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24 Abstract
25 The Sistan Suture Zone in eastern Iran hosts the remains of an ocean basin that subducted 
26 between the Iranian Lut Block and the Afghan (or Helmand) Block in late Cretaceous to early 
27 Eocene time. Surprisingly, this suture zone is N-S trending, nearly perpendicular to and north of 
28 the overall E-W trending Neo-Tethyan suture zone that represents the main regional subduction 
29 system for most of the Mesozoic and Cenozoic. In this paper, we study the tectonic structure and 
30 evolution of the abrupt northern termination of the Sistan suture zone, which holds key clues for 
31 the kinematic evolution of its subduction history. We show that the main N-S trend of the suture 
32 is defined by folds and thrusts of a westward and structurally downward-younging ocean-derived 
33 accretionary prism that abruptly ends against the steep Madar-Kuh thrust. This thrust strikes 
34 nearly perpendicular to the Sistan accretionary prism. It disappears towards the southwest, where 
35 also the accretionary prism disappears, but continues beyond the suture zone towards the 
36 northeast. It places continental rocks of the Lut block southwards over the oceanic domain. We 
37 show that a thrust-parallel set of folds and thrusts was cut by strike-perpendicular dikes, and that 
38 folds and dikes together were refolded, giving the Madar-Kuh Fault a modern curvilinear trend. 
39 U/Pb ages of the dikes of 51.28±1.5 Ma and 43.10±0.51 Ma show that refolding occurred after 
40 the Sistan Suture closure. During Sistan ocean subduction, the Madar Kuh Fault was a trench-
41 perpendicular, straight fault at which subduction terminated: we interpret this fault as a transform 
42 fault that acted as a STEP fault accommodating westward motion of the Helmand Block into the 
43 Iranian back-arc region. This motion was likely accompanied by large-scale, regional block 
44 rotations, as previously postulated. Our findings provide key clues on microplates and continents 
45 that converged and collided and highlight that major and long-lived E-W component of tectonic 
46 motion along the southern Eurasian margin occurred away from western Tibet and into the 
47 Iranian back-arc basins, impacting the tectonic evolution of the Iranian and Tibetan plateaus 
48 alike.
49 Keywords: Tibetian extrusion, Orocline test, Sistan suture zone, subduction transform edge 
50 propagator (STEP),
51 1. Introduction

52 Several major orogenic belts that formed during closure of the Neo-Tethys experienced lateral 
53 extrusion of upper plate, orogenic lithosphere. Well-known examples are Anatolia migrating 
54 westward away from the Arabia-Eurasia collision zone (Jackson & McKenzie, 1984), the eastern 
55 Alps and northern Pannonian basin escaping from the Adria-Eurasia collision zone 
56 (Ratschbacher et al., 1991, 1989), and Indochina escaping eastwards from the India-Asia 
57 collision zone (Tapponnier et al., 1982; Richter and Fuller, 1996; Li et al., 2017). This lateral 
58 escape accommodates crustal shortening and is accommodated along major strike-slip systems 
59 that, when active, pose major seismic hazard.
60 A possible fourth major region of past lateral escape lies to the west of India and Tibet and 
61 comprises much of Afghanistan and eastern Iran. Tapponnier et al. (1980) already noticed that 
62 the first-order structural architecture of strike-slip faults surrounding the Helmand Block that 
63 occupies much of Afghanistan bear characteristics of westward escape, but because scarcity of 
64 geological data from this region has prohibited the development of quantitative restorations of 
65 westward motion of the Helmand block.
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66
67 Figure 1. a) Location of the Sistan suture zone in within the Cimmerian terrane and in the Neo-Tethyan 
68 territory; b) Sistan Suture zone and surrounding blocks; AJT: Anarak-Jandagh terrane, Al: Alborz, Chagai-
69 Raskoh arc, Fb: Farah basin, GK: Great Kavir, Hb: Helmand block, Kd: Kopeht Dagh, KhLa: Kohistan-
70 Ladakh arc, KW: Katawas flysch basin, Lu: Lut block, Mk: Makran accretionary prism, MRc: Mahi-Rud 
71 complex, Pb: Posht-e-Badam, Sb: Sabzevar, Sc: South Caspian sea, SnSz: Sanandaj-Sirjan zone, SSZ: Sistan 
72 suture zone, Tb: Tabas block, WP: Waras-Panjaw, Yz: Yazd block; and main faults; At: Atari fault, BP: 
73 Bamposht Thrust, DBf: Dehshir-Baft fault, Dfs: Dorouneh fault system, Htf: Herrat fault, HRf: HariRud 
74 fault system, Kh: Kahourak fault, Kl: Kalmard fault, Mm: Mayami fault, Nb: Naybandan fault, NA, 
75 Nosratabad fault, Nh: Neh fault, PBf: Poshte-Badam fault, Sh: Siahan fault.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4910793

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



manuscript submitted to Tectonophysics

4

76 The geology of eastern Iran, however, may shed light on the role of lateral escape of the 
77 Helmand Block. The Sistan Suture of eastern Iran is a prominent but enigmatic, 800 km long, N-
78 S trending suture zone that forms the modern western boundary of the Helmand Block and 
79 separates it from the Lut block of Central Iran (Figure 1). Such a N-S trending suture zone is 
80 surprising because closure of the Neo-Tethys ocean has been dominated by N-S convergence and 
81 E-W trending subduction zones throughout much of the Mesozoic and Cenozoic. Structural 
82 geological observations and distributions of metamorphic and arc magmatic rocks have led 
83 previous workers to propose either west or east-dipping subduction as driver to close the Sistan 
84 suture zone, or both (Agard et al., 2009; Angiboust et al., 2013; Arjmandzadeh et al., 2011; 
85 Bröcker et al., 2013; Pang et al., 2011; Saccani et al., 2010; Tirrul et al., 1983; Bagheri and 
86 Damani Gol, 2020). Estimated ages suggest closure between late Cretaceous and late Eocene or 
87 Oligocene time (Bröcker et al., 2013; Tirrul et al., 1983; Zarrinkoub et al., 2012), and the onset is 
88 often suggested to be Late Cretaceous (Brocker et al., 2013, Jentzer et al., 2022), although others 
89 used magmatic and metamorphic records and deformation of the eastern margin of the Lut block 
90 to argue for subduction already in Jurassic time (Beydokhti et al., 2015; Esmaeily et al., 2005; 
91 Karimpour et al. 2011; Nabiei & Bagheri, 2013; Pang et al., 2013; Stöcklin et al., 1972). 
92 Closure of the Sistan suture by E-W convergence would require major convergence between the 
93 Lut block and the Helmand block that was sub-parallel to the overall E-W trending southern 
94 Eurasian active margin, this would restore the Helmand block towards the east, i.e., into the 
95 Karakoram-Tibetan realm. Such motions have mostly been conceptually inferred without 
96 detailed reconstruction, and in absence of further kinematic constraints the magnitude of 
97 Helmand extrusion is difficult to constrain. Bagheri and Damani Gol (2020) recently 
98 hypothesized that the Sistan suture zone was originally the ~E-W striking Neo-Tethyan trench 
99 that became oroclinally buckled over 180° (Figure 2.a). If correct, such a scenario that would 

100 allow quantifying extrusion timing and amount and establish kinematic and dynamic 
101 relationships between the tectonic and geodynamic evolution of Iran and the western Tibetan 
102 plateau.

