
 

 Stratigraphical and sedimentological revision of Upper Triassic strata from 

Aghdarband Basin with new remarks on the evolution of the basin 

 Palynological analyses support an assignment of the basal Miankuhi Formation to the 

latest early to late Carnian age corresponding to the Carnian Pluvial Episode (CPE)  

 New quantitative palynological data suggest a more humid climate in the lower part of 

the Miankuhi Formation, supporting a strong correlation with the Carnian Pluvial 

Episode  

 The significant unconformity at the base of the Miankuhi Formation was formed as a 

result of a drop in sea level caused by a climate change towards humidity 

 

 The data provide the best available estimate for the onset of Eo-Cimmerian orogeny 

older than Middle Norian (217 ± 1.7 Ma) but younger than the late Carnian, at least in 

the case of the NE Iranian segment of the Paleotethys suture zone 
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 18 

Abstract 19 

The Middle-Upper Triassic Aghdarband Basin, NE Iran, consists of a strongly deformed 20 

marine and non-marine stratigraphic succession, deposited along the southern margin of Asia 21 

in a highly complex tectonic context related to a back-arc setting. The youngest deformed units 22 

of the Aghdarband area consist of a rather monotonous sequence of brown-colored shales, with 23 

intercalations of siltstones and fine-grained sandstones forming the Miankuhi Formation. The 24 

shale-dominated Miankuhi Formation rests on an unconformity surface, separating it from the 25 

underlying Sina Formation. A multidisciplinary study based on sedimentological, 26 

palynological, and paleobotanical data permits to reconstruct the depositional environments, 27 

sedimentary evolution, and paleoclimate conditions of the upper Sina and the lowermost 28 

Miankuhi formations. The palynological association of the lowermost part of the Miankuhi 29 

Formation yielded sporomorphs of the latest early Carnian to early late Carnian age. Qualitative 30 

and quantitative analyses document a shift from xerophytic associations in the upper Ladinian 31 

(upper Sina Formation) to hygrophytic assemblages in the Carnian (lower Miankuhi 32 

Formation). This increase in hygrophytic elements is also observed in coeval Tethyan outcrops 33 

at the same latitudinal belt, suggests a more humid climate in the lower part of the Miankuhi 34 
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Formation, and correlates this part of the succession with a record of the Carnian Pluvial 35 

Episode. The sedimentological and stratigraphical analyses show an evolution from prodelta 36 

to delta setting in the Upper Sina Formation, then an unconformity enhanced by an interval of 37 

fluvial deposits with histosol levels in the basal Miankuhi Formation, in correspondence with 38 

the hygrophytic assemblages. The unconformable boundary between the Miankuhi and the 39 

Sina formations is, consequently, interpreted as a result of the sea-level fall associated with the 40 

humid climate shift, occurring in close association with the first effects of the Eo-Cimmerian 41 

orogeny along the suture zone, taking to a regional reorganization of the basins architecture 42 

and the end of volcanic activity in the back-arc region. The main deformations related to the 43 

Eo-Cimmerian event thus, correspond in the Aghdarband Basin to the tectonic event that 44 

deformed the Miankuhi Formation. This event is probably older than the middle Norian (217.1 45 

± 1.7 Ma) but younger than the late Carnian, testifying to a diachronicity in the record of 46 

collision along the Iranian Cimmerian blocks and Southern Laurasia according to the different 47 

considered structural positions.  48 

 49 

Keywords: Miankuhi Formation; Cimmerian Orogeny; Carnian Pluvial Episode; Palynology; 50 

Kopeh-Dagh; Triassic 51 

1. Introduction 52 

During the Late Triassic to Early Jurassic Cimmerian Orogeny, the Iran plate collided with the 53 

southern margin of Laurasia (Turan domain) and formed a single sedimentary province. There 54 

is still considerable controversy regarding the timing and dynamics of this orogenetic process, 55 

but it had a profound effect on the Late Triassic and Jurassic sedimentation patterns, giving 56 

origin to a series of unconformities (e.g., Stöcklin, 1974; Boulin, 1988; Ruttner, 1991; Saidi et 57 

al., 2015; Alavi et al., 1997; Stampfli and Borel, 2002; Horton et al., 2008; Fürsich et al., 2009a; 58 

Wilmsen et al., 2009 a,b; Zanchi et al., 2009 a, b; Zanchetta et al., 2013; Zanchi et al., 2016; 59 

Seyed-Emami et al., 2021). The effect of this orogeny is registered in the Aghdarband Basin, 60 

which is located in the southern part of the Kopeh-Dagh Range on the southern margin of 61 

Laurasia (NE Iran) and consists mainly of Triassic successions (Ruttner, 1991; Alavi et al., 62 

1997; Zanchi et al., 2009a, 2016; Sheikholeslami and Kouhpeyma, 2012; Zanchetta et al., 63 

2013). The Middle-Upper Triassic succession of the Aghdarband Basin consists of the deep-64 

water to prodelta-delta volcanoclastic sequences of the Sina Formation (Ruttner, 1991; 65 

Mazaheri-Johari et al., 2021) and the shale-dominated Miankuhi Formation (Ruttner, 1991). 66 
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The two formations are separated by an unconformable boundary corresponding to the end of 67 

the deposition of marine arc-related volcaniclastics in the area (Sina Formation), and according 68 

to Ruttner (1991) and Zanchi et al. (2016), it records the onset of the Eo-Cimmerian collision. 69 

The Cimmerian compressional event produced wide deformations in the Triassic units of the 70 

area, and the Miankuhi Formation is the youngest unit subjected to this deformative event 71 

(Alavi, 1991; Alavi et al., 1997; Sheikholeslami and Kouhpeyma, 2012; Zanchetta et al., 2013; 72 

Zanchi et al., 2016). Besides the complex tectonic history of the Triassic succession, not much 73 

is known about the age of the Miankuhi Formation, except few studies on plant megafossils 74 

and marine palynology (dinoflagellate cysts) of its lowermost part suggesting a pre-Rhaetian 75 

age (Boersma and Van Konijnenburg-van Cittert, 1991; Ghasemi-Nejad et al., 2008). The 76 

macroplant assemblage (sphenophytes, ginkgophytes, conifers, and incertae sedis), 77 

palynological associations (Mazaheri-Johari et al., 2021), and stratigraphical observations in 78 

the basal Miankuhi Formation reconstruct these strata as continental to marginal marine 79 

deposits formed under humid environmental conditions during the early-late Carnian.  80 

The following three hypotheses can be proposed for the origin of the unconformity and the 81 

coal-bearing sediments at the base of the continental deposits of the Miankuhi Formation: (1) 82 

The slight expressed unconformity represents the oldest effects of the Eo-Cimmerian collision, 83 

followed by a subsequent strong deformation affecting the whole Triassic succession related 84 

to the progressive propagation of the deformation front across the arc region within the upper 85 

plate (Zanchi et al., 2016). This may have caused a vertical uplift of the Kopeh-Dagh basement 86 

resulting in erosion and accumulation of continental sediments due to the balance between 87 

active tectonic regimes and surface processes; (2) The northward movement of Laurasia and 88 

the latitudinal shift towards a more humid belt resulted in a zonal climate control on the 89 

sedimentary facies, increasing noticeably the sedimentation and precipitation along the whole 90 

southern margin of Laurasia; (3) A local record of the so-called Carnian Pluvial Episode (CPE), 91 

a global climatic disturbance with a short duration (Simms and Ruffell, 1989; Ruffell et al., 92 

2016; Miller et al., 2017; Dal Corso et al., 2018, 2020; Colombi et al., 2021), influenced the 93 

marginal marine to continental setting increasing the runoff, sudden input of immature 94 

siliciclastics, stream rejuvenation and fluvial incision, development of paleosols typical of 95 

humid climates (Breda et al., 2009; Kozur and Bachmann, 2010), and a marked sea-level fall 96 

(Roghi et al., 2010; Stefani et al., 2010; Arche and López-Gómez, 2014; Gattolin et al., 2015; 97 

Shi et al., 2017; Barrenechea et al., 2018; Klausen et al., 2020).  98 

In this paper, we propose an interdisciplinary study of three stratigraphic successions from the 99 

Upper Triassic tectonic unit 2 of the Aghdarband Basin (Ruttner, 1991; Zanchi et al., 2016). 100 
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Stratigraphic, sedimentological, and qualitative and quantitative palynological analyses were 101 

carried out for a biostratigraphic characterization, as well as paleoclimatic and 102 

paleoenvironmental reconstructions in order to test the above-mentioned hypotheses. 103 

2. Geological setting 104 

The Aghdarband Basin occupies the southern part of the Kopeh-Dagh Range in Northeast Iran 105 

(Fig. 1). During the Late Triassic, it was part of the southern margin of Laurasia, positioned at 106 

∼35–45º N (Mattei et al., 2014; Muttoni et al., 2015; Matthews et al., 2016; Cao et al., 2017; 107 

Barrier et al., 2018) (Fig. 2). The sedimentation pattern of the studied area is mostly governed 108 

by Triassic carbonate-siliciclastic sediments (Fig. 3), which are intensely deformed due to the 109 

Cimmerian Orogeny. During this important orogenic event affecting the southern Eurasian 110 

margin (Turan domain), the Iran plate as part of the Cimmerian blocks detached from 111 

