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Abstract. The Aghdarband Basin in the Kopeh-Dagh Range (NE Iran) is one of the most important areas for
unraveling the evolution of the Turan plate (southern margin of Eurasia) during the last phase of the closure of the
Paleotethys and to reconstruct the history of the Cimmerian blocks just before their collision with Eurasia during the
carly Late Triassic. The youngest sediments affected by the Early Cimmerian orogeny are those of the Upper Triassic
Miankuhi Formation, which covers unconformably the Upper Triassic (lower Carnian) marine beds of the Sina For-
mation by an interval of continental facies including local conglomerates, cross-bedded sandstones, mudstone layers,
silty shales, an up to one-meter thick coal layer with plant remains, and shales. The plant assemblages represent a rela-
tively wide variety of different forms (sphenophytes, ginkgophytes, conifers, and incertis sedis), documenting wetlands
with lush vegetation typical of warm and humid environments. In this study, we describe a plant fossil assemblage
from the base of the Miankuhi Fm., dominated by roots and vegetative organs of Neocalamites iranensis n. sp., with few
plant fossils of uncertain botanical affinity. Palynological investigations of the basal part of the Miankuhi Formation
confirm a latest early Carnian to late Carnian age for this interval and reveal, for the first time, a clear link between this
plant-bearing bed, and a time of global environmental changes, the Carnian Pluvial Episode. This is the first report of
the Carnian Pluvial Episode in the Turan plate (southern margin of Eurasia) and Iran.

INTRODUCTION

Plant macrofossils are common in Iran, al-
though most plant remains are of Rhaetian or Ju-
rassic age (e.g.,, Vaez-Javadi 2013a and refs. there-
in). Among the first authors to describe and enlist
Late Triassic to Middle Jurassic plant fossils from
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Iran were Goppert (1861), Stur (1886), Schenk
(1887), and Krasser (1891). The best studied area
is the Alborz Mountains (e.g, Krasser 1891; Kilp-
per 1971, 1975; Bernard & Miller 1976; Schweitzer
1978; Vassiliev 1984; Schweitzer & Kirchner 1995,
1996, 1998, 2003; Schweitzer et al. 1997, 2000, 2009;
Vaez-Javadi & Syooki 2002; Vaez-Javadi 2004, 2008;
Vaez-Javadi & Abbasi 2012) as the Rhaeto-Liassic
successions of Dorud (e.g, Barnard 1965, 19706),
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Fig. 1 - Late Triassic paleogeography (about 230 Ma, redrawn from Matthews et al. 2016; Cao et al. 2017). The red area corresponds to the
studied location (Turan Plate). NTO: Neotethys Ocean; MTO: Mesotethys Ocean; PTO: Paleotethys Ocean.

Amol area (Popa et al. 2012), Karmozd, and Zirab
(e.g., Kilpper 1964, 1968, 1971; Kimyai 1972), lo-
cated in the Central Alborz Mountains, are rich in
plant fossils.

Most studies describe diverse and abundant
plant fossil assemblages that were mainly collected
close to mined coal seams. The Aghdarband Coal
Bed (Miankuhi Formation) from the Aghdarband
area is an example of such a plant-bearing horizon
in the Kopeh-Dagh Range, Northeast Iran. Boers-
ma & Van Konijnenburg-van Cittert (1991) were
so far the first and only ones to describe Ttriassic
plant fossils from the Aghdarband area. The au-
thors recognized a variety of sphenophytes (Neoca-
lamites), ginkgophytes (Sphenobaiera), conifers (Podo-
zamites), and incertis sedis (Taeniopteris, Carpolithes),
including the new species Podozamites pancinervis.
The plant fossils were collected at several out-
crops either from the Aghdarbad Coal Bed at the
base of the Miankuhi Formation, or from a coal
horizon at the base of the Ghal’eh Qabri Shales.
In situ trunks in vertical, standing position were
mentioned (Ruttner 1991), but not described. The
composition of the plant fossil assemblages from
the basal coal layer of Miankuhi Formation (Boers-
ma & Van Konijnenburg-van Cittert 1991) and the
pootly preserved marine palynomorphs (dinoflag-
ellate cysts; Ghasemi-Nejad et al. 2008) suggested
a Norian age for the coal bed, whereas our palyno-

logical analyses yielding terrestrial palynomorphs
support a Carnian age for the base of the Mianku-
hi Formation (see below). The plant-bearing basal
part of the Ghal’eh Qabri Shales were assigned
putatively to the Rhaetian (Boersma & Van Koni-
jnenburg-van Cittert 1991).

This study aims to provide an overview of
the fossiliferous horizon yielding in situ plant fos-
sils from the coal layer of the Miankuhi Forma-
tion, to discuss plant fossils previously found in
the area, and to describe the first plant fossils of
Iran dated confidentially as Carnian, representing
the Carnian Pluvial Episode (CPE).

GEOLOGICAL SETTING

Cimmeria as an extended deformed zone
comprising several microcontinent blocks, rift-
ed from Gondwana at the end of the Paleozoic
(e.g., Sengor 1979, 1984, 1990; Stampfli & Borel
2002; Angiolini et al. 2007) and collided with Eur-
asia during the Triassic (e.g., Stocklin 1974; Seng6r
1979, 1984, 1990; Ricou 1994; Stampfli & Borel
2002; Wilmsen et al. 2009; Zanchi et al. 2009a,
2009b) (Fig. 1). The collision of the Iranian mi-
croplate as part of the Cimmerian blocks with the
southern margin of Eurasia (Turan Plate) during
the Late Triassic/Eatly Jurassic defines one of the
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Fig. 2 - A) Main structural zones of the area (after Stocklin & Nabavi 1973; Berberian & King 1981; Allen et al. 2004, 2011; Morley et al. 2009;
Nozaem et al. 2013; Calzolari et al. 2016): EIZ: Eastern Iran zone. B) Detail of the Kopeh-Dagh Range and the location of the studied
area (Aghdarband Basin). C) Geological map of the Aghdarband Area showing the three tectonic units and the various formations of
the Aghdarband Basin (modified after Ruttner 1991; Zanchi et al. 2016).

