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A B S T R A C T   

Subduction initiation (SI) requires the sinking of one plate beneath another and this exerts extensional stress on 
the overlying plate. How broad a region is affected by SI-related extension is unclear because most of the clearest 
SI examples– such as Izu-Bonin-Mariana arc– are deep under the ocean. A major SI event is recorded in the Late 
Cretaceous forearc ophiolites of Iran, related to the subduction of Neotethyan oceanic lithosphere beneath 
Eurasia. This caused extreme extension of the Iranian plate, up to ~1000 km away from the proto-trench and 
generated a series of back-arc oceanic basins, sedimentary basins, and core complexes and exhumed high-P rocks. 
The Late Cretaceous Iran example shows that SI can cause strong extension over a much wider region of the 
overriding plate than heretofore imagined and offers an accessible natural laboratory for studying SI processes. 
This understanding also provides an attractive new explanation for the origin of the South Caspian Sea.   

1. Introduction 

Earth’s tectonic plates are largely driven by the sinking of oceanic 
lithosphere in subduction zones (Coltice et al., 2019), so understanding 
how new subduction zones form is critical for understanding plate tec-
tonic theory. Key constraints for reconstructing subduction initiation 
(SI) involve understanding how this leads to extreme extension of the 
overriding plate (Arculus et al., 2019; Gerya et al., 2015). Much of our 
understanding of SI comes from studying the Izu-Bonin-Mariana (IBM) 
forearc. This formed during early Eocene (~50 Ma) SI of the Pacific 
Plate beneath the eastern Philippine Sea Plate (Ishizuka et al., 2014). 
Forearcs of intra-oceanic convergent margins like the IBM convergent 
margin are natural foci for SI research because these inner trench slopes 
expose crust and upper mantle (Stern et al., 2012). However, Eocene SI- 
related crust was recently discovered in the Amami Basin where IODP 
351 was drilled (Hickey-Vargas et al., 2018), far behind the IBM 
convergent plate margin. These results suggest that SI-related extension 
affects a broader region of the overriding plate than heretofore 
imagined. 

Realistic numerical models are essential for understanding SI (e.g., 
(Nikolaeva et al., 2008)). However, we cannot construct realistic nu-
merical models for SI unless and until we understand how extensional 

strain is distributed in the overriding plate. Because the evidence for SI- 
related extension in intra-oceanic convergent margins lies in deep water 
and is buried beneath thick sediments, it is difficult to identify regions of 
SI-related extension away from the trench without drilling. It is much 
easier to evaluate upper plate SI-related extension on land for a 
convergent margin where SI is documented. The Late Cretaceous tec-
tonic evolution of Iran provides such an opportunity (Moghadam and 
Stern, 2011). The distribution and timing of Late Cretaceous Iranian 
ophiolites and extensional basins provide important insights for under-
standing SI-related upper plate extension. 

This paper addresses this problem by summarizing geochronological 
data and synthesizing these with existing information for the well- 
exposed Late Cretaceous SI-related extensional regime of Iran. Iran is 
part of the overriding plate in the Eurasia-Arabia convergent margin. 
The main aim of this study is to understand the extensional regimes that 
affected what is now the forearc (e.g., Late Cretaceous Zagros ophiolites) 
and the back-arc regions as far as the Caspian Sea. We are especially 
interested to know the width of the upper plate region that was affected 
by SI-related extension and how long this extension continued. We show 
that Late Cretaceous ophiolites of Iran may be the best place in the world 
to study how SI-related extension is distributed across the upper plate. 
An interesting benefit of this study is that it explains how the southern 
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Caspian Sea formed as an upper plate response to Late Cretaceous SI. 
For this study, we have compiled zircon U-Pb, K-Ar and Ar-Ar ages 

for ophiolites, sedimentary basins and core complexes, as well as Rb-Sr 
isochron ages for high-P metamorphic rocks. We also used the micro-
fossil ages of pelagic sediments from each ophiolite. Most zircon U-Pb 
data on Zagros ophiolites come from first author’s paper which deals 
with age, major-trace and isotope geochemistry of Zagros ophiolites 
(Moghadam et al., in press. The Middle-Late Cretaceous Zagros Ophio-
lites, Iran: Linking of a 3000 km swath of subduction initiation forearc 
lithosphere from Troodos to Oman, GSA Bulletin, in press). Detailed 
analytical procedures can be found in “Supplementary Appendix A” of 
this paper. 