Gondwana at the end of the Paleozoic and collided with the southern margin of Laurasia during 112 

the Late Triassic due to the closure of the Paleotethys (e.g., Stöcklin, 1974; Sengör, 1979, 1984, 113 

1990; Gaetani, 1997; Besse et al., 1998; Stampfli and Borel, 2002; Wilmsen et al., 2009a; 114 

Zanchi et al., 2009b; Muttoni et al., 2009; Robinson et al., 2012; Sheikholeslami and 115 

Kouhpeyma, 2012; Mirnejad et al., 2013; Barrier et al., 2018). The northward subduction of 116 

the Paleotethys below the southern margin of Laurasia (Turan domain) resulted in the 117 

formation of an arc setting with Triassic deposits (Ruttner, 1991; Balini et al., 2009, 2019; 118 

Sheikholeslami and Kouhpeyma, 2012) in the Aghdarband Basin (Ruttner, 1991; Alavi et al., 119 

1997) (Fig. 2). This basin is structurally divided into three tectonic units (Ruttner, 1991; Zanchi 120 

et al., 2016): (1) the Southern unit consisting of coarse-grained conglomerates, sandstones, and 121 

slates of ?latest Permian to earliest Triassic age (Ruttner, 1991; Alavi et al., 1997; Zanchi et 122 

al., 2016); (2) the Northern unit as part of the Eurasian arc-related Turan domain (Ruttner, 123 

1991; Natal’in and Şengör, 2005; Zanchi et al., 2016) consisting of upper Paleozoic rocks; (3) 124 

a central part comprising mostly marine fossiliferous Triassic successions (Ruttner, 1991; 125 

Zanchi et al., 2016; Balini et al., 2019). The central part is further subdivided into three tectonic 126 

subunits named units 1, 2, and 3 (Fig. 1) from North to South (Ruttner, 1991; Zanchi et al., 127 

2016). Most of the sedimentary successions are strongly deformed in all tectonic units. The 128 

deformation style of sediments in unit 1 is represented by folding and faulting controlled by a 129 

transpressional tectonic regime, whereas thrusting is the dominating deformation style of the 130 

successions deposited in units 2 and 3 (Ruttner, 1991; Zanchi et al., 2016). From the early ‘70s, 131 

several studies were conducted on the central and eastern parts of the Aghdarband Basin by 132 
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different research groups. The comprehensive studies performed in 1991 by Anton Ruttner are 133 

among the most important ones, including a detailed geological map at 1:12,500 scale (Ruttner, 134 

1991: pl. 1). 135 
 136 
 137 
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 139 
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 160 
 161 
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 164 
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 166 
 167 
Fig. 1. (a) Main structural zones of the area (after Stocklin and Nabavi, 1973; Berberian and King, 1981; Allen et 168 
al., 2004, 2011; Morley et al., 2009; Nozaem et al., 2013; Calzolari et al., 2016). (b) Detail of the Kopeh-Dagh 169 
Range and the location of the studied area (Aghdarband Basin). (c) Geological map of the Aghdarband area 170 
showing the three tectonic units and the various formations of the Aghdarband Basin (modified after Ruttner, 171 
1991 and Zanchi et al., 2016), and locations of the studied sections (1: Kal-e-Faqir composite section, 2: Kal-e-172 
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Bast section, 3: Kal-e-Jom’eh section). Abbreviations: SS. Belt: Sanandaj-Sirjan Belt; EIR: East Iranian Range; 173 
LSM: Lower Sandstone Member; FMB: Faqir Marl Bed; USM: Upper Shale Member. 174 
 175 

3. Materials and methods 176 

Three stratigraphic sections have been studied in the tectonic unit 2 of the central part of the 177 

Aghdarband Basin, respectively the Kal-e-Faqir, the Kal-e-Bast, and the Kal-e-Jom’eh sections 178 

(Fig. 1, 4-5). A multidisciplinary approach involving stratigraphy, sedimentology, and 179 

palynology has been adopted to provide a better understanding of the sedimentary geology, 180 

biostratigraphy, and paleoclimatology of the studied successions. High-definition field-image 181 

processing enhances the sedimentological observations and helps to define geometric 182 

relationships between different stratigraphic units. This method, combined with detailed 183 

stratigraphic and sedimentological analyses, permitted us to review the geological map (Figs. 184 

4, 5) of the surroundings of each section, based on the original map by Ruttner (1991). 185 

Forty-three samples were collected for qualitative and quantitative palynological analysis, 186 

about 50% were productive, yielding sporomorphs. Rock samples were crushed and treated 187 

with HCl (37%) and HF (47%) to dissolve the non-organic material. After washing and sieving 188 

(15 μm nylon mesh), the residue was stored in water and then strew mounted onto microscope 189 

slides using Entellan glue as the mounting medium. The quantitative analysis was performed 190 

by consecutively counting a relative number of grains per sample (Visscher and van der Zwan, 191 

1981), depending on the preservation of the organic residues in order to detect changes in the 192 

vegetation composition along the studied sections. The vegetational interpretations were 193 

carried out based on the terrestrial sporomorphs’ divisions into the major plant groups 194 

sphenophytes, horsetails, ferns, cycadophytes/ginkgophytes, seed ferns, and conifers. Relative 195 

abundances were organized from most xerophytic to most hygrophytic elements inspired by 196 

Visscher and Van der Zwan (1981) and Visscher et al. (1994). The microscope slides were 197 

studied under a Leica DM750 light microscope, and the index species were photographed using 198 

a Leica ICC50 W digital camera (Plates I-III). The slides are housed in the Department of 199 

Physics and Earth Sciences of the University of Ferrara. 200 

 201 
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 202 
 203 
Fig. 2. Late Triassic paleogeographic position of the studied area (1 = Aghdarband area, 2 = Alborz, 3 = Central 204 
Iran, 4 = North Iraq, 5 = Southern Alps) (modified after Barrier et al., 2018).  205 
 206 

4. Stratigraphy  207 

Triassic successions in Iran are exposed in Central Iran (Tabas, Nayband, Kerman, Zofreh-Soh, 208 

Abadeh), North Iran (Alborz), Zagros, and in the tectonic window of Aghdarband in 209 

northeastern Iran (Berberian and King, 1981; Ruttner, 1991; Alavi et al., 1997; Buryakovsky 210 

et al., 2001; Robert et al., 2014). The Triassic rocks of the Aghdarband Basin are characterized 211 

by marine and non-marine sediments forming the Aghdarband Group. The Aghdarband Group 212 

has been divided into four formations based on their lithological and paleontological content 213 

(Ruttner, 1991) (Fig. 3). The lowermost formation of the Aghdarband Group is the Olenekian 214 

to middle Anisian Sefid-Kuh Limestone (Sdkh. Lst. in Fig. 3) (Ruttner, 1991; Balini et al., 215 

2019; Liaghat et al., 2021) overlying the ?late Permian–Early Triassic volcanoclastic 216 

conglomerates of the Qara-Qeitan Formation (Ruttner, 1991; Eftekharnezhad and Behroozi, 217 

1991; Alavi et al., 1997; Balini et al., 2009; Zanchi et al., 2016). The former unit is generally 218 

overlain by the relatively deep-water fossiliferous cherty limestones of the Nazar-Kardeh 219 

Formation (Nzkd. in Fig. 3), Bithynian in age (Krystyn and Tatzreiter, 1991; Balini et al., 220 

2019). The Sefid-Kuh and Nazar-Kardeh formations were deformed and eroded, and 221 

subsequently, a tectonically controlled basin was formed. This basin was then filled by a 222 

marine, volcanoclastic succession called Sina Formation (Ruttner, 1991; Baud et al., 1991b; 223 

Balini et al., 2019). Moving upwards, the shale-dominated Miankuhi Formation (Mnkh. in Fig. 224 

3) rests on the Sina Formation, divided by an unconformity surface.  225 

 226 
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 227 
Fig. 3. General lithostratigraphic column of the Triassic sequence of the Aghdarband Basin (modified from 228 
Ruttner, 1991, 1993; Zanchi et al., 2016; Balini et al., 2019) and basin evolution (modified after Zanchi et al., 229 
2016). Abbreviations: u. Perm.: upper Permian; Bith: Bithynian; Nzkd Fm.: Nazar-Kardeh Formation; FMB: Faqir 230 
Marl Bed. 231 
 232 

4.1. The Sina Formation 233 

The Sina Formation has been investigated in detail in the upper part of the Kal-e-Faqir 234 

composite section. This section is the most complete one, covering both the Sina and the 235 

Miankuhi formations, and is composed of five segments (Fig. 4). In some localities, there are 236 

lines of monogenic conglomerates along the angular unconformity at the base of the Sina 237 

Formation (Ruttner, 1991; Balini et al., 2019). The lower part of the Sina Formation, named 238 

Lower Sandstone Member (LSM), is characterized by the prevalence of dark-green, decimeter-239 
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thick beds of coarse to medium-grained volcanoclastic sandstones, brownish on the weathered 240 

surface, with dark (green to violet) tuffaceous shale intercalations (in some places up to one 241 

meter thick). Sandstones commonly show normal grading and other turbiditic features and are 242 

organized in (decameter) thick stacks of beds alternating with minor intervals where greenish 243 

to dark greyish pelites prevail. Tuffaceous limestones have also been found. A decameter layer 244 

composed of polygenic conglomerate beds and intercalated coarse-grained sandstone crops out 245 

in the eastern part of the Aghdarband Basin (Anabeh Conglomerate Bed, unit 3, Ruttner, 1991; 246 