major compressional events of the Iranian plat-
form, named as Cimmerian collision, which caused
the closure of the Paleotethys Ocean (e.g., Stock-
lin 1974; Sengor 1979, 1984; Stampfli & Borel
2002; Wilmsen et al. 2009; Zanchi et al. 2009a,
2009b). The Eo-Cimmerian orogeny affected the
Kopeh-Dagh Basin in the southern margin of the
Eurasian Plate (NE Iran) and subsequent Middle
Jurassic rifting led to the development of more
than 7 km thick sequence of gently folded rocks of
Jurassic to Paleogene sediments in this basin (e.g.,
Afshar-Harb 1979; Davoudzadeh & Schmidt 1985;
Milanovsky 1991; Afshar-Harb 1994; Brunet et al.
2003; Garzanti & Gaetani 2002; Mahboubi et al.
2010; Robert et al. 2014). The Kopeh-Dagh intrac-
ontinental range stretches for about 700 kilome-
ters in a WINW-ESE direction east of the Caspian
Sea, and lies in the northeast of Iran and south of
Turkmenistan (Fig. 2A, B). The basement of the
Kopeh-Dagh Range (pre-Jurassic sediments) crops

out in the eastern part of the belt and within the
Aghdarband erosional window due to the erosion
of the gently folded overlying Jurassic—Paleogene
beds by the river Kashaf-Rud and other drainage
systems to the south (Ruttner 1984, 1991). The
Aghdarband area occupied the southern part of
the Kopeh-Dagh Range which was located at
about 35—45°N during the Late Triassic (~230 Ma)
(Mattei et al. 2014; Muttoni et al. 2015; Matthews
et al. 2016; Cao et al. 2017) and its sediments are
principally Triassic in age (e.g., Ruttner 1984, 1988,
1991; Baud et al. 1991a; Boersma & Van Konijnen-
burg-van Cittert 1991; Donofrio 1991; Alavi et al.
1997; Ghasemi-Nejad et al. 2008; Balini et al. 2009,
2019) (Fig. 2C). The well-dated Triassic successions
of Aghdarband were deposited in a back-arc set-
ting associated with the northward subduction of
the Paleotethys Ocean along the southern margin
of Eurasia and are strongly deformed as a result
of the Cimmerian orogeny (Ruttner 1991; Alavi
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et al. 1997; Zanchi et al. 20092; Sheikholeslami &
Kouhpeyma 2012; Zanchetta et al. 2013). There is
still considerable ambiguity about the precise time
of deformation of the Aghdarband area although
extensive field analyses by Zanchi et al. (2016) pro-
posed a pre-Bajocian age for the deformation. This
basin, formed within the framework of an exten-
sional-transtensional tectonic regime, is subdivid-
ed into three main structural units named unit 1, 2,
and 3 from north to south (Ruttner 1991; Zanchi
et al. 2016). Unit 1 is characterized by folding and
faulting deformation while thrusting characterizes
the units 2 and 3 (Zanchi et al. 2016). A substantial
systematic study on the central and eastern part of
the Aghdarband Basin (units 1-3) was performed
by Ruttner (1991), who represented a detailed ge-
ological map at 1:12,500 scale (Ruttner 1991: pl.
1). The present study was carried out in unit 2 of
the Aghdarband Basin, where the most complete
stratigraphic succession of the area is recorded.

REVISED STRATIGRAPHY

The Triassic stratigraphy of the tectonic unit
2 is represented by four distinct formations which
are, in ascending stratigraphic order, the Sefid-Kuh
Limestone, the Nazar-Kardeh Formation, the Sina
Formation, and the Miankuhi Formation (Fig. 3).
The Lower Triassic Sefid-Kuh Limestone (Baud
et al. 1991a; Balini et al. 2019) overlies the rlate
Permian—Farly Triassic volcanoclastic conglomer-
ates of the Qara-Qeitan Formation (Ruttner 1991;
Eftekharnezhad & Behroozi 1991; Baud et al.
1991a; Alavi et al. 1997; Balini et al. 2009; Zanchi
et al. 2016). Up-section, the relatively deep-water
fossiliferous cherty limestones of the Nazar-Kar-
deh Formation were deposited due to a sudden
deepening at the end of the Olenckian in the units
1 and 2. The Nazar-Kardeh Formation with a
Bithynian age (Krystyn & Tatzreiter 1991; Balini
et al. 2019) is unconformably capped by a relative-
ly thick sequence of volcaniclastic-turbiditic units,
named Sina Formation, which is divided into two
members (Ruttner 1991; Baud et al. 1991b): the
Sandstone Member comprises conglomerates and
green tuffaceous sandstones, and the overlying
Shale Member contains red ammonoid-bearing
marls (Faqir Marl Bed) and tuffaceous shales. A
quick change to a coarsening upward succession,

combined with the end of volcanic activity during
early Carnian times, is recorded in the uppermost
Sina Formation. The age of the Sina Formation
spans from the early Ladinian to the early Car-
nian (Ruttner 1991; Krystyn & Tatzreiter 1991;
Donofrio 1991). The Sina Formation is separat-
ed from the overlying Miankuhi Formation by an
unconformity documented by continental sedi-
ments resting on the marine shale. The base of
the Miankuhi Formation is characterized by con-
glomerates, cross-bedded sandstones, mudstones
with minor sandstone lenses, sandstone layers,
silty shales, and an up to one-meter thick coal lay-
er documenting a wet alluvial plain environment.
Upwards, the Miankuhi Formation is composed
of brown-colored shales with some interbedded
siltstone and/or fine-grained sandstone (Ruttner
1991, fig. 12b). These shales were thought to be
completely barren of fossils (Ruttner 1984, 1991),
but a poor assemblage of benthonic foraminifers
has been found at the base of the monotonous
shales (Oberhauser 1991), reflecting extremely
adverse living conditions. Furthermore, the low-
ermost Miankuhi Formation yielded plant mega-
fossils (Boersma & Van Konijnenburg-van Cittert
1991) and poorly preserved marine palynomorphs
(Ghasemi-Nejad et al. 2008) considered of Norian
age. The described dinoflagellate cyst assemblage
(Hebecysta, Heibergella, Rhaetogonyanlax, Sverdrupiella)
is, however, not restricted to the Norian and has
also been reported from the Carnian (e.g., Bucefa-
lo Palliani & Buratti 20006).