103
104 Figure 2. Simplified cartoon of two alternative explanations for northern termination of Sistan suture zone, a) 
105 oroclinal buckling, b) westward migration by transform faults. CEIM: Central-east Iranian Microcontinent, 
106 Sb: Sabzevar basin; main faults: DFS: Dorouneh Fault System, HF: Herat Fault.
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107 The oroclinal bending hypothesis comes with specific predictions for the tectonic architecture for 
108 the northern termination of the Sistan suture zone. It suggests a tightly curved belt that links the 
109 eastern margin of the Lut block to the western margin of the Helmand block. This hypothesis 
110 allows explaining the Triassic-Paleogene CCW rotation of the Lut bock, inferred from 
111 paleomagnetic data (Bina et al., 1986; Davoudzadeh et al., 1981; Soffel et al. 1996). If the 
112 alternatively, of the Sistan suture is not the result of oroclinal buckling but was always N-S 
113 striking, it either continued farther north than generally mapped (Rossetti et al., 2010), or ends 
114 against a transform plate boundary in the north that bounds an extruding domain that includes the 
115 Helmand Block and Farah basin (Figure 2.b). Both scenarios include a major westward motion 
116 of Helmand but allow for different timing and amount: if Sistan would always have been a N-S 
117 striking subduction zone accommodating closure of an enigmatic back-arc basin, the age of 
118 HP/LT metamorphism (~90 Ma, Bröcker et al., 2013b) indicates Helmand extrusion was already 
119 underway in the late Cretaceous, well before the inception of India-Asia collision. The oroclinal 
120 bending scenario does not exclude a relationship with collision, such as also inferred for 
121 Indochina (e.g., Li et al., 2017).
122 In this paper we perform a field-based study into the structure and evolution of the northern 
123 termination of the Sistan suture zone, aiming to establish the location of the former subduction 
124 zone, the presence or absence of curvilinear belts surrounding this termination and of strike-slip 
125 faults, and on the stratigraphic and magmatic architecture to constrain timing of deformation. We 
126 review stratigraphic and structural architecture and add new field observations to evaluate 
127 whether the northern termination may be a tight orocline.
128 2. Geological setting

129 2.1. “Cimmerian Blocks” and intervening sutures

130 Most of the territories of Iran and Afghanistan are occupied by continental crustal fragments 
131 often referred to as ‘Cimmerian blocks’, which are separated from Eurasian and Arabian 
132 continents, and from each other, by suture zones (Krumsiek, 1976; Şengör, 1979, 1984; G. M. 
133 Stampfli et al., 1991). These continental blocks mostly have a Precambrian basement (M. 
134 Berberian, 1973; Stocklin, 1968, 1974; Stöcklin & Mabavi, 1973) that correlates well with the 
135 basement of Gondwanan continents to the south (particularly Arabia) (Gass, 1977), and is 
136 markedly different from that of the Eurasia to the north (Bagheri & Stampfli, 2008; Şengör, 
137 1984; Stampfli et al., 1991; Stampfli, 2000; Stocklin, 1974). The suture zone of the Cimmerian 
138 blocks with Eurasia in the north contains Paleozoic oceanic rock sequences and is interpreted as 
139 the suture where the Paleo-Tethys Ocean was consumed (Şengör, 1979). A suture between the 
140 Cimmerian Blocks with the Zagros fold-thrust belt in the south exposes Mesozoic-Cenozoic 
141 oceanic rocks, thought to have derived from northward subducted lithosphere of the Neo-Tethys 
142 Ocean (Şengör, 1979). The thin-skinned Zagros fold-thrust belt consists of a sequence of 
143 Paleozoic-Cenozoic sedimentary rocks that are interpreted to represent the off-scraped, accreted 
144 sedimentary cover of the Arabian passive margin (Agard et al., 2009; Allen, 2021; Berberian & 
145 King, 1981). Accretion of the Zagros fold-thrust belt occurred during the Neogene following 
146 initial collision between Arabian plate and Eurasia after full consumption of the Neo-Tethyan 
147 oceanic lithosphere, which probably occurred during the mid-late Oligocene (McQuarrie & Van 
148 Hinsbergen, 2013; Pirouz et al., 2017). To the north of the Neo-Tethyan suture lies a belt of 
149 Jurassic-Cretaceous metamorphosed and igneous rocks intruded in continental ‘Cimmerian’ 
150 basement (the Sanandaj-Sirjan Zone) and adjacent to the north lies the NW-trending Urumieh-
151 Dokhtar magmatic belt, consisting of the Cenozoic calc-alkaline magmatic rocks: these belts are 
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152 interpreted as the subduction-related magmatic arc that shifted northward in the early Cenozoic 
153 (Agard et al., 2011; Allen, 2021; Berberian & Berberian, 1981; Berberian & King, 1981; Ghodsi 
154 et al., 2016; Moghadam & Stern, 2015; Şengör, 1990; Stocklin, 1968). 
155 The Cimmerian blocks are thought to have been one contiguous continent that broke off 
156 Gondwana-Land in the Permian and drifted north towards Eurasia where it arrived in the 
157 Triassic, closing the Paleo-Tethys and opening the Neo-Tethys in its wake (Şengör, 1979; Wan 
158 et al., 2021; Şengör et al. 2023). However, the Cimmerian fragments are presently separated by 
159 oceanic sutures that contain post-Triassic to Paleogene oceanic rocks interpreted to reflect 
160 Mesozoic break-up and reorganization of the once-contiguous Cimmerian block. The Central-
161 East Iranian Microcontinent (CEIM) (Soffel & Förster, 1984) occupies the heart of Iran and is 
162 surrounded by a peculiar, oval-shaped belt of ophiolitic mélanges (Figure 1). These ophiolitic 
163 belts are accompanied by major fault systems: the Nain-Baft ophiolitic mélange and Dehshir-
164 Baft fault system in south-southwest separate the CEIM from the Sanandaj-Sirjan zone (e.g., 
165 Moghadam et al., 2014; Pirnia et al., 2020); the Sabzevar ophiolites and mélanges and the Great 
166 Kavir-Dorouneh fault system separate the CEIM from the Alborz mountains in the northwest 
167 (e.g., Rossetti et al., 2014; Moghadam et al., 2019), and the Birjand-Nehbandan ophiolites and 
168 the NosratAbad Fault system in the east together form the Sistan suture zone that separates the 
169 CEIM from the Helmand block and the Lower Mesozoic Farah basin to its north (Stocklin, 
170 1968). The ophiolites are Cretaceous in age and are commonly interpreted to be derived from 
171 Cretaceous back-arc basins that formed in the Upper plate of the subducting Neo-Tethyan 
172 subduction zone (Baroz et al, 1984; Arvin and Robinson, 1994; Shojaat et al., 2003; Ghazi et al., 
173 2004; Rossetti et al., 2010; Zarrinkoub et al., 2012), although others have argued for scenarios in 
174 which some of these ophiolite belts represent the Neo-Tethyan suture (Bagheri & Damani Gol, 
175 2020; Moghadam & Stern, 2015), and some belong to the Paleo-Tethyan suture zone and are 
176 displaced to the modern situation (Bagheri & Stampfli, 2008).
177 The CEIM consists of fault-bounded blocks that expose a Late Precambrian (Pan-
178 African/Cadomian) crystalline basement and a Mesozoic-Cenozoic sedimentary cover. Major 
179 strike-slip faults define the Yazd, Tabas, and Lut blocks (M. Berberian & King, 1981; Stocklin, 
180 1968), and the Anarak-Jandagh terrane and the Posht-e Badam block (Bagheri & Stampfli, 2008) 
181 (Figure 1). Most of these strike-slip fault systems result from late Neogene deformation (Walker 
182 & Jackson, 2004), with the exception of the Anarak-Jandagh terrane and Posht-e Badam block 
183 that are separated from the Yazd Block in south by a suture zone with Paleozoic oceanic rocks (S 
184 Bagheri, 2007). The former two have a Carboniferous (‘Variscan’) crystalline basement that 
185 contrasts with that of the other continental segments of the other blocks in the CEIM and are 
186 interpreted as Eurasian basement, and the suture zone is interpreted as the far-displaced Paleo-
187 Tethys suture. Its presence within the CEIM is interpreted as the result of large-scale Mesozoic-
188 Cenozoic deformation affecting central Iran (Bagheri & Stampfli, 2008; Buchs et al., 2013; 
189 Davoudzadeh & Schmidt, 1981; Zanchi et al., 2009, 2015). This is likely associated with a 90° 
190 CCW rotation of the CEIM during the Mesozoic (Davoudzadeh et al., 1981; Bina et al., 1986; 
191 Conrad et al., 1981; Soffel et al., 1992, 1996), but kinematic restorations of Central Iranian 
192 deformation so far remain schematic.
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193
194 Figure 3. geological map of northern termination of Sistan suture zone, representing geological units of Lut 
195 block, Sistan suture and Helmand block, after (Eftekhar-Nezhad and Ruttner, 1977; Alavi-Naini, 1980; 
196 Alavi-Naini and Behruzi, 1983; Guillou et al., 1983; Berthiaux et al., 1991; Eftekhar-Nezhad and Stocklin, 
197 1992).
198 To the east of the Sistan suture lies the Helmand Block of Afghanistan (Figure 1). This also 
199 consists of a Precambrian crystalline basement, and is overlain by a Permian-Middle Cenozoic, 
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200 discontinuous, shallow-water carbonates sequence (Schreiber et al., 1972; Jovan Stöcklin, 1989). 
201 The basement of the Helmand Block is, as far as known, similar to the Cimmerian basement of 
202 Iran, but also to the basement of the Qiangtang or Lhasa terranes of Tibet. This block is 
203 separated from the Eurasian crystalline crust by a wide, Triassic flysch belt associated with 
204 ophiolites (e.g. Waras-Panjaw ophiolite) known as the Farah, or Farah Rud basin (Boulin, 1990; 
205 Montenat, 2009; Siehl, 2017), which may be equivalent to the Songpan-Garzi flysch belt of Tibet 
206 (Girardeau et al., 1989). The Helmand block is separated from the Cretaceous-Paleogene shallow 
207 marine sediments of Makran Range in the south (Ahmed 1969; Auden 1974; Falcon 1974, 
208 Figure 1), by the Chagai-Raskoh belt that constitutes an accreted intra-oceanic arc (Camp & 
209 Griffis, 1982; Jones, 1961; Pudsey, 1986), which may have been contiguous with the Iranian 
210 magmatic arc to the west (the Mahi Rud complex), or with the Kohistan-Ladakh arc to the east, 
211 now displaced far northwards along the Hari-Rud and Chaman fault respectively (Nicholson et 
212 al., 2010; Siddiqui et al., 2017) (Figure 1). 
213 2.2. Architecture of the Sistan Suture zone