Balini et al., 2019), within the lower LSM. The upper part of the LSM is characterized by a 247 

coarsening and thickening upward sequence mainly composed of thick-bedded litharenites and 248 

calcareous tuffaceous sandstones, producing an easily identifiable cliff. In this part, well-249 

preserved ammonoid remnants have been found. The sharp reappearing of fine muds above the 250 

LSM marks a well-visible ledge (Fig. 6a). It identifies the transition to the Faqir Marl Bed 251 

(FMB), composed of greenish calcareous pelites, pink marls, tuffaceous crinoidal packstone, 252 

and rare tuffaceous calcareous sandstone intercalations. Beyond small local changes in 253 

thickness, the FMB represents an important marker interval in the succession. In addition to 254 

crinoids, cephalopods, brachiopods, and pelagic bivalves are common (Kristan-Tollmann et 255 

al., 1991; Krystyn and Tatzreiter, 1991; Siblik, 1991). The unit extends upward for about 25 256 

meters, even if its middle to the upper part is often not exposed because of debris cover. 257 

Above the FMB, a very thick siliciclastic succession occurs, named Upper Shale Member 258 

(USM). Its lower part is commonly composed of greenish shales and siltites, and less common 259 

thin-bedded, poorly cemented, dark green to brown tuffaceous sandstone intercalations. About 260 

45 meters upward in the Kal-e-Faqir composite section, a 10 meters thick, tuffaceous 261 

litharenite-rich interval occurs, with plant fragments, flow casts, and other unidirectional 262 

tractive current indicators (Ruttner, 1991), in turn, followed by pelites with thin sandstone 263 

intercalations. Compared to the LSM, an increase in the content of metamorphic and plutonic 264 

grains from the crystalline basement has been described (Ruttner, 1991; Baud et al., 1991a). At 265 

about 120 m from the base, the member shows a fining and thinning upward trend, with 266 

sandstone intercalations becoming increasingly rare (Fig. 6b). On the other hand, thin mudstone 267 

to wackestone layers occur intercalated in fine siliciclastics. Several pelagic crinoids (Fig. 6c) 268 

have been found in this interval, together with brachiopods and pelagic bivalves. Toward the 269 

top of the USM, the stacking pattern changes to thickening and coarsening upward, culminating 270 

in dm-thick sandstone layers with silty intercalations and the transition to the Upper Litharenite 271 

lithofacies (ULL) (Fig. 6d). The transition is gradual, occurring both upward and laterally (Fig. 272 

6e). The ULL comprises decameter sets of massive to clinostratified litharenites, commonly 273 
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with an erosive base, separated by thin intervals where silty intercalations are common. Toward 274 

the top of the sandstone unit, erosive channels and accretionary forms have been locally 275 

identified. Wood and plant debris are also common in some layers. A lateral transition toward 276 

dark shaly pelites occurs. 277 

 278 

4.2. The Miankuhi Formation 279 

Polygenic conglomerate beds with a sharp erosive base on the USM mark the unconformity at 280 

the base of the Miankuhi Formation. In the Kal-e-Faqir composite section (Fig. 4), the 281 

conglomerate is followed upwards by a succession of brownish to yellowish pelites with thin, 282 

tabular to lenticular sandstone intercalations. Less frequently, siltstones and sandstones 283 

(sometimes tuffaceous) show small- and large-scale cross-bedding and are organized in sets 284 

forming overall lenticular bodies. These patterns become very common after about 30 m 285 

upward in the section (Fig. 7a, b), where channel sandstone bodies in part crosscut themselves, 286 

sometimes resulting in amalgamated banks. Polygenic conglomerates at the base of cross-287 

bedded sandstones are also frequent. At 55 m from the base of the formation, the occurrence 288 

of medium-large sized channels decreases, and sandstone bodies are limited to lenticular or 289 

tabular thin layers intercalated with brownish pelites yielding a marine benthonic microfauna 290 

typical for a stressful environment (Oberhauser and Prey in Ruttner, 1991). A similar 291 

succession marking the base of the Miankuhi Formation has also been reported in the area 292 

south of the Kal-e-Bast creek (Ruttner, 1991), where layers of 2-3 meters thick polygenic 293 

conglomerates and cross-bedded coarse sandstones irregularly cut the top of the Sina 294 

Formation (i.e., the top litharenite unit) and underneath a one-meter-thick coal seam (Fig. 7c). 295 

The Minankuhi Formation is also present near the Kal-e-Faqir composite section and can be 296 

correlated to its upper part, whereas in the Kal-e-Jom’eh section, it occurs together with coaly 297 

shales and shales with diagenetic nodules and common plant root traces, intercalated with 298 

sandstones (Fig. 7d). In this continental interval, histosol levels with marls full of plant debris 299 

and thin coal layers have also been observed. 300 

Above the coal seam, yellowish sandstones and sandy shales occur again for less than 10 meters 301 

and shift upwards to shale and thin sandstone alternations. The Miankuhi Formation continues 302 

for about 150 m with a monotonous succession of shales, apparently without any important 303 

change in the depositional style. The Miankuhi Formation, differently to the other formations 304 

of the Aghdarband tectonic window, is not confined to the Aghdarband basin but is present in 305 

a large area of Tarik Dareh region (Kopeh-Dagh), extending from Aghdarband to Torbat Jam 306 
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with a thickness of about 500 meters (Aghanabati, 2004; Torshizian, 2016). North of Torbat 307 

Jam, coal-bearing facies of the unit is intruded by the Torbat Jam Granite with an U-Pd zircon 308 

radiometric age of 217 ± 1.7 Ma (Zanchetta et al., 2013), which is in turn non conformably 309 

covered by the basal facies of the Jurassic Kashaf Rud Formation. Outside the studied area, 310 

this formation is unconformably covered by basal sandstones of the Ghal’eh Qabri Shales. The 311 

latter were dated to the Rhaetian by Ruttner (1991, 1993) and Boersma and Van Konjnenburg-312 

van Cittert (1991) but were recently assigned to the basal Kashaf-Rud Formation of Bajocian 313 

age, dated by ammonoids (Seyed-Emami, 2003; Taheri et al., 2009; Seyed-Emami et al., 2021). 314 
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Fig. 4. Lithostratigraphy of the Triassic (upper Ladinian-Carnian) uppermost Sina and lowermost Miankuhi 315 
formations from the Kal-e-Faqir composite section and the Kal-e-Bast section, Aghdarband, with the 316 
transgressive/regressive trends, re-drawn geological map of the area surrounding the studied sections, and 317 
distribution of sporomorph assemblages. Ammonoids and Bivalvs from Krystyn and Tatzreiter (1991) and Balini 318 
et al. (2019). Black arrows indicate the palynological-productive samples. Abbreviations: SA. Sporomorph 319 
assemblage; SN: Sample number; A.Z.: Ammonoid Zone; R. simonescui: Romanites simonescui; L. ellipticus: 320 
Lobites ellipticus; D. lommeli: Daonella lommeli; A. austriacum: Austrotrachycera austriacum; FMB: Faqir Marl 321 
Bed. 322 
 323 

5. Biostratigraphy 324 

Conodont samples with Gondolella costricta and Gondolella mombergensis have been 325 

reported by Ruttner (1991) for the lower part of the LSM. The conodont fauna assigns the 326 

lowermost part of the succession to an early Ladinian age (Curionii Zone; Balini et al., 2010). 327 

Traumatocrinus caudex, reported by Ruttner (1991) from the middle part of the LSM (tens of 328 

meters above the Anabeh Conglomerate Bed), is a crinoid species present in the upper Ladinian 329 

to lower Julian of the Southern Alps, Northern Calcareous Alps, and China (Bittner, 1895; 330 

Wohrmann, 1889; Kristan-Tollmann et al., 1991; Hagdorn et al., 2007). The occurrence of 331 

Monophyllites sp. and Daonella lommeli (Ruttner, 1991; Krystyn and Tatzreiter, 1991) is 332 

consistent with a late Ladinian age for the upper part of the LSM. Frequent findings of some 333 

peculiar fossil species in the FMB, such as Romanites simonescui among ammonoids and the 334 

brachiopod Tethyspira persis (Ruttner, 1991 and ref. therein) allow dating the entire FMB to 335 

the uppermost Ladinian (Frankites regoledanus ammonoid subzone: Krystyn and Tatzreiter, 336 

1991; Balini et al., 2019). Almost all the USM can be referred to the same substage because of 337 

the occurrence of D. lommeli and Protrachyceras spp. in the upper part of the member, just 338 

below the boundary with the ULL. The latter is lacking useful biostratigraphic markers but has 339 

been assigned by Ruttner (1991) to the early Carnian, due to the presence of an upper Triassic 340 

radiolarian and sponge association in the uppermost Sina Formation. (Donofrio, 1991).  341 

The benthic foraminifera identified a restricted environment, whereas a macrofossil plant 342 

assemblage and poorly preserved aquatic palynomorphs (dinoflagellates) suggest a Norian 343 