Zanchetta et al. (2013) proposed a U-Pb
zircon age of 217.1 * 1.8 Ma for a magmatic in-
trusion (Torbat-e-Jam Granite) into the deformed
coal-bearing terrigenous successions of the Mi-
ankuhi Formation in the north of Torbat-e-Jam,
suggesting a minimum age of middle Norian and
probably a Carnian to middle Norian age for this
formation. The results of our palynological inves-
tigations on the basal part of the Miankuhi For-
mation confirm a latest early Carnian (Julian 2)
to late Carnian (Tuvalian) age for this part of the
succession (see Age assignments for details). This
composition of the terrestrial palynomorph as-
semblages and their age indications, along with the
stratigraphical and sedimentological observations,
change the position of the unconformable contact
between the Miankuhi Fm. and the underlying Sina
Fm. from its traditional place (Ruttner 1984, 1991;
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Baud et al. 1991b; Zanchi et al. 2016; Balini et al.
2019) immediately below the coal bed to the base
of the conglomerate layers. Additionally, records
of plant fossils below and above the coal bed pro-
vide adequate proof for the existence of a contin-
uous continental succession and a clear wet inter-
val at the base of the Miankuhi Formation starting
with the conglomerate layers. Nevertheless, the
contact between the two formations is often tec-
tonized due to active faulting and syn-sedimenta-

ry tectonic control over short distances in the area
during the Triassic (Zanchi et al. 2016). Up-section,
the Miankuhi Formation is separated from the basal
black shales (Ghal’eh Qabri Shales) of the Kashaf-
Rud Formation by an angular unconformity repre-
senting the Eo-Cimmerian orogeny (Ruttner 1991).
A transgressive white sandstone layer at the base
of the Ghal’eh Qabri Shales contains another coal
level with Rhaetian plant remains (Boersma & Van
Konijnenburg-van Cittert 1991).
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Table 1 - Comparison of the new species Neocalamites iranensis . sp. with the other Neocalamites species from the Triassic and Jurassic of Iran and Afghanistan.
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MATERIALS AND METHODS

The studied macroflora is from a stratigraphic section called
Allahverdi (35.98°N, 60.87°E; Fig. 2C). The plant fossil assemblage
comprises 28 specimens, generally preserved as compressions of im-
pressions. Sphenophytes are very delicate; their remains are mostly
preserved as internal casts and impressions. The fossils are stored in
the paleontological collection of Piero Leonardi Museum of Paleon-
tology and Prehistory (MPL: Museo di Paleontologia e Preistoria Pie-
ro Leonardi) in Ferrara, Italy. Hand specimens were photographed
with a Nikon 3200D digital camera and palynomorphs with a Leica
165C microscope equipped with Leica 170HD camera.

THE MACROFLORA OF THE AGHDARBAND
AREA

At least four taxa were distinguished based
on macromorphological analyses of the macrore-
mains; they belong to the sphenophytes and to plant
groups of unknown botanical affinity.

Division SPHENOPHYTA
Order Equisetales Dumortier, 1829
Family Equisetaceae Michaus, ex DC, 1804
Genus Neocalamites Halle, 1908

Neocalamites iranensis Kustatscher, Mazaheri-

Johari et Roghi n. sp.
PL 1, figs. A—E; PL. 2, figs. A—D

Etymology: Named after the country where the remains
were discovered for the first time, Iran.

Holotype: MPL 9303 (PL I, fig. A), showing a stem fragment
with at least two nodes from which arise a whorl of leaves, here des-
ignated.

Paratype: MPL 9304 (PL 1, fig. B), showing the distribution
and length of the leaves, here designated.

Additional material: Seven specimens, MPL 9305, 9306,
9307, 9308, 9309, 9310, 9311.

Type locality: Allahverdi outcrop, 35.98°N, 60.87°E, Agh-
darband Basin, Iran.

Type horizon: Miakuhi Formation, Julian 2 to Tuvalian, Car-
nian, Late Triassic.

Repository: Museum of Paleontology and Prehistory Piero
Leonardi, Ferrara, Italy.

Diagnosis: Stem articulated, with a smooth surface and dis-
tinct closely arranged vascular bundles. Lateral branches arising in
whotls from non-swollen nodes. Leaves linear, entire-margined ar-
ranged in whotls of very numerous leaves; leaf bases consistent with
leaf width, free up to the attachment at the nodal level. One to two
internode vascular bundles per vallecular canal and leaf; no distinct
midrib in leaves.

Description. The plant assemblage is domi-
nated by leafless and leafy stems and putative branch-
es, leaf whotls, and internal casts belonging to the

sphenophyte genus Neocalamites. The stem fragments
are up to 112 mm long and 55 mm wide in compres-
sion (MPL 9312-9313, PL 1, figs. C-D), straight,
with no evidence of tapering, and with densely dis-
posed longitudinal grooves (corresponding to the
vascular bundles) at a concentration of up to 18/cm
(MPL 9313, PL 1, fig. D). Some internodes are 35
mm long (MPL 9303, PI. 1, fig. A) but the maximum
length of internodes exceeds 90 mm since in some
fragments no complete internodes are observed
(MPL 9313, Pl 1, fig. D). Smaller fragments have
been interpreted as lateral branches (MPL 9314, PL
1, fig. E). Nor lateral branches nor stems show any
evidence of thickening at the nodal level. The in-
ternodes of the lateral branches are 3-5 mm wide
and up to 15 mm long. When three-dimensionally
preserved the stems appear secondarily compressed,
with the vascular bundles of two successive inter-
nodes alternating (MPL 9315-9316, PL. 2, figs. A-B).
Leaves are long, linear, straight, entire-margined,
0.8-1.4 mm wide, at least 85 mm long with no dis-
tinct vein (MPL 9304, PL 1, fig. B; MPL 9317, PL. 2,
fig. C). The leaf bases are consistent in width with
the leaf width and free up to the attachment to the
node (MPL 9303, PL 1, fig. A, MPL 9318, Pl. 2, fig.
D). The leaves radiate evenly from the node; they are
attached to the stem in a whorl. Information on leaf
traces is missing since no cortex with leaf traces has
been found. Each whorl consists of at least 40 leaves
since in the most complete specimens more than 20
leaves were counted in up to half of a whotl (MPL
9318, Pl 2, fig. D). The number of vascular bundles
corresponds to twice to three times the number of
leaves in each whorl.