214 The Sistan Suture zone in eastern Iran is a sigmoidal, N-S trending zone with ocean-derived, 
215 partly metamorphosed rocks separating the continental Helmand Block in the east from the Lut 
216 Block in the west. The suture zone is generally interpreted to have been the locus of subduction 
217 that accommodated E-W convergence between the adjacent continental blocks. In the south, the 
218 blocks and suture are sealed by the Eocene and younger, E-W trending Makran accretionary 
219 prism at the north-dipping Bamposht thrust fault that formed at the modern north-ward dipping 
220 subduction zone accommodating Arabian plate subduction (e.g., McCall, 2002; Ninkabou et al., 
221 2021) (Figure 1).
222 The eastern margin of the suture zone with the Helmand Block is covered by Quaternary 
223 alluvium and can nowhere be directly observed. Nonetheless, the prominent, but inactive, Hari 
224 Rud-Siahan Fault system is considered as the eastern boundary (Sargazi et al., 2022; Stöcklin, 
225 1989, p. 242). To the west of this Neogene strike-slip fault are exposures of ophiolites and 
226 underlying accreted and in part metamorphosed ocean plate stratigraphy, and no continental 
227 basement is known.
228 The tectonostratigraphy of the Sistan Suture zone consists of non-metamorphosed ophiolites with 
229 supra-subduction zone geochemical signature to which an arc magmatic complex (the Mahi Rud 
230 complex) is accreted, and that is overlain by an Upper Cretaceous to Paleogene marine turbiditic 
231 series that includes olistoliths, known as the Sefidabeh forearc basin. Below the ophiolites lie 
232 accreted OPS (Oceanic-Plate Stratigraphy) series, in places incorporated in a serpentinite 
233 mélange and metamorphosed at high pressure and low temperature (the Ratuk complex). To the 
234 west low-grade metamorphosed OPS and ophiolite mélange lie under the Ratuk complex (Neh 
235 Complex) (Figure 3).
236 Oceanic crustal rocks in the Sistan suture are commonly all described as ‘ophiolite’, but 
237 comprise both upper-plate derived, SSZ-type ophiolites and downgoing plate-derived accreted 
238 OPS sequences with MORB basement (Delavari, 2013). It is not clear from each outcrop of 
239 oceanic mafic rocks to which of the two classes they belong, since structural relationships are 
240 often challenging to assess due to the Upper Eocene and younger sedimentary cover, as well, the 
241 movements of the succedent active strike-slip faults (e.g. the Neh fault system, NosratAbad fault 
242 system) (Figure 4). Nonetheless, the presence of SSZ-type ophiolites has been identified through 
243 geochemical analysis of the Nehbandan Ophiolite mélange that contains a mantle and crustal 
244 section with E-MORB geochemical signature (Karimzadeh et al., 2020; Saccani et al., 2010). 
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245 Also, the Siahjangal, Nosrat-Abad, Ophiolites and the Tchehel-Kureh ophiolite (92 ± 3 Ma, K-
246 Ar method) (Delaloye & Desmons, 1980) respectively in the south and central west of the Sistan 
247 Suture have geochemical characteristics of SSZ (Delaloye & Desmons, 1980; Moslempour et al., 
248 2012; Nikbakht et al., 2021). The SSZ-type ophiolites are not directly dated, but the oldest 
249 overlying sediments that have been found are Turonian pelagic limestones (Tirrul et al., 1983, p. 
250 139) and the SSZ spreading phase is thus thought to be of Late Cretaceous age (e.g., Saccani et 
251 al, 2010). Recently, the NE-dipping intra-oceanic subduction zone is interpreted to cause a south-
252 westward obduction and preservation of the ophiolite onto the Lut block (Jentzer et al., 2022).
253 In places, the SSZ ophiolites are intruded by magmatic rocks that may be related to a subduction-
254 related arc. The Nehbandan ophiolite is intruded by the Bibi-Maryam granitoid with a 
255 geochemical signature of slab melting in an oceanic arc and a pre-plate collision setting, that 
256 yielded a U-Pb zircon age of 58.6 Ma (Delavari et al., 2014). In the easternmost part of the Sistan 
257 Suture zone, as well, tonalite stocks of the Mahi Rud complex intrude pillow lavas and 
258 interbedded pelagic sediments. These stocks and the mafic host-rocks were originally interpreted 
259 as a rift-related magmatic series (the Cheshmeh Ostad Group) (Guillou et al., 1983; Tirrul et al., 
260 1983), but later geochemical work revealed calc-alkaline to tholeiitic magmatic characteristics 
261 suggesting that they formed in an arc setting (Keshtgar et al., 2019). The age of the tonalitic 
262 granitoids intruded into the ophiolitic rocks revealed by K-Ar dating on amphibole gave 79.4 ± 
263 3.2 to 83.6 ± 2.6 Ma respectively (Maurizot, 1980; Maurizot et al., 1990) and a recent U/Pb 
264 zircon age gave 103.9 ± 2.9 Ma (Bagheri & Damani Gol, 2020), giving the oldest known age for 
265 the IAT magmatism in the Sistan Suture.
266 The general westward younging of accreted OPS sequences and overall westward thrust 
267 vergence led to the interpretation that the SSZ ophiolites formed adjacent to a NE dipping, intra-
268 oceanic subduction zone that likely formed in the forearc of the Helmand block (Angiboust et al., 
269 2013; Delavari, 2013). The structurally highest, and oldest accreted sequence is the HP-LT of 
270 Ratuk complex. The Ratuk complex is exposed in N-S trending massifs bounded by Cenozoic 
271 strike-slip faults (Figure 3) (Tirrul et al., 1983) and exposes metamorphosed and dismembered 
272 OPS sequences including metabasalt and -spilite, metacherts, and metaflysch at blueschist, 
273 eclogite, and amphibolite facies (Bonnet et al., 2018; Fotoohi Rad et al., 2005; Kurzawa et al., 
274 2017). These rocks are mostly exposed as blocks and boulders in a serpentinite mélange thrusted 
275 onto a non-metamorphosed mixture of ultramafic and mafic rocks, Cretaceous to Eocene phyllite 
276 and Senonian to Maastrichtian pelagic sediments interpreted as OPS sequences of a younger part 
277 of the accretionary prism (Agard et al., 2009; Angiboust et al., 2013; Fotoohi Rad et al., 2005). 
278 White mica and amphibole Ar/Ar dating of HP metabasites of Ratuk Complex yielded 135 – 125 
279 Ma ages (Fotoohi Rad et al., 2009) but these data were later explained because of argon 
280 contamination in high-pressure conditions (Bröcker et al., 2013). Instead, the age of 
281 metamorphism was constrained between ~86 and ~75 Ma by, Rb-Sr and Ar-Ar dating of 
282 phengite, white mica, garnet, omphacite and albite in the blueschist and eclogite, and by U-Pb 
283 dating of zircon grains in the meta-plagiogranite and eclogite (Bröcker et al., 2013; Kurzawa et 
284 al., 2017). Age of Cenomanian-Campanian is given from the radiolarian cherts of the Ratuk 
285 complex (Babazadeh & De Wever, 2004a, b).
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286
287 Figure 4. Digital Elevation Model (DEM) highlighting the northern end of the Sistan suture zone. The yellow 
288 polygons mark the narrow Neogene basins trending NW-SE, nestled between structural ridges of the same 
289 orientation. The definitive white line represents the distinct boundary against which the Lut block rocks 
290 border the structural ridges. Cream-colored polygons showcase the Upper Cretaceous-Paleocene trench-fill 
291 flysch (Khunik formation) that runs parallel to this boundary. The thrust faults (thin black lines) that 
292 deformed the Sedeh Formation are also parallel to the boundary.
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293 To the west of the Ratuk complex lies the mostly non-metamorphic Neh complex that contains 
294 deformed OPS sequences that include peridotites and mafic rocks of MORB affinity, interpreted 
295 as off scraped from subducted oceanic lithosphere. The most prominent mafic-ultramafic units in 
296 this accretionary sequence are the Birjand Ophiolite, consisting of serpentinized ultramafic rocks 
297 including harzburgite, lherzolite, and pyroxenite associated with gabbros and sheeted diabase, 
298 and pelagic clays, with mostly tectonic contacts (Ohanion et al., 1983) (Figure 3). Leuco-gabbro 
299 yielded a U-Pb zircon age of ~113 -107 Ma (Zarrinkoub et al., 2012). The ophiolitic mafic rocks 
300 of this belt with N-MORB affinity are interpreted to have originated from a depleted mantle 
301 (Zarrinkoub et al. 2010). N-MORB geochemical signatures are also found in the south of the 
302 Sistan suture as part of the Neh complex (Biabangard et al., 2020; Delaloye & Desmons, 1980; 
303 Desmons & Beccaluva, 1983). The ages of radiolarian red clay-rich pelagic sedimentary rocks in 
304 south of the Neh complex are Albian-Aptian (Ozsvárt et al., 2020), and Upper Cretaceous-Lower 
305 Eocene hemipelagic sediments with slump structures and turbiditic sandstones, weakly 
306 metamorphosed (to phyllite and phyllonite), are interpreted as the trench-fill sequence of the 
307 OPS (Tirrul et al., 1983). The only records of the Eocene metamorphism are from two area on 
308 the west of the Sistan Suture. White mica from the calcschist and sedimentary schist of the 
309 Birjand ophiolite and Tchehel-Kureh mélange respectively, yielded ages of 68-65 (K-Ar method) 
310 (Delaloye & Desmons, 1980, p. 103). The deformed OPS units are unconformably covered by 
311 Upper Eocene shallow-water nummulitic limestone (Eftekhar-Nezhad & Stocklin, 1992; 
312 Gholami et al., 2015). This follows by a sequence of Upper Eocene red beds (Rowshanravan et 
313 al., 2006) and abundant Oligocene-Pliocene volcanic rocks that are related to plutons of the same 
314 age found within the Sistan suture as well as in the neighboring continental units of the Lut block 
315 (Pang et al., 2011, 2012). Collectively, these relationships suggest that oceanic spreading of the 
316 subducted ocean floor continued until at least ~107 Ma, that eastward (in modern coordinates) 
317 subduction in the Sistan subduction zone was underway by 86, and perhaps 103 Ma 
318 (corresponding to the oldest age found in the Mahi Rud stocks), and that subduction ceased in 
319 the mid-Eocene. After the Middle Eocene, the Sistan Suture was deformed along N-S trending 
320 strike-slip faults that include the Hari Rud fault (Figure 1) and the prominent Neh Fault system 
321 with dextral displacements of some tens of kilometers (Stocklin, 1968; R. Walker & Jackson, 
322 2004).
323 The Sefidabeh basin represents more than 8 kilometers of Senonian-Eocene turbiditic sequence 
324 and olistostrome reworking ophiolitic rocks and shallow-marine derived limestone, interbedded 
325 with calc-alkaline volcanic rocks (Camp & Griffis, 1982; Tirrul et al., 1983). The basement 
326 exposure of the oldest unit of the basin is not reported, but the entire succession younger than 
327 early Maastrichtian unconformably overlie SSZ-type ophiolitic rocks, island arc rocks intruded 
328 into the ophiolites, as well as exhumed sub-ophiolitic mélange with HP-LT metamorphic rocks 
329 and the structural highs of the accretionary prisms. The turbidites of the oldest known strata of 
330 the Sefidabeh basin, the Lahu Formation, contains pebbles of shallow-water rudist-bearing 
331 limestone with and large-foram grainstones yielded an age of Aptian to Cenomanian, but the age 
332 obtained from the indigenous planktonic micro fauna is Lower Senonian (Tirrul et al., 1980). To 
333 the east the flysch that underlies the Mahi Rud Complex is strongly folded and contains 
334 olistoliths of gabbro and serpentinized harzburgite. The minor calc-alkaline intermediate to felsic 
335 flows and pyroclastic rocks of the Sefidabeh basin are ascribed as being the effusive products of 
336 an arc in the Helmand block, however, several of the basaltic andesite flows with tholeiitic 
337 characteristic indicating early stages in development of an incipient island-arc (Camp & Griffis, 
338 1982, p. 237), overlying by shallow-water foraminiferal limestone passing upward to the 
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339 immature clastic sedimentary rocks of the Upper Paleocene age pinch out and pass into turbidites 
340 to the west and can be traced into pelagic sedimentary successions, where they are represented 
341 by tuff, volcaniclastic, and limestone turbidites. There are significant amounts of plagioclase and 
342 pyroxene-phyric volcanic clasts, diabase, and chert in some beds (Guillou et al., 1983; Tirrul et 
343 al., 1980). Paleocene-Lower Eocene reef carbonates cover the calc-alkaline volcano-sedimentary 
344 and volcanic rocks.
345 The Ratuk and Neh complexes are unconformably overlain by clastic red bed deposits of the 
346 Baran Formation, the youngest sedimentary rocks of the Sefidabeh basin (Tirrul et al., 1983). 
347 These mainly consist of non-marine to lagoonal deposits but in places shallow-marine limestones 
348 and dolomites, yielded microfossils indicative of a Middle Eocene age (Maurizot, 1980, p. 96). 
349 The basal conglomerate of these red beds consists almost exclusively of pebbles from the 
350 underlying Paleocene-Eocene limestones, and clasts of serpentinite (Guillou et al., 1983; 
351 Keshtgar et al., 2016). The hiatus at the base of the Baran Formation spans the Upper Ypresian 
352 and the Lower Lutetian (Maurizot, 1980; Fauvelet & Eftekhar-Nezhad, 1990).
353 All the rock units of the Sefidabeh basin older than the Middle Eocene experienced two phases 
354 of folding (Freund, 1970; Keshtgar et al., 2016). The Middle Eocene Baran Formation 
355 experiences a single folding phase and is unconformably covered by gently dipping volcanic 
356 rocks of late Oligocene to early Miocene age (an age of 23.3 ± 6.2 Ma, (K-Ar on hornblende) 
357 (Tirrul et al., 1980)). The Oligocene-Neogene continental red-bed sequences are not exposed to 
358 the east of the Sistan suture zone in Afghanistan, where they are likely covered by 
359 unconsolidated Quaternary alluvium (Kokaly et al., 2013). 
360 2.3. Lut block

