production (Syracuse and Abers, 2006). 268	

HP metamorphism in a subduction zone mostly occurs at a fore-arc depth that is 269	

shallower than the sub-arc depth (Agard et al., 2009). As a result, the earliest HP 270	

metamorphic age in the subduction zone should be older than the earliest magmatic 271	

arc rock formed following subduction initiation (only if these rocks have been 272	

preserved and discovered).	 The eclogite contains E-MORB geochemistry that is 273	

consistent with a previous report by Malek-Mahmoudi et al. (2017), indicating an 274	

oceanic slab subduction environment (Fig. 4). The in-situ rutile U-Pb dating method 275	

yielded an age of 190 ± 11 Ma (1s) with an MSWD of 1.9. This new in-situ rutile age 276	

is slightly older than the oldest arc magmatism (187 Ma) in Central Iran. The Mn 277	

concentration of garnet from the eclogite is enriched in the core and is depleted in 278	

the rim, indicating that the eclogite was under prograde metamorphism (Fig. 4d).  279	

This study calculates that the eclogites experienced a geothermal gradient of 7°–280	

7.7 °C/km, which replicates the results from Davoudian et al. (2016). These 281	

temperatures are within typical subduction zone geothermal gradients of 5–10 °C/km 282	



(Wang et al., 2021). However, numerous geological and numerical investigations 283	

revealed a hot subduction environment during subduction initiation that is 284	

characterized by high-temperature rocks such as boninite and a metamorphic sole 285	

(Stern, 2004; Esna-Ashari et al., 2016; Maunder et al., 2020; Coulthard Jr et al., 286	

2021). While the new rutile U-Pb age from the eclogite sample constrains the oldest 287	

subduction-related timing in the Iranian Neo-Tethyan region to date, it represents the 288	

closest time lagged after the subduction initiation with respect to previous studies 289	

(Ahadnejad et al., 2011; Davoudian et al., 2016). Unlike the records in Iran, Early 290	

Jurassic ophiolites and accretionary complexes are well documented in Turkey, to 291	

the west of Iran, along the strike (Topuz et al., 2013; Okay et al., 2020). The geology 292	

in Turkey would help the correlation of the Jurassic subduction zone along the 293	

southern Eurasian margin, in southern Iran with the nearby region.  294	

Nikolaeva et al. (2010) modeling experiments suggest that the transition from a 295	

stable margin to subduction initiation at a passive margin is controlled by the ductile 296	

strength of the lower continental crust, subcontinental lithospheric mantle, and the 297	

density contrast with the suboceanic lithospheric mantle. The modeled transition 298	

takes 1 Myr to ~45 Myr to initiate subduction. However, new numerical modeling 299	

examined the time of subduction initiation at passive margins, and determined that 300	

subduction could occur only in the presence of a weak zone at the passive margin 301	

Zhong and Li (2020). If a horizontal  convergence force (larger than 3.0 × 1012 N/m) 302	

is exerted on the passive margin, the transition duration from passive to subduction 303	

is between ~2 Myr to ~20 Myr, but for most cases are less than 10 Myr (Zhong and 304	



Li, 2020). As previously estimated, the subduction plate at 700 km depth would exert 305	

4.9 × 1013 N/m force on the trench plate (Wan et al., 2021). Previous modeling 306	

shows that the net slab force to pull the trailing plate is 10% of the slab pull force 307	

(Schellart, 2004), ~ 4.9 × 1012 N/m for the Iranian Tethys case. After initial collision, 308	

and before slab breakoff,  the net slab pull force together with the ridge push force 309	

from Neo-Tethyan mid-ocean should match the numerical modeling requirements of 310	

Zhong and Li (2020). The new rutile age of 190+11 Ma (1s) from the geological 311	

observation is not conflict with the results from numerical tests in Zhong and Li 312	