Comparisons with specimens from Iran. The
stem fragments from the Rhaetian and Jurassic sed-
iments of Iran assigned to Neocalamites meriani are in
most cases very narrow, 3—15 mm in diameter (e.g,,
Schweitzer etal. 1997; Vaez-Javadi 2013a), although a
maximum diameter of 35 mm is possible (e.g., Cors-
in & Stampfli 1977), and the number of leaves per
whotl is very few (6—14 leaves; Tab. 1). This makes
an assignment to Neocalamites merianii questionable
(for discussion see below). Neocalamites iranensis re-
sembles the specimens described by Kilpper (1964,
pl. 1, fig. 5) as Neocalamites sp. cf. N. carrerei (Zeiller)
Halle in the distance between the vascular bundles
(0.5 mm) but differs in the presence of distinct leaf
bases and the higher number of leaves (more than
40 against ~25).
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The specimens assigned by Kilpper (1964, pl.
I, fig. 4) and Parvacideh & Vaez Javadi (2015, pl. 1,
fig. 2) putatively to Neocalamites hoerensis (Schimper)
Halle are not well-enough preserved for a compatr-
ison with our specimens. The specimens described
by Sadovnikov (1976, pl. 1, figs. 5-7) as Neocalami-
tes hoerensis from the Rhaetian—Middle Jurassic of
Ziran (Iran) differs in having narrower stems and
less vascular bundles (Tab. 1). The specimens are
too badly preserved to permit a better comparison.
Neocalamites iranensis n. sp. differs from Neocalamites
sp. A sensu Boersma & Van Konijnenburg-van Cit-
tert (1991) in having a narrower stem diameter (up
to 12 mm wide), shorter internodes (5-13 mm),
enlarged nodes, twelve leaves per whorl and the ex-
panded base of the leaves in the latter (Tab. 1).

Neocalamites iranensis n. sp. resembles Neoca-
lamites ishpushtensis Jacob et Shukla from the Jurassic
of northern Afghanistan in the linear shape and the
free attachment of the leaves at nodal level (Tab.
1). They differ, however, because of the narrower
stems (5 mm), the swollen nodes, the lower number
of leaves (6) per node, and the shorter but wider
leaves (2 x 50-60 mm). Our specimens resemble
Neocalamites ishpushtensis as described by Schweitzer
etal. (1997) from the lower Middle Jurassic of Iran
and Afghanistan in the non-thickened nodes and
the long leaves that are not basally fused. Howev-
er, the specimens from Schweitzer et al. (1997) dif-
fer from our specimens in the lower number of
leaves, the smaller width and length of the stems,
the costate outer surface, and the slightly lanceo-
late leaf shape with a pointed apex and a restrict-
ed basis (Tab. 1). Neocalamites iranensis n. sp. can
be distinguished from the specimens assigned by
Saadat-Nejad et al. (2010) to Neocalamites ishpushten-
sis by the much narrower stem (4 mm against up
to 55 mm), and the shorter length (maximum 25
mm against minimum 85 mm) and narrower width
(0.5-1 mm against 0.8—1.4 mm) of the leaves. The
specimen figured by Khalilizadeh et al. (2020; fig.
10E, 12E) as Neocalamites ishpushtensis differs in the
distinct thickening of the nodes; the missing of a
description does not enable us to make a more de-
tailed comparison. It has, however, to be noted that
what Jacob et al. (1955) and Schweitzer et al. (1997)
described as ridges and furrows correspond rather
to the vascular bundles, and thus to characters of
the inner structure of the stem, than to the costae
of the outer surface (Tab. 1).

Comparisons with other species of Neoca-
lamites. Neocalamites iranensis n. sp. differs from the
type species Neocalamites lehmannianus (Goeppert)
Weber from the Rhaetian—Lower Jurassic of Ger-
many in the single or opposite attachment of the
branches, the narrower but longer internodes, the
swollen nodes, the lower number (12—48) of leaves
per whortl, the broader leaves (1-2.5 mm) and the
distinct midrib of the latter. The most closely re-
sembling species is Neocalamites horridus Zan et al.
from the Upper Triassic of China because of its
abundant, linear leaves with a free base and the only
slightly swollen nodes but it differs because of the
unbranched stems, the striations and prickles on the
outer surface and the distinct midrib on the leaves.
It resembles also Neocalamites carrerei (Zeiller) Halle
from the Rhaetian of Tonkin (North Vietnam), but
well-known also from the Ladinian—Carnian of
China (e.g, Sze, 1933, 1949, 1956; Xingxue, 1995),
because of the linear to filiform leaves with a free
attachment to the node and a similar frequency of
vascular bundles. The type material differs, howev-
er, because of the lower vascular bundles vs. leaf
scars ratio (1-2 times against 2—3 times in Neocalami-
tes dranensis n. sp.), and the distinctly higher number
(80100 against >40 in our specimens) and wider
(1-1.5 against 0.4—1.4 mm) leaves each whorl. More-
ovet, the leaves have a distinct vein in the Rhaetian
type species. Neocalamites iranensis n. sp. differs from
most Neocalamites species in missing a swelling of
the nodes. One of the few exceptions that does not
show swellings either is Neocalamites virginensis (Fon-
taine) Berry from the Triassic of USA but the lat-

