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Abstract

The supercontinent Pangea enclosed an internal Tethys ocean whose destruction by
subduction formed the Tethysides orogenic belt, exposed in the Alpine-Himalayan mountain
range. The Tethyan realm consisted of multiple oceanic basins separated by microcontinents,
and their tectonic reconstruction has proved instrumental in understanding subduction
geodynamics, back-arc basin evolution, and continental deformation. The Central Tethysides,
mostly in Iran and Afghanistan, hosts remnants of distinct, non-parallel ocean basins, including
the Jurassic South Caspian-Kopet Dagh basins in the north, the Jurassic Sabzevar-Nain-Baft
basins in Central Iran, and the Early Cretaceous Sistan Basin in eastern Iran, whose opening
and closure have not been kinematically reconstructed in detail. Here, we review geological
constraints on Central Tethysides structure and provide a GPlates-based reconstruction of its
tectonic history. Our reconstruction indicates that the South Caspian oceanic basin (pinching
eastwards in the continental Kopet Dagh Basin) and the oceanic Sabzevar-Nain-Baft basins
(pinching westwards in the continental Central Basin) together partitioned Late Jurassic-Early
Cretaceous N-S back-arc extension behind the main Neo-Tethyan subduction zone. The Sistan
Ocean formed at a long-lived plate boundary that accommodated final Eurasian
amalgamation. In the Early Cretaceous, these continents shared a rotation pole at the junction
of the closing Waser Suture leading to extensional reactivation of the southwestern part of
the collision zone, where the Sistan Ocean opened. The Sabzevar-Nain-Baft basin
subsequently closed in Late Cretaceous-Eocene time by westward extrusion of the Central-
East Iranian Microcontinent and Farah-Rud Zone from western Tibet and the Pamirs. The
Sistan Ocean closed simultaneously by westward extrusion of the Helmand Block, originally
part of the Tibetan Qiangtang Block. Extrusion exceeded 1000 km, likely initiated by

Cretaceous Tibetan Plateau shortening.



Highlights

- GPlates reconstruction of the Central Tethyan realm back to the Permian.

- Caspian and Sabzevar-Nain-Baft back-arc basins opened in Jurassic-Early Cretaceous time.

- Sistan Ocean opened in the Early Cretaceous at the suture that accommodated final Eurasian
amalgamation.

- Iranian back-arc basins closed due to major westward extrusion from western Tibet/Pamir.
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1. Introduction
Since the first reconstructions of Pangea of (Wegener, 1912) it has been clear that the

opening of the Atlantic and Indian oceanic basins must have been accompanied by the closure
of a major, eastward widening oceanic basin system conceptually known as the Tethyan
Ocean. Analysis of the geology exposed in the Alpine-Himalayan Mountain belt later revealed
that the Tethyan realm hosted several ~E-W trending and eastward widening oceanic basins
intervened by continental fragments (Fig. 1; Stocklin, 1968, 1974a; Schreiber et al., 1972;
Sengor, 1979, 1984, 1990a; Berberian and King, 1981; Savostin et al., 1986; Boulin, 1988;
Sengor et al., 1988; Abdullah and Chmyriov, 2008; Shafaii Moghadam and Stern, 2014, 2015).
The orogen that resulted from the closure of the Tethys oceans is referred to as the Tethysides
(Sengor, 1987), and the detailed tectonic and geological analysis of this orogenic belt has
been, and still is, instrumental in our development of concepts of paleogeography,
geodynamics, plate tectonics, and orogenesis (Sengor, 1987; Jolivet and Faccenna, 2000;

Stampfli and Borel, 2002; Agard et al., 2011).

Based on the first-order along-strike heterogeneity in tectonic architecture and
deformation patterns, the Tethysides is subdivided into the Mediterranean, Central (Iranian-
Afghan-Pamir), and Tibetan segments (Fig.1). Their boundaries likely represent former
transform plate boundaries that existed within the Tethyan oceans. The Tibetan and eastern
Mediterranean segments of this orogenic system show dominantly E-W trending suture zones
and continental fragments that are contiguous throughout each segment. Even though
orogen-lateral motions in the eastern Mediterranean and Tibetan regions are well-known
(e.g., Dewey and Sengor, 1979; Tapponnier et al., 1981; Sengor, 1984; Leloup et al., 1995;
Sengor et al.,, 2005; Li et al., 2017; Whitney et al.,, 2026), these orogenic systems were
predominantly deformed by overall north-south convergence and shortening that governed
ocean closure and orogenesis (e.g., Kapp and DeCelles, 2019; van Hinsbergen et al., 2019,
2020). However, the Central Tethysides display Paleogene, non-parallel sutures that formed at
high angles, or even orthogonal, to the east-west trending overall tectonic grain of the
Tethysides (Fig. 2; Camp and Griffis, 1982; Tirrul et al., 1983; Bagheri and Stampfli, 2008;
Bagheri and Damani Gol, 2020). These discontinuous sutures are puzzling, their opening and
closure have so far only provisionally been placed in a kinematic framework (Fourcade et al.,

1995; Van Der Voo, 1993; Dercourt et al., 2000; Stampfli, 2000; Golonka, 2004).



These sutures in the Central Tethysides are thought to represent closed back-arc basins
that formed within the southern Eurasian margin during Mesozoic northward subduction of
the Neo-Tethys Ocean (Stampfli and Borel, 2002). However, their opening and discontinuous
nature as well as their closure history remains puzzling. An important implication of the
orientation of these sutures is that a considerable amount of east-west, orogen-parallel
shortening must be inferred to generate the modern pattern (e.g., Bagheri and Damani Gol,
2020). Although this shortening component has been realized in previous studies that focused
on lIran (e.g., Tirrul et al., 1983; Brocker et al.,, 2013; Jentzer et al.,, 2017), the kinematic
implications that such orogen-parallel motions must have for the kinematic history of western
Tibet and adjacent areas (e.g., Tapponnier et al., 1981) has not been accounted for in plate

reconstructions.

Since the last comprehensive reconstruction of the tectonic evolution of the Tethyan
basins of Stampfli and Borel (2002), a wealth of new data has been published on the geology
of the suture zones of the Central Tethysides, and the intervening continental fragments. In
addition, the advent of novel GPlates plate reconstruction software (Miiller et al., 2018), and
detailed reconstructions of the Mediterranean and Tibetan Tethysides following systematic
reconstruction protocols (van Hinsbergen et al., 2011, 2019, 2020) invites a revisiting of the
Central Tethysides tectonic evolution, focused on the opening and closure of Tethyan and
back-arc basins. Our paper is structured to provide a comprehensive synthesis. We start by
reviewing the available structural and stratigraphic constraints from sutures and intervening
continental fragments in Iran and Afghanistan. Next, we analyse the available data of the
opening and closure of the ocean basins. We attempt at restoring the deformation since the
Jurassic in detail, focusing on resolving discrepancies in the Mesozoic record. Finally, we use
these constraints to develop a revised kinematic model for the Central Tethysides, concluding
with discussion on the role of back-arc systems and orogen-lateral tectonic extrusion in the

context of the wider Tethyan closure.

2. Approach
The prime constraint on plate reconstructions is the restoration of the modern oceanic
basins using marine magnetic anomalies and fracture zones/transform faults. Relative Arabia-

Eurasia motion back to the times of Pangea are based on the Eurasia-North America-Africa-



Arabia plate circuit (e.g., Seton et al., 2012; McQuarrie and van Hinsbergen, 2013) - we use
the latest rendition summarized in (Vaes et al.,, 2023; their Table 1). However, these
reconstructions are only of limited use for the reconstruction of the Mesozoic-Paleogene
deformation within Iran: The Eurasia-Arabia plate circuit only constrains the net area lost
between Arabia and Eurasia but cannot account for area gained and lost by intra-lranian

extension and subsequent closure.

Our reconstruction thus relies on the restoration of the modern orogenic architecture
of Iran and Afghanistan, starting from the present-day and kinematically reconstructing
deformation from younger to older. For the Neogene, deformation is entirely intracontinental
accommodated along strike-slip faults and fold-thrust belts, and occasionally extensional
basins and metamorphic core complexes with quantified or estimated displacements (e.g.,
McQuarrie and van Hinsbergen, 2013). For the pre-Neogene, quantified fault displacements
are restricted to a few major strike-slip faults, and deformation was mostly concentrated in
subduction zones represented by the modern suture zones. Their convergence, and the
preceding divergence that made the ocean floors, cannot be directly constrained. There, we
estimate the timing of extension and convergence through stratigraphic data and correlations,
particularly of ocean plate stratigraphy (OPS, Isozaki et al., 1990) that marks the relics of
oceanic basalts, overlying radiolarian cherts, and continental clastics that typically mark
trench fill deposits. Tectonic interpretations of magmatic geochemical data are restricted to
ophiolites to infer whether they formed above a subduction zone or at a regular mid-ocean
ridge. Where independent evidence for subduction exists from structural records, we use
adjacent calc-alkalic magmatism to infer e.g., subduction polarity or timing of activity, but no
plate boundaries are inferred based on geochemistry of magmatic rocks alone. Combined,
geological data from suture zones and adjacent continental margins constrain timing, and
general direction and location of spreading and subduction, as well as subduction polarity, but

cannot directly quantify the associated horizontal motions.

An independent source of quantitative kinematic information comes from
paleomagnetic data. Paleolatitudinal motions within Iran and Afghanistan after the Triassic
were typically within typical paleomagnetic error bars of ~+5-10°, but the first-order

information of vertical axis rotations is valuable. We compiled the available paleomagnetic



constraints and adjust our reconstruction according to these within the constraints posed by

geological data.

For the reconstruction, we used the free GPlates software to create polygons which
define blocks that behave as coherent units (http://www.gplates.org; Boyden et al., 2011;
Muller et al., 2018). During restoration of block rotations, the crustal domains were
subdivided into smaller polygons that were internally deformed to prevent geometric gaps or
overlaps. We used polylines that move relative to each other to be able to reshape the
polygons (see e.g., van Hinsbergen and Schmid, 2012). Our final model is a best-fit kinematic
scenario that obeys the constraints as we understand them. The rotation and shape files are

provided in the appendix.

Below, we review the first-order orogenic features of the Iran—Afghan region, focused on
the main oceanic and continental basin systems that opened and closed. We review these in
chronological order, beginning with the Paleo-Tethys Suture in the north and ending with the
Neo-Tethys Suture in the south. We illustrated our individual tectonic units on geological maps
of the present-day and trace them on our paleogeographic maps. The kinematic constraints
we used in our restoration and the timing of the emplacement or juxtapositions of key order

units are shown in charts and tables.

3. Geological Setting
The Central Tethysides constitute deformed, Gondwana-Land-derived continental

fragments separated from Eurasia by a Triassic suture zone adorned with Paleozoic oceanic
rocks. This suture zone is interpreted as the remains of the subducted Paleo-Tethys Ocean. To
the south, they are bounded by a Cenozoic suture with Mesozoic oceanic rocks, interpreted
as the remains of the Neo-Tethys Ocean (Stdcklin, 1974a, 1989; Berberian and King, 1981;
Tapponnier et al., 1981; Sengor, 1990a, 1990b; Stampfli, 2000; Torsvik and Cocks, 2017) (Fig.
3, Supplementary Data Fig. S1). The ages of these sutures and the remnants of the oceans
they consumed show that the Paleo-Tethys Ocean that occupied the heart of Pangea in the
late Paleozoic closed well before Arabia and Eurasia collided. This geometric problem was
solved by recognizing that a ‘Cimmerian Continent’ detached from Gondwana-Land in the

Permian and accreted to Laurasia in the Late Triassic, opening a Neo-Tethys Ocean in its wake



that closed in Jurassic to Cenozoic time (Sengor et al., 1988; Stampfli and Borel, 2002).
Paleomagnetic data confirmed Permo-Triassic paleolatitudinal drift of the Cimmerian
Continent to the Gondwana-Land to the Eurasian margin (Wensink et al., 1978; Van Der Voo,

1993; Muttoni et al., 2009).

The Cenozoic Neo-Tethyan Suture separates the Cimmerian blocks in the south from the
Arabian continental margin-derived Zagros fold-thrust belt to the south (Fig. 3; Berberian and
King, 1981; Sengor, 1990a). Closure of the Neo-Tethys was underway by Jurassic time and was
finalized in Late Oligocene time (McQuarrie and van Hinsbergen, 2013; Koshnaw et al., 2019;
Cai et al., 2021), after which convergence was accommodated by shortening and strike-slip
deformation within Iran, and underthrusting of the Arabian continental margin (Vernant,
2004; Vernant et al., 2004; Agard et al.,, 2011; Mouthereau, 2011; McQuarrie and van
Hinsbergen, 2013). To the east of Strait of Hormuz, in the Makran region, continental collision
between Arabia and the Cimmerian blocks has not happened yet, and instead an active
subduction zone is still consuming oceanic lithosphere of the Arabian Plate (Peyret et al.,

2009).

To the west, the Cimmerian blocks of Iran are separated by a NE-SW trending fault
zone from the orogenic collage of Anatolia. This boundary has acted as transform fault,
obligue subduction zone, and in its latest motions since the Eocene, as the sinistral Araks Fault
(Fig. 3). The ocean closure history to the west of the Araks Fault differs from the Iranian
segment, owing to a much different paleogeographic and subduction zone configuration (see;
van Hinsbergen et al., 2020, 2024). For instance, the Neo-Tethys Ocean in the Anatolian
segment opened later (Late Triassic to Jurassic) than in the Iranian segment (Permian-Late
Triassic) (Sengor, 1979; Barrier et al., 2018; van Der Boon et al., 2018; van Hinsbergen et al.,
2020). The southeastern boundary of our study area is marked by the Chaman Fault and the
Himalayas that bound Indian plate-derived units. To the northeast, the Paleo-Tethys Suture,
and adjacent blocks, continues into the Pamir Mountains to the northeast that contains the
transition to the Tibetan Tethysides (Fig. 3). A detailed review of the Pamir architecture is
beyond the scope of our study, but we include a brief outline of the geological architecture to
discuss implications of our findings for the paleogeography and tectonic evolution of this

region.



In between the widely recognized Paleo-Tethys and Neo-Tethys sutures, the
‘Cimmerian’ continental units in Iran and Afghanistan were extended into continental and
oceanic basins. Some still exist, such as the South Caspian Basin. Others were subsequently
closed and now form ophiolite-bearing sutures, including the Sabzevar-Nain Baft and Sistan
basins (Fig. 3). The opening of these basins broke the Cimmerian continent into smaller
fragments. The fragment enclosed by the Sabzevar-Nain-Baft suture in the west and the Sistan
Suture in the east is the Central-East Iranian Microcontinent (CEIM), which is broken into
smaller blocks by intracontinental faults, from west to east the Yazd, Posht-e Badam, Tabas,
and Lut blocks (Fig. 3, Supplementary Data Fig. S2; Takin, 1972; Berberian, 1981; Berberian
and King, 1981; Davoudzadeh et al., 1997). In western Iran, the Cimmerian continent is not
separated by sutures but remains contiguous. There, parts of the continent exposed in the
Sanandaj-Sirjan Zone in the south is separated from the Talesh, Alborz and Kopet Dagh

Mountains in the north by the Central Basin (Fig. 3).

4. Review
We provide a detailed review of the geological constraints that we use for our

tectonic reconstruction. We focus our review on the sutures and basins, from old to young.
We include a paleomagnetic database from the tectonic blocks of the Iranian-Afghan region

(Supplementary Data Table S1).

4.1 The Paleo-Tethys Suture and adjacent tectonic units

The remnants of a Paleozoic ocean are exposed mostly in the north, from the Caucasus
mountains through the Talesh, Alborz and Kopet Dagh mountains of Iran. It is offset by the
dextral, N-S striking Hari-Rud Fault and continues in northern Afghanistan where its location
is inferred from lenses of ultramafic rocks exposed along the Herat Fault, and abundant calc-
alkaline magmatism to its north (Fig. 3; Natal’in and Sengor, 2005). In addition, relics of the
suture zone were recognized in central Iran, in the western part of Yazd and the Posht-e Badam
blocks (Fig. 3). These relics are strongly deformed and metamorphosed Paleozoic sedimentary

rocks with tectonically interspersed serpentinized ultramafic rocks.
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In the west, the Paleo-Tethys Suture curves around the South Caspian Basin from the
Talesh Mountains in the west, where it connects to the younger Anatolian Paleo-Tethys Suture
in the Caucasus mountains and Black Sea (Sengor and Yilmaz, 1981; Sengor et al., 1984, 2019;
van Hinsbergen et al., 2020 and references therein). Eastward, the suture runs through the
Alborz Mountains into the Kopet Dagh in the east (Fig. 3; Stocklin, 19744, b; Alavi, 1992; Ruh
et al.,, 2019). In the Talesh Mountains, the Paleo-Tethys Suture is well-exposed in the
Shanderman metamorphic complex, where it is marked by deformed OPS units, serpentinized
peridotite, and eclogite lenses within sheared phyllites, gneisses, and amphibolites (31519
Ma, “OAr/3°Ar ages of white micas; Zanchetta et al., 2009; 350 Ma, Sm-Nd isochron in garnet;
Pastor-Galan et al., 2025) (Sh in Fig. 4). This complex is considered as an allochthonous nappe
of the subducted Turan Platform (Davies et al., 1972; Alavi, 1996; Zanchi et al., 2009; Rossetti
et al., 2017).