361 The Lut block to the west of the Sistan suture exposes Upper Proterozoic-Cambrian basement 
362 overlain by Paleozoic-Cenozoic sedimentary rocks and volcanics (Stöcklin, 1974, 1968; 1981). 
363 Triassic-Jurassic marine rocks are partly metamorphosed and locally intruded by Middle Jurassic 
364 to Cenozoic intrusions, and overlain by associated volcanic rocks (Esmaeily, 2001; Esmaeily et 
365 al., 2005; Moradi Noghondar et al., 2011; Tarkian et al., 1983; Karimpour et al., 2011). These 
366 volcanics are interlayered with a thick shallow marine sequence, just west of the Sistan Suture 
367 Zone in particular by a thick Upper Cretaceous (Upper Aptian-Cenomanian) Paleocene shelf 
368 limestone sequence that are also found to the northeast of the termination of the Sistan suture 
369 (Figure 3) (Alavi-Naini, 1980; Alavi-Naini & Behruzi, 1983; Eftekhar-Nezhad & Ruttner, 1977; 
370 Kluyver et al., 1983; latifi et al., 2018; Raisossadat et al., 2020). These are overlain by Paleocene 
371 carbonates, unconformably overlying Middle Eocene-Oligocene continental red beds and 
372 deformed Oligocene-Pliocene volcano-sedimentary rocks (Akrami et al., 2005).
373 The wider Central Iranian Microcontinent, which consists of several fault-bounded blocks, is 
374 bounded from continental Cimmerian units to the north, west, and south by other Cretaceous-
375 Eocene suture zones, Nain-Baft and Sabzevar, whereby the Lut Block was in an upper plate 
376 position relative to at least the Nain Baft subduction zone (Figure 1) (Shirdashtzadeh et al., 
377 2022). This shows that throughout the closure history of the Sistan Ocean, not only the Helmand 
378 Block but also the Lut Block was mobile relative to Eurasia. Paleomagnetic data revealed that 
379 the Lut Block underwent counterclockwise rotation throughout much of the Mesozoic-Cenozoic 
380 (Conrad et al. 1981; Mattei et al. 2012, 2015; Soffel and Förster, 1980; Soffel et al. 1995), and 
381 treating the Sistan Suture Zone in its current orientation as representative for its entire history is 
382 therefore a simplification. Nonetheless, the westward, structurally downward propagation of 
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383 accretion and metamorphism in the Sistan Accretionary Complex suggests that the Lut Block 
384 was in a downgoing plate position relative to the Sistan subduction zone.
385 2.4. The northern termination of Sistan suture

