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Abstract: Calcareous nannofossils are used here for the first time in order to establish a precise bio-
stratigraphic framework for the Kermanshah radiolarite Formation, outcropping in Western Iran.
The new data presented here challenge the previous tentative age interpretations (Pliensbachian to
early Toarcian) based upon radiolarians. Calcareous nannofossil assemblages and events unequiv-
ocally indicate that the pelagic limestones and marls are late Sinemurian in age (NJT 3b nannofossil
subzone), and that these are thrusted over shales and cherts dated as uppermost Sinemurian (NJT
3b-c nannofossil subzone) and lowermost Pliensbachian (NJT 4 nannofossil zone). This result allows
reconsideration not only of the age of the radiolarite formations, which are widespread in the Zag-
ros orogenic system, but also a better understanding of the stratigraphic relationships between the
various lithological units known in the area. Besides these new stratigraphic inferences, the calcar-
eous nannofossil assemblages of the uppermost Sinemurian-lowermost Pliensbachian successions
revealed the common presence of new morphologies of the Mitrolithus genus, never described be-
fore. These findings allow the description of three new species, M. montgolfieri, M. pseudonannoconus,
and M. tethysiensis, and reveal the existence of homeomorphy between the spine structure of conical
Lower Jurassic coccoliths and the widespread Cretaceous nannoconids.

Keywords: calcareous nannofossils, biostratigraphy, taxonomy, Lower Jurassic, Kermanshah radi-
olarite Basin, West Iran

1. Introduction

The Lower Jurassic Kermanshah radiolarite Formation crops out in West Iran within the
Zagros orogenic system, which extends from South-West Iran to North Iraq. This moun-
tain chain was produced by the collision between the Arabian Plate and the Cimmerian
Block in Central Iran. From a paleogeographic point of view, the Kermanshah Basin was
located to the north-east of the Arabian continental platform and was separated from the
Neo-Tethys Ocean by the Bisotoun shallow-carbonate platform (Fig. 1a—c). The studied
sections in the Kermanshah area are composed of shales, limestones and cherts or radio-
larites, with intercalated pyroclastic, oolitic/bioclastic packstone/grainstone and calcitur-
bidite deposits. These sediments were previously dated as Pliensbachian—Aalenian [1],
based on a few samples where radiolarians were recorded. Namely, the recovery of Prae-
conocaryomma bajaensis sp. and Bagotum modestum sp. in the lowermost part of the
limestone-dominated member provided a Pliensbachian or early Toarcian age determina-
tion (Pessagno and Whalen, in Carter et al. [2]). Within the ribbon chert-dominated mem-
ber, the presence of Katroma sp. in its lowermost part provided an age older than early
Toarcian [3], whereas Elodium sp. in its upper part indicated a Toarcian and Aalenian
age[3]. However, because of the wide range of radiolarian taxa and the scarcity and poor
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preservation of radiolarian findings (most of fossil specimens have undergone calcite re-
placement in Kermanshah area sediments), additional biostratigraphic data are required
in order to accurately dating these Lower Jurassic successions.

For this purpose, a detailed analysis of calcareous nannofossil content has been under-
taken in the Kermanshah sedimentary successions. Although a significant number of the
selected samples are barren in nannofossils, some levels have delivered a rich nannofossil
assemblage which allowed precise dating of some parts of the succession. Published Ju-
rassic nannofossil zonal schemes (e.g., Barnard and Hay [4], Hamilton [5],[6], Medd [7],
Bown [8], Bown et al. [9], Mattioli and Erba, [10], Ferreira et al. [11]) are based on succes-
sions in North and West Europe, and other (mainly Tethyan) areas in the Northern Hem-
isphere. The few published records of Lower Jurassic nannofossils from the South-East
Tethys come from Sulawesi [12] or Timor [8] or from offshore North-West Australia[13],
and are very scattered.

The new biostratigraphic framework for the Lower Jurassic in the Kermanshah area pre-
sented in this paper allows a more precise dating of the Kermanshah radiolarite For-
mation. The new nannofossil data are also relevant because very few studies on calcareous
nannofossils are available from such Lower Jurassic, low-latitude sites located much more
to the east than the well-known western Tethys sites. In addition, some samples of the
Kermanshah Formation revealed new nannofossil species never documented before of the
genus Mitrolithus, a typical Tethyan Lower Jurassic taxon.