2. Forearc extension: late cretaceous Zagros ophiolites 

Bitlis-Zagros ophiolites are part of the most continuous and best- 
studied Neotethyan ophiolite belt in the world. These ophiolites can 
be traced for more than 3000 km along the SW margin of Eurasia, from 
Cyprus through SE Turkey, NW Syria, NE Iraq, SW Iran and northern 
Oman. Late Cretaceous ophiolites along the Troodos-Bitlis-Zagros- 
Makran-Oman suture zone are remnants of Neotethys oceanic litho-
sphere, although these ophiolites formed along the margin of the over-
riding plate, at the leading edge of the Iranian plateau. These ophiolites 

include outer (OB) and inner (IB) Zagros ophiolites in Iran, which 
formed during Late Cretaceous SI of Neotethys oceanic lithosphere 
leading to forearc spreading and ophiolite formation (Fig. 1). 

Iran outer and inner belt ophiolites are separated by the Sanandaj- 
Sirjan Zone (SaSZ). The SaSZ is an important tectono-magmatic prov-
ince, encompassing a SE-NW trending zone that is 50–100 km wide and 
1200 km long. Understanding the significance of the SaSZ is critical for 
understanding the SI model for Iran. The SaSZ was previously thought to 
be a magmatic arc but this has recently been superseded by re- 
interpreting it as marking a NW-propagating continental rift that 
formed near the southern margin of Iran (see (Azizi and Stern, 2019) for 
discussion and references). SaSZ igneous and metamorphic activity 
occurred ~177–145 Ma (Azizi and Stern, 2019). The crust of Iran is 
dominated by Late Neoproterozoic-Early Cambrian (Cadomian; 
600–500 Ma) igneous and metamorphic rocks (Hassanzadeh et al., 
2008; Moghadam et al., 2021), and the presence of Cadomian basement 
in the SaSZ shows that it formed in-situ on the southern margin of Iran. 
IB ophiolites formed inboard of the SaSZ and must also have formed in- 
situ. The SaSZ was exhumed during Latest Cretaceous-Early Eocene 
time, as shown by a hiatus in sediments overlying the SaSZ and all 
Zagros ophiolites. The SaSZ now defines an anticlinorium structurally 
beneath the Zagros ophiolites (Alavi, 2004). 

Recent geochemical and geochronological studies of Late Cretaceous 
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Fig. 1. Simplified geological map of Iran emphasizing Late Cretaceous ophiolites and sedimentary basins as well as Cenozoic magmatic rocks. The tectono-magmatic 
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ophiolite crust, whereas ages in green are for high-P metamorphism. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
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Neotethyan ophiolites along the Bitlis-Zagros suture zone show a tem-
poral evolution in the volcanic sequence from mid-ocean ridge basalt 
(MORB)-like tholeiitic to calc-alkaline and boninitic suites during their 
Late Cretaceous lifetimes (e.g. (Moghadam and Stern, 2011), which 
conforms to the subduction initiation rule of (Whattam and Stern, 
2011). All these ophiolites are about the same age: zircon U-Pb ages of 
94–90 Ma for Troodos plagiogranites (Maffione et al., 2017); 96–95 Ma 
for Samail ophiolite gabbros and plagiogranites (Rioux et al., 2016; 
Warren et al., 2005); 92–91 Ma for Kizildag plagiogranites (Dilek and 
Thy, 2009) and 105–94 Ma for Zagros ophiolites (Moghadam et al., in 
press) (Fig. 2). Our compiled geochronological data indicate that the 
Zagros ophiolites formed along the length of the SW Eurasia margin over 
around 12 m.yr. between ca 93 and 105 Ma (versus 15 m.yr. -from 105 
to 90 Ma- for all Neotethyan Late Cretaceous forearc ophiolites; Troodos 
to Oman, Fig. 3); this timespan is similar to the SI-related episode of 
seafloor spreading determined for the IBM forearc (7–8 m.yr.; (Ishizuka 
et al., 2014)). 