386 Much of the pre-Eocene geology of the northern termination of the Sistan Suture Zone is covered 
387 by a thick sequence of Oligocene-Miocene (27-11 Ma) calc-alkaline volcanic and volcano-
388 sedimentary rocks and associated intrusions (Figure 5). These magmatic rocks are interpreted to 
389 originate from post-collisional processes following the Lut-Helmand block collision (Pang et al., 
390 2013 Bagheri and Damani Gol, 2020).
391 Exposures in erosional windows below this young volcano-sedimentary cover show that the belts 
392 that make up the Sistan Suture Zone, i.e. the Ratuk Complex, Neh Complex, and Sefidabeh basin 
393 curve in the north of the suture zone into a NW trend (Figure 3). The northeasternmost exposed 
394 parts of the Ratuk Complex, forms a narrow NW directed belt of mélange of Cretaceous 
395 ultrabasic rocks and red pelagic sediments and Paleocene-Early Eocene turbidites (Fauvelet & 
396 Eftekhar-Nezhad, 1990). The northernmost outcrop of the Ratuk complex is overthrust by what 
397 we here call the Afin Belt that we infer to be part of the Helmand Block. This consists of Jurassic 
398 intermediate volcanic, volcano-sedimentary and intrusive rocks followed by Upper Cretaceous-
399 Paleocene shallow-marine limestones, deformed by NW-SE trending folds and thrusts (Fauvelet 
400 & Eftekhar-Nezhad, 1990) (Figure 3).
401 The Sistan Suture Zone units as well as the Afin Belt are abruptly cut to the NW by a NE-SW-
402 trending curvilinear fault zone and adjacent fold-thrust belt that trends perpendicular to the trend 
403 of the Sistan Suture Zone units. To the northwest of this abrupt termination are Paleozoic rocks 
404 and Jurassic magmatic-metamorphic rocks of the ‘Qaen (Qayen) Allochtonous Belt’ (Bagheri 
405 and Damani Gol, 2020) that are contiguous with the Lut block (Bröcker et al., 2014; Bagheri and 
406 Damani Gol, 2020). The structure and evolution of this deformed belt and the nature of Sistan’s 
407 abrupt termination has so far not been studied in detail and is the subject of our field study.
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408
409 Figure 5. Geological and structural map of northern termination of the Sistan Suture zone and the Neogene 
410 basin (bright yellow polygons) located between the northwest-trend structural ridges (Ratuk and Neh 
411 complexes), with representative strike of fold axial planes of both radial folds/F2 (blue dashed lines) and 
412 parallel folds/F1 (dark green dashed lines) according to the eastern curved belt of the Lut block. Pink dotted 
413 lines represent the strike of the dike for each segment. The pink dash-lines are representative of the dikes, cut 
414 across the F1 folds. Note the Sedeh Formation is under thrusted by older rock units (Permian-Cretaceous 
415 rocks) according to field observations and geological maps. The curved belt is divided into eight segments (1-
416 8), numbered from Khusf area in southwest to Achāni area in northeast of the belt. 
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417 3. Results

418 Our dataset is categorized into three distinct sectors: stratigraphic observations, structural data, 
419 and geochronological analysis. Our stratigraphic data predominantly draw from existing 
420 literature and have been meticulously reevaluated through extensive field observations. Through 
421 this comprehensive examination, we have established a classification system for rock formations 
422 that share common lithological attributes and tectonic contexts. This classification serves as a 
423 fundamental foundation for our subsequent structural interpretations and analyses.
424 In our quest to unravel the intricate structural history of the curved belt demarcating the Lut 
425 Block and the Sistan Suture, we conducted an extensive field-based structural analysis. This 
426 analysis encompassed the detailed study of various geological features, including folds, dikes, 
427 and thrust planes. In parallel, we conducted geochronological analyses aimed at enhancing the 
428 accuracy and precision of dating the deformation phases within this complex geological setting.
429 3.1. Stratigraphy

430 The Lut block contains a stratigraphy comprising continental and shallow open marine sediments 
431 from Paleozoic to the Upper Cretaceous. The Cretaceous of the Lut block include shallow-
432 marine carbonates and tidal clastic deposits. These rocks are included in the Nimbluk Formation, 
433 which overlie Jurassic formations (Fauvelet & Eftekhar-Nezhad, 1990). Far from the eastern 
434 margin of the Lut block, to the east, this Formation is covered by Eocene volcanics and (volcano) 
435 clastic sedimentary rocks (Fauvelet & Eftekhar-Nezhad, 1990).
436 The northern termination of the Sistan Suture Zone is marked by the Khunik Flysch Formation. 
437 This Formation comprises green shales, yellowish Orbitholina-bearing sandstones with various 
438 sole marks, flaggy, sandy limestones, intraformational conglomerates, and scarce, massive 
439 limestone layers, yielded a Turonian-Maastrichtian age (Fauvelet & Eftekhar-Nezhad, 1990). 
440 Boulders and olistoliths are locally included within the shales (“wild flysch”). They occupy an 
441 extensive northeast-trending belt, from ~65 km west of Birjand city to the west of the Afin belt 
442 (Figure 5). To the northeast of the belt, to the north of Qayen, the Khunik Formation is 
443 apparently overlying Jurassic rocks of the Lut block. To southwest of this belt, in the Birjand 
444 area, rocks of the Khunik Formation cover the Nimblock Formation of the Lut block shelf. The 
445 Khunik flysch is interpreted to be deposited in a deep, narrow basin, and was at least in part 
446 derived from the adjacent Lut block as it also unconformably covers a folded Jurassic and Lower 
447 Cretaceous Lut block margin, in the north (Fauvelet & Eftekhar-Nezhad, 1990).
448 Unconformably overlying both the Khunik Flysch of the Sistan Suture as well as the Nimbluk 
449 Formation of the Lut block is a clastic and carbonate sedimentary sequence of Paleocene to 
450 Eocene age that starts with a basal conglomerate. According to the facies these rocks are 
451 classified as three different formations that we named Bihud Formation, Ravoshk fore-arc 
452 Formation, and the Ark Formation.
453 The Bihud Formation covers a vast area to the north of the Qayen and comprises basic to 
454 intermediate volcanics, interfingering with detrital and volcaniclastic sediments with interlayers 
455 of lacustrine limestone, deposited in a non-marine environment. These volcanics and sediments 
456 have not been dated but the age of the basal layers of their unconformable cover have been dated 
457 as early Eocene (Fauvelet & Eftekhar-Nezhad, 1990). 
458 The Ravoshk Formation crops out along a NE-trending 80-km long belt from west of the Birjand 
459 to Boznabad (Figure 5). It comprises a turbidite sequence of sandstone, calcareous shale, 
460 intraformational conglomerate and sandy limestone ranging in age from the Upper Maastrichtian 
461 to the Paleocene and Lower Eocene. It rests on a basal conglomerate, unconformably overlying 
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462 Lower Maastrichtian deposits of the Khunik Formation and ultrabasic rocks and associated 
463 metamorphic sediments of Upper Cretaceous age, belonging to the Ratuk and Neh Complex. To 
464 the north of Birjand, the Formation is overlain, with a marked unconformity, by a folded series 
465 of Eocene molasse-type red beds which are exposed in a NS-trending belt. 
466 The Ark Formation consists of shallow-marine massive nummulitic limestone of the 
467 Maastrichtian-Lower Eocene is time-equivalent of the Ravoshk fore arc turbidites, above the 
468 Lower Maastrichtian Khunik flysch, also of the Bihud Formation. However, the parallel 
469 relationship of these formations has not been observed alongside the folded belt. The lowermost 
470 deposits consist of red conglomerates and is overlain by a thick limestone member which passes 
471 up to marls and marly limestones. The main and thickest outcrops of the Ark Formation occurred 
472 at the southwest of the curved belt, north of the Birjand, close to the Ark village. This limestone 
473 is interpreted as deposited in a southeastward deepening open shallow marine environment.
474 The Ark Formation is overlain by a Middle Eocene-early Oligocene overlapping sequence of 
475 mostly molasse-type non-marine rocks of the Sedeh formation, whose thickness exceeds 2000 
476 meters. Two main depositional units are classified under this formation, mutually interfingering, 
477 non-marine red-beds, andesitic pyroclastics and flows. These volcanic rocks are regionally 
478 associated with dikes that cut the deeper stratigraphic units and are not observed to cut the 
479 Oligocene-Pliocene rock units. These unconformably overlie all Maastrichtian-Lower Eocene 
480 formations, with a widely recognized basal conglomerate. Deposition in playas, lakes or lagoons 
481 are suggested for the red-beds and volcanosedimentary rocks of this formation. This covers the 
482 boundary between the Lut and Sistan domains and it was deposited after the closure of the basin 
483 (Fauvelet & Eftekhar-Nezhad, 1990). 
484 Finally, extensive Oligocene-Pliocene volcanic and sedimentary rocks unconformably overlie all 
485 former formations in a vast area of the north of the Sistan suture. The stratigraphic column of this 
486 starts from a basal conglomerate and continues with a sequence primarily made up of red silts 
487 and argillites. Its thickness is estimated at 1500 meters (Fauvelet & Eftekhar-Nezhad, 1990).
488 3.2. Structural analysis