Prate 1

Neocalamites iranensis n. sp. - A) Stem fragment with at least two nodes
from which arise a whorl of leaves, holotype (MPL 9303).
B) Distribution and length of the leaves of a half whortl,
paratype (MPL 9304). C) Stem fragments with impressions
of the vascular bundles (MPL 9312). D) Largest stem frag-
ment with impressions of the vascular bundles (MPL 9313).
E) Small lateral branch fragments with leaves (MPL 9314).
Scale bars: A—-E= 2 cm.
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ter has much narrower (5 mm) and shorter (15-20
mm) internodes, a lower number of leaves per node
(<24) and wider leaves (1-2.5 mm) with a broad
midvein (3—4 mm). Another main character of Neo-
calamites iranensis . sp. is the indistinct midrib, which
it has in common with Neocalamites minutus Gee et
al. from the Upper Jurassic of Switzerland and Ne-
ocalamites suberosus (Artabe et Zamuner) Bomfleur et
al. from the Middle Triassic of Argentina. It differs,
however, in the slightly swollen nodes, the narrower
and shorter internodes, and the higher number of
narrower and shorter leaves. The new species dif-
ters from Neocalamites suberosus in having wide and
shallow grooves on the external surface resulting
in a costate external structure of the stem, and the
shorter (> 30 mm) but broader (2-4 mm) leaves.
The only other Triassic species, Neocalamites merianii
from the Middle—lower Upper Triassic of Europe,
resembles the new species in the arrangement in
whotls of the branches and the general dimensions
of the internodes, although the lateral branches are
much thicker in the specimens from Germany. The
two species differ, however, because the outer sur-
face can be costate and the node is generally swollen
in Neocalamites merianii. Moreover, in the latter spe-
cies, the leaves are present only on the lateral shoots
(see Pott et al. 2008), whereas both the primary and
lateral shoots are covered by leaves in the new spe-
cies, and the leaves are broader and have a distinct
midrib in Neocalamites meriani.

Genus Radicites Potonié, 1893

Radicites sp.
PL2, fig E

Material: Five specimens

Description. The main root axis is up to 50
mm long and 4 mm wide (MPL 9319, Pl. 2, fig. E).
The secondary roots of 11-20 mm length and 1
mm width arise at an angle of 50-55°. The second-
ary roots do not show any rootlets or ramifications.

Discussion. Radicites is a genus used gener-
ally for compound root remains of unknown sphe-
nophyte affinity with typically a mm thick main root
and several secondary roots. Heer (1877, pl. 75, fig.
3; pl. 206, fig. 3) identified similar structures as roots
of Equisetites arenacens (Jaeger) Schenk from the Car-
nian of Neue Welt (Switzerland) because of their

frequent association with the latter. Linck (1943)
described a stratigraphic section with several in situ
“Wurzelbéden” [root horizons| in the Schilfsand-
stein of Mihlbach (Germany), Kriusel & Leschik
(1959, pl. 10, text-fig. 2; pl. 5, fig. 37) even described
roots and stems arising from a rhizome. Kelber
(1990, pl. 56, fig. 96; 1999, pl. 364, fig. 9) and Kelber
& Hansch (1995, pl. 131, figs. 281-2) described ho-
rizons with several generations of Equisetites roots
in the Erfurt Formation (Ladinian) of Germany.
Sometimes the younger generation penetrates the
“fossils” of the older, sediment-covered organic re-
mains. These structures were interpreted as various
successive root horizons representing several gener-
ations evolving in an ever-changing deltaic area of
the Lower Keuper. Bock (1969, pl. 72-74) described
Anabacanlus duplicatns Emmons as root systems of
equisetaleans associated with, but not anatomically
connected to, Neocalamites delewarensis Bock.

The simple structures of the roots, as well
as a comparison with remains from the Triassic of
Europe (e.g., Kelber & Hansch 1995; Kustatscher
& Van Konijnenburg-van Cittert 2008) suggest a
sphenophyte affinity. Since the only sphenophyte
so far described in these fossiliferous hotizons, is
Neocalamites iranensis n. sp., an affinity with this spe-
cies is most likely. Although the roots do not show
holes that perforate older fossils, an autochthonous
origin of the remains is postulated since the root
fragments are distributed three-dimensionally and
at various levels within the rock slabs (e.g. MPL
9319, PL 2, fig. E).

PLATE 2

Neocalamites iranensis n. sp. - A) Three-dimensional preservation of
a compressed stem (MPL 9315). B) Three-dimensional
preservation of a compressed stem showing the vascular
bundles at the nodal level (MPL 9316). C) Parallel arising
linear leaves (MPL 9317). D) Whotl of leaves arising at
nodal level (MPL 9318). E) Radicites sp., compound roots
(MPL 9319). F) Triangular structures of unknown botanical
affinity (MPL 9320). G) Three roundish structures in vari-
ous sections (MPL 9321). G1-G2: Details of the structures
showing the dessication structures of the organic material.

Scale bars: A-G= 2 cm, G1-G2= 0.5 cm.
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The genus Radicites has been reported repeat-
edly from Rhaetian and Jurassic sediments of Iran
and Afghanistan (e.g., Sadovnikov 1976; Schweitzer
et al. 1997, 2009; Vaez-Javadi 2013a). The typical
longitudinal striate structure of Radicites sulcatus
Sadovnikov has not been observed in our speci-
mens. Since the fragments are small, we prefer not
to assign them to any species.

Additional material (P 2, fig. F-G)

Two specimens are not assignable to any spe-
cies but are here figured since they could represent
the only non—sphenophyte remains in the assem-
blage. Specimen one (MPL 9320, PL 2, fig. F) is 50
mm long and 53 mm wide. It is composed of three
elongated structures of 38—42 mm length and 9-11
mm width; the basal part of each element is enlarged
and has a diameter of 12-13 mm. At least one of
the elements seems subdivided in longitudinal striae
and could show also a transversal line. The speci-
men seems composed of three shoots or axes that
are basally connected or fused. These structures ap-
pear hollow. The possible longitudinal and transver-
sal interruptions could suggest it to belong to some
sphenophytes. It cannot be excluded that it could
be a part of a sphenophyte axis with lateral shoots
arising from a nodal element. In this case, it could
be a part of a sphenophyte axis with lateral shoots
arising from a nodal element. In this case, it could
perhaps belong to Neocalamites iranensis and represent
the proof that this species was articulated with a
whotl of lateral axes arising at nodal level. Since the
fragment is not well-preserved, we prefer to keep it
for now distinguished from the Neocalamites iranensis.