3. Subduction zone metamorphism 

Other evidence for Late Cretaceous SI in Iran is high-P metamorphic 
rocks. Exhumation of high-pressure rocks from the top of the subducting 

slab to the overriding plate is expected to accompany SI (van Hinsbergen 
et al., 2015). Late Cretaceous high-pressure rocks are commonly asso-
ciated with SI ophiolites in this region and give metamorphic ages of 
96–93 Ma in Oman and 87–68 Ma for Zagros (Guilmette et al., 2018; 
Moghadam et al., 2017). Garnet Lu-Hf ages from the Oman meta-
morphic sole yield prograde- metamorphic ages of 104 Ma (Guilmette 
et al., 2018). This indicates that SI, upper plate extension and seafloor 
spreading were accompanied and followed by exhumation of high-P 
rocks from a newly-formed subduction channel. 

4. Back-arc extension 

4.1. Back-arc ophiolites 

Protracted SI-related extension during the Late Cretaceous led to 
continental rifting and back-arc opening across Iran to form ophiolites. 
The best examples are in the NW (Khoy-Maku ophiolite = KMO), the NE 
(Sabzevar-Torbat-e-Heydarieh ophiolite = STHO), and in the E (Birjand- 
Nehbandan ophiolites = BNO). The KMO has been described as a Late 
Cretaceous back-arc basin north of the Zagros suture zone within the 
Cadomian basement of Iran (Hassanipak and Ghazi, 2000). The KMO 
consists of thick sequences of E-MORB to OIB pillow lavas which 
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transition upwards into island-arc tholeiitic (IAT) massive lavas and 
dikes. Amphibole separated from OIB-like KMO pillow lavas show 
40Ar/39Ar ages of ca 70 Ma. STHO zircon U-Pb ages range from ~100 to 
78 Ma, but most are 100–90 Ma (Moghadam et al., 2014; Moghadam 
et al., 2020b). STHO rock chemical compositions are mostly MORB, IAT- 
type basalts, Back-Arc Basin Basalts (BABB), and calc-alkaline lavas 
(Moghadam et al., 2020b). The presence of sheeted dikes in both KMO 
and STHO reveals seafloor spreading to form these basins. Thick se-
quences of turbidites and tuffaceous sandstones to mudstones along with 
mass wasting deposits and pelagic sediments indicate these were sub-
stantial, tectonically active marine basins. 

The BNO contains mid-Cretaceous MORB-like (~113 Ma) to younger 
arc-like (~107 Ma) magmatic rocks (Zarrinkoub et al., 2012) as well as 
abundant Late Cretaceous plagiogranites (zircon U-Pb ages 89–86 Ma) 
along with exhumed high-P eclogites and blueschists (with Rb-Sr 
isochron and 40Ar-39Ar ages of 87–83 Ma) (Bröcker et al., 2013). 
These show that this oceanic basin began to form slightly earlier than 
other Iran SI sequences and experienced continued extension during 
regional SI along with exhumation of high-P rocks during the Late 
Cretaceous. Makran ophiolites in south Iran also include Early and Late 
Cretaceous components, but new zircon U-Pb ages (Fig. 1, (Burg, 2018; 
Esmaeili et al., 2020)) suggest that regional SI in Makran also started in 
the Late Cretaceous. Further studies are needed to understand whether 
Iran SI began in the east and propagated south and west. 