In the northern Alborz Mountains, the suture is marked by ultramafic rocks and Lower
Permian radiolarites intercalated with turbidites in Gorgan and southwest of Rasht (Stocklin,
1974a, 1974b; Sengor, 1990a; Popkov, 1992; Ruttner, 1993; Sheikholeslami and Kouhpeyma,
2012; Rossetti et al., 2017) and Late Permian metamorphic rocks (greenschists, amphibolites,
and gneisses) (Fig. 4). In the Kopet Dagh, OPS units are exposed comprising , mafic lavas, and
gabbros (282-288 Ma in Mashhad: Ghazi et al. (2001); 380-382 Ma at Darrehanjir Mountain:
Alavi (1992), Zanchi et al. (2009)), Lower Permian radiolarites and Middle to Upper Triassic
turbiditic sandstones are attributed to the Paleo-Tethys (Fig. 5; Hsi, 1977; Sengor, 1979;
Ruttner et al., 1991; Balini et al., 2009, 2019; Mirnejad et al., 2013; Zanchi et al., 2016).

In the east of the Kopet Dagh, the Paleo-Tethys suture is offset southward by the right-
lateral Hari-Rud Fault over ~50 km. In northern Afghanistan, the Paleo-Tethys Suture continues
eastwards as the northern boundary of the Band-e Bayan Block, and the Turan Platform to the
north (Fig. 3). The Band-e Bayan Block forms the northern part of the Farah-Rud Zone, exposes
Middle Proterozoic amphibolite to greenschist facies metasedimentary and metavolcanic
rocks unconformably overlain by a Paleozoic sequence that is considered typical of the
Gondwana-Land-derived Cimmerian Continent (Boulin, 1988; Abdullah and Chmyriov, 2008;
Montenat, 2009). The suture is expressed as a belt of ultrabasic rocks exposed along the Herat
Fault, which are associated with Paleozoic to Triassic sedimentary and volcanic rocks

(Montenat, 2009); best exposed in the Ghorband region (Fig. 6; Stocklin, 1989; Tapponnier et
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al., 1981). The southern margin of Eurasia hosts the Late Paleozoic-Triassic Silk-Road
magmatic arc thought to have formed during Paleo-Tethys subduction (Natal’in and Sengor,

2005).

Remnants of the Paleozoic Paleo-Tethys Suture are also found on the western margin
of the Central-East Iranian Microcontinent (Bagheri and Stampfli, 2008), in the Anarak region
on the western Yazd Block, and the Bayazeh area to the east and west of Posht-e Badam city
(Fig. 7). In the west and east of the Yazd Block, ophiolites and accretionary complexes are
found of Late Paleozoic to Triassic age. In the west, in the Anarak region, a dismembered
ophiolite consisting of serpentinite, harzburgite, hornblende gabbros (~387 Ma, zircon
dating), and diabases are reported, as well as low-grade metapelites, metabasites, and
marbles that record greenschist- to blueschist-facies metamorphism (Zanchi et al., 2015). On
the eastern part of the Yazd Block lies the Bayazeh ophiolite that also consists of serpentinized
peridotites and metagabbros (Fig.7; Nosouhian et al., 2019). These ophiolites are overlain by
sedimentary rocks that became metamorphosed and yielded 333-320 Ma “°Ar/3°Ar cooling
ages (Bagheri and Stampfli, 2008; Buchs et al., 2013). In addition, Bagheri and Stampfli (2008)
identified a thrusted sequence of marble, phyllite, quartzite, and metavolcanics that they
interpreted as remnants of an accretionary wedge. To the northeast of this sequence, in the
Jandaq area, arc to collisional type granites (215+15 Ma) intrude into these metamorphic
rocks. The Posht-e Badam Block is also overlain by Paleozoic ophiolitic mélange, consisting of
peridotite, metagabbro, serpentinite and listwaenite, and associated with amphibolites, west
of Posht-e Badam city (Fig. 7; the Posht-e Badam ophiolite, Khalili et al., 2016). This association
of ophiolites and stacked oceanic and continental margin rocks of Triassic age are interpreted
as remnants of the Paleo-Tethys Suture (Davoudzadeh et al., 1969; Davoudzadeh and Schmidt,
1984; Ruttner, 1984; Vaziri, 2001; Bagheri and Stampfli, 2008; Zanchi et al., 2009). These
Paleo-Tethys remnants were far displaced into central Iran along the 900 km long, sinistral
Doruneh Fault, also known as the Great Kavir Fault. That bounds the Central-East Iranian
Microcontinent (CEIM) in the north and northwest (Fig. 3). It extends from the Paleo-Tethys
Suture around the Iran-Afghanistan border in the east into Central Iran in the west (Fig. 3,
Supplementary Data Fig. S1; Wellman, 1966; Fattahi et al., 2007; Farbod et al., 2011). The
names of the fault are used interchangeably, although the eastern, transpressional portion of

the fault zone is called Doruneh, and the near-linear NE-SW trending, purely sinistral western
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portion is called Great Kavir Fault (Farbod et al., 2011; Pezzo et al., 2012; Bagheri et al., 2017).
The fault is still active today (Farbod, 2012) and has been episodically active in the Mesozoic-
Cenozoic (Javadi et al., 2013, 2015; Tadayon et al., 2019), with cumulative offsets of some 500

km. We will return to the role of this fault later in this review.

Following closure, the Paleo-Tethys Suture zone was intruded by Late Triassic
granitoids (e.g., Mashhad in the Kopet Dagh, ca. 217-200 Ma; Mirnejad et al. (2013),
Esmailabad Granite in the Posht-e Badam Block, 218+3 Ma U-Pb zircon age, Ramezani and
Tucker (2003), sealing the suture (Figs. 5 and 7; Alavi, 1992; Karimpour et al., 2010; Zanchetta
et al., 2013). In addition, the Paleo-Tethys Suture zone is unconformably covered by the Upper
Triassic—Lower Jurassic terrigenous clastic Shemshak Formation (Bagheri and Stampfli, 2008;
Balini et al., 2009; Fiirsich et al., 2009a; Taheri et al., 2009; Zanchetta et al., 2013; Berberian,
2014; Wilmsen et al., 2015). In Afghanistan, Upper Triassic plant-bearing continental deposits
indicate emergence of the Cimmerian Continent and Jurassic unconformably cover deformed
older rocks (Abdullah and Chmyriov, 2008; Montenat, 2009), consistent with a post-collisional

setting following Paleo-Tethys closure.

4.2 South Caspian, Greater Caucasus, and Kopet Dagh basins
To the north of the Paleo-Tethys Suture zone, and in places straddling it, an extensional

basin system formed in the Jurassic to Early Cretaceous. The South Caspian Basin still remains
of this system. Remains of the original basin are found to the west in the Greater Caucasus
and to the east into the Kopet Dagh (Fig. 3), where basin sediments were overprinted by

Cenozoic shortening.

The South Caspian Basin likely has oceanic crust and a ~20-25 km thick sedimentary cover
(Berberian, 1983; Khain and Bogdanov, 2005; Kaz’'min and Verzhbitskii, 2011). The oldest
drilled rocks in the South Caspian Basin are Cretaceous in age (Khain and Bogdanov, 2005).
However, Mesozoic stratigraphy is well-exposed in the Alborz Mountains due to 53 + 2 km of
shortening since the Late Miocene (Guest et al., 2006a), and shows that the South Caspian
Basin extension may have started as early as Toarcian-Bajocian, ~180-165 Ma, and continued
into the Late Jurassic (Brunet et al., 2009; Firsich et al., 2009b). The northern boundary of the

modern South Caspian Basin is the Apsheron Sill, a fault zone that is thought to accommodate
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incipient subduction of the South Caspian ocean floor below Eurasian continental crust that
underlies the northern Caspian Sea (Fig. 3; Jackson et al., 2002). The estimated shortening
orthogonal to the Apsheron Sill is minor, ~17-35 km alongside some dextral displacement
parallel to Apsheron Sill of 22-45 km (Walker et al., 2021). Taking this shortening into account,
the South Caspian Basin may have generated ~400 km of oceanic crust, in addition to

extension accommodated in its continental margins.

Towards the west, the South Caspian Basin continued into the Greater Caucasus Basin
(Saintot et al., 2006; McCann et al., 2010). Remains of this basin are folded up in the southern
Greater Caucasus, which exposes a sedimentary sequence exceeding 15 km spanning the
Jurassic to Cenozoic (Zonenshain and Pichon, 1986; Golonka, 2004; Saintot et al., 2006;
Adamia et al., 2011). Like in the South Caspian Basin, rifting phase took place during the
Aalenian to Bajocian (~174-168 Ma), which led to deposition of deep-marine clastic rocks,
marls, and volcanic rocks (Robinson et al., 1996; Saintot et al., 2006; McCann et al., 2010;
Adamia et al., 2011). Aalenian basalts (~¥174-170 Ma) exhibit MORB geochemistry (Saintot et
al., 2006) indicating that crustal extension approached the threshold of continental breakup.
However, there is no definitive evidence for complete oceanization within the Greater
Caucasus Basin, which may have been underlain by hyperextended continental lithosphere
rather than true oceanic crust (e.g., McCann et al., 2010). Tectonic reconstructions of an
orocline that formed to the south of the Caucasus, and of balanced cross sections and
seismological imaging suggests that the Greater Caucasus Basin may have been up to ~300
km wide (Cowgill et al., 2016; van Der Boon et al., 2018; Trexler et al., 2023) decreasing

westwards. This shows that the South Caspian Basin pinched out westwards.

Extension also from the South Caspian Basin eastwards, into the continental Kopet
Dagh Basin. Stratigraphic remains are found in the WNW-ESE trending Kopet Dagh fold-and-
thrust belt (Stocklin, 1968; Tchalenko, 1975). This belt formed by 60-75 km of N-S shortening
since ~5 Ma (Lyberis et al., 1998; Lyberis and Manby, 1999; Hollingsworth et al., 2010),
reactivating the Kopet Dagh Basin. Shortening ends abruptly against the Hari-Rud Fault in the
east, and transfers south-westwards to the Alborz Mountains, through a zone of oblique
shortening and rotation in the Binalud Mountains (Fig. 5; Ruh et al., 2019). The Kopet Dagh
Basin formed mostly to the north of the Paleo-Tethys Suture. Extension and sedimentation

occurred in Middle to Late Jurassic time, simultaneously with the South Caspian Basin, but of
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smaller magnitude without oceanization or hyperextension (Firsich et al., 2009b; Taheri et al.,
2009; Berberian, 2014; Robert et al.,, 2014; Balini et al., 2019). The basin remained a
depocenter into the Cenozoic (Moussavi-Harami and Brenner, 1992; Aghababaei et al., 2022).
The thickness of the Mesozoic and Cenozoic strata of the basin exceeds 10 km (Lyberis et al.,

1998).

4.3 The Sabzevar Zone

Between the Kopet Dagh and the CEIM is a belt of dismembered Cretaceous ophiolitic
and OPS rocks known as the Sabzevar Zone (Fig. 5; Lensch and Davoudzadeh, 1982;
Ohnenstetter, 1983; Baroz et al., 1984; Omrani et al., 2018). This zone is bounded by faults in
linked to the Doruneh Fault Zone in the north and south. The Sabzevar Zone hosts complete
ophiolitic sequences that appear as imbricated massifs (Ohnenstetter, 1983; Omrani et al.,
2013; Brocker et al., 2021). Lensch and Davoudzadeh (1982) subdivided the Sabzevar Zone in
3 groups: a) the Sabzevar ophiolite, with a well-developed Penrose-sequence (harzburgite,
Iherzolite, cumulate gabbro, diabase dikes, pillow lavas and well-bedded micritic limestones,
(see also Khalatbari Jafari et al., 2013), b) ocean plate stratigraphy of Oryan-Bardaskan which
contain thrusted sequences of massive lava, siliceous shale, radiolarite and pyroclastics, and
c) the coloured mélange of Torbat-e-Heydarieh; dismembered harzburgite, gabbro and

sheeted diabase mixed in a serpentinite matrix (Fig. 5).

The Sabzevar Zone ophiolites are divided into two types based on their geochemical
characteristics. A depleted mantle source indicating a supra-subduction zone (SSZ) setting,
with U/Pb zircon ages of gabbros and plagiogranites clustering between 100 and 90 Ma
(Khalatbari Jafari et al., 2013; Moghadam et al., 2014; Omrani et al., 2018; Kazemi et al., 2019)
and Globotruncana-bearing limestones between the SSZ-series pillow lavas indicating Upper
Campanian to Lower Maastrichtian ages (Table 1; Baroz et al., 1984; Moghadam et al., 2014;
Jafari et al., 2017). There are also ophiolites with a MORB-type precursor with a sheeted dyke
complex of island arc tholeiitic affinity thought to represent formation in a back-arc basin
(Stocklin, 1974a; Shojaat et al., 2003; Rossetti et al., 2010; Nasrabady et al., 2011; Moghadam
et al., 2014; Rezaei et al., 2019).
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Lower Cretaceous deep marine sediments in the OPS sequences below the ophiolites
are interpreted as remains of subducted oceanic crust of the inferred back-arc basin, and
extension is thought to have started in the Late Jurassic (Lindenberg et al., 1984).
Dismembered NW-SE striking tectonic slivers of mafic granulites crop out to the northwest of
Sabzevar city and Early Cretaceous (107 Ma c.) peak metamorphism may record subduction
initiation (Rossetti et al., 2010). Lawsonite-bearing blueschists (Table 1; Baroz et al., 1984;
Brocker et al., 2021) along with amphibolite and greenschist were reported from the northern
part of the accretionary complexes (Omrani et al., 2018). Brocker et al. (2021) reported 57-55
Ma Rb-Sr ages (Table 1) from blueschists and interpreted ongoing burial or exhumation in the

Sabzevar region around this time.

The Sabzevar Zone is unconformably covered by Lutetian nummulitic limestones and
Eocene calc-alkaline basaltic, andesitic, and dacitic lavas and pyroclastics (Moghadam et al.,
2014). Towards the west, the Sabzevar Zone disappears beneath the young deposits of the

Central Basin. In the east, it is truncated by the N-S trending Hari-Rud Fault (Ulmishek, 2004).

4.4 The Nain-Baft Ophiolitic Belt and adjacent tectonic units

The Sabzevar Zone ophiolites are currently isolated in northern Iran but connect
through the Doruneh Fault Zone to the Nain-Baft ophiolitic belt of south-central Iran (Fig. 3).
This belt is bounded to the north by the CEIM, to the south by the Sanandaj-Sirjan Zone, and

to west by the Central Basin.

The Nain-Baft ophiolitic belt (also known as the Coloured Mélanges or the Inner Zagros
Belt) is characterized by dismembered ophiolitic rock assemblages and mélanges including
massifs such as the Ashin, Nain, Dehshir, Shahr-e Babak, Balvard, and Baft ophiolites (Fig. 7;
Moghadam and Stern, 2011). The ophiolites contain mantle sequences of mainly depleted
harzburgite with minor lherzolite, and crustal sequences with pegmatitic and isotropic
gabbros whereas a well-developed layered cumulate sequence have not been reported (Ghazi
and Hassanipak, 2000; Moghadam et al., 2013; Shafaii Moghadam and Stern, 2015). Sheeted
dike complexes are poorly developed and dacitic and plagiogranite dikes are mostly found in
tectonic slices or as separated dike swarms in mantle rock (Rahmani et al., 2007; Moghadam

et al., 2009, 2010; Ghazi et al., 2012). U/Pb ages of plagiogranites and tonalites of the Nain
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and Dehshir ophiolites yielded ages of 99-103 Ma (Table 2; Moghadam et al., 2013). The
geochemistry of the Nain-Baft ophiolitic belt implies an arc-tholeiitic to calc-alkaline affinity
as an indicator of a setting above a subduction zone (Rahmani et al., 2007; Moghadam et al.,
2009). Pillow or massive lava flows are present in each section and radiolarites are often found
as thin chert layers (Rahmani et al., 2007; Moghadam et al., 2009; Pirnia et al., 2020). The
ophiolitic sections are covered by Globotruncana-bearing Cenomanian-Maastrichtian pelagic,
shallow marine limestones and evaporites in some places extending into the Paleocene

(Stocklin, 1977; Moghadam et al., 2009; Shafaii Moghadam and Stern, 2015).