Another rock slab (MPL 9321, PL. 2, figs. G1—
2) contains three elements with an elliptical (9.3 x
6.3 mm) to roundish section (6—7 mm) with a 0.8-1
mm thick coaly layer characterized by cracks with a
quadrangular, blocky pattern filled by mineral layers.
The latter structure can occur during the conserva-
tion of thick coaly layers, especially if the organic
material is transformed in vitrinite. These structures
could represent remains of seeds, considering the
general shape and dimension; a clear integument and
seed structure, is however, missing. Similar struc-
tures were also observed for root nodules, such as
for example in Eguisetites burchardtii Schimper from
the Wealden near Biickeburg, northern Germany
(Schenk, 1871), where they occur in large masses in
palacosols associated with Eguisetites roots. Putative
root nodules assigned to Eguisetites renaceous of the

Middle—Late Triassic of Germany are, however, gen-
erally bigger in dimension, up to 10 cm in diameter
(EK, pers. observ.). In case these structures are iso-
lated root nodules, this would support the presence
of the monotypic sphenophyte stand. In case these
would be seeds, they could belong to plants growing
closely nearby or could have been transported over
some distance to the depositional environment, and
belong, thus, to allochthonous elements.

AGE ASSIGNMENT

Ruttner (1991) decribed coal seams and
“hanging sandstone” with well-preserved plant re-
mains. A distinct plant assemblage was described
from the outcrops 76/94, 76/95, and 75/19, includ-
ing Neocalamites sp. A sensu Boersma & Van Koni-
jnenburg-van Cittert (1991), Sphenobaiera sp. A, Tae-
niopteris sp. A, Podozamites pancinervis Boersma et Van
Konijnenburg-van Cittert, Podozamites sp., Carpolithes
cf. cnctus Nathorst, and undetermined seed scales.
The plant assemblage was interpreted as putatively
Norian in age (Boersma & Van Konijnenburg-van
Cittert 1991). Balini et al. (2019) proposed a general
Late Triassic age for the Miakuhi Formation based
on the stratigraphical position of the unit which
overlies unconformably the Sina Formation.

Palynological analyses were carried out for the
first time both in the Sina and Miankuhi formations
and the better-preserved specimens are presented on
Plate 3. The terrestrial sporomorph assemblage of
the Upper Sina Formation (Shale Member) is domi-
nated by cycads (Cycadopites sp.; PL. 3, fig. 8), conifers
(Triadispora sp., Lunatisporites sp., Arauncariacites sp.) as
well as sporadic ferns (Concavisporites sp., Dictyophylli-
dites mortonii, Trachysporites sp., Todisporites minor, Del-
toidospora sp.; Pl. 3, figs. 1-3, 7) and sphenophytes
(Calamospora sp.). The sporomorph assemblage of
the lowermost part of the Miankuhi Formation is
characterized by the co-occurence of _Auwlisporites
astigmosus (PL. 3, figs. 5-6), Spiritisporites sp. (PL 3, fig.
4), Equisetosporites sp. (PL. 3, fig. 9), Chasmatosporites sp.,
and Annulispora sp. which allows us to define a latest
early Carnian to late Carnian age, corresponding to
the Carnian Pluvial Episode, for the lower part of
the formation containing the coal levels and thus for
both the new outcrop as well as for the outcrops
76/94,76/95, and 75/19 of Boersma & Van Koni-
jnenburg-van Cittert (1991).
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Sporomorphs of the plant yielding
horizon. Each taxon name
is followed by the section
name, sample number, slide
number, length of speci-
mens, and stage coordina-
tes for a Leica DM750 light
microscope. 1) Concavisporites
sp.; Kal-e-Bast section; KB
4 T; slide I; length 36.8 um;
K16/1; 2)  Ductyophyllidites
mortonii (de Jersey) Playford
et Dettman, 1965; Kal-e-
Bast section; KB 4 I; slide I;
length 43.2 um; H52; 3) Tra-
chysporites sp.; Kal-e-Bast sec-
tion; KB 4 I; slide I; length
30.4 um; F25/4; 4) Spiritispo-
rites sp.; Kal-e-Bast section;
KB2; slide I; length 25.2 pm;
M71/1; 5-6) Aulisporites astig-
mosus (Leschik) Klaus, 1960,
Kal-e-Bast section; KB 4 I;
slide I; N. 5: length 35 um; N.
6: length 43.2 um; N.5: W65,
N.6: R40; 7) Todisporites minor
Couper, 1958; Kal-e-Bast
section; KB 4 1II; slide 1I;
length 32 um; Q4; 8) Cycado-
pites sp.; Kal-e-Bast section;
KB 4 I; slide II; length 49.6
um; O54; 9) Egquisetosporites
sp; Kal-e-Jom'eh section;
MKJ 13; slide III; length
544 pm; G56/254.4 um;
G56/2.

DiscussioN

Comparison between micro- and macrofloras
of the Miankuhi Formation

Although the plant fossil assemblage de-
scribed in this study represents a monotypic stand
of sphenophytes (Neocalamites iranensis n. sp.), the
surrounding coeval plant fossil localities 76/94,
76/95, and 75/19 of Boersma & Van Konijnen-
burg-van Cittert (1991), yielded a wider range of
plant remains, including sphenophytes, ferns, and
a variety of gymnosperms. Additional information
on the regional flora, present during this moment,
is given by the sporomorphs. Comparing the com-
position of the terrestrial sporomorphs with that
of the macroplant assemblage from the same layer
in the Miankuhi Formation, it becomes evident that
for most of the identified spores and pollen there

is a good relationship. In the microflora the genera
Aulisporites, Spiritisporites and  Chasmatosporites have
been produced by Bennettitales, Cycadales or Gink-
goales (Krdusel and Schaarschmidt 1966; Balme
1995; Paterson et al. 2016), which are also known
from the macroplant remains due to the presence
of the genera Ptergphyllum (Bennettitales), Taeniop-
teris (Bennettitales or Cycadales), and Sphenobaiera
(Ginkgoales). The conifer pollens are of unknown
botanical affinity; among the macroremains the
shoots of Podozamites are the only representatives of
this plant group. The sphenophyte, monotypic in
our assemblages but also present in the surrounding
outcrops by Neocalamites, correspond to Calamospora
in the microflora.