2. Geological context of the studied succession

According to palaeogeographic reconstructions, the Kermanshah radiolarite Basin (west-
ern Iran) developed during the Mesozoic Era at the western border of the central Neo-
Tethys Ocean and northeast of the Arabian platform located at the eastern edge of Gond-
wana [14]-[19] (Fig. 1a, b). More specifically, the Kermanshah Basin successions are ex-
posed in the Crush zone or High Zagros Belt (HZB in Fig. 1c), within the Zagros orogenic
system. The earliest extensional phase, which marks the opening of the Kermanshah Ba-
sin, occurred during the Late Triassic (e.g. [20]). The rifting continued through the Jurassic
[18],[21], and the tectonic inversion generating the Zagros orogenic system began in the
Late Cretaceous. The latter phase originated in response to the obduction of Tethyan oce-
anic lithosphere onto the Arabian passive margin, and to the collision between the Ara-
bian Plate and the Central Iran Cimmerian Block [20]-[23].

The High Zagros Belt includes four geological units (Fig. 1d): the Bisotoun limestones,
belonging to the Bisotoun carbonate platform, which separated the Kermanshah Basin
from the Arabian continental platform [1],[18],[22]-[24] (Fig. 1e); a transition zone be-
tween the Bisotoun limestone and the Kermanshah deposits; the Kermanshah Basin suc-
cession; and the Neo-Tethys ophiolitic obduction nappe [18],[25],[26] (Fig.1c).

A variety of marine sedimentary rocks, including radiolarites, pelagic limestones, shales
and event deposits (pyroclastic deposits, internalites, calciturbidites, and debris flows) ac-
cumulated in the Kermanshah Basin during the Mesozoic [17],[23],[27]. Our work focused
on two section, ~2 km apart, in the Karmanshah area: the Kani Sad (34° 19' 11” N and 47°
02' 04" E) and Sad sections (34° 19" 11.1" N and 47° 02’ 03.8" E). The Kani Sad section was
previously studied by Abdi et al. [1],[23],[24] who presented the stratigraphic and sedi-
mentological framework of the outcropping units. Three Lower Jurassic informal litho-
logical members, dated as Pliensbachian to Aalenian based on radiolarian record, were
differentiated (Table 1): ].1, mainly including cherts; J.2, formed by pelagic limestones
with marl intercalations and event deposits (internalites, pyroclastic deposits); and ].3,
mainly consisting of ribbon cherts (i.e., chert-shale alternations). The Kani Sad and Sad
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it sections studied in this work include part of the described successions in Abdi et
o al.[1],[23],[24], but new biostratigraphic data have allowed an improved stratigraphy of
i the units and have obliged us to rename provisionally some of them, waiting for future
av new biostratigraphic data and formal lithostratigraphic definition (Table 1). In particular,
A the studied succession encompasses two lithological members, named here J.0 and ].1
14 based on present outcrop position (Fig. 2). The J.0 member is dominated by shales and
Yoo cherts with intercalated pyroclastic deposits and calciturbidites (calcarenites), and partly
ARR coincides with the ]J.1 member (cherts) of Abdi et al. [1]. In the Kani Sad and Sad sections,
Yoy this member is 12 m and 6 m thick, respectively. The J.1 member is 20 m thick and outcrops
Yo¥ in the Kani Sad section, and it coincides with ].2 unit (pelagic limestones with marl inter-
Yot calations) described by Abdi et al. [1],[23],[24], which was previously dated by radiolarian
Yoo fossils as Pliensbachian pro parte to early Toarcian.
Vel As the shaley units of the ].0 member of the Kani Sad and Sad sections are part of two
Yoy limbs of a syncline here (see Results section below) indicate that in fact J.0 is younger in
VoA age that ].1, so that J.1 is thrusted over J.0 (Fig. 2; Table 1).
Yed 3. Nannofossil sampling and analysis
AR A total of 77 samples were studied for calcareous nannofossils. Samples come from the
AR carbonate-rich beds, namely: 23 samples from J.0 unit (14 from the Kani Sad section and 9
"y from the Sad section), and 54 samples from the J.1 unit in the Kani Sad section (Fig. 2;
Ny Table 2). Smear slides were prepared following the method described in Bown and Young
Ne [28]. For each rock sample, a small amount of powdered rock was mixed with a drop of
V1o water and spread onto a cover slide; the water was evaporated on a hot plate, then the
AR slide was mounted on a microscope slide using Rhodopas B resin (polyvinyl acetate). The
ny slides were observed using a Leica DM750P polarizing microscope, with a 1000X magni-
MIA fication. Three transverses of each slides were systematically scanned (a surface of ap-
JAR proximately 19.2 mm2) and all the encountered calcareous nannofossils were counted.
(AR Preservation of nannofossils was evaluated according to the criteria of etching and over-
AR growth described by Roth [29]. Semi-quantitative abundance classes were calculated (rare,
Yy few, common and abundant) according to the species and specimen abundance in a single
‘YY field of view [28].
VY€ Taxonomy of the studied specimens was based on the seminal work of Bown [8] for muro-
‘Yo liths (i.e., coccoliths characterised by a simple structure with calcite elements of the distal
(AR shield extending vertically, representing the earliest coccoliths to have appeared in the
Yy Late Triassic; [8]). For placoliths (i.e., coccoliths composed of two shields which lie on top
VYA of one-another, and are connected by a central tube; the two shields show radial calcite
YY4 elements; Bown [8]), the taxonomy of de Kaenel and Bergen [30] and Mattioli et al. [31]
(AN was used.
AN For biostratigraphy, the following standard zonations were used: Bown [8], updated by
Y Bown and Cooper [32] for the North-West Tethys areas (especially England, Germany and
Yy Austria); Mattioli and Erba [10] for the South-West Tethys (mainly central and northern
AR Italy, and South-East France); and Ferreira et al. [11] for the proto-Atlantic region (Por-
yve tugal).
Al 4. Results
Yy 4.1. Calcareous nannofossil biostratigraphy
VYA In the stratigraphically lower part of the Kani Sad section (J.1 member, thrusted over the
YYa J.0 member; Table 1 and Fig. 2), 39 of the 54 samples are barren of nannofossils, and the