489 3.2.1. Madar-Kuh Fault

490 The metamorphosed, folded, and thrusted rocks of the Neh and Ratuk accretionary complexes 
491 (Figure 5) abruptly terminate against a curvilinear fault that is perpendicular to the trend of the 
492 Sistan suture (Figure 4). We identify this curvilinear fault as the Madar-Kuh fault, which is 
493 currently a thrust fault placing the Khunik Flysch Formation and older rock units of the 
494 southeastern Lut margin over rocks of the Sistan Accretionary Complex (Figure 6).
495 The Madar-Kuh Fault is in most places covered by alluvium or Oligocene-Pliocene volcanic and 
496 volcano-sedimentary rocks. About 25 km to the north of the city of Birjand, we observed the 
497 faults in outcrop. Slices of peridotite of the Neh Complex of 100’s of meters thick and a few 
498 kilometers long are overthrusted by folded the Khunik Formation turbidite sequences (Figure 6). 
499 The Madar-Kuh Fault is dipping to the northwest suggesting a southeastward thrust direction, 
500 although an oblique component cannot be excluded.
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501
502 Figure 6. Cross-sections and stratigraphic columns of across the northwestern termination of the Sistan 
503 Suture zone, displaying the thrusting of the deformed Lut Block margin onto the Neh Complex of the Sistan 
504 Accretionary Complex in the Birjand area; Cross section A-B displays the Madar-Kuh thrust boundary 
505 between the Khunik flysch and the Neh complex ophiolite and metamorphosed OPS of Neh Complex. Cross 
506 section C-D displays the contractional deformation affecting formations up to Eocene in age at the 
507 southeastern margin of the Lut Block. The stratigraphic columns display the stratigraphic relationships and 
508 disconformities in the Sistan and Lut domains.
509 South of the Qayen city (Figure 3), rocks of the Lut margin, the Khunik Flyschoverthrusted onto 
510 the Ratuk Complex and overlying ophiolites (Figure 7). 
511 The southeastern margin of the Lut Block adjacent to the Sistan suture zone, has been deformed 
512 in a narrow belt of approximately 20 km wide. This region displays two distinct phases of 
513 deformation. The older phase consists of thrusts and associated folds that trend parallel to the 
514 curvilinear Madar-Kuh fault. South of the city of Qayen, Lower Cretaceous shallow-marine 
515 limestones were thrusted southeastward onto the Khunik Flysch, which in turn overthrusted the 
516 Ratuk complex (Figure 3 and 10). Towards the southwest, northwest of Birjan, section C-D of 
517 Figure 6 shows how the Paleozoic to Jurassic stratigraphic units of the Lut Block, as well as the 
518 Paleocene-Eocene Ark Formation are folded and thrusted over the Lower-Middle Eocene Sedeh 
519 Formation, both southeastward as well as backthrusted northwestward. These folds and thrusts 
520 are parallel to and deform the hanging wall of the Madar-Kuh Fault. Mesoscale recumbent 
521 isoclinal folds are located close to thrust contacts (Figure ). These overall NE-SW trending first-
522 generation folds and thrusts were previously referred to as ‘parallel folds’ by Bagheri and Gol 
523 (2020). The youngest formation that we observed to be affected by this first generation ‘parallel’ 
524 folding is the Lower to Middle Eocene Sedeh Formation.
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525
526 Figure 7. Panoramic views of the Nimbluk Formation allochthonous bodies, originally from the Lut block 
527 shelf, located on the Khunik trench-fill flysch. (a & b), (c) a close-up of the intricate isoclinal folds found 
528 within the Khunik flysch of the footwall formation.
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529
530 Figure 8. Photographs of key field relationships, (a) a clear thrust surface of the post-Middle Eocene 
531 thrusting within the Sedeh Formation in Segment 2, at the hinge of the N-shaped structure, (b) an example of 
532 open parallel folds (F1) which deformed the Sedeh Formation on the eastern margin of the Lut block (c), 
533 landscape view of post-Middle Eocene thrusting (D1), the hanging-wall recumbent folds, and the radial dikes, 
534 from the hinge of F2 folds (segment 2) looking to the segment 3, within the Sedeh formation, (d) thrust 
535 faulting (D1) of Ark Formation on the Sedeh formation.
536 These first generation of folds and thrusts were refolded by smaller-scale folds with fold axes 
537 that trend near-perpendicular, NW-SE. This refolding is manifested as plunging antiforms and 
538 synforms. This second generation of folds was previously referred to as ‘radial folds’ by Bagheri 
539 and Gol (2020). Our structural observations show that Oligocene to even Pliocene rocks are 
540 affected by this second generation folding (Figure ), but these post-Eocene rocks display no 
541 evidence for the first generation folding. We infer that the curvilinear trace of the Madar-Kuh 
542 Fault at the northern termination of the Sistan Suture Zone, is the result of the interference of the 
543 two generations of folding (and thrusting) that affected the southeastern Lut Block margin after 
544 the early to Middle Eocene. 
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545 Along the entire strike of the hanging wall of the Madar-Kuh Fault, the first-generation folds 
546 (F1) are cut by swarms of mafic dikes that trend roughly perpendicular to the F1 fold axes. 
547 Because the F1 fold axes are refolded and hence curved, the dikes define a fanning pattern 
548 (Figure 8.a, c). The dikes vary in width from 1 to 30m and are typically 6-8m wide and exposed 
549 lengths may be traced in the field over some 200 m along-strike. The dikes cut through all 
550 formations up to the Eocene Sedeh Formation, but we did not observe them in younger 
551 formations.