(2020)(Fig. 5).	 The earliest subduction initiation at a passive margin should occur 313	

between 192 and 210 Ma. 314	



 315	

Figure 5. Convergent boundary force of 3.0 × 1012 N/m, with a prescribed weak 316	

zone at the passive margin model showing the subduction initiation taking 317	

22.5 Myr after collision. Dashed boxes mark the passive margin. After 318	

Zhong and Li (2020) 319	

 320	



4.2. Mechanism of Neo-Tethyan subduction initiation from the Eurasian 321	

margin  322	

The boundary between the Neo-Tethyan oceanic plate and Central Iran 323	

continental crust is the location where the Neo-Tethyan subduction zone initiated. 324	

This is because no earlier oceanic island arc (older than 100–120 Ma) has been 325	

reported in the southern Central Iran (Moghadam and Stern, 2011; Moghadam and 326	

Stern, 2015). Central Iran has a current size of approximately 1 million km2. 327	

Considering the shortening rate of Central Iran during the Arabian-Eurasian collision, 328	

including the older Cimmerian orogeny, its original size must be larger than its 329	

current size and could be comparable with the size of the Ontong Java oceanic 330	

plateau of 1.5 million km2. Niu et al. (2003) showed that a plume-modified oceanic 331	

lithosphere is ~1% less dense than a normal oceanic lithosphere. According to new 332	

numerical modeling studies, an oceanic plateau with a strong rheological and 333	

depleted mantle root could assist the subduction zone by transferring from a plateau-334	

continent collision zone to a plateau-oceanic boundary (Yan et al., 2021). Central 335	

Iran must be even lighter than an oceanic plateau because of the lighter continental 336	

lithosphere and thicker and lighter sedimentary cover. Therefore, its resistance to 337	

subduction during collision should be even more likely. To induce a new subduction 338	

zone, it is necessary to provide a continuous convergent force to overcome the 339	

lithospheric rigidity. The convergent force at the southern margin of Central Iran is 340	

controlled by the interplay between Central Iran and Eurasia colliding. The northward 341	

collision force is provided by the Paleo-Tethyan slab's northward subduction prior to 342	



its separation from Central Iran and its lateral continents. According to van Hunen 343	

and Allen (2011) numerical modeling experiments, the older the oceanic crust is, the 344	

stronger it is and requires a longer period (over 20 Myr) to break-off. Because the 345	

Paleo-Tethyan opening occurred earlier than the Devonian (Chu et al., 2021), the 346	

late Triassic collision formed the subducting boundary between the Paleo-Tethyan 347	

slab and Central Iran. Such a prolonged time span indicates the presence of a strong 348	

oceanic lithosphere. As a result, the subducting Paleo-Tethyan slab may give at 349	

least another 20 Myr of convergence following collision. The docking/amalgamation 350	

and growth of mountains in northern Iran may have absorbed part of the horizontal 351	

convergence. However, kilometer-scale uplift cannot absorb all of the convergence 352	

from hundreds or even thousands of kilometers of continental collision. Following the 353	

ultimate break-off of the Paleo-Tethyan slab, the low density continental crust in the 354	

mantle will be exhumed to a shallow depth due to its buoyancy, providing an extra 355	

force to supply the southern Central Iran margin with the convergent force required 356	

to initiate subduction. Thus, following continental collision, several geological 357	

processes may generate horizontal convergence stresses sufficient to initiate 358	

subduction along pre-existing weak zones in the Gondwana lithosphere (Fig. 5d).  359	

The newly constrained timing of collision at 228–209 Ma indicates that a 360	

continuous convergent force can continue to 208–189 Ma before slab break-off (van 361	

Hunen and Allen, 2011; Zhong and Li, 2020; Chu et al., 2021). This coincides with 362	

our new predicted Neo-Tethyan subduction initiation time range of 210–192 Ma. This 363	

study's limitation is that observation of geological events such as continental collision, 364	



subduction initiation, and accompanying slab break-off, cannot be as precise as 365	

numerical modeling, and geological events may be diachronous along strike. 366	

However, the sequence between continental collision and subduction initiation 367	

remains constant. According to updated information, the Iranian Neo-Tethys 368	

subduction began between 210 and 192 Ma, which is younger than the final closure 369	

of the Paleo-Tethys in northern Iran, which occurred between 228 and 209 Ma (Fig. 370	