The Nain-Baft ophiolite belt continues eastwards into the North Makran Zone
(Hunziker et al., 2015), which to the north of the Bajgan-Durkan Complex comprises a tectonic
mélange containing exotic blocks with Albian limestones (McCall, 2002; Shahabpour, 2010).
The north Makran mélanges also contain blueschists that yielded a 88+5 Ma “°Ar/3°Ar age
from a sodic amphibole (Delaloye and Desmons, 1980) and 81-84 Ma Rb/Sr isochron ages (Fig.
8; Brocker et al., 2021).

The Sanandaj-Sirjan Zone to the south of the Nain-Baft ophiolite belt consists of
continental sequence that is bounded in the south by the Main Zagros Thrust (Fig. 3; i.e., the
Neo-Tethys Suture) (Stécklin, 1968). It runs from the western margin of the Iranian Cimmerian
Continent around the Iranian-Turkish border to the North Makran Zone, where Paleozoic
metamorphic rocks and Mesozoic carbonates of the Bajgan-Durkan Complex likely represent
the easternmost parts of the Sanandaj-Sirjan Zone (Fig. 8; McCall, 2002; Hunziker et al., 2015;
Dorani et al., 2017). Its Neoproterozoic-Cambrian basement is like that of the Talesh, Alborz,
and Kopet Dagh mountains, all characteristic of northern Gondwana-Land (Badr et al., 2018;
Hassanzadeh et al.,, 2008; Nutman et al., 2014). The Sanandaj-Sirjan Zone hosts abundant
Jurassic and Cretaceous plutons interpreted as a subduction-related arc (e.g. Berberian and
Berberian, 1981; Khalaji et al., 2007; Shahbazi et al., 2010; Ahadnejad et al., 2011; Esna-Ashari
et al., 2012; Fazlnia et al., 2013; Deevsalar et al., 2018; Sepahi et al., 2018). More recently,
others found evidence that Jurassic magmatism occurred during rifting (Hunziker et al., 2015;
Hassanzadeh and Wernicke, 2016; Azizi et al., 2017, 2020; Azizi and Stern, 2019).
Interpretations of this extension vary, ranging from invoking that the Sanandaj-Sirjan Zone was
a separate continental fragment from the Cimmerian Continent (e.g., Azizi and Stern, 2019),

but rifting occurred simultaneously with the back-arc basin opening summarized above.
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During the Late Cretaceous and Paleogene, arc magmatism shifted northwards and developed
the ~150 km wide Urumieh-Dokhtar Magmatic Arc (UDMA) that partly overlies the Nain-Baft
ophiolite belt (Verdel et al., 2011).

4.5 The Central Basin

A large, triangle-shaped area in west-central Iran with low topography, occupied by
intracontinental sedimentary basins of Qom, Great Kavir, and Garmsar (Fig. 4; Jackson et al.,
1990; Bin and Meiyin, 2010; Arian and Noroozpour, 2015). This region is loosely defined as
the Central Basin (but also known as the Great Kavir Block), although its boundaries are not
always faults (Jackson et al., 1990; Morley et al., 2009). It is bounded in the west by the Araks
Fault, in the in the east by the Doruneh Fault, the Sabzevar Zone ophiolites and the CEIM, and

to the north and south it straddles the Alborz and Sanandaj-Sirjan zones (Fig. 3).

Mostly on the periphery of the basin, continental pre-Cenozoic rocks of Gondwanan
origin show that the basin is underlain by continental crust of the Cimmerian Continent
(Jackson et al.,, 1990; Rahmati-llkhchi et al., 2011; Malekpour-Alamdari et al., 2017,
Honarmand et al., 2020). The Central Basin hides horst-and-graben structures beneath its
desert cover. It contains Turonian graben fill that shows that extension started in the Middle
Jurassic, followed by of marls, calcarenites, shales, and radiolarites intercalated with tuffs that
yielded a 140.7+4.8 Ma, U-Pb zircon age (Jackson et al., 1990; Rahimpour-Bonab et al., 2007;
Malekpour-Alamdari et al., 2017). The Central Basin was formed between the Alborz and
Sanandaj-Sirjan zones, this separation supported by Mohammadi et al. (2023b) through
detrital zircon analyses that indicate a shared sediment source in the Arabian—Nubian Shield.
A large metamorphic complex that exhumed in Late Cretaceous-Early Tertiary time shows that
extension in western Iran resumed around this time and may have accommodated as much
as 135 km extension (Malekpour-Alamdari et al., 2017). The last deformation that affected the
Central Basin was SW-NE shortening in the last 10 Ma with a cross-section reconstruction

suggesting 38-40 km of shortening (Morley et al., 2009) (Table 3).
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4.5 The Sistan Suture Zone

In eastern Iran, the Sistan Suture zone separates the CEIM in the west and the Farah-
Rud Block in the north from the Helmand Block of Afghanistan in the east (Fig. 8; e.g., Stocklin,
1977; Tirrul et al., 1983). The highest structural units are exposed in the east of the Sistan
Suture zone, and comprise non-metamorphosed ophiolites with supra-subduction zone
geochemical signatures (Delaloye and Desmons, 1980; Moslempour et al., 2012; Nikbakht et
al., 2021). The boundary of the ophiolites with the Helmand Block is covered by alluvium and
cannot be directly observed, but is widely assumed to have been reactivated by the Neogene
Hari-Rud Fault, to the east of which no ophiolites and underlying OPS units are known and to
the west of which no continental basement is exposed (Stocklin, 1989). Direct age constraints
on the Sistan ophiolites are sparse. Delaloye and Desmons (1980) reported a 92 + 3 Ma K-Ar
age from the Tchehel-Kureh ophiolite, and the oldest overlying sediments are Turonian in age
(Tirrul et al., 1983). The intruding Mahi Rud Complex that was recently interpreted based on
geochemistry as an arc-related sequence (Keshtgar et al., 2019) that yielded a U/Pb zircon age
of 103.9 + 2.9 Ma (Bagheri and Damani Gol, 2020). The ophiolites are thus thought to have
formed during the Late Cretaceous spreading above a nascent subduction zone (Saccani et al.,
2010), along the western active margin of the Helmand Block (Angiboust et al., 2013; Delavari,
2013; Hundee et al., 1995; Saccani et al., 2010; Zarrinkoub et al., 2012).

Structurally below the ophiolites is a series of accreted OPS units, with westward
younging ages of accretion as inferred from the youngest trench-fill clastic deposits. The
oldest, eastern units (the Ratuk Complex) include HP-LT metamorphic blocks in a serpentinite-
dominated matrix, whereas the western units (the Neh Complex) are mostly
unmetamorphosed and have a sediment-hosted matrix (Tirrul et al., 1983). The Ratuk
Complex consists of metamorphosed elements of OPS sequences, including metabasalt,
metachert, and quartzites and phyllites interpreted as trench fill, metamorphosed at
blueschist, amphibolite, or eclogite facies (Fotoohi Rad et al., 2005, 2009; Kurzawa et al., 2017;
Bonnet et al., 2018). The age of metamorphism is estimated from U/Pb dating of zircon in
eclogite, and by Rb/Sr and *°Ar/3°Ar ages of high-pressure rocks, and ranges from 86-75 Ma
(Brocker et al., 2013; Kurzawa et al., 2017; Bonnet et al., 2018). Protolith ages of the Ratuk
Complex are at least Cenomanian-Campanian in age based on biostratigraphy of radiolarian

cherts (Babazadeh and De Wever, 2004a, 2004b).
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Structurally below the Ratuk Complex is the mostly non-metamorphic Neh Complex
that consists of OPS sequences that include mafic and ultramafic rocks with MORB
geochemical signatures (Delaloye and Desmons, 1980; Desmons and Beccaluva, 1983;
Biabangard et al., 2020), of which the most prominent is the ‘Birjand Ophiolite’ (Fig. 8). From
that ophiolite, U/Pb zircon ages in gabbros of 113-107 Ma were reported (Zarrinkoub et al.,
2012). Radiolarian cherts in the Neh Complex have ages of Aptian-Albian (Ozsvart et al., 2020)
and hemipelagic series with turbidites with Upper Cretaceous to Lower Eocene ages are
interpreted as trench-fill sediments (Tirrul et al., 1983). Rare low-grade metamorphic rocks in

the Neh Complex yielded K-Ar ages of 65-68 Ma (Delaloye and Desmons, 1980).

The suture zone complex is overlain by a sedimentary series of up to 8 kilometers thick,
known as the Sefidabeh Basin (Camp and Griffis, 1982; Tirrul et al., 1983). This is an Upper
Cretaceous to Lower Eocene marine clastic sedimentary succession with the oldest rock units
overlying the ophiolites and the younger units progressively covering the accretionary
complexes to the west. It consists of intercalating shallow-marine limestones and arc volcanic
rocks (Tirrul et al., 1980). The clastic sediments contain erosion products of ophiolite and arc
sequences and are overlain by Paleocene to Lower Eocene reefal limestones (Tirrul et al.,
1980, 1983; Guillou et al., 1983). The Sefidabeh Basin is interpreted as a forearc basin that
formed above an east-dipping (in modern coordinates) subduction zone from the Late
Cretaceous to the Middle Eocene (Tirrul et al., 1983; Hundee et al., 1995; Saccani et al., 2010;
Zarrinkoub et al., 2012; Angiboust et al., 2013; Delavari, 2013). Paleocurrent measurements
from the turbiditic sequences indicate sediment transport from a carbonate platform located
along the Afghan active margin and therefore it is consistent with eastward subduction

beneath the Afghan blocks (Mohammadi et al., 2023a).

The sequence was folded and subsequently unconformably covered by continental
clastic rocks of Middle Eocene age, Upper Eocene nummulitic limestones, and Oligo-Miocene
terrestrial continental clastics and basaltic volcanics that are also known from the neighboring
Lut and Helmand blocks (Fauvelet and Eftekhar-Nezhad, 1990; Eftekhar-Nezhad and Stocklin,
1992; Pang et al., 2012, 2013). This unconformity is interpreted as the age of collision
(Babazadeh, 2013) and it coincides with the age of the oldest rocks of the E-W trending
Makran accretionary prism that seals the Sistan Suture Zone in the south (McCall and Kidd,

1982; Fruehn et al., 1997). The Upper Eocene and younger sequence are folded and may have
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accommodated an additional 110-150 km of post-collisional, ~“E-W shortening after the final

closure (Jentzer et al., 2022).

Towards the north, the Sistan Suture zone and its widespread oceanic units abruptly
end in the curvilinear Madar Kuh thrust that exposes Mesozoic shallow marine limestones and
younger volcanic rocks in the hanging wall (Tirrul et al., 1983; Bagheri and Damani Gol, 2020;
Rojhani et al., 2026). Rojhani et al. (2026) recently showed that the curvilinear nature of the
Madar Kuh thrust is the result of post-middle Eocene refolding of an originally ~E-W trending
fault that accommodated thrust motion earlier in the Eocene. Because the Sistan Suture zone
does not continue to the north of this fault, and the fault strikes-perpendicular to the suture
zone, they inferred that it likely reactivates a subduction transform edge propagator (STEP)
fault (Govers and Wortel, 2005) that formed the northern termination of the Sistan
subduction zone during its activity from the Cretaceous to Early Eocene. The Madar Kuh Fault
is cut and dextrally offset by the Hari-Rud Fault, and Rojhani et al. (2026) interpreted that it
may continue along faults parallel to the Waser suture zone of Afghanistan, such as the

Helmand Fault.

The Helmand Block, located east of the Sistan Suture, is a continental terrane
composed of Proterozoic basement overlain by a thick Paleozoic—Mesozoic sedimentary
succession (Boulin, 1988; Montenat et al., 1981; Shroder et al., 2022). Its geological evolution
records long-lived platform sedimentation along the northern margin of Gondwana-Land and
it is thus considered to be (part of) the Cimmerian Continent (Abdullah and Chmyriov, 2008).
To the west of the Sistan Suture is the Lut Block, the easternmost block of the CEIM, which
formed the foreland of the closing Sistan Suture zone and is overthrusted by the Neh Complex
(Figs. 3 and 8). However, the eastern Lut Block contains Middle-Late Jurassic arc plutons. These
include the Shah-Kuh pluton, with 168 Ma K-Ar ages (Esmaeily et al. 2004, as cited in Esmaeily
et al., 2005), gneisses of the Deh-Salm metamorphic complex with a 166-163 Ma U-Pb zircon
age (Mahmoudi et al., 2010), and migmatitic gneisses from the Anjul complex (presumably
Jurassic magmatic protolith with a Cretaceous metamorphic overprint, ~110 Ma U-Pb zircon
age (Brocker et al., 2013). These rocks have calc-alkaline or high-K calc-alkaline compositions
interpreted as subduction-related (Karimpour et al., 2011; Mazhari and Safari, 2013). These
suggest that in Jurassic time, the Lut Block was in an upper plate position relative to a

subduction zone (Bagheri and Damani Gol, 2020). Paleomagnetic data of the CEIM show that
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the block underwent ~90° counterclockwise rotation since the Late Jurassic (Fig. 9), and the
Jurassic subduction zone along the eastern (then southern) Lut margin was thus likely ~E-W
trending. No Late Jurassic-Early Cretaceous magmatism is known from the Lut Block. Sparse
Late Cretaceous-Paleocene magmatism ~80-60 Ma followed in the Paleocene to the
Oligocene, with an Eocene peak, intermediate to felsic volcanic magmatism that also covers
the Sistan Suture zone (Berberian et al., 1982; Karimpour et al., 2011; Ghodsi et al., 2016;
Mahdavi et al., 2016; Ahmadirouhani et al., 2017). This may be related to slab break-off or
delamination. It is followed by alkali olivine basalts with a primitive asthenospheric signature

from the Miocene to the Quaternary (Saadat et al., 2010; Pang et al., 2012).

4.6 The Waser Suture
To the east of the Hari-Rud Fault in northern Afghanistan is the Waser (or Waras-

Panjaw) Suture zone. This is a steeply dipping, narrow band of ophiolitic mélange situated
between the Helmand Block in the south and the Farah-Rud Zone in the north (Figs. 3 and 6;
Tapponnier et al., 1981). The Waser ophiolitic mélange consists of a thick Upper Triassic to
Upper Jurassic trench-fill clastic series (the Waras Flysch), which tectonically intercalates with
lenses of ultramafic-mafic rock and Permo-Triassic limestone blocks (Tapponnier et al., 1981;
Girardeau et al., 1989; Treloar and lzatt, 1993; Wittekindt et al., 1997). The ophiolitic section
contains spilites, pillow lavas and tuffs, radiolarite, dismembered gabbro and serpentinized

peridotite with unknown age (Stocklin, 1989) that reflect OPS sequences.