552
553 Figure 9. Southern hemisphere equal-area projection of field measurements of Neogene sedimentary cover 
554 and the Middle Eocene red beds (Sedeh Formation) of Sistan suture zone and the Lut block. Folding analysis 
555 of the Neogene of the Sefidabeh basin (a) comparing to west of the Sistan suture, Khusf region (b), the 
556 northeast of the suture, the Esfand region (c), and other region of the Lut block (eastern belt and central Lut) 
557 (d); fold analysis of the F1 folds from Sedeh Formation of the Sefidabeh basin with open folds by NW-SE 
558 upright axial plane (e); northeast of the suture, the Esfand region by folds with NW-SE axial plane strike, 
559 occasionally recumbent and superimposed folds (g); west of the Sistan suture, the Khusf region (f) adjacent to 
560 the eastern belt of the Lut block (h). Note the data of the F1 on the curved belt does not represent a unique 
561 and simple orientation of the folding axial planes, which is caused by the second generation of folding (F2).
562 We measured dike orientations as well as the bedding of F1 folds that were cut by these dikes, 
563 along the length of the Madar-Kuh hanging wall and performed the orocline test of Pastor-Galan 
564 et al. (2017) (Figure 9). This test demonstrates that there is a systematic angular relationship, 
565 near-perpendicular, between the F1 fold orientation and dike strike. From this, we infer that the 
566 dikes were intruded after F1 folding, but prior to F2 folding. Two dike samples from the north 
567 and the south of the study area were collected for U-Pb zircon dating to constrain the minimum 
568 age for the first folding and the maximum age for the second folding phase (Figure 10).
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569
570 Figure 8. Photographs of key field relationships on the curved belt of the Lut block eastern margin: (a) 
571 Google Earth image of dike swarm orthogonally cut the axial plane of the Achāni syncline, (b) a single ~6-
572 meter-thik andesitic dike intruded within the Paleocene-Eocene volcano-sedimentary rocks (Bihud 
573 formation) with the metamorphic areole; (c) panorama from the southern convex of the Achāni structure and 
574 plotted dikes (yellow dash line) cut through the curved axial plane (F1, white dash line), and the F2 axial 
575 plane trace (black dash-line), (d) a E-W striking 30-meter thick andesitic dike intruded within the Sedeh red-
576 beds at the segment 3, and (e) another example of post-Middle Eocene dike joint to a sill cutting the Sedeh 
577 Formation at the segment 1.
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578
579 Figure 9. Orocline test (Pastor-Galan et al., 2017) showing a systematic angular relationship between the 
580 orientation of F1 fold limbs and cross-cutting dike orientations. This suggests that the dikes were intruded 
581 after F1 folding but prior to F2 re-folding.
582 4. U/Pb dating of dikes

583 Zircon grains were separated from ~5 kg rock samples by conventional heavy liquid and 
584 magnetic techniques, and then picked by hand under a binocular microscope. For all samples, 
585 more than 150 zircon grains were randomly selected from over 500 grains, and mounted in 
586 epoxy resin, and polished to expose the inner part of the zircon grains. Transmitted and reflected 
587 light were used to avoid cracks and inclusions, and cathodoluminescence (CL) images, obtained 
588 by a CAMECA electron microscope, were used to identify the morphology and internal texture 
589 of the zircon grains.

590 Zircon U-Pb age analyses were performed by using an Agilent 7500a ICP-MS equipped with a 
591 193-nm laser ablation system at the Institute of Geology and Geophysics, Chinese Academy of 
592 Sciences (IGGCAS). The details of analytical procedures were followed method described in Wu 
593 et al. (2010). For each sample, at least 30 zircon grains were dated with a spot diameter of 32 
594 um. The standard zircons (91500 and GJ-1) were used to determine the U-Th-Pb ratios and 
595 absolute abundances of the analyzed zircon. Data were processed with the GLITTER program 
596 (Griffin et al., 2008). The 206Pb/238U ages are used for zircons with concordant ages less than 
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597 1,100 Ma, and 207Pb/206Pb ages are used for zircons when 206Pb/238U ages are older than 1,100 
598 Ma. A data plot was conducted by using the Density Plotter program (Vermeesch, 2012). Only 
599 the youngest ages from the rim of the zircon crystals were employed as the emplacement age of 
600 the dikes. All the U-Pb data are provided in Supplementary Table 1.

601 Forty-five zircon grains were measured on sample ACH-401 from the northeast end of the 
602 parallel fold, 16 zircons yield a concordant 206Pb/238U age at 43.1 ± 0.51 Ma (1σ, n = 28, Figure 
603 10). For Sample DR-5b that collected from the southwestern end of the “parallel fold”, the ages 
604 are scattered, ranging from the late Eocene to the Mesoproterozoic, only 6 zircons (30 analysis) 
605 yield a concordant 206Pb/238U age of 51.3 ± 1.5 Ma (1σ, n = 6, Figure 10).

606
607 Figure 10. Results of isotopic U-Pb dating of zircon crystals obtained from the dikes cutting F1 folds and 
608 being folded by F2 folds.
609 5. Discussion

610 In one hand, Bagheri and Gol (2020) explained the northern termination of the suture zone with 
611 an oroclinal buckling evolution model. In this scenario, the 200 km wide Sistan suture zone does 
612 not terminate in the north and the Sistan OPS curves 180°, surrounded by the Lut block. They 
613 argued for this based on the Afin Jurassic magmatic belt and associated metamorphic complexes, 
614 interpreting these as a result of Neo-Tethys subduction (Figure 13). Such an orocline requires 
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615 that the Ratuk complex is also present on the western side of the suture zonem aling the eastern 
616 margin of the Lut block (Ozesvart et al., 2020). However, no HP-LT metamorphic rocks have so 
617 far discovered at the eastern margin of the Lut block.

618

619 Figure 11. Cartoons illustrating the evolution of the southern active margin of central Eurasia accomodating 
620 E-W shortening due to the westward extrusion of the Helmand block away from the Tibetan orogen.
621 On the other hand, our analysis shows that the Madar-Kuh Fault zone forms an abrupt northern 
622 ending of the 750 km long Sistan Suture Zone. Our structural analysis shows that in its modern 
623 orientation, the Madar-Kuh Fault Zone is a SE-verging thrust that places shallow-marine rocks 
624 and volcanics correlated to the Lut Block, with ages up to the Eocene, over deformed Sistan 
625 Suture Zone accretionary prism rocks. In the hanging wall of this fault is a series of parallel folds 
626 and thrusts that formed in the same age. This curvilinear Madar-Kuh Fault and associated fold-
627 thrust belt terminates where also the Sistan Suture Zone terminates in the southwest. In other 
628 words, this fault appears to be related to the Formation of the suture zone, rather than 
629 representing an unrelated younger thrust system. Moreover, our analysis shows that the 
630 curvilinear nature of the fault zone reflects a second folding phase that is parallel to the Madar-
631 Kuh Fault Zone and that caused fold interference. Our U-Pb ages of dikes affected by the second, 
632 but not by the first folding phase, as well as the ages of the folded strata show that the second 
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633 phase of folding postdates 43 Ma and that may have occurred in the Neogene. The first folding, 
634 and the associated SE ward thrusting of the Lut Block over the NW ward termination of the 
635 Sistan Suture Zone occurred in the Early-Mid Eocene, prior to 50 Ma. From this we infer that the 
636 thrusting along the Madar-Kuh Fault occurred in the latest stages of, or just after its final closure 
637 and the arrest of subduction in the Sistan Suture.
638 In other words, the Madar-Kuh Fault, during the activity of the Sistan Suture Zone, was a 
639 straight fault, striking perpendicular to the strike of the suture zone, without a demonstrable 
640 vertical component, but with continental crust on the north(west)ern side, and deep-marine, 
641 oceanic rocks on the south(east)ern side. The eastward subduction of the Sistan Ocean below the 
642 Helmand Block, from late Cretaceous to Eocene time, must have been associated with major E-
643 W convergence, during which time the Helmand Block advanced towards Iran, and the Sistan 
644 Suture Zone rolled back towards the Lut Block. The only tectonic way for a subduction zone to 
645 abruptly terminate is against a transform fault, or, more specifically, a subduction transform edge 
646 propagator (STEP) Fault (Figure 12), which becomes younger in the direction of the downgoing 
647 plate, as treating propagates (Govers & Wortel, 2005). We infer that the Madar-Kuh Fault must 
648 represent the youngest portion of the STEP fault that accommodated the westward extrusion of 
649 the Helmand Block from western Tibetan architecture (see e.g., Bagheri and Gol, 2020; Şengör 
650 et al., 2023) and the westward retreat of the Sistan Subduction Zone relative to the Lut Block 
651 (Figure 12). Given the overall N-S strike of the Sistan Suture zone, we suggest that the curvature 
652 to NW-SE at its northern termination, as well as the NE-SW strike of the Madar-Kuh Fault result 
653 from counterclockwise vertical axis rotation that is well-documented from the Lut Block (Mattei 
654 et al. 2012, 2015; Soffel et al. 1996), and that the original orientations were ~N-S and E-W, 
655 respectively. We speculate that the eastward continuation of this STEP fault is the Waser 
656 (Waras-Panjaw) suture zone between the Helmand Block and the Farah Rud Basin of 
657 Afghanistan (Boulin, 1990; Girardeau et al. 1989; Şengör 1984; Stöcklin, 1977, 1989, Tapponier 
658 et al. 1981) (Figure 12). The well-documented N-S Neogene shortening in the Kopet Dagh thrust 
659 belt of NE Iran (Hollingsworth et al. 2010; Lybéris and Manby, 1999) must have displaced the 
660 Madar-Kuh Fault and Sistan Suture zone northward relative to the Afghan orogenic 
661 infrastructure, but future detailed restoration of the Iranian-Afghan orogen is required to further 
662 evaluate this hypothesis.
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663