Ve remaining samples yield poorly preserved and low diversity nannofossil assemblages.
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Ve However, the productive samples include biostratigraphically useful taxa, including in-
ey certae sedis Schizosphaerella spp. and the coccoliths Mitrolithus elegans, M. lenticularis, M.
Vey jansae, Parhabdolithus robustus and, sporadic P. marthae (amongst other coccoliths), with
Vet abundances varying from rare to few (1 specimen in 31-150 fields of view to 1 specimen
Véo in 15-30 fields of view).

Vel In the stratigraphically upper part of the Kani Sad section (J.0 member), most of the sam-
Yey ples bear nannofossils, and display a relatively richer assemblage as some species (like M.
VEA elegans) are few-to-common in discrete levels. This interval is also biostratigraphically rel-
Y€1 evant because it includes the first occurrence (FO) of bi- and three-shielded placoliths,
You namely Similiscutum avitum in sample J.0-9 and S. orbiculus in sample J.0-18, and of Maza-
Yol ganella pulla in sample J.0-1. These occurrences are particularly relevant because they al-
Yoy low the correlation of the Kermanshah section with other stratigraphically well-con-
Yoy strained sections of the western Tethys (see discussion). The J.0 member in the Sad section
Yot (reversed portion underlying the over-thrust; Fig. 2; Table 2) revealed the richest nan-
Yoo nofossil content with several species of the genus Mitrolithus being common in the slides.
Yol Species of Similiscutum also occur although discontinuously along with M. pulla and M.
Yov protensa. Parhabdolithus marthae likely last occurred (LO) in this interval (sample J.0-28).
YoA The most striking feature of the nannofossil assemblages in the stratigraphically upper
Yed parts of the Kani Sad and Sad sections is the morphological diversity of the genus Mitro-
A% lithus (black stars in Fig. 2). In particular, a huge variability was observed for Mitrolithus
YU elegans, which is a basket-shaped murolith-coccolith, slightly flaring in side view, charac-
‘Y terized by a spine that is narrow at its base, broadening out and rounding off at its top.
Vay This form may occur as entire coccoliths or as isolated spines. Detached spines are circular
e in plan-view and have been described as a separate species (Alvearium dorsetense Black,
Vie [33]). These coccoliths recorded in the in J.0 member bearing very developed spines with
Y peculiar morphologies have been described as new species here (see taxonomic section
iy below).

VA 4.2. Taxonomy of new Mitrolithus species

i The genus Mitrolithus is a typical Lower Jurassic taxon, currently represented by
YV three species, namely M. elegans (the type species), M. jansae and M. lenticularis. The mor-
W phological characters of the three Mitrolithus species are illustrated in Figure 3. The com-
YvY mon and morphologically diverse assemblage of Mitrolithus observed in the Kermanshah
Yy area contains the three species, as well as previously undescribed types, which are mor-
Yve phologically similar to M. elegans. However, significant differences in the spine and coc-
Yve colith size and shape justify the introduction of new species.

v Deflandre in Deflandre and Fert [34] (p. 148) erected the genus Mitrolithus and de-
Yvy scribed it as "Discolithe en cuvette dont le centre porte une protubérance massive évasée,
YVA d'allure fongiforme, donnant a la vue latérale I'aspect d'une mitre" (“A bowl-shaped dis-
Yva colith the central area of which bears a massive flaring mushrom-shaped protuberance,
YA giving the lateral view the appearance of a mitre”, after Young et al. [35]). Bown and
YA) Young in Young et al. [35] (p. 129) emended the diagnosis of Mitrolithus as follows: “Coc-
YAY coliths with an outer rim of thin, broad calcite laths orientated perpendicular to the base
YAY and tangential to the ellipse. The central area is filled by a massive boss or spine consisting
YAE of several superimposed cycles of radial calcite elements. The spine sits in the coccolith
VAo rim on an inner cycle of elements and is attached via a narrow, hollow spine base”.