(Boersma and Van Konijnenburg-van Cittert, 1991; Ghasemi-Nejad et al., 2008) and 344 

preliminary palynological analyses a Carnian age (e.g., Mazaheri-Johari et al., 2021) for the 345 

lowermost Miankuhi Formation.; more details on palynological data will be given below:  346 

 347 

 348 

 349 
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6. Palynology 350 

All palynological assemblages are dominated by spores and pollen grains, whereas marine 351 

elements are rare. Amorphous organic matter (AOM) is rare and present in few slides only. 352 

Dark brown, mostly angular wood particles with subordinate angular black particles are 353 

also present. The palynological assemblages vary noticeably in preservation but in general, 354 

they are not well-preserved, precluding sometimes precise species identification. Although 355 

many forms have been classified only at the genus level, some important key species have 356 

been identified. A total of 30 terrestrial sporomorph taxa and several types of aquatic 357 

palynomorphs are detected, including freshwater algae.  358 

6.1. Palynological composition of the sections 359 

6.1.1. Kal-e-Faqir composite section 360 

The studied sequence in the Kal-e-Faqir valley, west of Miankuhi (36.00°N, 60.80°E; Fig. 4) 361 

covers both the Sina and the Miankuhi formations and consists dominantly of greenish shales 362 

and siltites with thin-bedded limestone and fine to coarse-grained sandstone intercalations. 363 

Twelve samples from the USM of the Sina Formation, Faqir (FQ) samples, were collected at 364 

regular intervals (sampling step is 10 meters) for palynological investigations. The samples 365 

yielded relatively well-preserved assemblages dominated by terrestrial sporomorphs belonging 366 

to the sphenophytes (Calamospora sp.), ferns (Deltoidospora sp., Concavisporites sp., 367 

Baculatisporites sp.), cycads/ginkgophytes (Cycadopites sp.), seed ferns, and conifers 368 

(Ovalipollis sp., Triadispora sp., Lunatisporites sp., Araucariacites sp.) (Fig. 4). In the upper 369 

part of the Kal-e-Faqir composite section (lowermost Miankuhi Formation), 14 samples were 370 

collected (MK samples) at regular intervals (sampling step varying from 2 to 6 meters), 371 

yielding spores represented by Deltoidospora sp. and gymnosperm pollen grains of the 372 

Cycadopites type (Fig. 4). 373 

 374 

6.1.2. Kal-e-Bast section 375 

The studied sequence lies in the Kal-e-Bast valley, west of Miankuhi (36.00°N, 60.81°E; Fig. 376 

4) and consists of the lowermost Miankuhi Formation characterized by microconglomerate 377 

with shale intercalations, plant-bearing coaly shales, greenish clays with plant roots, coal beds, 378 

and sandstone layers. Palynological samples collected from the coal levels (KB samples) 379 

yielded a very rich spore assemblage consisting of Deltoidospora sp., Concavisporites toralis, 380 

Todisporites minor, Todisporites spp., Verrucosisporites sp., Converrucosisporites sp., 381 
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Trachysporites sp., Dictyophyllidites cf. mortonii, Dictyophyllidites sp., Retitriletes 382 

hercynicus, cf. Apiculatisporites sp., Lycopodiacidites kokenii, Lunzisporites sp., 383 

Baculatisporites sp., cf. Asseretospora sp., and Kyrtomisporis laevigatus along with the pollen 384 

species Spiritisporites cf. spirabilis, Spiritisporites sp., Aulisporites astigmosus, and 385 

Aulisporites circulus (Fig. 4). To the gymnosperms belong also Araucariacites sp. 1 and 386 

Cycadopites sp. 387 

 388 

6.1.3. Kal-e-Jom’eh section 389 

This section in the Kal-e-Jom’eh Valley (35.99°N, 60.84°E; Fig. 5) consists of the lower part 390 

of the Miankuhi Formation characterized by conglomerate with small pebbles, sandstone, shaly 391 

sandstone, shale, and coaly shale beds. The Miankuhi Formation in the Kal-e-Jom’eh section 392 

was analyzed with a sampling step varying from 50 cm to 2.5 meters. A total of 13 samples 393 

(MKJ samples) were collected and investigated. Most samples are characterized by relatively 394 

rich terrestrial and rare marine components. Marine elements (Micrystridium sp.) come from 395 

the lower part of the measured section, whereas the remaining part of the section is dominated 396 

by terrestrial palynomorphs, including the bennettitalean pollen Aulisporites (A. astigmosus 397 

and A. circulus), Cycadopites spp., Spiritisporites sp., and Todisporites minor. In the upper part 398 

of the succession (sample MKJ 13) were also identified Equisetosporites sp. and Annulispora 399 

sp. (Fig. 5). 400 

6.2. Palynostratigraphic assemblages  401 

Almost 23 pollen samples were productive both from the Sina and Miankuhi formations. Based 402 

on the stratigraphic distribution of the various species, two main pollen assemblage are 403 

distinguished for the upper Sina Formation (Shale Member) and the lowermost part of the 404 

Miankuhi Formation (Fig. 4 and 5): 405 

Assemblage I is defined by the presence of Deltoidospora sp., Concavisporites sp., 406 

Baculatisporites sp., Calamospora sp., Cycadopites sp., Triadispora sp., Lunatisporites sp., 407 

and Araucariacites sp. It is typical for the upper Sina Formation (Shale Member) of the Kal-e-408 

Faqir composite section. The assemblage is, thus, composed of cycadophyte (Cycadopites sp.) 409 

and conifer (Triadispora sp., Lunatisporites sp., Araucariacites sp.) pollen grains as well as  410 

 411 

 412 

 413 
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 414 
Fig. 5. Lithostratigraphy of the Triassic (Carnian) Miankuhi Formation from the Kal-e-Jom’eh section, 415 
Aghdarband, with the re-drawn geological map of the area surrounding the studied section and distribution of 416 
sporomorph assemblages. Black arrows indicate the palynological-productive samples. Abbreviations: Fm: 417 
Formation; SN: Sample number; SA: Sporomorph assemblage. 418 
 419 

fern (Deltoidospora sp.) and sphenophyte (Calamospora sp.) spores. This assemblage suggests 420 

a late Ladinian age, which is in agreement with the age suggested by Balini et al. (2019) based 421 

on ammonoid and bivalves. 422 

Assemblage II is characterized by the first occurrence of Aulisporites astigmosus, A. circulus, 423 

and Spiritisporites spirabilis together with the persistence of the spores typical for assemblage 424 

I. Assemblage II has been identified in the lowermost part of the Miankuhi Formation in the 425 
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upper Kal-e-Faqir composite section, in the Kal-e-Bast section, and the Kal-e-Jom’eh section. 426 

This assemblage is characterized by the co-occurrence of sphenophyte (Equisetosporites sp.) 427 

and bryophyte (Annulispora sp.) spores and bennettitalean, cycad, and ginkgophyte 428 

(Aulisporites astigmosus) pollen, as well as conifer pollen grains (Spiritisporites spp.). The 429 

composition of this assemblage supports the latest early Carnian to late Carnian age 430 

corresponding to the Carnian Pluvial Episode for the lower part of the Miankuhi Formation 431 

(Mazaheri-Johari et al., 2021). 432 

Fig. 6. (a) The transition from the upper part of the Lower Sandstone Member of the Sina Formation to the Faqir 433 
Marl Bed (FMB). (b) Above the FMB, the Upper Shale Member (USM) crops out, characterized by a very thick 434 
siliciclastic succession with the fining and thinning upward trend (Upper Shale Member). (c) Several pelagic 435 
crinoids were found in some layers of the Upper Shale Member. (d) The Upper Litharenite lithofacies (ULL) at 436 
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the topmost USM. (e) The transition of Upper Shale Member (USM) to the Upper Litharenite lithofacies (ULL) 437 
is visible both upward and laterally. 438 
 439 

6.3. Quantitative analyses 440 

The quantitative composition varies noticeably between the two main palynological 441 

assemblages. Due to the state of preservation of the sporomorphs it was not possible to 442 

construct a quantitative trend curve but only to give a semi-quantitative indication on the 443 

different assemblages (Fig. 8). Semi-quantitative analyses were carried out for sample FQ4 444 

from the Sina Formation of the Kal-e-Faqir composite section. Four samples were rich enough 445 

in sporomorphs for quantitative palynological assemblages in the Mihankui Formation, two 446 

samples come from the Kal-e-bast section (samples KB2 and KB4) and two others from the 447 

Kal-e-Jom’eh section (samples MKJ6 and MKJ13) (Fig. 8). 448 

Assemblage I (yellow in Fig. 8) is dominated by bisaccate pollen (33 %) and indeterminable 449 

spores (25 %). Trilete spores (12 %) and Cycadopites (12 %) are relatively common, whereas 450 

all other taxa and sporomorph groups are rare. This pattern of vegetation reflects a flora well 451 

balanced between typical xerophytic elements such as bisaccate pollen of seed ferns and 452 

conifers (Triadispora sp., Lunatisporites sp., Araucariacites sp.) and typical hygrophytic 453 

elements such as those represented by trilete (12%) or indeterminable spores (25 %) (Fig. 8).  454 