Both the Waras Flysch and the ophiolitic mélange have undergone metamorphism
from greenschist to garnet-amphibolite facies. The series is unconformably overlain by red
detrital continental sediments, overlying Barremian-Aptian marine orbitolinids limestones
and shallow marine Senonian limestones (Supplementary Data, Fig. S3). The timing of suturing
is constrained as pre-Mid-Cretaceous based on these overlying sediments (Tapponnier et al.,
1981; Girardeau et al., 1989; Sengor et al., 1991). The Waser Suture is interpreted as the relict
of a subduction zone that existed from the Late Triassic until the Early Cretaceous, with the
Helmand Block in a downgoing plate position and the Farah-Rud Zone in the upper plate. The
southern part of the Farah-Rud Zone is overlain by the Farah Basin that formed a forearc basin
in front of a Triassic to Early Cretaceous arc in the Band-e Bayan Block (Fig. 6; Debon et al.,

1987; Montenat, 2009).
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The Farah Basin overlies a continental basement of (presumed?) Precambrian age
(Schreiber et al., 1972; Abdullah and Chmyriov, 2008) overlain by a discontinuous Paleozoic
shallow to non-marine volcano-sedimentary sequence (Leven et al., 1997; Abdullah and
Chmyriov, 2008). Shallow marine sedimentation continued in the Late Permian to Carnian
interval, with deposition of reefal limestones and intermediate-to basic volcanics that are also
found on the Band-e Bayan Block (Montenat, 2009). Subsequently, during Late Triassic to Early
Jurassic time and following the closure of the Paleo-Tethys Suture, the Farah Basin subsided
and an up to 2000 m thick deep-marine clastic sequence was deposited (the Karajangal series)
(Abdullah and Chmyriov, 2008; Montenat, 2009). In the latest Jurassic- early Cretaceous the
Farah Basin became filled with a turbiditic series known as the ‘Panjaw flysch’ (Montenat,
2009; Siehl, 2017). This flysch was deformed and uplifted in the Early Cretaceous, after which
Lower Cretaceous ‘molasse’ continental clastics were deposited that crop out discontinuously
in the east but in the west become thousands of meters thick (Girardeau et al., 1989). The
Panjaw Flysch is folded due to N-S shortening, and unconformably covered by Senonian
orbitolina and rudist-bearing neritic limestones (Girardeau et al., 1989), followed by a thick,
Paleogene felsic to intermediate volcaniclastic sequence (Montenat, 2009). From Late
Cretaceous to Eocene-Oligocene, the emplacement of subalkaline and alkaline magmatic
rocks as well as basalts occurred: sparse K-Ar ages range from 103-42 Ma and basaltic to
andesitic rocks as young as Oligocene are reported (31.5 Ma, Debon et al., 1987). Deformed
and steeply folded clastics of Oligocene age indicates that also in the Cenozoic, N-S significant
shortening occurred, but the exact timing and magnitude are unknown (Treloar and lzatt,

1993).

4.7 Sutures of the Pamirs-Karakoram-Kohistan region
To the northeast, the Helmand Block, Waser Suture, and Farah-Rud Zone abruptly end

against the northward continuation of the Chaman Fault that forms the plate boundary with
the Indian plate. To the east of this fault is the Kabul Block that was part of the Indian continent
when it collided with Eurasia in the Cenozoic and indented into the southern Eurasian margin
(Fig. 3; Treloar and lzatt, 1993; Gaina et al., 2015). Tectonic units correlated to the Afghan
collage thus continue to the northeast of the Kabul Block into the Pamir region that hosts the

transition from the Central to the Tibetan Tethysides.
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The Pamir region consists of ribbons of continental crust separated by southward
younging Mesozoic to Cenozoic sutures, that were together deformed in the Cenozoic into a
northward convex orocline (Cowgill, 2010; van Hinsbergen et al.,, 2011). A detailed
reconstruction of Cretaceous to recent deformation was performed by van Hinsbergen et al.
(2011), which we adopt in our reconstruction, and we refer the reader to that study for
detailed descriptions of the underlying kinematic constraints. We here summarize the overall
terrane distinction, and possible correlations to the Tibetan Tethysides to the east, and the

Central Tethysides to the west.

The northernmost terrane is the North Pamirs zone, which consists of continental
basement that is correlated to the southern Eurasian margin (Fig. 3; Robinson, 2015, and
references therein). The North Pamirs zone currently overlies a south and east-dipping
subduction zone that consumed Eurasian lithosphere since the Oligocene (Bourgeois et al.,
1997; Negredo et al., 2007; Burtman, 2010). There are no accreted relics of this lithosphere,
and its nature is therefore unknown, but it may have once formed an isolated oceanic

embayment like the modern South Caspian Basin (Jackson et al., 2002).

The North Pamirs zone is bounded from the continental Central Pamirs to the south by
a Triassic suture that is interpreted as the Paleo-Tethys Suture (Robinson, 2015). The Central
Pamirs zone is thus interpreted as part of the Cimmerides, correlating westwards to the Farah-
Rud Zone. Eastwards, it may correspond to the Western Kunlun zone of the northern Tibetan
Plateau (Cowgill et al., 2003; Yin and Harrison, 2000). The Central Pamirs is bounded to the
south from the Southern Pamirs terrane by the Rushan-Pshart Suture zone (Fig. 3). This suture
zone has trench-fill clastics that are Triassic in age in the east (Wang et al., 2020), which are
correlated to the Songpan Ganzi accretionary prism of Tibet that has the same age (Yin and
Harrison, 2000). However, in the west of the Pamir, the Rushan-Pshart Suture is thought to
have closed in Late Jurassic-Early Cretaceous time (Yogibekov et al., 2023), which may
correspond to the Waser Suture (Fig. 3; Burtman, 1994; Tapponnier et al., 1981). The Southern
Pamirs may thus correlates westwards with the Helmand Block, and eastwards with the
Qiangtang Block of Tibet (Yin and Harrison, 2000; Robinson, 2015; Kapp and DeCelles, 2019).
To the south, the Southern Pamirs is bounded by the Karakoram, which is separated by a
narrow rift that closed in Triassic time (Robinson, 2015). The Qiangtang Block to the east has

also been subdivided into a northern and southern part with a possible Triassic suture in
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between (e.g., Ma et al., 2025, and references therein). There is insufficient field information
from the Helmand Block to evaluate whether and how this subdivision may continue

westwards.

To the southeast of Karakoram, a narrow continental sliver has been mapped that likely
represents the western termination of the Lhasa of southern Tibet (Schwab et al., 2004),
which has no equivalent in Afghanistan (Fig. 10). Karakoram and this narrow Lhasa-related
sliver are bounded to the south by the Shyok Suture zone from the Kohistan-Ladakh arc. The
Kohistan arc is built on oceanic crust and developed as an intra-oceanic subduction zone from
the Early Cretaceous until the Eocene (Treloar et al., 1996; Jagoutz and Schmidt, 2012). The
Ladakh arc to the east is built on either thinned continental (Lakhan et al., 2020) or oceanic
crust (Jagoutz et al., 2019) and is of similar Early Cretaceous to Eocene age. The age of the
Shyok suture is debated: Upper Cretaceous (~85 Ma) clastic sediments intercalated with the
Ladakh arc show provenance of Tibetan units suggesting proximity of the arc to Tibet at that
time (Borneman et al., 2015). However, arc magmatism north of the Shyok Suture, and
tectonic accretion in the suture may have occurred until as young as 40 Ma (Bouilhol et al.,
2013). Moreover, recent paleomagnetic data yielded a low paleolatitude of the Ladakh arc of
~8°N in the latest Cretaceous (~70 Ma) that would suggest the presence of an ocean basin
between the Kohistan-Ladakh arc at this time (Martin et al., 2020). A Cretaceous forearc basin
to the south of the Kohistan-Ladakh arc continues to southern Tibet (the Xigaze forearc basin)
and paleomagnetic data from 70 Ma old stratigraphy place this forearc basin adjacent to
southern Tibet (Xu et al., 2025). These observations may be reconciled by the opening of an
eastward-disappearing back-arc basin between the Kohistan-Ladakh arc and Karakoram in the
Late Cretaceous and its subsequent closure in the Paleogene (Rolland, 2002; Martin et al.,

2025; Xu et al., 2025).

4.8 Neo-Tethys sutures and India and Arabia-derived thrust belts

The Cimmerian blocks of the Central Tethysides are surrounded in the east, south, and
west by accretionary fold-thrust belts derived from underthrusted/subducted portions of the
Arabian and Indian plates (Figs. 1 and 3; Stocklin, 1977). These consist of the Arabian
continental margin-derived Zagros fold-thrust belt, off scraped clastic sedimentary deposits of

the oceanic lithosphere of the Gulf of Oman (the Makran accretionary prism), and the western
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Indian margin-derived Katawaz Basin, the Kabul Block, and the Sulaiman Ranges that

transition north-eastwards into the Himalayas (Fig. 3).

Indian plate-derived accreted rock units are located to the east of the Chaman Fault
(Fig. 3). The west Indian margin is overthrust by the Sulaiman fold-thrust belt that consists of
deformed Mesozoic and Cenozoic Indian passive margin sedimentary rocks (Mahmood et al.,
1995). The southern and central Sulaiman Ranges were overthrust until Early Eocene time by
the uppermost Cretaceous Bela and Muslim Bagh supra-subduction zone ophiolites
(Mahmood et al., 1995; Ahmed and Ernst, 1999; Badshah et al., 2000; Kassi et al., 2009).
Obduction occurred in an intra-oceanic, subduction zone during oblique India-Arabia
convergence between 65 and 50 Ma, i.e. long before the west Indian margin collided with the
Helmand Block (Gnos et al., 1997; Gaina et al., 2015). This latter collision is reflected by the
evolution of the Katawaz foreland basin that unconformably overlies the obducted and
deformed west Indian margin to the west. Sedimentation in the Katawaz Basin started in the
Paleogene and experienced major shortening during the Early Miocene collision of the west

Indian margin with the Helmand Block (Treloar and lzatt, 1993).

To the north, the history is more complex. There, the Neo-Tethys Suture has two
branches that wrap around the Kabul Block. This block became a separate microcontinent
during the Jurassic to Early Cretaceous break-up of India from Arabia, and re-collided with
India in the Late Cretaceous, long before India's collision with Asia (Tapponnier et al., 1981;
Robinson et al., 2000; Gaina et al., 2015; Faryad et al., 2016). During the latest Cretaceous,
the Kabul Block was obducted by the Kabul-Altimur ophiolites in the same obduction event
that emplaced the Bela and Muslim Bagh ophiolites to the south (Beck et al., 1996; Badshah
et al., 2000; Gaina et al., 2015). Subsequently, the Kabul Block, as part of the northwest Indian
continental margin, collided with and indented into southern Eurasia in the Early Miocene
(Treloar and lzatt, 1993; Gaina et al., 2015). The detailed reconstruction of the deformation
history of the Kabul Block and Sulaiman Ranges relative to India are not key to our study. We
here adopt the reconstruction of Gaina et al. (2015) and van Hinsbergen et al. (2019) and refer

to those papers for further details.

To the west of the Chaman Fault, the Helmand Block contains remnants of volcanic
arcs. In the southeastern margin, the Helmand Block was intruded by granodiorites and

overlain by calc-alkaline volcanics of the Kandahar arc (Tapponnier et al., 1981). Sparse K-Ar
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ages of the plutons range from 158 (?) to 140 Ma and from 110-79 Ma (Blaise et al., 1978;
Debon et al., 1987; Siehl, 2017). In the south of the Sistan desert, are the Chagai and Raskoh
arcs (Fig. 6). The Chagai arc is separated from the Raskoh arc by the sediment-filled Dalbandin
through (Siddiqui, 2012). The Chagai arc consists of a ~2.5 km thick sequence of Late
Cretaceous basalt-andesite lavas intercalated with volcanoclastics, siltstone, and sandstones
(Siehl, 2017). Maastrichtian limestones seal a Cretaceous magmatic history, after which
volcanism resumed in the Eocene with andesitic to dacitic lavas, continuing to the Pleistocene
(Doebrich et al., 2007; Perello et al., 2008). The total thickness of the Chagai arc sequences
exceeds 10 kilometres (Abdullah and Chmyriov, 2008). The Raskoh arc hosts an ophiolitic
mélange that contains radiolarites and limestones of Jurassic age (Siddiqui, 2012; Siehl, 2017).
Available “°Ar/3°Ar ages (Gnos et al., 2000) demonstrate that the metamorphic soles of the
southeastern part of the ophiolitic massif formed at ca. 110 Ma. This complex is followed by
Cretaceous volcanic group similar to the Chagai arc (Siddiqui, 2012). The Chagai arc is
interpreted as a magmatic arc on the southern margin of the Helmand Block (Debon et al.,
1987), and the Raskoh arc formed on an oceanic basement (Khan et al., 2010) that may have
been part of the southern Helmand forearc. These show that the Helmand Block was bounded

by a subduction zone in the east (in modern coordinates) in Late Cretaceous to Cenozoic time.

Southward, the Chaman Fault connects to the E-W trending, ~1000 km long and 350
km wide Makran accretionary complex that is exposed north of the Gulf of Oman (Figs. 3 and
7; Jacob and Quittmeyer, 1979; Burg, 2018). The Makran accretionary complex widens
towards the east and grew by foreland-propagating accretion, i.e. southward and oceanward,

since the Oligocene (McCall and Kidd, 1982; McCormick, 1989; Smit et al., 2010).

The Makran accretionary complex includes Eocene-recent turbidite sequences and
constitutes the largest active sub-areal accretionary prism in the world (e.g., McCall and Kidd,
1982; Fruehn et al., 1997). At the onset of its formation by the Early Oligocene (Smit et al.,
2010), the Makran was a simple north-dipping subduction zone that evolved on the southern
margin of the Helmand and Lut blocks and intervening Sistan Suture, just after the closure of
the latter. The Makran accretionary prism contains fragments of accreted oceanic crust.
Gabbros from the Kahnuj complex (K—Ar ages on amphibole) and the Haji-Abad (Esfandagheh)
massif (U—Pb zircon ages) yielded crystallization ages of 156—139 Ma and 173 Ma, respectively,

likely representing Neo-Tethyan ocean floor ages (Table 4; Kananian et al., 2001). At present,
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edifices of a volcanic arc are subducting below the Makran prism that are likely of Late
Cretaceous age, related to subduction below intra-oceanic subduction that emplaced

ophiolites over the Arabian margin in Oman (Ninkabou et al., 2021).

The west-east striking Makran accretionary prism is separated by the dextral
transpressional Minab-Zendan Fault system (Regard et al., 2005) from the 2000 km long the
Zagros fold-and thrust belt (Fig. 8). The frontal thrust of the Zagros belt represents the active
plate boundary with the underthrusting Arabian plate. The northern boundary of the Zagros
fold-thrust belt, adjacent to the Sanandaj-Sirjan Zone, is a chaotic zone with ocean-derived
mélanges, in places metamorphosed to high-pressure, low-temperature metamorphic
conditions, and isolated remains of non-metamorphosed SSZ ophiolites (Stocklin, 1968,
1974a; Agard et al., 2005, 2006, 2011). This chaotic zone is widely interpreted as the Neo-
Tethys Suture (Fig. 3; e.g., Agard et al., 2011).

The ophiolites of the Zagros fold-thrust belt include, from NW to SE, the Piranshahr-
Serow, Kermanshah-Kurdistan, Neyriz, and Haji-Abad ophiolites, also referred to as the Outer
Zagros Ophiolites (as opposed to the Nain-Baft Ophiolitic belt also known as the Inner Zagros
ophiolites north of the Sanandaj-Sirjan Zone). These form the highest structural units south
of the Main Zagros Fault (Fig. 3). Most ophiolites have Late Cretaceous (~¥92 Ma) crustal ages
(Table 4), and where associated with a metamorphic sole, similar cooling ages of Late
Cretaceous are found (Lanphere and Adib 1983, as cited in Babaie et al., 2006; Babaei, et al.,
2005). These ophiolites are part of a belt of ophiolites with similar ages (~96 Ma in Oman
(Rioux et al., 2013) and ~92 Ma in Anatolia, Cyprus, and Syria (e.g., Parlak et al., 2004) that
were emplaced onto the Arabian continental margin in the Late Cretaceous (Berberian and
King, 1981; Homke et al., 2009; Agard et al., 2011). In the Zagros Mountains, the Arabian
margin including overlying ophiolites became in Miocene time thrusted and folded during
Arabian underthrusting below Iran. To the east, in Oman, and west, in southeastern Turkey
and Syria, however, the ophiolites obducted in the Late Cretaceous over the Arabian margin
remain in their original obducted position, sealed by uppermost Cretaceous sedimentary
rocks (e.g., Robertson, 1987; Searle and Cox, 1999; Al-Riyami et al., 2002; Kaymakci et al.,
2010). These Cretaceous ophiolites formed as part of an intra-oceanic subduction system that
is not of direct relevance to the tectonic evolution of Iran and Afghanistan, and we refer for

reconstructions and discussions to Maffione et al. (2017) and van Hinsbergen et al. (2020,
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2021). An exception may be the Kermanshah Ophiolite in the western part of the Zagros
suture zone, which has ages as young as ~35 Ma, and may represent a remnant of the forearc
adjacent to the Sanandaj-Sirjan Zone above the Neo-Tethyan subduction zone (Ao et al.,

2016).