4.2. Sedimentary basins 

Late Cretaceous extensional volcano-sedimentary basins are found in 
north and northwest Iran (e.g., N Tabriz and E-SE Ardabil, (Burtman, 
1994; Omidvar et al., 2018)) (Fig. 1). Extension in NE Iran also gener-
ated a volcano-sedimentary basin, the Southern Sabzevar basin, which 

was filled by Late Cretaceous pelagic sediments, green siliceous tuffs and 
submarine volcanic rocks as well as plutonic rocks with zircon U-Pb ages 
of 102 to 76 Ma (Kazemi et al., 2019) (Fig. 3). These rift basins rest on or 
are faulted against older Iran continental crust and lie near Late Creta-
ceous arc volcanoes. They contain mafic and felsic volcanic rocks 
accompanied by deep marine lithofacies such as pillow lavas and pelagic 
sediments. Mass wasting deposits including polylithic breccias and 
tuffaceous turbidites are abundant and commonly mingled and cemen-
ted by pelagic carbonates. Late-stage intrusions crosscut these lith-
ofacies. Such basins and deposits are common in modern extensional 
arcs and are characterized by high subsidence and sedimentation rates 
(>200–300 m/m.yr.). This is similar to sedimentation rates determined 
for Late Cretaceous sediments in the Sabzevar basin, where zircon U-Pb 
ages show that it took ~26 m.yr. for >5000 m of volcanic rocks and 
marine sediments to accumulate (Kazemi et al., 2019). 

4.3. Magmatism and core complexes 

Other geologic features show extreme extension in the back-arc re-
gion of Iran during Late Cretaceous time. This includes core complexes, 
where extension exhumed Ediacaran crust along low-angle normal 
faults as well as caused block faulting in some places; e.g., in Torud, 
where exhumation of the core complex seems to have started in the Late 
Cretaceous (40Ar/39Ar age of ca 76 Ma, (Malekpour-Alamdari et al., 
2017)), synchronous with latest ophiolitic magmatism in Sabzevar back- 
arc ophiolites at ~78 Ma. Another line of evidence is found in abundant 
igneous rocks; back-arc Iran crust is pervasively invaded by Late 
Cretaceous juvenile igneous rocks. Late Cretaceous intrusions in NE Iran 
at ~105–95 Ma show depleted mantle-like radiogenic Hf and Nd iso-
topic compositions (Kazemi et al., 2019; Moghadam et al., 2020a). 

Fig. 3. Simplified chart showing the ages of magmatic, high-P metamorphic and sedimentary sequences of the Zagros outer and inner belt ophiolites. Age data from 
Troodos, Kizildag and Semail ophiolites, core complex and sedimentary basins of Iran as well as Sabzevar and Khoy Late Cretaceous oceanic back-arc basins are also 
shown to unravel the time-scale of SI and extension in the Iranian Platea and its relations to the other Tethyan ophiolites. Geochronological data are from (Babaie 
et al., 2006; Babazadeh and De Wever, 2004; Esmaeili et al., 2020; Kazemi et al., 2019; Maffione et al., 2017; Malekpour-Alamdari et al., 2017; McCall, 2002; 
Moghadam et al., 2009; Moghadam et al., 2014; Moghadam et al., 2017; Moghadam et al., 2020b; Monsef et al., 2018; Pirnia et al., 2020; Rioux et al., 2013; Rioux 
et al., 2016; Sepidbar et al., 2019; Warren et al., 2005). 
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5. Discussion 

There are three questions regarding the SI in Iran, including (1) the 
timing and lateral extent of SI in SW Eurasia, (2) the relation between SI 
and Caspian Sea and (3) comparison of other Late Cretaceous SI in Iran 
to other SI-related oceanic basins worldwide. 