Assemblage II (in greenish in Fig. 8) is generally dominated by trilete (29–45%) and 455 

indeterminable spores (22–57 %). Cycadopites pollen (6-33%) are abundant, whereas bisaccate 456 

pollen (0–3%) are extremely rare or completely absent in the assemblages. Aulisporites types 457 

of pollen occur at a very variable abundance, from 0% to 30%. In the assemblage MKJ 6, this 458 

is slightly different with Cycadopites being the dominant element (33%) followed by 459 

Aulisporites astigmosus (30%), indeterminable spores (27%), trilete spores (8%), and 460 

Spiritisporites (2%). From a vegetational point of view, the hygrophytic elements dominate 461 

this assemblage completely, with even the gymnosperms being mainly represented by 462 

hygrophytic elements (e.g., Bennettitales, cycads, and/or ginkgophytes) (Fig. 8).  463 

7. Discussion 464 

7.1. Stratigraphy and tectonics 465 

The Aghdarband Basin in the Kopeh-Dagh Range (NE Iran) has recently attracted huge interest 466 

for unraveling the Triassic evolutionary dynamics and tectonic evolution of the southern 467 

margin of the Laurasia during the final closure of the Paleotethys Ocean and the accretion of 468 

Cimmerian terranes to southern Laurasia. Our new data make it possible to refine the 469 
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stratigraphy of the studied interval and consider it in terms of basin evolution in a regional 470 

context. 471 

The local occurrence of the monogenic conglomerate in the Lower Sandstone Member of the 472 

Sina Formation (Balini et al., 2019) overlapping the basal unconformity suggests sedimentation 473 

through mass flow processes in marine depocenters, adjacent to topographically higher areas 474 

of bypass or where the Lower Triassic to Anisian substrate was still subjected to erosion. The 475 

following thick-bedded, mainly volcanoclastic sandstones were deposited by turbidite currents 476 

in a relatively deep-marine environment. The lower part of the LSM can be interpreted as the 477 

product of submarine sedimentation during regression in an overall back-arc, tectonically 478 

active setting. The middle part of LSM, commonly characterized by tuffaceous shale layers, is 479 

interpreted as the result of a transgression, whereas the thickening and the coarsening-upward 480 

stack of litharenite beds at the top of the LSM represent a prograding sandstone lobe leading 481 

to the development of a shallower marine setting. The transition to the FMB is marked by a 482 

condensed, ammonoid-bearing surface that has been interpreted by some authors (Balini et al., 483 

2019) as a drowning unconformity. Baud et al. (1991) interpreted the following-up marls and 484 

calcareous shales as the product of sedimentation in a distal, deep ramp environment. However, 485 

the transition from FMB to USM can be referred to as a further deepening of the depositional 486 

setting, governed by siliciclastic sedimentation and turbidity flow processes. The following-487 

upward succession is characterized by a thinning and fining upward trend that could be related 488 

to a general transgression, limited upward by a maximum flooding interval, just a few tens of 489 

meters below the ULL. Well bedded, laminated to massive sandstones, and shaly to silty 490 

intercalations composing the basal part of this last unit are organized in a thickening/coarsening 491 

upward stack and pass upwards to clinostratified and amalgamated beds of litharenite. The 492 

overall spatial distribution and organization of the facies associations suggest a transition from 493 

a prodelta to a delta slope and then to a delta front setting. Indeed, erosive channels with 494 

accretionary bars recognized in the uppermost part of the ULL could represent distributary 495 

channels, while some shaly intercalations lying laterally eastward to the sandstone bodies can 496 

be referred to interdistributary bay deposits. Moreover, in an overall view, the ULL is organized 497 

in at least three sandstone bodies (Fig. 6E) laterally pinching out to prodelta shales and siltites, 498 

with the latter (upper) litharenitic body extended almost on the whole area.  499 

The transition from the Sina Formation to the Miankuhi Formation marks an important 500 

sequence boundary. Field observations often show an erosional surface covered by a basal layer 501 

of polygenic conglomerates and intercalated sandstones. Alternations of sandstone channels 502 

and pelites characterize the initial part of the Miankuhi Formation and can be framed in a distal 503 
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alluvial plain environment, with common terminal splays and overbank deposits. Fine-grained 504 

conglomerates often occupy the lower central part of channels, overlapped by coarse-grained 505 

festooned sandstones (Fig. 7a), laterally passing to cross-bedded sandstones representing 506 

lateral accretionary sand bars, and upward grading to reddish fine sandstones and siltites. The 507 

closeness of channels in the vertical stacking pattern points to low accommodation space for 508 

the initial part of the Miankuhi Formation. However, the unit changes upwards to prevailing 509 

pelites intercalated with small channels, suggesting an increase in accommodation rates. 510 

Moreover, the occurrence of oligotrophic foraminifers, hydromorphic paleosols, and the coal 511 

layers point to the depositional environment shifts towards a marginal marine setting, with a 512 

coastal mudflat periodically flooded by the sea and by rivers and rich in paralic swamps where 513 

the organic material accumulated. The coal layer can record the decreasing of base sea level 514 

rise, and the maximum flooding interval (cf. Catuneanu, 2006). Therefore, about fifty meters 515 

of Miankuhi Formation can be framed in a general transgressive trend, the coal interval seems 516 

to record the balance between sea level rise and river discharge, then a regressive trend is 517 

recorded by the sandstone layers. Above this, the shale-dominated intervals can be interpreted 518 

as a transgression. 519 

The deformation of Miankuhi beds during an intense compressional event caused a significant 520 

uplift (Zanchi et al., 2016), giving origin to the upper unconformable boundary of the Miankuhi 521 

Formation covered by the Middle Jurassic strata (Kashaf-Rud Formation). The recorded 522 

unconformity at the base of the Ghal’eh Qabri Shales, Bajocian in age, may therefore 523 

correspond to the so-called “Mid-Cimmerian event” (cf. Seyed-Emami et al., 2021). The post-524 

collisional Mid-Cimmerian tectonic event occurred across the Iran Plate (Central Iran and 525 

Alborz mountains of northern Iran) and Turan domain and it has been related to the opening of 526 

the Paleo-Caspian basin to the north (Fürsich et al., 2009b). 527 

Hence, the unconformity between the Sina and the Miankuhi formations could have a 528 

tectonic origin related to the faraway effect of the first stages of the Eo-Cimmerian collision 529 

strongly enhanced by sedimentary dynamics and/or the climatic driver, which the latter is the 530 

main candidate for this scenario.  531 

 532 
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 533 
Fig. 7. (a) Cross bedded sandstones in the lowermost Miankuhi Formation. (b) Erosive channels in the Miankuhi 534 
Formation. (c) Basal Coal layer of the Miankuhi Formation. (d) Plant-bearing intervals of Miankuhi Formation. 535 
 536 

7.2. Facies and basin evolution 537 

After a significant tectonic phase disrupting the middle Anisian paleotopography of the 538 

Aghdarband Basin, uplifting several sectors and eventually developing structural highs and 539 

more subsiding areas (Balini et al., 2019), a deep basin environment with common turbidite 540 

currents developed in the Ladinian. This deep basin was filled by the volcanoclastics of the 541 

Sina Formation and the progressive basin infilling was controlled by the relative sea-level 542 

oscillations, related both to eustatic variations and to persisting active tectonics. In the western 543 

part of the Aghdarband Basin, a major phase of basin infilling started in the latest Ladinian, 544 

leading to a progressive decrease in sedimentation depth and a sedimentary environment 545 

transition from offshore to delta setting, then to a shallow marginal marine, and finally to a 546 

mainly fluvial setting. Notably, there could be a good correlation between the transgressive-547 

regressive trends described for the latest Ladinian and the depositional trends reported from 548 

several regions of the Tethys area, such as the Dolomites (cf. depositional sequence La 2 in 549 
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Hardenbol et al., 1998; Gianolla et al., 1998, 2021; TLa3 in Haq, 2018) (Fig. 9). According to 550 

our data, there is a shallow depositional environment before reaching the boundary between 551 

the Sina and the Miankhui formations. The lower boundary of the latter unit has, therefore, 552 

been placed tens of meters below the original one reported by Ruttner (1991) for the western 553 

sector, starting from the basal conglomerates of the Miankhui Formation (Mazaheri-Johari et 554 

al., 2021). The subsequent relative sea-level drop helped to establish an opportunity to erode 555 

early Julian depositions. In a shallow environment with gentle topography, the shoreline would 556 

move some hundreds of meters seawards in response to the sea-level fall, resulting in a 557 

substantial subaerial (and fluvial) exposure and erosion of the previously deposited sediments. 558 

The erosive channels in the lower part of the Miankuhi Formation would locally cut each other 559 

and erode older sediments, including upper parts of the Sina Formation, in a vertical direction. 560 

In addition, the unconformity at the base of the Miankuhi Formation could represent a time gap 561 

of about two million years at most (see the Biostratigraphy section), which is not such a large 562 

time gap as reported in other studies (Ruttner, 1991; Seyed-Emami, 2003; Zanchi et al., 2016; 563 

Balini et al., 2019; Liaghat et al., 2021). A significant sea-level drop during the CPE is 564 

documented worldwide (e.g., Roghi et al., 2010; Stefani et al., 2010; Arche and López-Gómez, 565 