6a). Similar scenarios occurred in other Tethyan regions, such as in Bulgaria, Turkey, 371	

Tibet, and southeast Asian regions (see Wan et al., 2019 and references therein), 372	

which may have broad implications for subduction zone transfer in Tethyan collision 373	

events.  374	

The Neo-Tethyan region's continental collision-induced subduction initiation may 375	

be distinct from the Pacific region, as there are numerous cases of subduction 376	

polarity reversal in the south to west Pacific (Brown and Ryan, 2011). During the 377	

Tethyan development, the new subduction in the Neo-Tethys and Indian Oceans 378	

began along the Eurasian continental margin and moved the drifting Gondwanan 379	

blocks towards the Eurasian continent because of northward oceanic subduction. 380	

There may have been a unique feature during the creation of the southern Eurasian 381	

passive margin. The rifting process created several faults along the continental 382	

margin, which may serve as weak zones for future subduction. Central Iran was 383	

located upon a mantle convection cell defined by the sinking of the Paleo-Tethyan 384	

slab in the north and the upwelling of mantle in the Neo-Tethyan ridge in the south, 385	

during the interval between the Neo-Tethys opening and the Paleo-Tethyan closing. 386	



According to subduction-driven plate tectonics of Forsyth and Uyeda (1975), the 387	

convection cell was driven by the downgoing Paleo-Tethyan oceanic slab and should 388	

continue to function even after the Paleo-Tethyan oceanic slab split from Central Iran 389	

(Conrad and Lithgow-Bertelloni, 2002). Taken together, the normal convergent force 390	

(3-5 × 1012 N/m) at the abrupt continent-oceanic boundary via pre-existing faults and 391	

a continuing northward mantle movement beneath the continent are likely the 392	

reasons for the subduction to begin along the southern Eurasian margin following 393	

continental collision (Fig. 6b). 394	

Many researchers proposed that the whole-mantle convection that is bounded by 395	

upwelling of mantle plumes beneath Gondwana and downwelling beneath Eurasia 396	

may have played important roles for the Tethyan evolution (e.g. Becker and 397	

Faccenna, 2011; Jolivet et al., 2016; Faccenna et al., 2021). In our studies, we 398	

proposed that the subduction beneath Eurasia could cause continental rifting from 399	

Gondwana (Wan et al., 2021), drive continental northward drifting and trigger 400	

subduction initiation along the southern Eurasian margin. The major difference 401	

between the whole-mantle convention model and the subduction-driven model is that 402	

the upwelling of mantle plumes plays an active role in the long-lived single-directed 403	

Tethyan evolution or it is only a passive feedback of the slab subduction towards 404	

Eurasia (Chen et al., 2020). To gain deep insight into this issue demands more 405	

whole-mantle scale studies and more geological cases in the earlier history than 406	

Paleo-Tethys (Coltice et al., 2019; Robert et al., 2020; Wu et al., 2020).  407	

 408	



 409	

 Figure 6. (a) Paleo-Tethyan subduction leads rifting to open Neo-Tethys in Iran, 410	

revised from Wan et al. (2021), (b) Collision induced Neo-Tethyan subduction 411	

initiation along the passive margin of central Iran.  412	

5. Conclusions 413	

• At 190 ± 11 Ma (1s) from rutile U-Pb dates, a prograde-E-MORB-like eclogite 414	

along the Neo-Tethyan suture reached peak metamorphic condition of 2.2 GPa 415	

and 560°C. This age represents the youngest (latest) age for subduction 416	

initiation of Neo-Tethys. 417	

• Based on regional geological events and numerical modeling results, the oldest 418	

Neo-Tethyan subduction initiation date is 192–210 Ma, which is slightly younger 419	



than the Paleo-Tethyan closure timing of 209–228 Ma, implying collision-induced 420	

subduction initiation. 421	

• During the rifting of Neo-Tethys, the southern margin of Central Iran inherited 422	

pre-existing faults. At such a boundary, the collision-induced force, combined 423	

with subduction-driving mantle flow, may aid in the initiation of northward 424	

subduction. 425	

 426	
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