5.1. Timing and lateral extent of SI in SW Eurasia 

Recent geochronological and geochemical data show that SI and its 
related supra-subduction zone magmatism along SW Eurasia started at 
ca 105 Ma. SI along the southern margin of Eurasia in Tibet farther east 
occurred earlier (Hu and Stern, 2020). The N-S trending Owen Trans-
form Fault can be traced via the Murray Ridge on-land into the Chaman 
Fault of Pakistan. The Owen-Murray-Chaman shear system (OMCSS) is a 
fundamental lithospheric boundary in the Indian Ocean and southern 
Eurasia that separates regions with fundamentally different tectonic 
histories in the west such as Iran, from those in the east such as Tibet. It 
is clear that seafloor spreading and presumably subduction has been 
going on east of the OMCSS since Early Cretaceous time, but there is no 
such evidence that this also occurred to the west, including Iran (Gib-
bons et al., 2015). In further support of this conclusion, Jurassic 
ophiolites and associated exhumed high-P rocks reflecting SI are un-
known from the Zagros, but Late Cretaceous ophiolites are abundant. 

IB ophiolites are supposed to originate from a Neo-Tethyan oceanic 
branch between the SaSZ and Cadomian crust of the Lut block. In this 
scenario, IB ophiolites represent a suture on the site of a series of 
Campanian pull-apart and/or back-arc basins with a number of micro-
continents (Moghadam et al., 2009). These small oceanic basins are 
suggested to have formed at ca 100 Ma, i.e., 40 m.yr. after shutdown of 
SaSZ magmatism at 140 Ma, during highly oblique subduction of Neo-
tethyan oceanic lithosphere beneath Iran (Moghadam et al., 2009), and/ 
or change in the slab geometry from steep to shallow (Hosseini et al., 
2017). However, it is ambiguous how oblique and/or shallow subduc-
tion can generate extension in the overlying plate to form back-arc ba-
sins. (Azizi and Stern, 2019) made a compelling argument that Late 
Jurassic SaSZ magmatism represented a NW-propagating continental 
rift. We agree with this re-interpretation because SaSZ igneous rocks 
evolve toward more alkaline rocks with time. We find that a model 
calling for subduction initiation at ca 200 Ma beneath SW Iran to be 
unsatisfactory because (1) it is inconsistent with the composition of 
associated igneous rocks and NW propagation of the system; (2) the 
purported convergent margin did not trigger the extensional forces 
needed for the opening of many back-arc basins until Late Cretaceous 
time; (3) the purported SaSZ arc waned in the Early Cretaceous time; 
and (4) there is no trace of Early Jurassic fossilized oceanic crust along 
the SaSZ. Our dataset of all available U-Pb zircon age data for forearc 
Zagros and back-arc ophiolites show that subduction of Neotethyan 
oceanic lithosphere beneath Eurasia started at ~105 Ma with a peak of 
magmatism at ca 100–95 (Fig. 2). These data confirm that SI-related 
magmatism was nearly simultaneous along the Late Cretaceous Neo-
tethyan ophiolite belt from Oman to Cyprus and that SI-related forearc 
and back-arc seafloor spreading, and strong extension occurred during 
an ~12 m.yr. interval (ca 105 to 93 Ma) immediately before the 
establishment of a focused magmatic arc - the Urumieh-Dokhtar 
Magmatic Belt - at ~93 Ma (Fig. 3). These age results also indicate 
that protracted Late Cretaceous extension of Iranian crust accompanying 
SI led to rifting and back-arc opening at ~100 Ma. Zagros forearc 
ophiolites are slightly older (ca 105–95 Ma) than back-arc ophiolites (ca 
100–70 Ma), which may reflect the migration of extension accompa-
nying subduction initiation from what became the fore-arc to the back- 
arc, which is also observed in the IBM arc system. Our compiled age data 
also suggest that SI and exhumation of high-P rocks within the Birjand- 
Nehbandan and Makran oceanic basins were simultaneous (Fig. 2). 