Finally, the East Anatolian Plateau to the west of the Iranian Cimmerides is the locus
of a Late Cretaceous to Neogene accretionary fold-thrust belt that formed during subduction
and collision of the Greater Adria continent in the eastern Mediterranean Tethysides. This
continent broke off northern Africa and northwest Arabia in the Triassic, underwent
subduction and collision in Cretaceous to Cenozoic time, and was bounded in the east by a
transform system. Consequently, it has no equivalent in the Iranian Tethysides. We refer to
the reader to detailed descriptions of orogenic architecture and reconstructions in van

Hinsbergen et al. (2020, 2024) and Nikogosian et al. (2023).

4.9 Major fault systems in the Central Tethysides
In addition to the already described Doruneh Fault, Central Iran is cut by a series of

major faults, the most important of which are summarized here. The ~400 km long NW
trending dextral Dehshir Fault delimits the CEIM in the southwest and cuts through the Nain-
Baft ophiolitic belt and the UDMA. Based on map view offsets, we estimate a displacement of
Eocene-Oligocene volcanics of the UDMA by ~50 km (Fig. 7). Transpressional movement along
the dextral Nayband Fault was mainly accommodated in the middle part of the Tabas Block,
by E-W oriented imbricated thrust faults that get younger towards the north (Fig. 8, Table 5).
The East and West Neh faults (the Neh Fault Zone in Fig. 8) are two subparallel faults within
the Sistan Suture zone. The Neh Fault system, which comprises a series of faults anastomosing
between two main N-NE-trending trending strike-slip faults, have several tens of kilometres
of cumulative dextral displacement (Table 5). Southward, the Neh Fault Zone connects to the
Nosrat-Abad and Kahurak faults along the eastern Lut margin (Stocklin, 1968; Walker and
Jackson, 2004). The Neh Fault system together with the Hari-Rud Fault represent the
easternmost part of the shearing system that accommodates the displacement between

Afghan and Iranian units (Berberian, 1981; Walker and Jackson, 2004).
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Afghanistan is cut by a series of major faults that fan from an E-W trend of the Herat
Faultin the north to a NE-SW trend of the Chaman Fault in the southeast. These faults become
buried below the desert of the Sistan Basin in the southwest (Fig. 6; Wellman, 1966; Shnizai,
2020).

The dextral Herat strike-slip fault runs from the north of the Kabul Block to the Iranian
border, over a length of ~1200 km (Fig. 6; Wellman, 1966). The eastern part of the fault,
beyond the Kabul Block is known as the Panjshir Fault. In the west, it becomes difficult to trace
towards the Hari-Rud Fault, but it may have connected to the Doruneh/Great Kavir Fault
system, stepping right ~ 50 km along the Hari-Rud Fault (Fig. 8). Formation of transtensional
basins along the fault with Oligo-Miocene fluvial-eolian sediments and accompanying alkaline
volcanism show that it has been active since at least this time the Oligocene-Miocene interval
(Tapponnier et al., 1981; Shroder et al., 2022) and the fault is still seismically active (Zhao et
al., 2025). Because the fault runs sub-parallel to the Paleo-Tethys Suture zone (Ahmadi and
Rahmani, 2018), the displacement along the fault, or the onset of its activity, are unknown.
The Chaman Fault is a well-defined, major sinistral fault that forms the western boundary of
rock units accreted from the Indian plate (Wellman, 1966). To the southwest, the Chaman
Fault curves south-westward and connects to the subduction zone of the Makran accretionary
complex. To the northeast, it and splits into two branches around the Kabul Block. It merges
with the Moqor Fault along the western side of the block and continues to the northeast
where it meets the Herat Fault, ~70 km north of the Kabul (Fig. 6; Whitney, 2006). The eastern
side of the Kabul Block is delimited by the Gardez Fault that accommodated that the Kabul
Block was wedged into the southern Eurasian units of the NE Afghanistan and Southern Pamir
regions (Treloar and lzatt, 1993). The subparallel faults within Central Afghanistan

accommodate left-lateral displacement (Table 6; Auden, 1974).

5. Reconstruction
Our reconstruction is embedded in the Arabia—Nubia—North America—Eurasia plate

circuit and follows the constraints on deformation and rotation in the Central Tethysides as
reviewed in the previous section. All GPlates reconstruction files are provided in

Supplementary Data S1, an animated version of the reconstruction is provided as
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Supplementary Data S2. We present our reconstruction of the Central Tethysides in a Eurasia-
fixed reference frame from the present back to the Early Jurassic (Figs. 10-18) and then zoom
out for a reconstruction back to the Permian in a paleomagnetic reference frame to display a
larger and less detailed paleogeographic and plate tectonic scale, displaying its context within
the Tethyan and Mongol-Okhotsk oceans and surrounding continents (Fig. 19). These time
slices are chosen to illustrate times of important changes in the tectonic evolution of the

region.

5.1 Late Oligocene (25Ma)

A latest Oligocene time paleo-tectonic map (Fig. 11) shows the Central Tethysides
restored for N-S shortening that dominated after that time. Northward subduction was active
in eastern Anatolia and in the Makran, whilst the Zagros and Katawaz Basin-Sulaiman Ranges
were in the early stages of collision with the Central Tethysides. The Zagros fold-thrust belt is
restored according to the estimates of McQuarrie and van Hinsbergen (2013) and covers the

Arabian passive margin, still overlain by Cretaceous obducted ophiolites.

The Alborz was not mountainous yet and were corrected for ~50 km of Neogene
shortening and rotation in the Binalud Mountains to the east (Table 3; Allen et al., 2003; Guest
et al., 2006a, 2006b; Cifelli et al., 2015; Rashid, 2016). The post-Oligocene shortening of the
Caucasus fold-thrust and orocline was restored, and the Oligocene map (Fig. 11) shows the
restored dimension of the Greater Caucasus Basin (Cowgill et al., 2016; van Der Boon et al.,

2018).

The Kopet Dagh Basin is restored into its pre-shortened configuration as the
continuation of the South Caspian Basin. This reconstruction moved the Paleo-Tethys Suture
~70 km southward relative to stable Eurasia and makes the Alborz Mountains nearly
contiguous with the Kopet Dagh and Talesh zones (Fig. 11) as previously suggested based on
paleomagnetic data (Mattei et al., 2017). To the south, the restoration of the Kopet Dagh
shortening reconstructs the CEIM and parts of the Sistan Suture southwards along the Hari-
Rud and Neh Fault systems. This strike-slip motion transferred the shortening in Kopet Dagh
to the Makran region. Within the CEIM, we restored the positions of the Yazd, Posht-e Badam,

Tabas, and Lut blocks using the displacements along the dextral faults within CEIM (Figs. 7 and
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8, Table 5; Anar, Kuh Banan, Nayband, Gowk, Sabzevaran faults). Paleomagnetic results from
the Yazd Block shows a CCW rotation of 19° since 12 Ma (Mattei et al., 2020) and a CCW
rotation of 20°-35° in Tabas and Anarak regions since Oligocene (Mattei et al., 2012) (Fig. 9).
To avoid spatial gaps, we modified the shape of the blocks, representing the widespread but

unguantified thrusting and normal faulting that affected these blocks in the Neogene.

The northern side of the Central Basin follows the trend of the restored Alborz ranges
and becomes E-W trending in the reconstruction (Fig. 11). The N-S width in the Late Oligocene
reconstruction is wider than today due to restoration of ~40 km of post-10 Ma shortening
(Morley et al., 2009). We restore shortening in Central Iran parallel to the Arabia-Eurasia
convergence direction, which given the NW-SE strike of Iran includes an overall dextral
component of shear (e.g., Allen et al., 2011). Restoration of lateral motion along the
Sabzevaran Fault (Fig. 8) reconstructs the Durkan Complex to the easternmost parts of the
Sanandaj-Sirjan Zone (McCall, 2002; Hunziker et al., 2015; Dorani et al., 2017). We did not
reconstruct the displacement of all other individual faults but included a ~250 km overall
strike-slip component distributed over the Central Basin, Sanandaj-Sirjan, and Zagros zones,
consistent with estimates of cumulative Neogene shear based on fault analysis and block

rotations of Allen et al. (2011).

Our 25 Ma reconstruction restored ~70 km of right-lateral motion between Eurasia
and Central Afghanistan along the Herat Fault (Table 6). This motion is accommodated
westwards along the Doruneh Fault and in the east by restoring the northward indentation of
the Kabul with the Indian Plate (following Gaina et al. 2015; van Hinsbergen et al. 2019). This
allows for the eastward reconstruction of Afghanistan relative to the Pamir units and restores

a direct connection between the Southern Pamirs and the Helmand Block.

5.2 Middle Eocene (40 Ma)

Between 40 and 25 Ma, ~400-600 km of Arabia-Eurasia convergence occurred at the
position of the NW and SE Central Tethysides, respectively. Because all major shortening in
the Zagros and the Iranian upper plate post-date 25 Ma, and subduction around the CEIM
predates 40 Ma, this convergence must have been mostly accommodated by wholesale

subduction of Arabian plate lithosphere. We consequently infer that this convergence was
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accommodated by oceanic Neo-Tethyan lithosphere subductions and our reconstruction at 40
Ma displays a northward Neo-Tethys subduction along the Sanandaj-Sirjan and southern
Helmand margin. The Outer Zagros ophiolites (perhaps excluding the Kermanshah Ophiolite)
were at this time located on the African/Arabian continental margin. The ophiolites on the
Sulaiman ranges and Kabul Block were located on the Indian plate margin, which are restored
several thousand kilometers south of their modern position based on plate circuit constraints

(Fig. 12; e.g., DeMets and Merkouriev, 2021).

The Kopet Dagh Basin underwent its final stages of marine sedimentation during the
Late Eocene. It is restored to its full original width in our 40 Ma reconstruction correcting for
minor 40-25 Ma shortening and uplift (VahdatiRad et al., 2016; Aghababaei et al., 2022). The
Alborz Mountains are restored as an almost E-W linear belt, connecting westwards to the fully
restored Caucasus orocline. The South Caspian Basin is reconstructed to its maximum original
extent, connected to the Greater Caucasus Basin in the west and the Kopet Dagh Basin in the

east (Kaz’'min and Verzhbitskii, 2011).

At 40 Ma, the Doruneh-Great Kavir Fault was active (Omrani et al., 2018), and the CEIM
was in its final stages of counterclockwise rotation and south-westward translation. This was
accommodated by shortening within the CEIM and by thrusting of the Nain-Baft suture zone

rocks over the Sanandaj-Sirjan Zone (Fig. 12).

To the east, restoration of dextral slip along the Hari-Rud Fault links the Herat Fault
with the Doruneh Fault, allowing these structures to function as a continuous, throughgoing
fault system that accommodated the westward translation of the CEIM together with the
Farah-Rud Zone. From this reconstruction, we infer that the Sistan Suture Zone was not
contiguous with the Sabzevar suture zone, as often inferred (Sengoér, 1990a; Rossetti et al.,
2010; Brocker et al., 2021). Instead, the Sistan Suture zone abruptly ends against a transform
fault (Rojhani et al., 2026), which at 40 Ma connects to the Waser suture zone due to the
reconstruction of dextral slip along the Hari-Rud Fault. Our reconstruction at 40 Ma
reconstructed ~110-150 km of ~E-W post-collisional shortening estimated by Jentzer et al.
(2022) for the Sistan Suture zone. The Makran accretionary complex only started to form
around 40 Ma and consequently does not exist yet on our map. In the Sanandaj-Sirjan Zone,

we restored ~30-40 km NE-SW shortening, accommodated by rotation and distributed
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transpression (Allen et al., 2011; Song et al., 2023). In addition, we reconstructed Oligocene

core complex extension in Central Basin (Malekpour-Alamdari et al., 2017).

5.3 Earliest Paleocene (65Ma)

At 65 Ma, the Central Neo-Tethys was 900-1200 km wide and was subducting below
the Central Tethysides, both along the Sanandaj-Sirjan Zone creating the Urumieh-Dokhtar Arc
and along the southern Helmand Block creating the Raskoh-Chagai Hills arc (Fig. 13). The
northern Central Tethysides were formed by the Greater Caucasus-South Caspian-Kopet Dagh

Basin that was in its post-rift stage at its maximum areal extent.

By 65 Ma, the oceanic basin of the Nain-Baft zone was closing (Stocklin, 1977;
Moghadam et al.,, 2009; Shafaii Moghadam and Stern, 2015). Blueschists of the Govain
Mountain (10 km southeast of Soltanabad, Fig. 5) that record Late Paleocene to Early Eocene
high-pressure metamorphism in the Sabzevar zone shows that also there subduction
continued into the Early Cenozoic (Fig. 13, Brocker et al., 2021). This was the result of the CEIM
advancing west to south-westward in the upper plate of a subduction zone while undergoing
part of its 90° counter-clockwise rotation (Fig. 9), alongside shortening (we restore a
speculative 20% of shortening within the CEIM) and transpressional faulting (Tillman et al.,
1981; Shafiei Bafti and Mohajjel, 2015; Lei et al., 2025). CEIM motion was accommodated
along the westward advancing, curved Doruneh Fault that bounded the subduction zone to
the north. This eastward reconstruction of the CEIM along the Doruneh Fault eventually
reconstructs the Paleo-Tethys relics of the western Yazd and Posht-e Badam Blocks to the
Paleo-Tethys Suture zone in northern Afghanistan. This also shows that the Sabzevar and Nain-

Baft ophiolitic and OPS relics formed part of one ocean basin and subduction system.

Much of the forearc that once existed southwest of the Sanandaj-Sirjan Zone when its
main Mesozoic arc was active, was likely tectonically removed. This would have occurred
around 65 Ma, explaining the northward shift in the magmatic arc from the Sanandaj-Sirjan
Zone to the UMDA. Lei et al. (2025) speculated that this missing forearc may be represented
by ophiolites that are exposed below the thick volcanic cover of the east Anatolian Plateau.
Alternatively, the Kermanshah Ophiolite may be a relict (Ao et al., 2016). Our reconstruction

does not explicitly reconstruct trench-lateral motions towards Anatolia because Paleocene-
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Eocene convergence was trench-perpendicular and we do not see conclusive evidence for

such a scenario. Instead, we infer that this forearc may have been lost to subduction erosion.

The westward displacement of Paleo-Tethys remnants into Central Iran along the
Doruneh-Great-Kavir Fault, albeit long recognized (Bagheri and Stampfli, 2008) has not
previously been kinematically reconstructed and requires a much greater internal mobility
within the Iranian and Afghan blocks that inferred in earlier reconstructions (e.g., Stampfli and
Borel, 2002; Golonka, 2004; Stern et al., 2021). This major westward motion over 100s of km
requires extrusion of the CEIM/Farah-Rud Block from the Pamir Hindu-Kush region. Moreover,
also the Sistan Ocean, as a separate oceanic basin between the Lut and Helmand blocks, was
in the process of subducting at 65 Ma. This was also bounded by a transform fault in the north,
which we infer runs parallel to and along the Waser Suture and may correspond to the
Helmand Fault (Fig. 6). This requires that also the Helmand Block was extruded from the east,
and faster than the CEIM/Farah-Rud Zone (see also Bagheri and Damani Gol, 2020). Bagheri
and Damani Gol (2020) inferred that this extrusion of Helmand was accommodated by
formation of a bi-vergent, northward convex orocline in the Sistan Suture. Based on the west-
southwest younging of accretionary complex and southeasterly vergence of the folds and
thrusts, and arc magmas intruded into the Nehbandan ophiolite at 58.6 + 2.1 Ma (Delavari et
al., 2014), we prefer a scenario of a single, eastward subduction polarity based on the
sedimentological record in the Sefidabeh Basin and turbiditic sequences (Angiboust et al.,

2013; Mohammadi et al., 2023a).

Restoring the extrusion of the Helmand and Farah-Rud blocks places these blocks
between the terranes that now constitute the Pamir orogen. The Helmand Block connects
eastwards with the Southern Pamirs, which are the continuation of the Qiangtang Block of
Tibet (Yin and Harrison, 2000; Robinson, 2015). Taking the reconstruction of shortening in
Tibet into account using the reconstruction of (van Hinsbergen et al., 2011), we reconstruct
the Helmand Block as the northwestern part of the Qiangtang/Southern Pamir, the Farah-Rud
as part of the Central Pamirs, and the Waser Suture as part of the (western) Rushan-Pshart

Zone (Fig. 13).
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5.4 Late Cretaceous (90Ma)

At 90 Ma, the restored width of the Neo-Tethys exceeds 2000 km, and the Neo-Tethys
Ocean was subducting below the southern Sanandaj-Sirjan margin. The 90 Ma time slice also
displays the intra-oceanic subduction zone within the Neo-Tethys Ocean (e.g., Agard et al.,
2011; van Hinsbergen et al., 2021) that ended in the latest Cretaceous with emplacement of
Cretaceous ophiolites over the Arabian margin, including the Neyriz ophiolite of the Zagros

mountains (Fig. 14).