2014; Mueller et al., 2016a; Gattolin et al., 2015; Franz et al., 2014; Zhang et al., 2015; Shi et 566 

al., 2017; Barrenechea et al., 2018; Davies and Simmons, 2018; Klausen et al., 2020) and this 567 

enhanced erosion could be associated with this global sea-level fall. After the flattening of the 568 

basin, a general transgressive trend is documented by the Miankuhi Formation: this marginal 569 

marine interval is the only unit of the Aghdarband Group that can be found outside the 570 

Aghdarband tectonic window. The wide areal distribution of the Miankuhi Formation may thus 571 

represent an important large-scale basin reorganization affecting the whole back arc region of 572 

the upper plate accompanied by a general cessation of volcanic activity, both induced by the 573 

consequences of the Cimmerian orogeny. It is worth mentioning that this important 574 

transgression phase (Fig. 9) is similar to those observed during the late Carnian in most of the 575 

Tethyan successions (e.g., Lehrmann et al., 2005; Xu et al., 2014; Sun et al., 2016; Caggiati et 576 

al., 2018).  577 

The reinterpretation of the stratigraphic and sedimentological patterns in this study allowed us 578 

to reconsider the extent of the unconformity strictly related to the Cimmerian event, both in 579 

terms of sedimentary and time gap. 580 

 581 
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7.3. Palynological evolution 582 

Assemblage I (upper part of the Sina Formation) can tentatively be correlated with late 583 

Ladinian–early Carnian associations dominated by trilete spores in association with various 584 

species of Lunatisporites, Triadispora, and Ovalipollis (Mietto et al., 2012; Van der Eem, 585 

1983).  586 

Assemblage II (lowermost Miankuhi Formation) can be correlated with the Aulisporites 587 

astigmosus assemblage of Roghi et al. (2010), which is Julian 2 in age. Aulisporites astigmosus 588 

is a biostratigraphic marker and has been reported from many palynological assemblages 589 

corresponding to the CPE including the Veszprém Formation from the Balaton Highland 590 

(Hungary: Baranyi et al., 2019) and the Raibler Schichten in the Northern Calcareous Alps 591 

(Italy: Kavary, 1966; Jelen, 1982; Roghi et al., 2010). In the Cave del Predil area (Julian Alps, 592 

Italy), Aulisporites astigmosus is typical for the Rio del Lago Formation and the Tor Formation 593 

(Roghi, 2004; Dal Corso et al., 2018). The same palynological composition is documented in 594 

the Heiligkreuz Formation in the Dolomites (Praehauser-Enzenberg, 1970; Roghi et al., 2010; 595 

Breda et al., 2009). A rich association of A. astigmosus, Cycadopites, and fern spores also occur 596 

in some layers of the Schilfsandstein (Stuttgart Formation) in Germany (Visscher et al., 1994; 597 

A assemblages of Franz et al., 2019). The Schilfsandstein of Poland is dominated by an 598 

assemblage with Aratrisporites, Calamospora, and Aulisporites (Fijałkowska-Mader, 1999). 599 

In the Boreal Realm, Aulisporites astigmosus was found in the lower parts of the 600 

Tschermakfjellet Formation (Vigran et al., 2014; Mueller et al., 2016b), within the Tethyan T. 601 

aonoides ammonoid zone, so in slightly older sediments in comparison with the southern 602 

Tethyan realm. This was interpreted as a diachronous occurrence of the A. astigmosus zone, 603 

appearing for the first time in the Boreal region and later moving towards the south into the 604 

peri-equatorial region. The most plausible hypothesis suggests that the Aulisporites-producing 605 

mother-plant, a hygrophytic gymnosperm (Bennettitales, Kräusel and Schaarschmidt, 1966; 606 

Balme, 1995) migrated southwards during the Carnian Pluvial Episode due to the more humid 607 

palaeoenvironmental conditions in a generally semi-arid to seasonal tropical climate of the 608 

circum-Tethys realm.  609 

Circumpollen grains and cavatomonolete spores (Aratrisporites), typical for the 610 

Duplicisporites continuus assemblage of Roghi (2004) and the Aulisporites-Aratrisporites 611 

acme (Roghi, 2004), are present at lower latitudes in the Arabian Plate (NE Iraq, Baluti 612 

Formation) (Lunn, 2020) but are very rare (3%) in our studied interval. Noticeably, the 613 

palynological association discovered in Iraq resembles the palynological associations of the 614 

Alpine Realm rather than our assemblages from Aghdarband Basin. 615 
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 616 

 617 
 618 
Fig. 8. Quantitative results of discovered palynomorphs from uppermost Sina Formation in the Kal-e-Faqir 619 
composite section (FQ4 sample), and lowermost Miankuhi Formation in the Kal-e-Bast (KB2 and KB4 samples) 620 
and Kal-e-Jom’eh (MKJ6 and MKJ13 samples) sections. Greenish colors indicate hygrophytic elements and 621 
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yellowish ones show xerophytic sporomorphs. Abbreviations: Fm: Formation; SN: Sample number; Sec. 3: 622 
section 3; A. astigmosus: Aulisporites astigmosus; Indet: indetermined. 623 
The bad preservation withstanding, the two assemblages show quite different quantitative 624 

records reflecting different local environments and local vegetation. Although hygrophyte 625 

elements such as trilete spores (12 %) and indeterminable spores (25%) are already well present  626 

 627 

Plate I 628 
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Plat I. Sporomorphs of the plant horizon. Each taxon name is followed by the section name, sample number, slide 629 
number, scale, and stage coordinates for a Leica DM750 light microscope. 1–2) Concavisporites sp.; 1: Kal-e-630 
Bast section; KB 3; Slide II; 27 µm high; U58/1; 2: Kal-e-Bast section; KB 3; slide I; 28 µm high; P26/2; 3) 631 
Concavisporites toralis; Kal-e-Bast section; KB 4 I; slide II; 42 µm high; V68/4; 4) Kyrtomisporis leavigatus; 632 
Kal-e-Bast section; KB 4I; slide II; 38 µm high; J63/2; 5) Dictyophyllidites mortonii; Kal-e-Bast section; KB 4I; 633 
slide I; 30 µm diameter; R75; 6) Lycopodiacidites kokenii; Kal-e-Bast section; KB 4I; slide II; 25 µm diameter; 634 
W5; 7) Retusotriletes hercynicus; Kal-e-Bast section; KB 4I; slide I; 31 µm diameter; J74/2; 8–9) Deltoidospora 635 
sp.; 8: Kal-e-Faqir section; Fq 8; slide I; 40 µm high; N53/3; 9: Kal-e-Bast section; KB 4 I; slide I; 35 µm high; 636 
X67; 10) Lunzisporites sp.; Kal-e-Bast section; KB 4 I; slide I; 27 µm diameter; Y67; 11) Cf. stereisporites sp.; 637 
Kal-e-Faqir section; Fq 8; slide V; 24 µm diameter; G62/2; 12) Araucariacites sp. Kal-e-Bast section; KB 4 I; 638 
slide I; 33 µm diameter; W58/2; 13–14) Spiritisporites cf. spirabilis; Kal-e-Bast section; 13: KB 2; slide II; 35 639 
µm diameter; L31; 14: KB 4 I; slide II; 33 µm diameter; M23/4; 15) Ind. foveolate trilete spore; Kal-e-Faqir 640 
section; FQ 8; slide IV; 95 µm high; H45/1. 641 

in the Sina Formation, bisaccate pollen is still an important element of the flora (33%). The 642 

sporomorphs of the Miankuhi Formation, on the other side, are completely dominated by 643 

hygrophytic elements, both trilete and indeterminable spores, but also hygrophytic markers 644 

among the pollen grains such as Aulisporites and Cycadopites (Fig. 8). This, as well as the 645 

presence of coaly layers, cannot be explained only by a sea-level shift and paleoenvironmental 646 

change but the extent of the changes supports a change in the climate signal. Furthermore, the 647 

biostratigraphic markers provide additional support for the correspondence of the base of the 648 

Miankuhi Formation to the CPE. 649 

 650 

7.4. Age consideration 651 

A U-Pb zircon age of 217.1 ± 1.7 has been obtained for a large magmatic body (Torbat-e-Jam 652 

Granite) intruding the deformed terrigenous succession attributed to the Miankuhi Formation 653 

at about 50 km to the east of Aghdarband, in the north of Torbat-e-Jam (Zanchetta et al., 2013). 654 

This suggests the Norian as a minimum age for the timing of the inversion and deformation of 655 

the Miankuhi Formation. The dinoflagellate cyst assemblage (Hebecysta, Heibergella, 656 

Rhaetogonyaulax, Sverdrupiella) reported from this formation and considered Norian in age, 657 

is largely corroded and badly preserved, making the species-level identifications tentative 658 

(Ghasemi-Nejad et al., 2008). Moreover, the described dinoflagellate cysts are not exclusively 659 

restricted to the Norian but reach down to the Carnian (e.g., Wiggins, 1973; Bujak and Fisher, 660 