YA Mitrolithus elegans (Fig. 3A) was first described by Deflandre in Deflandre and Fert
VAY [34] (p. 148) as: “Cuvette, en vue latérale, un peu évasée, surmontée d'une masse d’abord
YAA étroite, puis élargie et arrondie au sommet”, which can be translated into "Basket-like dis-
YA colith slightly tapering in side view, surmounted by a protuberance narrow at its base and
Ve flared upwards, ending up with a rounded top.” The prominent distal rim cycle is com-
Y posed of tangential rectangular elements, which are vertically arranged to form a tall,
YAy basked-like structure. The proximal rim cycle is composed of prismatic elements infilling

YAy the central area around a central hole, which is the base of the hollow spine. The proximal
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rim cycle elements have a distal extensions forming an inner cycle lower than the distal
rim cycle, thus having a canine-teeth shape in side view against the inner surface of the
distal rim cycle. The spine originates from the coccolith base as a narrow tube inside the
coccolith basket, then flares out from the coccolith rim with a diameter larger than that of
the coccolith rim. Its upper surface is domed. The spine is thus lenticular in cross-section,
circular in plan-view, and composed of flat, superimposed wedge-shaped elements. Such
elements have a plate c-axis, tangential to the longitudinal axis of the spine. Detached
spines do occur very often, and have been described as Alvearium dorsetense [33].

The second species of Mitrolithus recorded in the Kermanshah area is M. jansae (Fig.
3B). The earliest paper to describe this species was Prins [36] who used the name Mitro-
lithus irregularis. This name was invalid because Prins presented a very clear drawing (Fig.
3B-5), but the species was not formally described with a designated holotype. Later, Wie-
gand [37] ( p. 1152) described this species as Calcivascularis jansae, having the characteris-
tics of the genus, namely: “A basket shaped nannolith filled with a core consisting of many
radially arranged elements”. Eventually, Young et al. [35] suggested that the specific name
jansae should stands as the first valid description of the coccolith, but the genus Calcivascu-
laris is redundant, because M. elegans and M. jansae appear to be very closely related, and
the genus Calcivascularis is otherwise monospecific. Bown and Young in Young et al. [35]
(pp- 130-131) thus recombined Calcivascularis jansae into Mitrolithus jansae, having exactly
the same characteristics of the genus Mitrolithus. The rim of M. jansae, composed of rec-
tangular elongated elements, has a narrow truncated-cone shape, slightly elliptical in
cross-section. The spine (or core in the original diagnosis) is lodged within the rim, and is
constructed of several superimposed cycles, each composed of radial elements. The over-
all structure of the coccolith is very bulky and the spine/core is mostly enclosed by the
coccolith rim. A high degree of rim height variability has been observed [38] (plate 1, fig.
27). The coccolith is often observed in side view and more rarely in proximal/distal view.
In such specimens, the radial-elements of the spine are well visible. In very overgrown
specimens, the rectangular laths of the distal shield can be enlarged and form a rosette-
like structure in proximal view surrounding the core. Such poorly preserved specimens
have been figured as Rucinolithus sp. by Casellato and Erba [38] (plate 2, fig. 16-17).

The third species of Mitrolithus recorded in the Kermanshah area is M. lenticularis
(Fig. 3C). Bown [8] (p. 28) introduced the species, Mitrolithus lenticularis, which possesses
“... a spine which completely fills the central area and has a domed upper surface which
coincides with the rim top; the spine is irregularly structured and oval in plan-view.” Mi-
trolithus lenticularis is distinguished from M. elegans by its smaller size, lower distal shield
rim, and a domed-spine never higher than the distal shield. The spine is therefore in-
cluded within the coccolith rim and detached spines are not observed. Overall, M. lentic-
ularis has a rugby-ball shape and can be often observed tilted, rather than in side or prox-
imal/distal view.

Bown [8] relates that a number of specimens from Timor (Indonesia) resembling to
M. elegans displayed a noticeable “elevation of the spine due to an increased number of
superimposed rings of equal diameter forming a broad, parallel-sided column before ter-
minating in the domed top” (plate 3, figs. 14-15). Similar specimens occur abundantly in
Kermansheh area, in the uppermost Sinemurian or lowermost Pliensbachian, of both the
Kani sad and Sad sections. Such specimens along with some other peculiar coccoliths are
herein described as three new Mitrolithus species.