At 90 Ma, subduction was also active to the north of the Sanandaj-Sirjan Zone. The
westward advancing CEIM/Farah-Rud Zone is restored farther to the east. The CEIM was
already in an upper plate position of the subduction zone that consumed the oceanic crust of
the Sabzevar-Nain Baft Ocean basin, with Late Cretaceous SSZ ophiolites of the two belts in
the forearc. To the southeast of the CEIM/Farah-Rud Zone, the westward advancing Helmand
Block was already overriding the oceanic crust of the Sistan Ocean basin, and also here, SSZ
ophiolites had formed in the western forearc (Delaloye and Desmons, 1980; Brocker et al.,
2013; Bonnet et al., 2018; Bagheri and Damani Gol, 2020). Reconstructing the rotation of the
CEIM leads to a triangular shape of the Sistan Ocean, pinching out northwards (see also Stern

et al., 2021), at the connection to the Waser Suture.

Both subduction zones abruptly ended at left-lateral transform faults (Doruneh-Herat
and Madar Kuh-Waser, Fig. 14) that acted as subduction transform edge propagator (STEP)
faults (Rojhani et al., 2026). With subduction below the western CEIM and Helmand margins
having started around 100 Ma, the 90 Ma time slice restores these ocean basins close to their
maximum width, with the western active margin of the CEIM in a position close to the modern
eastern limit of the Kopet Dagh formed by the present-day Herat Fault (Fig. 14). The Paleo-
Tethys Suture remains on the western CEIM (Bagheri and Stampfli, 2008; Zanchi et al., 2015)
are restored to a position equivalent to modern NW Afghanistan and the Sabzevar-Nain-Baft
Basin was located between the Kopet Dagh and Sanandaj-Sirjan Zone. This basin was eastward
widening, with oceanic lithosphere in the east and extended continental lithosphere in the
Central Basin in the west. This basin was separated from the Greater Caucasus-South Caspian-
Kopet Dagh Basin to the north by the Alborz-Kopet Dagh block, but the two basins likely
opened simultaneously (Golonka, 2004; Jentzer et al., 2022). The Caspian basin pinched out

eastwards, whereas the Sabzevar-Nain-Baft basin pinched out westwards and we thus infer
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that they partitioned Late Jurassic-Early Cretaceous back-arc extension, with the Kopet Dagh-

Alborz ranges acting as mega-relay ramp (Fig. 14).

The 90 Ma slice further restores the counterclockwise rotation of the CEIM (Fig. 9),
combined with lateral motions between the CEIM blocks. The CEIM was located along the
southern Eurasian margin of present-day northern Afghanistan, with its modern eastern
margin in a northeast—southwest orientation. This restoration shifts the more easterly
positioned Afghan blocks farther into the Pamir orogenic architecture, resulting in
tectonostratigraphic continuity between the CEIM, the Farah-Rud Zone, and the Central
Pamirs. The 90 Ma reconstruction of the Waser and Rushan—Pshart sutures depicted these
zones as significantly wider, due to the restored extrusion. The Helmand Block is restored
northwest of the Southern Pamirs, as the westernmost extension of the (north) Qiangtang

Block.

The reconstruction of the extrusion of the Helmand Block and Farah-Rud-CEIM
restores the western Lhasa and Kohistan—Ladakh terranes farther south. We restore a
northward motion of these terranes during the extrusion that is slower than
contemporaneous India-Asia convergence, which may thus kinematically accommodate the
extrusion. The Chagai-Raskoh arc of southern Helmand restores to the north of the Kohistan

arc, as the western continuation of the Shyok subduction zone.

5.5 Early Cretaceous (110Ma; 140Ma)

At 140 Ma, the Neo-Tethys Ocean south of the Central Tethysides was ~4000 km wide,
bounded in the north by a north-dipping subduction zone along the southern margin of the
Cimmerian Continent. Within the Neo-Tethys, mid-ocean ridge spreading was likely still active
as suggested by the ages of the Kahnuj and Haji-Abad oceanic crustal rocks that were accreted

in the Makran accretionary prism (Kananian et al., 2001; Shafaii Moghadam et al., 2013).

In the upper plate of the Neo-Tethyan subduction zone, and behind the Sanandaj-
Sirjan arc, the Central Tethysides of Iran back-arc extension was active opening the Greater
Caucasus-South Caspian-Kopet Dagh basin to the north and the Central Basin-Sabzevar-Nain-

Baft Basin to the south. Fig. 15 illustrates the distribution of this extension, with the oceanic
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South Caspian Sea Basin forming north of the continental rift of the Central Basin, and the

oceanic Sabzevar-Nain Baft basin forming south of the continental rift of the Kopet Dagh Basin.

The 140 and 110 Ma time slices (Figs. 15 and 16) show the fully restored position of
the CEIM, with the full ~90° counterclockwise rotation accounted for (Davoudzadeh and
Schmidt, 1984; Soffel et al., 1996). The Permian—Triassic metamorphic units are restored as
part of the Paleo-Tethys Suture zone in modern northern Afghanistan. The Helmand Block was
part of the Qiangtang Block, and intruded by the Kandahar arc that may be a lateral equivalent
of the Late Jurassic-Early Cretaceous Zapug—Duobuza magmatic arc of the southern Qiangtang

(Geng et al., 2016).

The Waser Ocean was in the final stages of closure (Girardeau et al., 1989; Treloar and
Izatt, 1993; Montenat, 2009). This ocean closed between the Helmand Block and Farah-Rud
Zone, which means that an active plate boundary remained until early Cretaceous time
between the Tibetan Cimmerian orogen (containing the Qiangtang Block and thus the
Helmand Block) and the Central Tethyan Cimmerian orogen (containing the Farah-Rud Zone).
At the same time, the OPS ages in the Sistan Suture zone show that the Sistan Ocean was likely
opening at this time (e.g., Babazadeh and De Wever, 2004a, b). We therefore reconstruct a
counterclockwise rotation of the Helmand Block relative to the Farah-Rud Zone around a pole
at the junction between the western termination of the Waser subduction zone and the
northern termination of the Sistan spreading ridge. We will return to the wider implication of

this interpretation in the discussion section.

5.6 Jurassic (160Ma; 185 Ma)

Around 160 Ma, the Neo-Tethys in the Central Tethysides segment was up to ~5000
km wide. Arabia-Eurasia convergence was underway, accommodated along the southern
margin of the Central Tethyan Cimmerian blocks. Magmatism in Sanandaj-Sirjan was
underway in the Jurassic (Sengor et al., 1991; Bea et al., 2011; Shakerardakani et al., 2015;
Jamei et al., 2021; Mohammadi et al., 2026). Most researchers interpreted this magmatism as
a subduction-related arc (e.g., Khalaji et al., 2007; Fazlnia et al., 2009, 2013; Shahbazi et al.,
2010; Ahadnejad et al., 2011; Esna-Ashari et al., 2012; Deevsalar et al., 2017; Sepahi et al.,

2018; Jamaliashtiani et al., 2024), but recently, others argued for a link to rifting (Hunziker et
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al., 2015; Azizi et al., 2017, 2020; Azizi and Stern, 2019). Those authors suggested that the
Sanandaj-Sirjan Zone may have broken off Gondwana-Land in the Jurassic, traveling
northward as a separate microcontinent with the Nain-Baft ophiolite belt as its Cretaceous
suture. Because the Nain-Baft belt does not continue westwards to delineate a subduction
zone that could have accommodated the collision of the Sanandaj-Sirjan Zone with the rest of
the Iranian Cimmerides, we instead link the rifting to the opening of the Sabzevar-Nain-Baft-

Central Basin back-arc basin system.

Arc magmatism in the eastern and southeastern margin of the Lut Block (Esmaeily et
al., 2005; Karimpour et al., 2011; Mahmoudi et al., 2010; Brocker et al., 2013; Mazhari and
Safari, 2013) suggest that prior to the opening of the Sistan Ocean, the southern (modern
eastern) margin of the CEIM was an active margin. From the Late Jurassic through the
Cretaceous, the Farah Basin accumulated a thick turbiditic succession in the forearc of the
Waser subduction zone. We reconstruct the Lut arc as the lateral equivalent of the Band-e
Bayan arc of the Farah-Rud Block of Afghanistan and infer that the Waser subduction zone was

contiguous with the trench south of the Sanandaj—Sirjan Zone (Fig. 17).

Around 185 Ma, the Neo-Tethys in the Central Tethysides segment was at its maximum
width of up to ~5500 km (Fig. 18). Arabia-Eurasia convergence started around this time,
coinciding with the initial oceanization of the Central Atlantic Ocean (Labails et al., 2010; van
Hinsbergen et al., 2020). A the Late Triassic—Early Jurassic phase of folding of this zone (Taraz
et al., 1981; Shafiei Bafti and Mohajjel, 2015; Sheikholeslami, 2015, 2017) may relate to
subduction initiation and eclogites from the north Shahrekord region yielding 184 + 1 Ma
(*°Ar/3°Ar mica ages, Davoudian et al., 2016), suggest that subduction along the southern

Cimmerian margin was underway at 185 Ma (Hassanzadeh and Wernicke, 2016).

Around the same time, back-arc extension and rifting started in the South Caspian,
Kopet Dagh, and Alborz regions, perhaps earlier than in the future Central Basin-Sabzevar-
Nain-Baft basin. Our Jurassic time slice displays the Sanandaj—Sirjan Zone in a position
adjacent to the Kopet Dagh and Alborz zones, with a much-reduced width of the future Central
Basin (Fig. 18). To the east, the CEIM also experienced extension that developed normal faults
later reactivated as the modern block-bounding transform faults (Bagheri and Stampfli, 2008;
Wilmsen et al., 2009; Salehi et al., 2018; Soleimani et al., 2021), but extension magnitudes

were much smaller than farther west.
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5.7 Late Triassic (220 Ma); Permian (300 Ma)

The pre-Late Jurassic history of the Central Tethysides is governed by the Permian to
Triassic migration of the Cimmerian Continent from the Gondwana-Land margin to the
Eurasian margin (Fig. 19). This continent included the continental basement of the Sanandaj-
Sirjan, Alborz, Central Basin, and Kopet Dagh zones, as well as the CEIM, Farah-Rud, and
Central Pamir blocks. The Paleo-Tethys closed with the Late Triassic collision of the Cimmerian
Continent. We made no attempt to reconstruct the tectonic history of this closure history in
detail and the possible involvement of intra-oceanic subduction zones but focused on the first-
order paleogeographic evolution. Our reconstruction follows the widely-held views (e.g.,
Sengor et al., 1991; Stampfli and Borel, 2002) of a coherent Cimmerian Continent, separated
with transform systems from the eastern Mediterranean and Tibetan Tethyan systems. These
transforms date back at least to the Early Permian, at which time the Central Tethyan

Cimmerides started breaking off the Arabian margin.

In the west, the plate boundary between the Mediterranean and Central Tethyan
segments was likely mostly a transform fault throughout the Permian and younger history. To
the east, however, the Waser Suture shows that the plate boundary with the western Tibetan
Cimmerides was convergent in Late Triassic to Early Cretaceous time. Inevitably, this plate
boundary must have bounded the Tibetan Cimmerides also farther to the northeast, but the
location of its suture is enigmatic (Wang et al., 2026; Chai et al., 2026). We will discuss this

problem in the next section.

6. Discussion
Plate tectonic reconstructions of deformed continental regions are challenging

because the geological record is almost always incomplete, extensively reworked, and
commonly overprinted by multiple phases of deformation. This challenge is especially
pronounced in the Tethyan domain, where the Cimmerian Continent underwent successive

episodes of rifting, subduction, collision, lateral extrusion, and strike-slip partitioning.
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The tectonic reconstruction presented here offers an attempt at placing all known
observations of the tectonic history of the Central Tethysides in plate tectonic context. In
particular, we offer a kinematic scenario that may explain the opening and closure of oceanic
basins within the Cimmerian Continent after its Late Triassic collision with Eurasia.
Nonetheless, we invoke processes and paleogeographic infrastructure, including ocean basins
and their paleogeographic connection, which challenge previous hypotheses. In this section,
we place these findings in a broader geodynamic context, examine the evidence supporting

our proposed configuration, and address opportunities for future work.

6.1 Plate tectonic context of the Waser Suture and Sistan Ocean

The opening history of the Greater Caucasus-South Caspian-Kopet Dagh and Sabzevar-
Nain-Baft-Central basin systems is straightforwardly explained as back-arc extension in the
upper plate of the Jurassic Neo-Tethyan subduction zone. Such laterally varying distributions
of extensional basins, intervened by rotating 'mega-relay ramps' are well-known from systems
in similar settings, such as in the SW Pacific region (van De Lagemaat and van Hinsbergen,
2024) or the Pontides of northern Anatolia in Jurassic time (van Hinsbergen et al., 2020).
However, the history of the closure of the Waser Suture and the opening of the Sistan Ocean
is more unique. We interpret the arrest of the Late Jurassic Lut arc as the result of collision of
the Qiangtang Block including the Helmand Block, followed by drift of the Euler pole to the
northern end of the Sistan Ocean. As a result of this rotation, the Helmand Block diverged
from the Lut margin opening the Sistan Ocean in the Early Cretaceous, while convergence and
subduction in the Waser subduction plate boundary continued (see van Hinsbergen et al.,
2025, for an equivalent history in the Pyrenees). However, plate boundaries must surround
plates and end in triple junctions. Thus, the question arises how the Waser plate boundary,

and the suture that forms its geological remains, continued in the east.

The Waser Suture accommodated the collision between the northwestern Qiangtang
Block and Farah-Rud that was part of the southern Eurasian margin (Fig. 19a, b). The
Qiangtang Block continues eastwards into the Tibetan Plateau, and is there bounded to the
north by the Songpan Ganzi accretionary complex (Yin and Harrison, 2000). However, this it is
a Triassic suture that separates the Qiangtang Block from the Eastern Kunlun/Qaidam of

Northeast Tibet, which in turn has been connected to the North China Block since the
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Paleozoic. The Early Cretaceous Waser Suture may continue into the western Rushan-Pshart
zone in the Pamir orogen that is thought to be Early Cretaceous (Yogibekov et al., 2023), but
from there on does not continue eastwards into the Tibetan Plateau, because the eastern part

already contains Triassic clastics (Wang et al., 2020).

However, paleomagnetic data have long demonstrated that the China blocks moved
1000s of km northward relative to Siberia until the Early Cretaceous (Kravchinsky et al., 2002;
Cogné et al., 2005; Van Der Voo et al., 2015; Wu et al., 2016). From this it follows that a plate
boundary must have existed until the Early Cretaceous somewhere between the China-
Tibetan blocks in the east and Eurasia in the west. This suture is surprisingly challenging to
identify in the field. Wang et al. (2026) and Chai et al. (2026) demonstrated that the Qaidam
Basin of the northern Tibetan Plateau converged over thousands of kilometers with Eurasia
since the Permo-Triassic and postulated that the accommodating suture may be hidden below
the Tarim Basin or tectonically overthrusted by the Tibetan Plateau. Previous workers
identified the Mongol-Okhotsk suture in Mongolia and far-east Russia as the eastern part of
the plate boundary (Kravchinsky et al., 2002; Cogné et al., 2005; Van Der Voo et al., 2015). If

true, the Waser suture may form the southwestern end of this last intra-Asian suture.

6.2 Lateral extrusion from western Tibet/Pamir

The closure of the Sabzevar-Nain-Baft and Sistan oceans by the westward motion of
the CEIM and Helmand Block, respectively, require major orogen-parallel extrusion of these
blocks from western Tibet and the Pamir orogen. Extrusion of the Helmand Block from
western Tibet has previously been suggested based on the fault patterns of Afghanistan
(Tapponnier et al., 1981), and the realization that the closure of the Sistan Ocean requires a
major component of E-W convergence in the upper plate of an overall northward subducting
ocean (Bagheri and Damani Gol, 2020; Sengor et al., 2023). However, the dimension of the

extrusion here is much larger than previously appreciated.