664 Figure 12. Cartoons illustrating the evolution of the Madar-Kuh Fault at the northern termination of the 
665 Sistan Suture Zone as a late-stage STEP fault that propagated from the east during the advance of the 
666 Helmand Block that led to the subduction and closure of the Sistan Ocean.
667 Our data suggest that the Madar-Kuh STEP fault formed along the transition between the Sistan 
668 Ocean basin and continental crust of the Lut Block that bounded the ocean to the north. This 
669 suggests that the Lut Block had a ~90° kink in its passive margin, which likely represents an 
670 older transform fault inherited from its rifting and opening history. Such Formation of a STEP 
671 fault along a continent-ocean boundary may comparable to the Miocene STEP fault along the 
672 north African margin of Algeria and Morocco that formed during the westward retreat of the 
673 Gibraltar slab (Govers and Wortel, 2005; Spakman and Wortel, 2004; van Hinsbergen et al., 
674 2014). The ongoing N-S convergence between Africa and Europe there led to inversion of this 
675 STEP fault as a presently active thrust system (Deverchere et al., 2005; Baes et al., 2011). This 
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676 inversion may form an analogy for the Madar-Kuh thrusting over the Sistan Suture Zone in the 
677 latest stages of, or just after subduction, and hence STEP fault propagation, terminated.
678 Its abrupt termination at the Madar-Kuh Fault shows that the Sistan Suture Zone is not 
679 contiguous with the isolated remains of the Sabzevar Suture Zone of northern Iran, as sometimes 
680 hypothesized (Bröcker et al. 2020; Rossetti et al. 2010). Instead, the Sabzevar suture zone is 
681 likely genetically linked to the Nain-Baft, or Inner Zagros suture zone, offset along the large-
682 displacement Great Kavir Fault that also displaced rocks from the Paleo-Tethys suture zone into 
683 Central Iran (Bagheri and Stampfli, 2008). The Sistan Suture zone was not the only location of 
684 long-lived subduction in Central Iran, and pre-mid Cretaceous paleogeography of the Iranian-
685 Afghan realm must thus have been vastly different from today’s. Bagheri and Gol (2020) 
686 recently stressed this mobility that must have involved major westward motion of the Helmand 
687 block and hypothesized that the abrupt northward end of the Sistan suture zone resulted from 
688 isoclinal oroclinal bending (Figure 2) (Bagheri and Gol., 2020). Our observation show that the 
689 Sistan accretionary prism is not isoclinally bent around a vertical axis but instead terminates 
690 against the Madar-Kuh Fault instead. Regional tectonic block rotations, well-documented in the 
691 Lut Block, must have played a significant role in the tectonic evolution of the region (Mattei et 
692 al. 2012, 2015), but how and when requires an analysis on a larger scale than in the present 
693 study.

694
695
696 Figure 13. Time line of the deformation phases and magmatic and sedimentary events of the northern 
697 termination of Sistan suture zone, since the Paleocene, Post-closer dating results after: (Pang et al., 2013).
698 Finally, the long-lasting subduction episode that closed the Sistan Ocean, starting at or before 
699 ~90 Ma (Bröcker et al., 2013) and lasting until the Eocene, ~50 Ma has important regional 
700 implications for the geodynamic evolution of both the tectonic constriction and evolution of the 
701 Iranian Plateau as well as the western Tibetan/Pamir Plateau. Although based on the information 
702 from the Sistan Suture Zone alone it is not possible to estimate the total amount of subduction 
703 involved, the ~E-W convergence that drove its closure requires that the Helmand Block in the 
704 hanging wall of the Sistan subduction zone restores far east- or northeastward of its present-day 
705 location. This suggests that the Helmand Block was part of the continental tectonic terranes that 
706 are identified in the Pamir-Hindu Kush region, and which correlate to the continental fragments 
707 that constitute the Tibetan Plateau. Our identification of the northern termination of the Sistan 
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708 Suture zone as a STEP fault will aid the reconstruction of the still-enigmatic westward extrusion 
709 tectonics from the west-Tibetan orogenic collage, and the associated subduction that closed the 
710 Iranian back-arc basins in Cretaceous to Eocene time (
711 Figure 13).
712 6. Conclusion

713 In this paper, we study the tectonic nature of the abrupt northern termination of the enigmatic 
714 Sistan Suture Zone in eastern Iran that separates the Iranian Lut Block in the west from the 
715 Helmand Block in the east. This suture zone trends nearly perpendicular to the overall E-W 
716 trending Neo-Tethyan subduction zone, and hosts a westward, and structurally downward 
717 younging, long-lived accretionary prism that is widely interpreted to result from eastward 
718 subduction since at least ~90 Ma, until the Middle Eocene, ~50 Ma. 
719 We provide a field study of the abrupt northern termination of this subduction zone, which 
720 reveals that the Sistan accretionary prism continues to a sharp boundary formed by the Madar-
721 Kuh thrust fault that emplaced continental margin rocks that correlate with the Lut Block, up to 
722 and including the Eocene Ark Formation, over the accretionary prism, and over a deep-marine 
723 Paleocene-Eocene turbidite series of the Ravoshk Formation. The Madar-Kuh fault is curvilinear 
724 in nature, strikes nearly perpendicular to the overall strike of the Sistan Accretionary Prism, and 
725 is associated with folds and thrusts in its hanging wall that strike parallel to the main thrust. The 
726 Madar-Kuh fault disappears southwestwards where also the Sistan Accretionary Prism 
727 disappears, but continues northeastward beyond the suture zone, between rocks correlated to the 
728 Lut and the Helmand blocks. From this we infer that the Madar-Kuh fault is genetically related 
729 to Sistan Ocean closure, and not to an unrelated later deformation phase.
730 We show that the curvilinear nature of the Madar-Kuh fault results from younger refolding. 
731 Dikes that cut the first-phase folds and that experienced the second were dated at 51.28±1.5 Ma 
732 and 43.10±0.51 Ma, showing that the first folding occurred in the latest stages of Sistan ocean 
733 closure, and the second folding phase occurred long after. During Sistan ocean subduction, the 
734 Madar-Kuh Fault thus formed a trench-perpendicular, abrupt termination of the subduction zone, 
735 which we interpret as a transform fault that formed as the final termination of a STEP-fault, 
736 along which the Helmand Block advanced into the Sistan ocean, converging with the Lut Block. 
737 We speculate that this STEP fault continues as the Waser suture zone between the Helmand and 
738 Farah-Rud blocks of Afghanistan.
739 Previous paleomagnetic work has revealed that this history was associated with regional vertical 
740 axis block rotations. Moreover, the Sistan ocean closure overlapped with Formation of the 
741 Sabzevar and Nain-Baft suture zones farther west in Iran. Future regional kinematic restoration is 
742 needed to reveal the exact closure history of these oceans, but these ocean closures, likely in 
743 back-arc basins north of the main Neo-Tethyan subduction zone, must involve major and long-
744 lived westward motion of the continental blocks of Afghanistan and central Iran in Cretaceous to 
745 Eocene time, away from the western Tibetan/Pamir plateau and into the Iranian back-arc basins. 
746 Recognizing that the Sistan Suture Zone abruptly ended at a STEP fault provides a kinematic 
747 clue towards reconstructing this extrusion history, which will impact the understanding of the 
748 dynamics and paleogeography of the Tibetan and Iranian plateaus alike.
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