There are, however, also elements among the
sporomorphs, belonging to taxa that are not found
so far among the macroremains. To these belong
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Annulispora, a typical bryophyte spore (e.g., Kop-
pelhus 1991; Paterson et al. 2016). Their missing in
the macrofossil record is, however, not very surpris-
ing considering the low preservation potential of
mosses in the fossil record (e.g, Taylor et al. 2009;
Heinrichs et al. 2018). Conifers and seed ferns must
have been more abundant and divetse in the flora,
considering the presence of the genera Triadispo-
ra, Lunatisporites and Araucariacites among the paly-
nomorphs. Also, Eguisetosporites belongs putatively
to a group of plants not represented in the mac-
roplant assemblage, the gnetophytes, ephedrales, or
angiospermids (e.g.,, Pocock & Vasanthy 1988; Os-
born et al. 1993; Lindstrém et al. 2016). The typ-
ical spore genera, Todisporites, and other baculate/
apiculat forms could be linked to the macroremains
by Cladophlebis. The recorded microflora, therefore,
represents a much more luscious vegetation during
the deposition time of the fossiliferous horizon of
the Miankuhi Formation than shown so far by the
macrofossil record only, because it reflects the re-
gional flora.

PALEOENVIRONMENTAL CONSIDERATIONS

The occurrence of sphenophytes is connect-
ed with humid habitats in the vicinity of rivers and
lakes (Batten 1974; Abbink et al. 2004). Many of
the arborescent Carboniferous taxa (Calamites) were
important components of the peat-forming vege-
tation; they colonized, however, also riverbanks or
disturbed areas (DiMichele & Hook 1992). Extant
Eguisetum plants colonize a broad spectrum of hab-
itats, ranging from humid to dry, although most taxa
prefer humid habitats or areas in which sufficient
groundwater is available. It is, therefore, reasonable
to conclude that Mesozoic sphenophytes probably
grew in the more humid habitats.

The fact that most sphenophytes are clon-
al permits them to form more or less extensive
(monotypic) stands along the margins of water
bodies, where clonal plants are often especially suc-
cessful. Rhizomes are effective in sustaining the
plants during periods of flooding, erosion, or sedi-
ment accumulation since the resources stored in the
rhizomatous system facilitate aerial shoot regener-
ation if the aerial parts of the plant are destroyed
(Pott et al. 2008). Vegetative reproduction by means
of fragmentation, as suggested for example for the

Triassic sphenophyte Equisetites arenacens, may have
been advantageous under these conditions (Pott
et al. 2008). The branch fragments may have been
transported by water, and ultimately started new
clones in other areas.

Zan et al. (2012) described Neocalamites hor-
ridus as growing in large, closely packed stands
consisting of completely monopodial aerial stems,
which would have provided an interlocking support
similar to that of modern-day stands of large Equi-
setum species or bamboo. Similar considerations can
be made also on Neocalamites iranensis n. sp. consid-
ering their monotypical occurrence in our fossilif-
erous levels.

It is believed that Neocalamites-type plants
prefer moist habitats but could stand slightly drier
conditions than Eguisetites-type of plants (Barbacka
2009, 2011), although Neocalamites remains were also
found in sediments deposited under swamp condi-
tions. This makes them swamp dwellers during the
Jurassic (Barbacka et al. 2015, 2016; Popa, pers.
comm. 2021). The presence of a monotypic stand
of (autochtonous) sphenophytes of the Neocalamites
type supports the hypothesis that these plants grew
in a rather humid environment and could have been
among the primary producers of the coal layers at
the base of the Miankuhi Formation, similarly to
their Carboniferous relatives.

Comparisons with coeval floras

Floras of the Carnian Pluvial Episode (CPE)
are generally characterized by diverse plant assem-
blages that reflect floras growing under generally
humid conditions and in swampy fluvial to deltaic
depositional environments (e.g., Dobruskina 1994;
Kelber & Hansch 1995; Pott et al. 2008; Kustat-
scher et al. 2018). The Lunz flora, the most famous
European flora of the CPE, has been deposited in
a swampy, paralic environment, which gave origin
to thick coal layers. It is characterized by a rich and
very diverse flora with plant fossils referable to a
great diversity of species belonging to numerous
plant groups. Ferns and cycads/bennettitaleans are
very abundant, whereas sphenophytes, conifers, and
putative ginkgophytes are less common (e.g.,, Do-
bruskina 1994, 1998; Pott et al. 2008; Pott & Krings
2010; Kustatscher et al. 2018 and references there-
in). The coeval Schilfsandstein flora of Germany
is dominated by sphenophytes and ferns; conifers
and bennettitaleans are locally rare to common. The
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stratigraphic sequence hosting this flora includes
multiple paleosol layers with consecutive genera-
tions of in situ sphenophyte (Eqguisetites) shoots and
rhizomes (Kelber & Hansch 1995), which grew in a
fluvio-deltaic setting (Franz et al. 2019; Kustatscher
et al. 2018). These monotonous associations of
ferns and sphenophytes as well as the occurrences
of in situ sphenophytes, together with their sporo-
morph assemblages, suggest that these floras grew
under humid conditions (e.g., Kelber & Hansch
1995; Kustatscher et al. 2018).

The base of the Stockton Formation in North
Carolina and Pennsylvania (USA) could also corre-
spond to the CPE. The plant assemblages of this
formation are not associated with coal deposits (e.g;,
Kustatscher et al. 2018). They are diverse and abun-
dant in conifers and cycads/bennettitaleans, where-
as ferns and sphenophytes are rare (e.g., Wanner &
Fontaine, in Ward, 1900; Bock 1969; Axsmith et al.
1995 and references therein). The paleogeograph-
ic position (about 25-30°N) of the European and
Northern America floras is, however, much closer
to the Equator than the plant assemblage from the
Aghdarband Basin and the inner-continental setting
of the America floras could account for the missing
coal layers.