1976; Riding et al., 2010; Mangerud et al., 2019; Mantle et al., 2020) and some of them have 661 

been found in the Raibl Group from the Eastern Swiss Alps (Hochuli and Frank, 2000). The 662 

palynological analyses support an assignment of the basal Miankuhi Formation to the latest 663 
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early to late Carnian age (see above) and there is no clear evidence for a Norian age of the 664 

entire Miankuhi Formation in the studied area. 665 

 666 

Plate II 667 
 668 
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 698 
Plate II. 1–3) Cycadopites sp.; 1: Kal-e-Faqir composite section; Fq 4; slide II; 26 µµ high; K42/2; 2: Kal-e-Bast 699 
section; KB 4 II; slide II; 30 µm diameter; U6/3; 3: Kal-e-Jom’eh section; MKJ 9; slide II; 56 µµ high; R74; 4) 700 
cf. Triadispora sp.; Kal-e-Faqir composite section; Fq 4; slide I; 37 µm high; B48/1; 5) Triadispora sp.; Kal-e-701 
Faqir composite section; Fq 8; slide I; 36 µm high; H29; 6) Annulispora sp.; Kal-e-Jom’eh section; MKJ 13; slide 702 
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V; 46 µm diameter; M44/4; 7) Lunatisporites sp.; Kal-e-Faqir composite section; Fq 4; slide I; 29 µm high; P42/2; 703 
8–9) Circumpolles; Kal-e-Faqir composite section; 8: Fq 4; slide I; 37 µm diameter; R37/2; 9: Fq 8; slide I; 35 704 
µm diameter; O52/4; 10) Chordasporites sp.; Kal-e-Faqir section; Fq 8; slide II; 34 µm high; N49; 11) 705 
Baculatisporites sp.; Kal-e-Faqir section; Fq 8; slide II; 50 µm high; J35/3. 706 
 707 

7.5. The CPE in the north-eastern margin of the Tethyan Realm  708 

The fluvial sediments govern the depositional pattern of the lowermost Miankuhi Formation 709 

with plant-bearing marls and histosol horizons that likely developed under humid 710 

environmental conditions. The prevalence of relative humid paleoclimate and/or environment 711 

can be deduced from the composition of the plant community (including sphenophytes, 712 

ginkgophytes, conifers, and incertae sedis) at this site and in the surrounding areas (Boersma 713 

and Van Konijnenburg-van Cittert, 1991; Mazaheri-Johari et al., 2021). The morphospecies 714 

groups of palynomorphs evidence a clear shift towards hygrophytic elements in the lowermost 715 

Miankuhi Formation and reflect the expansion of wet habitats on the continent during the latest 716 

early Carnian to late Carnian age. The observed sedimentological and palynological patterns 717 

as well as plant fossil assemblages show a close resemblance to those observed during the 718 

humid phases that mark the Carnian Pluvial Episode in many stratigraphical sections 719 

worldwide. This episode of global climate change dated from the Julian 2 (early Carnian) to 720 

the Tuvalian 2 (late Carnian) and is comprised of several humid pulses (Breda et al., 2009; 721 

Kozur and Bachmann, 2010; Stefani et al., 2010; Dal Corso et al., 2015, 2018; Baranyi et al., 722 

2018, 2019) coupled to substantial changes in marine and terrestrial ecosystems (e.g., Dal 723 

Corso et al., 2020). On land, paleobotanical and palynological investigations from different 724 

latitudes revealed a shift of floral associations towards the elements with a high preference for 725 

humid conditions (e.g., Roghi et al., 2010; Preto et al., 2010; Mueller et al., 2016b; Baranyi et 726 

al., 2018, 2019; Fijałkowska-Mader et al., 2021).  727 
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Plate III 728 

 729 
 730 

Plate III. 1) Baculatisporites sp.; Kal-e-Bast section; KB 4 I; slide I; 32 µm diameter; Q63/2; 2) Asseretospora 731 
sp.; Kal-e-Bast section; KB 4 I; slide I; 38 µm diameter; X71/2; 3–5) Aulisporites astigmosus; Kal-e-Bast section; 732 
3: KB 2; slide I; 60 µm diameter; Q18/4; 4: KB 4 I; slide I; 60 µm length; Y60/4; 5: KB 4 I; slide II; 35 µm length; 733 
V45; 6–7) Aulisporites circulus; 6: Kal-e-Bast section; KB 4 I; slide I; 31 µm diameter; M64; 7: Kal-e-Jom’eh 734 
section; MKJ 6; Slide I; 25 µm diameter; L66; 8–9) Cycadopites sp.; Kal-e-Bast section; 8: KB 4 I; slide I; 34 µµ 735 
diameter; V67/3; 9: KB 4 I, slide I; 39 µm diameter; T66/3; 10) Trachysporites sp.; Kal-e-Bast section; KB 4 I; 736 
slide I; 30 µm diameter; F25/4; 11) Todisporites sp.; Kal-e-Bast section; KB 4 I; slide I; 40 µm diameter; T40; 737 
12) Todisporites minor; Kal-e-Jom’eh section; MKJ 6; slide I; 35 µm diameter; G68/3; 13) Ephedripites sp.; Kal-738 
e-Faqir section; Fq 4, slide I; 47 µm diameter; F54/1; 14) Ovalipollis sp.; Kal-e-Faqir section; Fq 1; slide 0II; 38 739 
µm high; R34/1; 15) Calamospora sp.; Kal-e-Faqir section; Fq 1; slide 0II; 37 µm high; X44/3. 740 
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The CPE has been detected in the adjacent area, NE Iraq in the Arabian Plate, where abundant 741 

siliciclastics were deposited (shale B1 from Member B of Kurra Chine Formation: see 742 

discussion in Lunn, 2020; Hanna, 2007; Lunn et al., 2019; Davies and Simmons, 2020; Lunn, 743 

2020) (Fig. 9). In the Eurasian Plate, along the northern foothills of the Turkestan-Alai Range 744 

(SW Kyrgyzstan), a thick succession of clastic sediments, the Madygen Formation, 745 

accumulated in a lush vegetated fresh-water basin under humid to semi-humid climatic 746 

conditions (Berner et al., 2009; Moisan et al., 2012, 2021). The flora of the Madygen Formation 747 

(several types of bryophytes, horsetails, lycopsids, ferns, ginkgophytes, pteridosperms, and 748 

conifers) resembles those from the CPE (Kustatscher et al., 2018). This formation seems to be 749 

slightly younger than mid-Carnian in age (the base of the unit gives a ~237± 2 Ma) and records 750 

the development of a large endorheic freshwater basin nested on continental Laurasia. 751 

Interestingly, the appearance of freshwater lakes is one of the main features of the CPE in 752 

continental settings. Except of some not well-constrained bauxite deposits from the Middle 753 

Triassic Kani Zarrineh (NW Iran) in the Irano-Himalayan belt (Abedini et al., 2021) (Fig. 9), 754 

there are no clear records of CPE from other parts of the Iran region (Iran plate) due to the late 755 

Carnian to early (?)Norian sedimentary gap, and in some places even younger, in response to 756 

the Cimmerian collision and subsequent uplift and erosion (Seyed-Emami, 2003; Fürsich and 757 

Hautmann, 2007; Fürsich et al., 2009a; Zanchi et al., 2009a; Krystyn et al., 2019) (Fig. 9). In 758 

the Nakhlak area (Central Iran), the top of the Ashin Formation reaches at most the early 759 

Carnian but is mainly late Ladinian in age (Balini et al., 2009), so there is no sedimentary 760 

record, up to now, of upper Triassic strata under the Cretaceous unconformity. In Central Iran, 761 

according to Krystyn et al. (2019), a distinct unconformity separates the Shotori Formation 762 

from the Espakh Limestone. Despite poor age control, the top of the Shotori Formation should 763 

be early Carnian in age (Krystyn et al., 2019). According to these authors, the demise of the 764 

Carnian carbonate platform should be related to the general demise of the carbonate microbial 765 

platform documented Tethys-wide during the CPE (Jin et al., 2020) but more studies are needed 766 

to prove this assumption. 767 

7.6. CPE or Cimmerian Orogeny, the controversy  768 

During the Late Triassic, the Turan domain as part of the southern margin of Laurasia was 769 

located in a relatively stable position at about ~35°N (Besse et al., 1998; Muttoni et al., 2009, 770 