Extrusion systems are well known from subduction-related orogenic belts (e.g.,
(Whitney et al., 2026). Famous examples are found to the west of the Central Tethysides in
Anatolia, which has been extruded westwards towards the Aegean subduction zone over ~85

km since ~11 Ma (Sengor et al., 2005; Whitney et al., 2023), and to the east where Indochina
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was extruded from eastern Tibet over some 600-700 km between ~50 and 8 Ma (Tapponnier
et al., 1981; Leloup et al., 1995; Schoenbohm et al., 2006; Li et al., 2017). Those extruding
systems are driven by upper plate shortening during the underthrusting of one continent
below another and are accommodated on the extruding side by subduction zones. In the case
of Iran and Afghanistan, extrusion is accommodated by two subduction zones: Sabzevar-Nain-
Baft and Sistan. We estimate that the amount of extrusion is likely even larger than in eastern
Tibet, exceeding 1000 km, between ~100 and 45 Ma. This might have been driven, at least

initially, by shortening in western Tibet.

Cretaceous shortening in Tibet is well-documented (Murphy et al., 1997; Kapp et al.,
2007; van Hinsbergen et al., 2011) and is thought to represent Andean-style orogenesis in the
upper plate of the Neo-Tethyan oceanic subduction zone (Kapp and DeCelles, 2019). This
makes extrusion in the west towards 'free' oceanic boundaries formed by the previously
opened Sabzevar-Nain-Baft and Sistan oceans in principle feasible. However, a history of
continued upper plate shortening throughout the extrusion history must be reconciled with

recent interpretations of the tectonic history of the Kohistan-Ladakh arc.

Our reconstructions display the Kohistan-Ladakh arc as a westward oceanic
continuation of an arc built on southern Tibet (the Gangdese Arc). This is a simplest-case
scenario inferred in van Hinsbergen et al. (2019), but recent data may challenge this view. The
recent paleomagnetic (Martin et al., 2020; Xu et al., 2025), structural geological (Martin et al.,
2025), and sediment provenance data (Borneman et al., 2015) indicate that the Kohistan-
Ladakh arc was located adjacent to the Tibetan/Pamir upper plate around 85 Ma, but then
rifted off opening a back-arc basin that subsequently closed between ~70 and 40 Ma (Xu et
al., 2025). If correct, extrusion of the between 85 and 70 Ma cannot have been driven by N-S
shortening in the Pamir region. Detailed field observations in the Afghan, Pakistan, and Indian
parts of this system are needed to reconstruct this history with confidence, but at this point
we speculate that extension was triggered by Tibet-Pamir upper plate shortening between
100 and 90 Ma initiating subduction in the Sistan and Sabzevar-Nain-Baft back-arc basins of
Iran. By 90-85 Ma, these new subduction zones were rolling back, as shown by the
development of supra-subduction zone spreading centers generating the SSZ ophiolites in
these systems. We propose that the extrusion in the 85-70 Ma interval was driven by this roll-

back rather than upper plate shortening in the Pamirs. Following the onset of closure of the
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back-arc basin behind the Kohistan arc at the Shyok subduction zone, upper plate shortening
could have contributed to extrusion again. The Pamirs-Karakoram-Kohistan orogenic belt may
thus be regarded as a key frontier to tackle major outstanding (plate) tectonic puzzles, from
the final amalgamation of the Eurasian continent to the interplay between upper plate

extension, contraction, and extrusion.

7. Conclusions
In this paper, we review and restore orogenesis and the underlying plate tectonic

history of the Central Tethysides, the Iranian and Afghan section of the Alpine-Himalayan
mountain belt. We especially focused on the opening and closure of the enigmatic back-arc
basins whose sutures are well-known, but whose tectonic histories are not. Our main

conclusions are the following:

1) Following the collision of the Cimmerian Continent with Eurasia, a back-arc basin opened
in Jurassic time within the southern Eurasian margin of Iran (Fig. 20). This opened the oceanic
Sabzevar-Nain-Baft basin. Extension magnitude of the Sabzevar-Nain-Baft Ocean decreased
westwards into the continental Central Basin of west Iran. To the north, a second set of
extensional basins with opposite trend in extension magnitude: in the west, the oceanic South
Caspian Basin opened, whereas decreasing extension eastwards led to the continental Kopet
Dagh Basin. The Alborz-Kopet Dagh block formed a rotating mega-relay ramp in between

these extensional systems.

2) The Sistan Ocean of eastern Iran opened in Early Cretaceous time west of the Helmand
Block, simultaneously with closure of the Waser Suture of Afghanistan to the north of this
block. From this we infer that the Helmand Block rotated counterclockwise about a pole at

the Sistan-Waser junction, causing simultaneous extension and convergence (Fig. 20).

3) The Sistan Ocean opened by reactivating a suture that formed in Late Jurassic time between
the Helmand and the Lut blocks. We conclude that the Helmand Block formed the
westernmost part of the Qiangtang Block of Tibet, and the Lut Block was part of the Eurasian

margin. A subduction zone thus connected a contiguous subduction zone along the southern
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Eurasian margin, from the Mediterranean region towards Afghanistan, with the west Tibetan

terranes in a downgoing plate position relative to Eurasia.

4) An outstanding question is how the Late Triassic to Early Cretaceous Waser subduction zone
continued eastwards. We infer that it connected to the western Rushan-Pshart zone of the
Pamirs, but not eastwards into the Tibetan Plateau. Instead, the suture may connect through
a recently postulated cryptic suture whose location has been postulated to be hidden below
the Tarim Basin that accommodated paleomagnetically well-documented plate motion of the
China blocks relative to Eurasia until the Early Cretaceous. If true, the Waser Suture zone may

eventually be connected to the Mongol-Okhotsk suture zone of Mongolia.

5) The closure of the Sistan and Sabzevar-Nain-Baft Ocean basins was associated with major
extrusion from the western Tibet/Pamir orogen (Fig. 20). The Sabzevar-Nain-Baft Ocean basin
closed by westward to south-westward motion of the Central-Eastern Iranian Microcontinent
and its eastern continuation, the Farah-Rud Zone of Afghanistan, along the Doruneh Fault that
connected eastwards to the Herat Fault of Afghanistan. Superimposed on this, the Helmand
Block of Afghanistan extruded faster, closing the Sistan Ocean between the Lut Block of the
CEIM and the Helmand Block. This extrusion was accommodated along a fault parallel to the

Waser Suture and the Chaman Fault that is the modern India-Asia plate boundary.

6) Our reconstruction of the Central Tethysides identifies a history with tectonic elements that
are known from the widely studied and reconstructed Mediterranean and Tibetan neighbours,
but that were not previously restored. The lIranian and Afghan geology may contain
spectacular examples of back-arc opening and closure, tectonic extrusion, and associated
magmatism and mineralization, but decades of detailed mapping are ahead to unlock the full
potential in this monumental part of the Tethyan orogenic belt.
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Figure Captions

Figure 1: Present-day extent and subdivision of the Tethysides. Remnants of the former
Cimmerian continent are shown by vertical ruling. The Central Tethysides are bounded to the
west by the Araks Fault, which separates them from the Mediterranean Tethysides, and
extend eastward beyond the Pamirs. The limit of the Central Tethysides is marked by a
dashed black line.

Figure 2: Simplified geological map of the area of interest in Iran, Afghanistan, Pakistan,
Turkmenistan, Uzbekistan and Tajikistan. The outlined rectangles indicate the locations of
the corresponding close-up views shown in Figs. 4-8.

Figure 3: Tectonic units in Iranian and Afghan segment. AnF: Anar Fault, ArF: Araks Fault, AS:
Apsheron Sill Fault, ChF: Chapedony Fault, DSF: Dehshir Fault, GaF: Gardez Fault, GoF: Gowk
Fault, HeF: Helmand Fault, KF: Kalmard Fault, KBF: Kuh-Banan Fault, MoF: Mogor Fault, M-
ZF: Minab-Zendan Fault, O-NF: Ornach-Nal Fault, SF: Sabzevaran Fault, SBF: Shahr-e Babak
Fault, SiF: Siahan Fault, WCF: West Caspian Fault, ZF: Zahedan Fault.

Figure 4: Geological map of the Alborz-Talesh Mountains and western Iran. GC: Gasht
Metamorphic Complex, KD: Kura depression, KMO: Khoy-Maku Ophiolite, KO: Kermanshah
Ophiolite, PSO: Piranshahr-Serow Ophiolite, Sh: Shanderman Complex, T-V: Talysh—Vandam
gravity high.

Figure 5: Geological map of northeastern Iran and southern Turkmenistan. The map includes
the Kopet Dagh in the north, the Sabzevar Suture Zone in the south and easternmost part of
the Central Basin in the west. DM: Darrehanjir Mountain, OBO: Oryan-Bardaskan Ophiolite,
ShK-BiC: Shotor Kuh-Biarjmand metamorphic core complex, SO: Sabzevar Ophiolite, Ta:
Taknar, THO: Torbat-e-Heydarieh Ophiolite.

Figure 6: Geological map of Afghanistan and Pakistan. DT: Dalbandin through, Gh: Ghorband
region, LC: Laghman granitoid complex, NC: Nilaw igneous complex, MuBO: Muslim Bag
Ophiolite, RO: Raskoh Ophiolite, WO: Waziristan Ophiolite.

Figure 7: Geological map of the Central Basin, the Yazd Block, the Posht-e Badam Block, the
Sanandaj-Sirjan Zone and Zagros Mountains. Ai: Airekan, AO: Ashin Ophiolite, B-SC: Boneh-
Shurow Complex, BaO: Balvard Ophiolite, CC: Chapedony Complex, DM: Daranjir Mountain,
DO: Dehshir Ophiolite, Gs: Godar-e-Siah Complex, JC: June Complex, NO: Nain Ophiolite,
SBO: Shahr-e Babak Fault, SC: Sarkuh Complex, ShK-BiC: Shotor Kuh-Biarjmand metamorphic
core complex, SK: Shahrekord, Zg: Zarigan Leucogranite.

Figure 8: Geological map of the Lut and Tabas blocks and the Sistan suture. AB: Abdoughi
Basin, Bag: Bazman Granodiorite, BaO: Balvard Ophiolite, BiO: Birjand Ophiolite, Bjg:
Bajestan granitoid, BO: Baft Ophiolite, DS: Deh-Salm Complex, EO: Esfandagheh Ophiolite,
Ggr: Gazu Granodiorite, KaO: Kahnuj Ophiolite, KBR: Kuh-e-Bam Range, MRC: Mahi Rud
Complex, NAO: Nostrabad Ophiolite, NO: Nehbandan Ophiolite, QO: Qayen Ophiolite, ShC:
SK: Shah-Kuh pluton, SO: Siahjangal Ophiolite, SR: Shotori Range, TB: Tabas Basin, TKO:
Tchehel-Kureh Ophiolite, UDMA: Urumieh-Dokhtar Magmatic Arc, ZKg: Zeber-Kuh Granite.
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Figure 9: Paleomagnetic vector compilation. Data compiled from Wensink et al. (1978),
Wensink and Varekamp (1980), Conrad et al. (1981), Wensink (1982), Bazhenov and
Burtman (1986), Bina et al. (1986), Bazhenov (1987), Soffel et al. (1989) as cited in Mattei et
al. (2015), Soffel et al. (1996), Besse et al. (1998), Mattei et al. (2012, 2014, 2015), Cifelli et
al. (2015), van Der Boon et al. (2018), Ruh et al. (2019), Rezaeian et al. (2020), Song et al.
(2023). See Supplementary Data Table S1 for details.

Figure 10: Tectonic map of the Central Tethysides used as basis for our kinematic
reconstruction. For key to tectonic units, see Fig. 3.

Figure 11: Paleotectonic map of the Central Tethyan region for the Late Oligocene (25 Ma).
Map is projected in a Europe fixed reference frame. GPlates rotation files are provided in
Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 12: Paleotectonic map of the Central Tethyan region for the Eocene (40 Ma). Map is
projected in a Europe fixed reference frame. GPlates rotation files are provided in
Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 13: Paleotectonic map of the Central Tethyan region for the Early Paleogene (65 Ma).
Map is projected in a Europe fixed reference frame. GPlates rotation files are provided in
Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 14: Paleotectonic map of the Central Tethyan region for the Late Cretaceous (90 Ma).
Map is projected in a Europe fixed reference frame. GPlates rotation files are provided in
Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 15: Paleotectonic map of the Central Tethyan region for the Early Cretaceous (110
Ma). Map is projected in a Europe fixed reference frame. GPlates rotation files are provided
in Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 16: Paleotectonic map of the Central Tethyan region for the Early Cretaceous (140
Ma). Map is projected in a Europe fixed reference frame. GPlates rotation files are provided
in Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 17: Paleotectonic map of the Central Tethyan region for the Late Jurassic (160 Ma).
Map is projected in a Europe fixed reference frame. GPlates rotation files are provided in
Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 18: Paleotectonic map of the Central Tethyan region for the Early Jurassic (185 Ma).
Map is projected in a Europe fixed reference frame. GPlates rotation files are provided in
Supplementary Material S1. For key to tectonic units, see Fig. 3.

Figure 19: Paleotectonic maps of the Central Tethysides in context of the wider Tethyan
region from the Mediterranean region to the Tibetan region. The focus of our paper is on
the central Tethysides - the reconstruction of the Mediterranean region follows van
Hinsbergen et al. (2020) and the reconstruction of the Tibetan segment of the Tethys is
compiled from various sources (Van Der Voo et al., 2015; Li et al., 2016; Song et al., 2017;
van Hinsbergen et al., 2019; Advokaat and van Hinsbergen, 2024).
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Figure 20: Simplified cartoon illustrating the evolution of the Central Tethysides since the
Middle Jurassic. At 175 Ma, back-arc extension initiated rifting in the South Caspian Basin.
Continued slab rollback and back-arc extension led to the opening of the Greater Caucasus—
South Caspian—Kopet Dagh basins to the north and the Central Basin—Sabzevar—Nain—Baft
basins to the south by 135 Ma. Closure of the Waser Ocean and rotation of the Helmand
Block accompanied the opening of the Sistan Ocean. By 80 Ma, subduction of the fully
developed Iranian back-arc basins resulted in shortening that was accommodated by
extrusion of the Afghan and Iranian blocks. The 20 Ma reconstruction illustrates the latest
phase of intracontinental shortening associated with the Arabia—Eurasia collision. AC:
Anatolian Cimmerides, Al: Alborz, CB: The Central Basin, CEIM: Central-East Iranian
Microcontinent, FR: Farah-Rud, GA: Greater Adria, GC: Greater Caucasus, GCB: Greater
Caucasus Basin, He: Helmand, KD: Kopet Dagh, KDB: Kopet Dagh Basin, KL: Kohistan-Ladakh,
Lh: Lhasa, NB: Nain-Baft ophiolitic belt, Qi: Qiantang Block, SAB: South Armenian Block, Sab:
Sabzevar, SCB: South Caspian Basin, SG: Songpan Ganzi, Sh: Shyok Suture, Si: Sistan, SNB:
Sabzevar-Nain-Baft Basin, SSZ: Sanandaj-Sirjan Zone, WS: Waser Suture

Table 1: Radiometric data from the Sabzevar Zone. 1: Baroz et al. (1984); 2: Brocker et al.
(2021); 3: Moghadam et al. (2014); 4: Moghadam et al. (2020); 5: Kazemi et al. (2019). Amp:
Amphibole, WR: Whole Rock, Zr: Zircon.

Table 2: Radiometric data from the Nain-Baft Ophiolitic Belt 1: Moghadam et al. (2009); 2:
Moghadam et al. (2013); 3: Shirdashtzadeh et al. (2022); 4: Sharkovski et al. 1984 as cited in
Pirnia et al. (2020). Amp: Amphibole, WR: Whole Rock, Zr: Zircon.

Table 3: Types and amount of tectonic displacement documented in the Kopet Dagh—Alborz
mountains from published studies. 1: Lyberis and Manby (1999); 2: Hollingsworth et al.
(2006); 3: Shabanian et al. (2009); 4: Allen et al. (2011); 5: Guest et al., (2006a); 6: Allen et al.
(2003); 7: Madanipour et al. (2018); 8: van Der Boon et al. (2018); 9: Safari et al. (2013); 10:
Malekpour-Alamdari et al. (2017); 11: Morley et al. (2009).

Table 4: Radiometric data from the Zagros fold-thrust belt. 1: Khalatbari-Jafari et al. (2003);
2: Ghazi et al. (2003); 3: Ali et al. (2012); 4: Delaloye and Desmons (1980); 5: Ao et al. (2016);
6: Babaie et al. (2006); 7: Lanphere and Adib (1983), as cited in Babaie et al. (2006); 8:
Fazlnia et al. (2009); 9: Monsef et al. (2018); 10: Ghasemi et al. (2002); 11:Shafaii Moghadam
et al. (2017); 12: Ahmadipour et al. (2003); 13: Kananian et al. (2001); 14: Ghazi et al. (2004).
Amp: Amphibole, Hbl: Hornblende, Mus: Muscovite, Plg: Plagiogranite, WR: Whole Rock, Zr:
Zircon.