Mitrolithus montgolfieri sp. nov. Mattioli in Abdi et al.
Figure 4, micrographs A(1-4), text-figure A(5)

Diagnosis. A species of Mitrolithus with a relatively small basket-like rim and a large
boss/spine resting on the distal side of the rim. The spine possesses a very typical hot-air
balloon shape, made of radially arranged elements forming a globular, hollow space in its
center.
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YEA Description. A coccolith with a protolith rim structure quite similar to that of M. ele-
Yed gans, but slightly narrower and smaller (see holotype dimensions below). The central area
You is reduced and surmounted by a bulbous spine resting on the rim. The basket-like rim is
Yo small relative to the spine. This latter typically presents an empty globular cavity in its
Yoy center.

Yoy Dimensions of the holotype. Coccolith rim length: 5.4 pm; coccolith rim height: 2.8
Yot pm; coccolith rim plus spine height: 6.2 um.

Yoo Differentiation. Mitrolithus montgolfieri sp. nov. differs from M. elegans because of the
Yo smaller dimensions of the basket-like rim and, mainly, for the very peculiar structure of
Yov the spine. It differs from M. jansae because of the more reduced height of the rim and from
YoA M. lenticularis because of the narrower basket-like rim and the bulbous spine flaring from
AL it.

Y. Derivation of name. From the Montgolfier brothers, inventors of the hot-air balloon,
AR referring to the spine shape.

Yy Holotype. Figure 4A-1, sample J.0-28. Repository: Collections de Géologie de Lyon,
Yy FSL N° 769033.

ARY: Type level. Uppermost Sinemurian, sample J.0-28, J.0 informal lithological member.

Y1ie Type locality. Iran, Sad section (34° 19" 11.1" N and 47° 02’ 03.8" E).

AR Occurrence. Type material, uppermost Sinemurian.

A%

YA Mitrolithus pseudonannoconus sp. nov. Mattioli in Abdi et al.

Y14 Figure 4, micrographs B(1-5), text-figures B(6)

YV.

AR Diagnosis. A species of Mitrolithus with a very low rim and a prominent, flaring
Yy spine, made of radial elements, longitudinally crossed by a well-distinguished canal.

Yvy Description. Mitrolithus pseudonannoconus sp. nov. possesses a basket-like rim very
Yve reduced in size, closely placed against the prominent spine. The rim can be sometimes
Yve extremely low, and poorly visible at the base of the spine (Fig. 4B 1-5). The spine possesses
Yva a structure flaring distally and is flat at its top. The radial calcite elements forming the
Yvy spine delineate an axial canal, which is easily visible in optical microscope. Isolated spines
YYA do occur, which can be misleading as they closely resemble the morphology of a Nanno-
Yva conus with intermediate-sized axial canal.

YA Differentiation. Mitrolithus pseudonannoconus sp. nov. is a very distinctive forms of
YA Mitrolithus, which differs from all the other species because of the very reduced dimen-
YAY sions (height) of the basket-like rim and for the peculiar structure of the spine, which is
YAY multi-layered and with a trapezoidal shape in side view.

YAE Remarks. There is morphological transition from specimens with a reduced basket-
YAo like rim, until this is extremely reduced and sometimes lacking. Those specimens look
YAT very similar to Nannoconus with intermediate-sized axial canal.

YAV Derivation of name. From the greek yevdrc (pseudes) meaning false, and Nannoco-
YAA nus, the Cretaceous nannoliths.

YAR Dimensions of the holotype. Coccolith rim length: 2.9 um; coccolith rim height: 1.1
Ya. pm; coccolith rim plus spine height: 5 pm.

ARN Holotype. Figure 4B-1, sample J.0-26. Repository: Collections de Géologie de Lyon,
Yay FSL N° 769031.

Yay Type level. Uppermost Sinemurian, sample J.0-26, J.0 informal lithological member.

ARE Type locality. Iran, Sad section (34° 19’ 11.1" N and 47° 02’ 03.8" E).

Yde Occurrence. Type material, uppermost Sinemurian.

yan

Yay Mitrolithus tethysiensis sp. nov. Mattioli and Bown in Abdi et al.

YaA Figure 4, micrographs C(1-6, 8), text-figure C(7)

Y44

Yoo 1987 Mitrolithus elegans Bown [8], pl. 3, figs. 14, and 15

AR
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Diagnosis. A Mitrolithus species, with a very prominent spine due to an increased
number of superimposed cycles of elements forming a broad, parallel-sided column be-
fore terminating in a domed top.

Description. A large coccolith, with a typical Mitrolithus, basket-like rim, surmounted
by a very large boss/spine mostly resting on the inner rim cycle. The spine is raised above
the rim, because (like for M. elegans) the spine base is narrow before flaring out distally.
The spine is very thick in side view, with superimposed series of radial elements sur-
rounding a narrow axial-canal.

Differentiation. This is a very distinctive Mitrolithus species, very different from the
other Mitrolithus species because of the peculiar shape of its spine.