2015; Mattei et al., 2015; Garzanti and Gaetani, 2002; Barrier et al., 2018) and therefore, the 771 

observed change towards humidity (from xerophytic to hygrophytic assemblages) could not be 772 

related to a change in paleolatitudinal position. The short duration of the CPE (lasted for  773 
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Fig. 9. Lithostratigraphy of Triassic rock units from Iran region (Turan domain and Iran Plate), NE Iraq as part of 803 
the Arabian Plate (modified after Seyed-Emami, 2003; Fürsich and Hautmann, 2007; Fürsich et al., 2009b; Seyed-804 
Emami et al., 2009; Balini et al., 2009; Krystyn et al., 2019; Liaghat et al., 2021; Lunn et al., 2019, Davies and 805 
Simmons, 2020; Tamar-Agha et al., 2020), and Western Tethys (Southern Alps, Dolomites; modified from Mietto 806 
et al., 2020). Yellow numbers are the same as in figure 2.  Ammonoid zones from Bernardi et al. (2018). Sequence 807 
stratigraphy after Gianolla and Jacquin (1998), Hardenbol et al. (1998), Gianolla et al. (1998, 2021). Composite 808 
organic carbon-isotope curve modified from Triassic Time scale 2020 (Ogg et al., 2020). Abbreviations: Ech. 809 
Epoch; Olen: Olenekian; Smi: Smithian; Spa: Spathian; Ae: Aegean; Bith: Bithynian; Pels: Pelsonian; Fassan: 810 
Fassanian; Longob: Longobardian; Fm: Formation; Mb: Member; Sdkh. Lst: Sefidkuh Limestone; Nzkd: Nazar-811 
kardeh; Ss: Sandstone; FMB: Faqir Marl Bed; S. Mb: Shale Member; Mnkh. Fm: Miankuhi Formation; Kn. Zar: 812 
Kani Zarrineh; KD: Kopeh-Dagh; Nybd: Nayband area; Gd: Galanderud; Lb: Laleband; Srk. Shale: Sorkh Shale; 813 
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Hsh: Howz-e-Sheikh; Hkh: Howz-e-Khan; Ps: Parsefid; Vnhr: Venher; Nzm: Niazmargh; L. Geli Kn: Lower Geli 814 
Khana; M. Geli Kn: Middle Geli Khana; Kurra Chn: Kurra Chine; L. Sarki: Lower Sarki; M. Sarki: Middle Sarki; 815 
U. Sarki: Upper Sarki; SLI: Lower Serla Dolomite; FCL: Coll’Alto dark Limestones; NTR: Monte Rite 816 
Formation; DON: Dont Formation; VTG: Voltago Conglomerate; REC: Recoaro Limestone; SLS: Upper Serla 817 
Formation; BIV: Bivera Formation; MRB: Richthofen Conglomerate and Morbiac dark Limestone; MBT: 818 
Ambata Formation; CTR: Contrin Formation; SCI: Sciliar Formation; BHL: Livinallongo/Buchenstein 819 
Formation; ADZ: Zoppè Sandstone; AQT: Acquatona Formation; IMF: Fernazza Formation; WEN: Wengen 820 
Formation; SCS: San Cassiano Formation. 821 
 822 

1.2–1.6 Myrs) (e.g., Zhang et al., 2015; Miller et al., 2017; Bernardi et al., 2018; Colombi et 823 

al., 2021), its global records in many different stratigraphic successions, the global carbon cycle 824 

disruption marked by sharp negative carbon-isotope excursions (NCIEs) (Dal Corso et al.,  825 

2012, 2015; Mueller et al., 2016b; Sun et al., 2016; Miller et al., 2017) during Carnian, and the 826 

pulses of increased mercury loading in the Western Tethys during the CPE (Mazaheri-Johari 827 

et al., 2021), as well as other geochemical proxies (Xu et al., 2014; Tomimatsu et al., 2021), 828 

suggest a link between pulses of Wrangellia Large Igneous Province (LIP) and/or other coeval 829 

volcanisms (Furin et al., 2006; Sun et al., 2016; Dal Corso et al., 2012, 2020; Fu et al., 2020; 830 

Li et al., 2020), NCIEs, and the CPE environmental perturbations. These data bring into 831 

question the interpretation of the CPE as a direct consequence of the Cimmerian Orogeny 832 

proposed by some researchers (e.g., Hornung et al., 2007; Krystyn et al., 2019; Chu et al., 833 

2021). Hornung et al. (2007) explained the mid-Carnian climatic perturbation (CPE) by the 834 

collision of the Cimmerian terranes with Laurasia, and the uplift of the Cimmerian Orogen. 835 

This new mountain chain forced the monsoonal circulation system to enhance precipitations, 836 

weathering, erosion, and run-off. But it seems unlikely that the global climatic perturbation 837 

recorded by the CPE is linked to the collision of a relatively small microcontinent with Laurasia 838 

(Şengör, 1984), since the effects of this uplift should be more prolonged in time instead the 839 

CPE climatic perturbation is very limited in time as in the Tuvalian, globally, there is a return 840 

to the previous climate condition (Preto et al., 2010; Li et al., 2020). Furthermore, according to 841 

recent paleogeographic reconstructions (Golonka, 2004, 2007; Montenat, 2009; Muttoni et al., 842 

2009a, 2009b; Zanchi et al., 2009a; Zanchi and Gaetani, 2011; Zanchetta et al., 2013; Angiolini 843 

et al., 2013, 2015; Zanchetta et al., 2018; Barrier et al., 2018), the Cimmerian continent of 844 

Şengör (1984) consisted in several different minor block which collided with the Laurasian 845 

margin in different times spanning from the Late Triassic up to the Early Jurassic. The collision 846 

of the Iran microplate with the Southern Eurasian margin (Nikishin et al., 1998; Muttoni et al., 847 

2009a, b; Fürsich et al., 2009a; Zanchi et al., 2009a) had happened at an earlier time during the 848 
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Late Triassic between the end of Carnian and the Norian, while the other Cimmerian blocks 849 

collided later. In Afghanistan, the composite Band-e Bayan - Helmand Block (Farah Rud 850 

Block) are thought to collide with Eurasia between the Rhaetian and the middle Pliensbachian 851 

(Montenat, 2009; Siehl, 2017). Central Pamir collided with the Eurasian margin represented 852 

by the Karakul Mazar arc at around 200 Ma (Robinson, 2015), followed by Southern Pamir 853 

and Karakoram, whose progressive collisions occurred respectively at the end of the Triassic 854 

(Permian-Triassic boundary) and at the beginning of the Jurassic (Zanchi and Gaetani, 2011; 855 

Angiolini et al., 2013, 2015; Zanchetta et al., 2018). Finally, South Qiangtang is believed to 856 

have accreted to North Qiangtang at the end of the Triassic (Kapp et al., 2003; Zhai et al., 857 

2011). Moreover, a sudden sharp rise in the Sr isotope records from the pelagic limestone 858 

succession of the Pizzo Mondello, Italy, at the beginning of the Lacian–Alaunian (lower-859 

middle Norian) points to the rapid uplift and erosion of the Cimmerian orogen resulted from 860 

the accretion of the Iranian Cimmerian terranes to southern Laurasia at that time (Onoue et al., 861 

2018). Chu et al. (2021) considered the timing of collision between Central Iran and Laurasia 862 

in NE Iran, as no later than 228 ± 3 Ma based on detrital zircon age spectra of the Triassic 863 

Mashad Phyllite (Binalud Mountains), which is so young respect to the CPE that dated through 864 

biostratigraphic calibration from Julian 2 to the Tuvalian 2 intervals (about 234–232 Ma: cf. 865 

Dal Corso et al., 2020; Colombi et al., 2021). However, the timing of collision initiation 866 

proposed by Chu et al. (2021) is in agreement with this study, pointing to the start of the 867 

collision after the CPE. 868 

8. Conclusions 869 

The Iran Plate as part of the Cimmerian terranes collided with the Turan Domain (southern 870 

margin of Laurasia) during the Late Triassic and gave origin to the Eo-Cimmerian Orogeny. 871 

The deformation of surrounding arc-related basins well records this compressional event, but 872 

the exact timing of this collision has long been debated. The Aghdarband Basin preserves a 873 

record of the Eo-Cimmerian orogenic event reflected in the severe deformation structures of 874 

its Triassic units. The Upper Triassic shale-dominated Miankuhi Formation of the Aghdarband 875 

Basin are the youngest rock units that convey the intense deformations they have endured, 876 

where strong folding, faulting, and deformational phases have been observed on these rocks.  877 

In the present study, the Middle to Upper Triassic succession of the Aghdarband basin has been 878 

precisely analyzed through a multidisciplinary approach, and allowing us to review previous 879 

scenarios and to make new remarks on the evolution of the basin: 880 
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• Stratigraphy and sedimentology of the Aghdarband succession has been reviewed, and the 881 

transition from a deep marine environment to a delta setting and then an alluvial to marginal 882 

marine environment has been depicted. This interpretation led to redefining the 883 

depositional sequences and the meaning of the main erosional unconformity separating the 884 

Sina and Miankhui formations; 885 

• Palynological and paleobotanical data collected from the Sina and Miankhui formations 886 

confirmed some points of the sedimentary evolution and overall allowed to refine the age 887 

of the succession. Particularly, the lower part of the Miankhui formation was deposited 888 

from the latest early Carnian to late Carnian age. Sufficient-resolution palynological data 889 

unravel the vegetation history of the studied formations: the vegetation pattern of the lower 890 

Miankhui formation, rich in hygrophytic elements, show clear evidence of a wet alluvial 891 

plain environment, supporting a strong correlation with the Carnian Pluvial Episode (CPE) 892 

and thus representing its only clear record in Iran region; 893 

• The occurrence of a sea-level drop associated with a humid climate leading to high 894 

weathering rates can produce the significant unconformity at the base of the Miankhui 895 

formation, and the role of the eo-Cimmerian collision is revised, concerning the global 896 

impact and the short duration nature of the CPE and also the diachronous nature of 897 

Cimmerian collision in different structural blocks; 898 

• Integrating results from the Aghdarband basin and data from the surrounding sedimentary 899 

basins, the onset of Eo-Cimmerian orogeny can be constrained to a period older than 900 

Middle Norian (217 ± 1.7 Ma) but younger than the late Carnian, at least in the case of the 901 

NE Iranian segment of the Paleotethys suture zone. Therefore, it is evident that the onset 902 

of CPE predates the Eo-Cimmerian collision, and the latter can be excluded as the primary 903 

cause of the “mid-Carnian” climatic perturbation. 904 
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