5.2. SI and formation of the Caspian Sea 

Understanding that the upper plate is broadly affected by extreme 
extension during SI allows a breakthrough in figuring out how one of the 
greatest sedimentary basins on Earth - the southern Caspian Sea - 
formed. The Caspian Sea is deepest in the south where it is about 1000 m 
deep. Southern Caspian Sea crust is buried beneath up to 30 km of 
sediments. Nevertheless, it has seismic velocities consistent with mafic 
oceanic crust although it is thicker than normal oceanic crust (Mangino 
and Priestley, 1998; Piip et al., 2012). The tract of buried oceanic crust is 
oriented WNW-ESE and is ~300 km wide and ~ 500 km long. S. Caspian 
Sea oceanic crust is aligned with Late Cretaceous ophiolitic rocks and 
basin sediments in the Sabzevar region of NE Iran. The tremendous 
thickness of sediments makes it impossible to determine the age of this 
crust by drilling to recover crust or the oldest overlying sediments. 
Consequently, hypotheses for its origin are loosely constrained. Postu-
lated ages range from Jurassic to Paleocene-Eocene (e.g., (Abdullayev 
et al., 2017)) but these do not find support in our understanding of 
regional tectonic evolution. Our new understanding of the role of upper 
plate extension during SI allows a more attractive hypothesis: that South 
Caspian basin oceanic crust formed in Late Cretaceous time as the 
northernmost expression of this extensional regime. However, it is un-
clear why South Caspian basin crust was not deformed by later 
compressional events, which uplifted and deformed Sabzevar-Torbat-e- 
Heydarieh oceanic crust to the ESE and Khoy-Maku ophiolites to the 
west. 

5.3. Comparison with other SI-related oceanic basins 

The overall width of the Iranian upper plate affected by Late Creta-
ceous SI-related extension is ~1000 km. This is consistent with what we 
are learning about the width of upper plate extensional zones in Western 
Pacific Eocene SI examples of IBM and Tonga-Kermadec. We don’t know 
the westernmost extent of SI-related upper plate extension behind the 
IBM arc, but since IODP 351 drilled to oceanic crust in the Amami Basin, 
we know that it affected the upper plate for several hundred kilometers 
to the west (Hickey-Vargas et al., 2018). The present Kyushu-Palau 
Ridge (KPR) is thought to approximate the trend of the fracture zone 
along which IBM SI occurred. Significant SI-related extension west of the 
KPR may explain why the trace of the KPR does not resemble a small 
circle, as expected for fracture zones (Taylor and Goodliffe, 2004). The 
width of the SI-related extensional zone for the Tonga-Kermadec system 
in the S Pacific is easier to constrain because Zealandia continental crust 
was involved, so rifts can be identified by bathymetry. IODP 371 drilling 
indicates that the New Caledonia Trough opened during the Eocene 
(Sutherland et al., 2018); depending on the age of the S. Fiji Basin (~37 
Ma, (Whattam et al., 2008)), the zone of upper plate SI-related extension 
may be about 1000 km across, similar to what we propose for Late 
Cretaceous SI-related extension in Iran. (Leng and Gurnis, 2011) showed 
that SI involving old, dense oceanic lithosphere can result in rapid slab 
foundering accompanied by strong upper plate extension over a wide 
region. In contrast, SI involving foundering of younger, more buoyant 
oceanic lithosphere was accompanied by less slab foundering and less 
extension of the overriding plate. All these considerations indicate that 
SI-related extension involving old oceanic lithosphere can affect much 
broader regions of the overriding plate than heretofore imagined, up to 
about 1000 km distant from the new convergent margin, as is seen for 
Eocene SI to form the present IBM and Tonga-Kermadec convergent 
margins. A similar mechanism may explain the broad region of upper 
plate extension we document for the Late Cretaceous SI of Iran. 

6. Conclusions 

Subduction initiation is an increasingly “hot topic” in geoscience 
research. Subduction initiation (SI) requires the sinking of one plate 
beneath another and this exerts extension stress on the overlying plate. 
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How broad a region is affected by SI-related extension is unclear because 
most SI examples are deep under the ocean, for example the IBM and 
Tonga-Kermadec convergent margins. Our study of Late Cretaceous Iran 
ophiolites shows that SI-related extension involving old oceanic litho-
sphere can affect much broader regions of the overriding plate than 
heretofore imagined, up to about 1000 km distant from the new 
convergent margin. 
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