Remarks. Bown [8] reported similar specimens from a Timor sample (J237), and in-
terpreted them as a M. elegans, because of the quite similar coccolith architecture. How-
ever, he noticed the very peculiar, multi-layered spine, that justify the introduction of a
new species.

Derivation of name. From Tethys Ocean, because the two localities where this new
species has been recorded (Timor and Iran) are located in eastern Tethys.

Dimensions of the holotype. Coccolith rim length: 4.1 um; coccolith rim height: 2.1
pm; coccolith rim plus spine height: 6.95 um.

Holotype. Figure 4C-1, sample J.0-28. Repository: Collections de Géologie de Lyon,
FSL N° 769033.

Type level. Uppermost Sinemurian, sample J.0-28, ].0 informal lithological member.

Type locality. Iran, Sad section (34° 19' 11.1" N and 47° 02’ 03.8" E).

Occurrence. Type material, uppermost Sinemurian.
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Figure 1. (A) Paleogeographic map of Lower Jurassic (modified after Blakey,[52]). (B) Paleogeogra-
phy of the western Tethys with location of the studied Kermanshah Radiolarite Basin (modified
after Bassoulet et al. [15]). (C) Regional map of the Zagros fold-and-thrust belt, indicating the loca-
tion of the studied area of Kermanshah in West Iran (see rectangle). Topography comes from
http://edc.usgs.gov. (D) Simplified geological map indicating the main tectonostratigraphic do-
mains and showing the position of the studied section near Kermanshah (red star) in the High Zag-
ros Belt (HZB). The Kermanshah radiolarite outcrops are limited by the Bisotoun Fault (BF) to the
North and the Kuh-e-Sefid Fault (KSF = HZF) to the South (after Abdi et al. [1], and Navabpour et
al. [18], modified). (E) Sketch showing the cross-section from the Arabian continental platform to
the Sanandaj-Sirjan active margin for the Early Jurassic, with the location of the Kermanshah radio-
larite Basin. The latter which was separated from the Neo-Tethys Basin by the Bisotoun carbonate
platform (modified from Wrobel-Daveau et al. [22]).
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Figure 2. Stratigraphic logs of the Kani Sad and Sad sections indicating the position of nannofossil
samples (partly modified after Abdi et al. [1],[23],[24]). The FO of the S. cruciulus group is reported,
as Similiscutum cruciulus, Similiscutum orbiculus and Similiscutum avitum likely represent different
ecophenotypes of the same species (Mattioli et al. [39]). Note that, according to nannofossil biostra-
tigraphy, the J.0 member of the Kani Sad and Sad sections is younger than the J.1 member. The shaly
units of the ].0 member of the Kani Sad and Sad sections are part of two limbs of a syncline structure,
which is over-thrusted by the siliceous mudstones and grainstones of the J.1 member. The lower
part of the Sad section is stratigraphically reversed, as also shown by the position of nannofossil
zones.
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Table 1. Synthesis of the stratigraphic members described in the studied Kermanshah area in pre-
vious and present work.
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Mitrolithus irregularis M_"

Prins, 1969 Mitrolithus lenticularis

Figure 3. The three species of Mitrolithus known nowadays, as represented in the literature with schematic drawing illustrating their
main morphological features. The white scale bar is 2 um.

(A) Mitrolithus elegans: 1. SEM image of a side-view coccolith, after Bown [8] (plate 3 fig. 7); 2. SEM image of a distal-view coccolith
without the spine (Bown [53], plate 3 fig. 1); 3. SEM image of an isolated spine, proximal view (the broken spine is still visible), after
Bown [8] (plate 3 fig. 10); 4. Sketch redrawn from the SEM image in 1. 5. A side-view specimen recorded in the Kermanshah area
(sample ].0-28) under optical microscope, crossed polars. 6. An isolated spine in distal view recorded in the Kermanshah area (sample
J.0-28) under optical microscope, crossed polars. 7. SEM image of an isolated spine, distal view, after Bown [8] (plate 3 fig. 12).

(B) Mitrolithus jansae: 1. Sketch redrawn from SEM images; 2. SEM image of a side-view coccolith, after Bown and Cooper [51] (plate
1 fig.11); 3. A side-view specimen under optical microscope, crossed polars after Menini et al. [54] (plate 1 fig. 14). The calcite laths
forming the distal shield appear light grey, while the highly birefringent elements inside these laths, as high as the 2/3 of the rim,
likely correspond to the proximal shield elements, which are rarely visible due to the bulky structure of the coccolith; 4. A side-view
specimen under optical microscope, crossed polars, after Bown and Cooper [32] (plate 1 fig. 16); 5. The sketch of M. irregularis figured
as nomen nudum by Prins [36] and interpreted as it was derived from M. elegans.