Paleolatitudinally closer are the Carnian flo-
ras of the De Geerdalen Formation in the Scan-
dinavia-Greenland region. The CPE successions
are represented by non-marine delta plain deposits
(Klausen & Mork 2014) yielding a rich flora dom-
inated by ferns, bennettitaleans, and seed ferns,
whereas sphenophytes and ginkgophytes are also
well represented (e.g., Pott 2012; Kustatscher et al.
2018). The Protopivskaya Formation of the Donets
Basin and the Kalachevskaya Formation of the
Middle and Eastern Asian sub-provinces (north
and central Asia; e.g.,, Kustatscher et al. 2018 and
references therein) are dominated by seed ferns
(mostly Peltaspermales; up to 30%) and Glosso-
phyllum-type leaves (Dobruskina 1994). Marattiales
are the dominant ferns in the Urals, Caucasus, and
Central Asia, whereas the Dipteridaceae spread at
lower latitudes of the FEast Asian Subprovince (e.g,,
Sad-Gorod Formation of the Primorye; Volynets &
Shorokhova 2007). Sphenophytes are numerous but
taxonomically not diverse and occupy a subordinate
position in relation to other plant groups in these
subprovinces (Kustatscher et al. 2018). They are,
however, a significant component of several assem-

blages in the northern part of the Chelyabinsk Ba-
sin and the Southern Urals (Kirichkova 1969) and
in the Bukobay Formation of the Ilek River Basin
(Brick 1952), where the plants grew in rather hu-
mid environments of alluvial plains, delta plains and
shallow lacustrine environments during the Carnian
(Kochnev 1934; Brick 19306; Sixtel 1961, 1962; Do-
bruskina 1995). The CPE-deposited layers of the
Madygen flora yielded both seed ferns but also var-
ious spore-producing plants including lycophytes
and bryophytes, typical for humid environments
(e.g., Dobruskina 1995; Moisan et al. 2011, 2012;
Moisan & Voigt 2013).

The Carnian deposits of the Southern Fast
Asia Subprovince (Kustatscher et al. 2018) include
plant assemblages from the Dagiaodi Formation of
the Yongren, Yunnan, and Yunnan-Sichuan border
area, the Jiuligang Formation of Nanzhang, Hubei,
and the Jiapeila Formation of Tibet (Zhou & Zhou
1983; Fansong 1983, 1990). The flora is abundant
in sphenophytes, ferns, seed ferns, and cycads/ben-
nettitaleans and resembles the Schilfsandstein flora
of Western Europe (Zhou & Zhou 1983; Kustat-
scher et al. 2018). The Indonesian Carnian flora
is dominated by sphenophytes, ferns, and cycads/
bennettitaleans (Kon’no 1972; Vakhrameev et al.
1978). Carnian floras from Japan; i.e., the Yamagu-
ti plant assemblages from the Momonoki and Aso
formations of the Mine Group (Oishi 1932a, 1932b,
1940; Oishi & Takahashi 1936; Takahashi 1951) are
abundant in ferns, conifers, and cycads/bennetti-
taleans, whereas sphenophytes are rare (Volynets &
Shorokhova 2007).

This shows how diverse the plant fossil as-
semblages are generally during the Carnian and es-
pecially during the Carnian Pluvial Episode. More-
ovet, local conditions in Germany (e.g., Kelber &
Hansch 1995) and Russia (e.g.,, Brick 1952) during
the CPE gave origin to similar monotypic stands of
sphenophytes, mostly in fluvio-deltaic settings.

CONCLUSIONS

The Carnian Pluvial Episode was a time of
global environmental changes. The extent of the
biological turnover in marine and terrestrial ecosys-
tems associated with these events is, however, still
not well understood, although a substantial reduc-
tion in genus and species richness in many marine
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groups with the disappearance of up to 33% of all
marine genera is proposed (Dal Corso et al. 2020).
Within the terrestrial ecosystems, a major turnover
is observed during the CPE, associated with a major
radiation and diversification event (Bernardi et al.
2018; Dal Corso et al. 2020). Plant fossils evidence
a shift of plant associations towards elements more
adapted to humid conditions at different latitudes
(e.g., Roghi et al. 2010; Preto et al. 2010; Mueller et
al. 20106; Kustatscher et al. 2018), and extensive resin
production (Gianolla et al. 1998; Roghi et al. 2000;
Schmidt et al. 2012; Seyfullah et al. 2018). The onset
of the CPE is very well constrained in many strati-
graphic sections from Tethys domain to Panthalassa
ot, inside Pangea, from western Eurasia to South
America (e.g,, Dal Corso et al. 2012, 2015, 2018;
Barany et al. 2018; Jin et al. 2020; Fu et al. 2020;
Mancuso et al. 2020). There are, however, several
areas where this event has not been documented
as clearly as along the southern margin of Eurasia.
The latest early Carnian to late Carnian age assigned
to the basal part of the Miankuhi Formation using
palynological associations allows to date the fluvial
sediments, the coal layer and the plant levels to the
CPE. This is the first record of Carnian plant fos-
sils from the NE Iran, and also the first record for
the Carnian Pluvial Episode in the Turan Plate, Ko-
peh-Dagh Range (NE Iran). The monotypic stand
of Neocalamites iranensis n. sp. gives a glimpse into a
peculiar microenvironment established under local
conditions, during a period characterized by a high
abundance in precipitation. The plant fossils from
the surrounding areas (Boersma & Van Konijnen-
burg—van Cittert 1991) and the palynological record
from the Miankuhi Formation give some ideas of
the composition of the regional flora, including
other plant groups, such as bryophytes, lycophytes,
ferns, cycads, bennettitaleans, ginkgoaleans, and co-
nifers, typical for the Carnian Pluvial Episode.
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