Table 5: Types and amount of tectonic displacement documented in and around the Central-
East Iranian Microcontinent from published studies. 1: Walker and Jackson (2004); 2: Meyer
et al. (2006); 3: Kargaranbafghi et al. (2011); 4: Walker and Allen (2012); 5: Berberian (1981);
6: Walker and Jackson (2002); 7: Regard et al. (2005); 8: Rashidi et al. (2020); 9: Mohajjel
(2009); 10: Farbod et al. (2011); 11: Tirrul et al. (1983); 12: Allen et al. (2011); 13: Morley et
al. (2009).
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Table 6: Types and amount of tectonic displacement documented in Farah-Rud Zone and
Helmand Block from published studies. 1: Abdullah and Chmyriov (2008); 2: Auden (1974);
3: Lawrence and Yeats (1979) as cited in Ahmad et al. (2018); 4: Beun et al. (1979) as cited in
Ul-Hadi et al. (2013); 5: Lawrence et al. (1981); 6: Lawrence et al. (1992) as cited in Ul-Hadi
et al. (2013).

Supplementary Material
Supplementary Data, Fig. S1: Detailed geological map of the region that merges Figures
4,5,6,7 and 8.

Supplementary Data, Table S1: Paleomagnetic data compilation used to plot paleomagnetic
vectors in Figure 9.

Supplementary Data, Fig. S2: A structural cross-section of South-Central Iran. Redrawn from
Afaghi et al. (1977). For location see Supplementary Data, Fig. S1.

Supplementary Data, Fig. S3: A composite structural cross-section of Central Afghanistan.
For location see Supplementary Data, Fig. S1. The Farah-Rud Zone is adopted from Blaise et
al. (1978) and Girardeau et al. (1989). The Helmand Block is adopted from Siehl (2017) and
Abdullah and Chmyriov (2008). The whole section is correlated with Wittekindt and
Weippert, (1973) and Doebrich and Wahl (2006).

Supplementary Data S1: GPlates shape and rotation files of the reconstruction presented in
this paper. These consist of a GPlates project file, a rotation file, and a series of shape files
(in. gpml format).

Supplementary Data S2: An animated version of the reconstruction.
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Table 1

Ophiolite

Region I\bljg.:;/lf I\Slzmpblei Lithology Dated Dating | Age | Error IT\le;'
mineral | Method
IRN.78.154 Diorite in 855 |11
ophiolitic
IRN.78.172 series 84 22
Amphibolite Amp K/Ar 525 |25 1
Nodular
gneiss 505 |1.6
Sabzevar Granoblastic
Ophiolite lens 48 123
8059 56.52 | 0.32
8060 Blueschist WR Rb-Sr | 57.2 |0.32 2
Sag:’:var 8063 55.12 | 0.33
Zone $711-28 Tonalitic dike 99.9 |0.12
S710-72 . . 7 U-Pb 98.4 3
S711-44 Plagiogranite 90.2 |0.12
TH12-20 77.8 | 0.28
Torbat-e- | TH12-20 Plagiograniti 99.32 | 0.72
Heydarieh | TH11-82B c dike 91.9 033 | ,
Ophiolite Gabbroic
TH11-12 dike Zr U-Pb 96.7 | 2.1
Oryan-
Bardaskan K-2 Diorite 75.78 | 0.29 5




Table 2

. . .| Sample _ Dated | Datin Ref.
Region | Unit/Massif Number Lithology mineral I\/Iethogd Age | Error No
BKB 05-
7 Amphibolite Amp Ar-Ar | 934 |3.6 1
Nain Tonalitic
ophiolite dikeir_m . 7 U-Pb 5
N09-21 | amphibolite 101.2 | 0.2
N09-28 | Plagiogranite 102.7 | 0.2
AZ 06-
28 93.8 | 8.7
D 06.6 Gabbro Amp Ar-Ar 294 |76 1
D 06-2 67.0 | 6.4
. Dehshir —
Nain-Baft - Tonalitic
o ophiolite
Ophiolitic DZ05-6 | plugs 99.0 | 1.1
belt Plagiogranite Zr U-Pb 2
AZ06-25 | dike 100.4 | 0.1
AZ06-24 | Diorite 100.9 | 0.2
BT 06-
opi?c])blcite 25'06— Gabbro Amp Ar-Ar 72.3 |85 1
34 93.8 | 11.2
Al42 Amphibolitic Zr U-Pb 973 | 1.8
Ashin Al144 dike Zr U-Pb |974 |1.3 3
ophiolite | A135 Amphibolite Zr U-Pb |104.4|1.2
Plagiogranite K-Ar | 98.0 4




Table 3

longitude of
Tehran

T f A t of Ref.
Region Fault Name ) ype o ) mount o Since Method €
displacement | displacement No
Resolving 75 km
. of N-S shortening
The Main Dextral 35 km ~5 Ma across the 1
Kopet Dagh
western Kopet
Dagh
Kopet Resolving 75 km
Dagh Shortenin of N-S shortening
8 70 km ~5 Ma across the 1
(N-S)
western Kopet
Dagh
Shortening
(N-5) 60 km 10 Ma 2
Restoration of
Kopet total offset in
Dagh- Farhadan Sinistral 7.310.8km | Pliocene 3
. upper Eocene
Binalud ; :
volcanic units
Displacement in
Cretaceous
Kopet limestone (Tirgan
Dagh- the Sar’akhor | Dextral 2.7 £0.3 km | Quaternary . 8 3
Binalud Formation) and
Plio-Quaternary
lavas
Takab Late
(Geynardjeh- | Dextral 15 km Offset in volcanics | 4
Quaternary
Chahartagh)
East of Shortening ~53 42 km La.te Rest.ored cross 5
Tehran Miocene sections
Alborz .
Mountains 25-30% / 30
km
. Late
) displacement ) Balanced cross
Shortening at the Sarmatian section 6
(~13 Ma)




Offset of

Lat logical
Mosha Sinistral ~30-35km a_ € geologica ?nd 6
Miocene geomorphic
markers
th Rest
Southern Shortening 25-30% es .ored cross 7
Talesh sections
Central Shortening 13-16% Rest.ored cross 7
Talesh sections
North Rest
orthern Shortening 999% es .ored cross 7
Talesh sections
Talesh Restoration of
. Shortening 120 km Eocene vertical axis 8
Mountains .
rotations
Western e at
Alborz Lahijan Sinistral 12 km ) 9
. offsetting thrust
Mountains
sheets
Sho’Fur Kuh- Late Thermal models
The Biarjmand .
. . Cretaceous- | obtained from
Central metamorphic | Extension 135 km 10
) early 40Ar/39Ar
Basin complex Tertiar thermochronolo
detachment y gy
lat
The Shortenin I\a/liicene Cross-section
Central Qom & 38-40 km . 11
Basin (SW-NE) and reconstruction

Holocene




Table 4

detachment

. Unit/ ) Dated | Dating Age . Ref.
Region Massif Lithology mineral | Method | (Ma) Interpretation No
197- metamorphism
Metagabbro 181 P
160- .
Metagabbro Amp 155 dUCtl.Ie .
121 deformations in
| shear fault
Amphibolite 102 shearfauft zones
Plagioclase K-Ar 1
Khoy—.M_aku vein in 101
Ophiolite gabbro
Isotropic Plg crystallization
72
gabbro
P_orphyrm.c 65
diabasic dike
Gabbros and 111- o
Hbl Ar-Ar crystallization 2
amphibolites 108 y
Piranshahr- Hasanbag
Serow igneous Diorite dike, Hbl Ar-Ar 106-92 crystallization 3
Ophiolite | complex kaersutite
L diorit WR K-Ar 86
Sahneh (-?‘uco lorite crystallization 4
Diabase Amp K-Ar 81
Harsin Gabbro 79.3
Foliated
7.
Kermanshah | sahneh gabbro 37.06
Ophiolite ; ;
P Plagiogranite Zr U-Pb 35.7 crystallization 5
Gabbro 39-36
Kamyaran
Plagiogranite 38
Plagiogranite Hbl Ar-Ar 93-92 crystallization 6
Neyri .
e.yr|_z Tang-e Hana . she.arln.g.anq
Ophiolite Pargasite amphibolitization
. Amp Ar-Ar 94.9 7
schist along the sole




Diabase

tholeiitic Hbl Ar-Ar 85.9 crystallization
sheeted dikes
arc related
Qori Trondhjemite | zr | SHRIMP | 147.4 regional 8
metamorphic metamorphic
complex event
Plagiogranite,
Chah Gaz isotropic Zr U-Pb 101-93 crystallization 9
gabbro
. 159-
Diabase WR K-Ar 134
Sikhoran Amphibolite 164
uItrszmaﬂc/ Pegmatoid 222.6 crystallization 10
mafic Pargasitic 253
complex hornblende- | Amp K-Ar
bearing 255 6
Esfandagheh pegmatoid '
Ophiolite gabbros
Plagi it 186
Haji-Abad aglograntte | 4, U-Pb crystallization | 11
Gabbro 174.9
Isotropic 182
h bb
Soghan gz?\ ro. Amp 186 crystallization 12
Complex Diabasic
K-Ar 76
dykes
Esfandagheh Amphlbole Mus 98 crystallization 4
schist
156-
A K-A
Dare Anar Gabbro mp r 139 L
complex o ) crystallization 13
Kahnuj P °ta,sts'° K-Ar | 93-89
ranites
Ophiolite g
Band-e 143-
Zeyarat/ Dar Ar-Ar 140 crystallization 14

Anar




Table 5

Region Fault _ Type of Amount of Since Method Ref.
Name displacement | displacement No
Offset in
West of th S0 km (I;Tlfg?)r;i:ne !
est of the .
Yazd Block Deh Shir Dextral volcanics
Offset of the
+ -
65+ 15 km 40-25Ma Nain-Baft suture 2
Offset in Lower
Yazd Block | Anar Dextral 20 km Cretaceous 1
shales
West of the E-W to NE-SW
Posht-e 2 km vertical exhumation of
Ch Ext i M 1
Badam apedony | Extension displacement 30 Ma the Chapedony 3
Block complex
West of the Length of pull-
Tabas Block Kuh Banan | Dextral 5-7 km apart basins 4
West of th
est ot the Nayband Dextral 3.2 km 2 Ma Offset in basalts 1
Lut Block
. Late
NW Tabas Shotori . Shortening 25% Neogene- 5
Block Mountains
Quaternary
Southwest Gowk Fault | Dextral 12 km 5 Ma _Gec.)morphologm 6
of the Lut indices
Block Sabzevaran | Dextral 6 km 7,8
Late
The Lut Shahdad Shortening 4-7km Pliocene- Rest.ored cross 9
Block thrust belt sections
Quaternary
N-NE of the Doruneh Sinistral 133 km Late Offset in alluvial 10
CEIM Quaternary | fans
Lut- Dasht-e- Dextral 75 Km 5 Ma
Afghanistan | Lut 105 km 7 Ma
Offset in
Sistan Cretaceous to
Zahedan Dextral 13km Eocene 1
Suture

mudstones and
phyllites




Offset in Late

Cretaceous
East Neh Dextral 50 km per|<.:lot|te and 1
Tertiary
turbidites and
phyllites
Total offset in
East Neh Dextral 65 km the Neh 11
Complex
Offset in Jurassic
phyllites and
West Neh Dextral 10 km Cretaceous 1
ophiolitic
material
Dehu,
Anar, Deh
Shir,
Kashan,
Ab-Shirin-
Shurab, Offset of
Central Iran Kousht Dextral 250 km (total geological .and 12
Nousrat, offset) geomorphic
Qom, Bid markers
Hand,
Indes,
Soltanieh
and Takab
faults
The Central Shortening | 40-50km | 10 Ma Restoration of | 5
Basin cross sections




Table 6

Region Fault _ Type of Amount of Since Method Ref.
Name displacement | displacement No
North of Pliocene- Geomorphologic
Band-e Andarab Dextral 40 km L P 8
Quaternary | indices
Bayan 1
Offset in
North of Herat Dextral 0.7-0.8 km drainage
Farah Rud
pattern 2
south of Farah Dextral 80 km Eocene Offsetin dike
Farah Rud swarms 2
~ 300 km Eocene 2
Offset of
min. 155 km | Tertiary geological
markers 3
~60-80km |2 Ma Offsetina 2 Ma
Southeast old volcanic unit | 4
of Helmand | Chaman Sinistral Late
Block i
200-400km | Clgocene
or Early
Miocene 5
Offset of
460+ 10 km | 25-20 Ma geological
markers 6




Supplementary Data Fig. S1

Click here to access/download
Supplementary material

Fig. S1.jpg


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849037&guid=c0608572-e68e-41be-9dfd-9a064409c229&scheme=1

Supplementary Data Fig. S2

Click here to access/download
Supplementary material
Fig. S2.jpg


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849038&guid=d44b3a1c-c9f2-4aed-9f99-cc6133cf2a46&scheme=1

Supplementary Data Fig. S3

Click here to access/download
Supplementary material
Fig. S3.jpg


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849039&guid=c93b6fa7-ab83-4d45-9945-c7e40d833a42&scheme=1

Supplementary Data Table S1

Click here to access/download
Supplementary material
Table S1.xlIsx


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849040&guid=b24be6f2-ad2a-4a00-95f2-19f819b0550d&scheme=1

Supplementary Data S1

Click here to access/download
Supplementary material
Iran-Afghan.gpml


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849041&guid=5e247f9a-8fb8-40a3-953e-b3871c61a4a8&scheme=1

Supplementary Data S1

Click here to access/download
Supplementary material
Central Tethysides.gproj


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849042&guid=e546a0bd-46af-422b-815e-8fc185433f38&scheme=1

Click here to access/download
Supplementary material
Central Tethysides.rot


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849043&guid=1747c8ab-7f2c-4e07-9b98-a3342fb42936&scheme=1

Supplementary Data S2

Click here to access/download
Supplementary material
Central Tethysides.qgif


https://www2.cloud.editorialmanager.com/gwr/download.aspx?id=849035&guid=3c4a4ea4-1321-4a69-83e2-c29190fccf55&scheme=1

	Pages from lomvan-hinsbergen_2026
	Lom and van Hinsbergen_Central Tethysides (Iran, Afghanistan)
	Manuscript_GWR-D-26-00024_v_05.10.26
	1. Introduction
	2. Approach
	3. Geological Setting
	4. Review
	4.1 The Paleo-Tethys Suture and adjacent tectonic units
	4.2 South Caspian, Greater Caucasus, and Kopet Dagh basins
	4.3 The Sabzevar Zone
	4.4 The Nain-Baft Ophiolitic Belt and adjacent tectonic units
	4.5 The Sistan Suture Zone
	4.6 The Waser Suture
	4.7 Sutures of the Pamirs-Karakoram-Kohistan region
	4.8 Neo-Tethys sutures and India and Arabia-derived thrust belts
	4.9 Major fault systems in the Central Tethysides

	5. Reconstruction
	5.1 Late Oligocene (25Ma)
	5.2 Middle Eocene (40 Ma)
	5.3 Earliest Paleocene (65Ma)
	5.4 Late Cretaceous (90Ma)
	5.5 Early Cretaceous (110Ma; 140Ma)
	5.6 Jurassic (160Ma; 185 Ma)
	5.7 Late Triassic (220 Ma); Permian (300 Ma)

	6. Discussion
	6.1 Plate tectonic context of the Waser Suture and Sistan Ocean
	6.2 Lateral extrusion from western Tibet/Pamir

	7. Conclusions
	Acknowledgements
	Figure Captions
	Supplementary Material
	References


	Graphical Abstract
	Figure 1_Tethysides
	Figure 2 pre Cenozoic
	Figure 3 tectonic units
	Figure 4 E.Iran_Alborz
	Figure 5 Kopet Dagh-Sabzevar
	Figure 6 Afghanistan-Pakistan geological map
	Figure 7 Sanandaj-Sirjan_Yazd
	Figure 8 Lut Tabas_Sistan
	Figure 9 Palaeomag vectors
	Figure 10 0 Ma
	Figure 11 25Ma
	Figure 12 40Ma
	Figure 13 65Ma
	Figure 14 90Ma
	Figure 15 110Ma
	Figure 16 140Ma
	Figure 17 160Ma
	Figure 18 185Ma
	Figure 19 Permo-Triassic
	Figure 20 Evolution of Central Tethysides
	Tables
	Supplementary