(C) Mitrolithus lenticularis: 1. Sketch redrawn from SEM images; 2. SEM image of a side/distal-view coccolith (holotype), after Bown
[8] (plate 4 fig. 7); 3. A side-view specimen under optical microscope, crossed polars after Bown [8] (plate 12 fig. 29).
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Tt 5. Discussion

N0

e 5.1. Calcareous nannofossil biostratigraphy

Ty The calcareous nannofossil assemblage composition of the Kermanshah area clearly
TeA presents a South Tethyan affinity, given the richness in Mitrolithus species and the pres-
1.4 ence of Mazaganella pulla in the assemblage [8],[39]. The presence from the base of the J.1
AR member in the Kani Sad section of M. lenticularis allows dating the section to the NJT 3b
AR nannofossil subzone of Mattioli and Erba [10] and Ferreira et al. [11] (Fig. 2; Table 2). This
A interval indicates a latest Sinemurian age for the ].1 member. A Sinemurian age is further
Yy supported by the sporadic presence of P. marthae in the J.1 member of Kani Sad section.
e This species is reported to disappear in the lower Sinemurian by Bown [8] and in the up-
e permost Sinemurian by Ferreira et al. [11]. Parhabdolithus marthae is therefore restricted to
R the Sinemurian. Mazaganella (M. pulla or M. protensa) has been sporadically recorded in
ny the J.0 member of both Kani Sad and Sad sections; the NJT 3c subzone of Ferreira et al.[11]
WA cannot be therefore identified. This subzone is thus merged into the NJT 3b-c (Fig. 2; Table
14 2).

K The FO of the Similiscutum group is recorded in both sections in the shaly part of J.0
i member (Fig. 2; Table 2). This peculiar event is consistently used by various authors to
vy designate the NJT 4 zone (NJT 4a subzone) both in North-West and South-West Tethys
yy regions [8],[10],[11]. The occurrence of Similiscutum is very relevant because the NJT 4a
v subzone can be used to detect the base of the Pliensbachian when other diagnostic fossils
iye (e.g., ammonites) are lacking.

AR The new calcareous nannofossil biostratigraphy established here is partly in contrast
vy with previous Pliensbachian to early Toarcian age assignments of the successions by
YA means of radiolarians [1],[23],[24], and also allows reconsideration of the correct strati-
1vAa graphic position of the lithological successions. In particular, based on calcareous nan-
D nofossil data, the J.1 and ]J.2 members of Abdi et al. [1],[23],[24] are in fact in an inverted
i position (Table 1). The new J.1 member used here (pelagic limestones and marls of previ-
A ous ].2 of Abdi et al. [1],[23],[24] belongs to the upper Sinemurian NJT 3b subzone,
vy whereas the new J.0 member made of cherts and shales (part of previous J.1 member of
e Abdi et al. [1],[23],[24] encompasses the uppermost Sinemurian NJT 3b-c subzone and the
ve lowermost Pliensbachian NJT 4a subzone. The area is tectonically affected and the J.1
B member is thrusted over the ].0 member. In the lowermost part of J.1 member (J.2 in Abdi
vy et al. [1],[23],[24]) of the Kani Sad section, the occurrence of the radiolarians Praeconocary-
rA omma bajaensis sp. and Bagotum modestum sp. (which were used to interpret a
va Pliensbachian p.p. or early Toarcian age for this member) are compatible with an end-
T Sinemurian to earliest Pliensbachian age. In fact, Bagotum modestum first occurs in the UA
18 2 zone of Carter et al.[2], which spans the Sinemurian-Pliensbachian boundary. Praecono-
ey caryomma bajaensis is also recorded from the lowermost Pliensbachian [2].

ey

et 5.2. Evolutionary and palaeogeographic implications of the new Mitrolithus species

1to One of the most prominent features of the calcareous nannofossil assemblages of the
1€ Kanrmanshah area is the finding of a very common and diverse assemblage of Mitrolithus
ey species (including three new ones), in the uppermost Sinemurian and lowermost
TEA Pliensbachian. In particular, two of the three newly described species have never been
14 documented elsewhere but observed offshore Australia (Richard Howe, personal com-
1o munication, 2019). Conversely, M. tethysiensis was previously reported by Bown [8] from
1o a single Timor Island sample (J237), dated to as mid-Pliensbachian, but without any pre-
1oy cise information about the age determination of the studied material. The absence of such
1oy species in classical and thoroughly studied localities of comparable age in western Tethys
lot is intriguing. On the basis of the presence of endemic species, Bown [8] inferred a separate
1e0 Pacific-Tethys Realm, including the south-eastern margin of Tethys to which the Kerman-
11 shah area belongs. However, no physical barrier is known between the eastern and the

ney western Tethys (Fig. 1A, B), and most of the Lower Jurassic nannofossil species are known
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oA to be cosmopolitan and successful throughout the marine environment [8]. Thus, at this
1ed stage it is difficult to explain such a limited distribution of the new Mitrolithus species.
AN However, M. jansae, which is typically recorded at low-latitude Tethys sites [8], is consid-
AR ered to have behaved as a deep-dweller [40]-[42], thriving in the deep photic-zone in a
Yy way similar to the living species Florisphaera profunda [43]. If so, the intensity of sunlight
iy irradiance was likely not sufficient at higher latitudes to support the development of M.
e jansae [39]. Also F. profunda abundance sharply decreases in between 30° and 40°N in the
e Pacific [43]. In this view, it is likely that the ecological requirements (in terms of light,
A nutrients, or other) of M. montgolfieri, M. pseudonannoconus and M. tethysiensis were only
1y compatible with the low-latitude southeast margin of the Tethys. Alternatively, these spe-
A cies were likely not competitive enough with respect to other, well-established western
114 Tethys species thriving in the deep photic-zone environment, such as Crepidolithus crassus
v [39],[44]-[49].

wh The spine morphologies of the newly described species are also very intriguing, in
vy that they closely resemble the Nannoconus shape. M. pseudonannoconus sp. nov. has a re-
A duced coccolith rim, with the spine dominating the coccolith (Fig. 4B), and isolated spines
1ve being commonly recorded. From a crystallographic point of view, the spines are made of
1ve calcite crystals with a plate c-axis, tangential to longitudinal axis of the spine. These crys-
v tals appear low birefringent when the spine is seen in distal view (Fig. 3A-6), while in side
vy view the spine may present second-order orange colours (Fig 4A-1, B2, C1-3). This optical
VA behaviour is very similar to Nannoconus, nannoliths, where the plate c-axes are arranged
va tangentially to the longitudinal axis. These morphological and crystallographic similari-
A ties between the spines of Lower Jurassic Mitrolithus species and Cretaceous incertae sedis,
TAN if not fortuitous, is very difficult to explain. However, both Mitrolithus and Nannoconus
TAY are well-known as having been typical components of Tethys nannoplankton assem-
TAY blages. As for some Mitrolithus (e.g., M. jansae), a deep-dweller habitat has been inferred
TAE for nannoconids [50]. Thus, they might both represent organisms having independently
Ao adopted similar shapes in a process of morphological convergence. Interestingly, Mitro-
AR lithus (especially M. jansae) possesses a cone-like morphology strikingly similar to the Tri-
TAY assic genus Eoconusphaera and the Upper Jurassic/Lower Cretaceous genus Conusphaera,
TAA all being typically and abundantly recorded at low-latitudes in the Tethyan domain. Such
A4 a homeomorphy is puzzling because these taxa are recorded at present with mutually
1. exclusive stratigraphic distributions [51]. The results of this paper showing homeomorphy
19 for the inner core structures (i.e., the Mitrolithus spine) and the Cretaceous Nannoconus
14y should enable a better overview of the evolution of conical calcareous nannofossils in the
14y Mesozoic.

14¢

140 6. Conclusions

14 A common and diverse calcareous nannofossil assemblage is documented for the
1y first time in this account from the Lower Jurassic shale, chert and pelagic limestone suc-
T4A cession of the Kermanshah Basin (Kani Sad and Sad sections; western Iran; West Zagros).
144 The new nannofossil record shown in this account and the re-examination of the range of
Ve radiolarian species challenge the former Pliensbachian to early Toarcian age assignment
Vel of the studied successions. In fact, the recorded radiolarian species turned out to be long-
Ve ranging taxa, whose earliest occurrence is consistent with the late Sinemurian-early
vy Pliensbachian age provided by calcareous nannofossil assemblages and events. In partic-
Vet ular, the last occurrence of Parhabdolithus marthae (a typical Sinemurian taxon) and the first
V.o occurrence of the Similiscutum group (lower Pliensbachian) allow the recognition in the
Vet two sections of the nannofossil subzones NJT 3b-c and NJT 4a. These results also allow a
vy better understanding of the the stratigraphic position of the sedimentary units. In fact, the
VeA two studied sections represent the N and S limbs of a syncline over-thrusted by the radi-

\ER! olarite units.
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K Besides these stratigraphic and structural implications, the analysis of nannofossil
AAR assemblages of the Kermanshah area revealed the presence of specimens of the genus Mi-
vy trolithus never described before, allowing the formal definition of three new species: M.
vaY montgolfieri, M. pseudonannoconus, and M. tethysiensis. The two-former species present a
\AR very peculiar morphology of the spine-structure infilling the central area of the coccolith,
vie and isolated spines resemble the morphology of Cretaceous nannoconids. Such records
Vi addresses the question of morphological convergence or homeomorphy for two nannofos-
iy sil taxa (Mitrolithus and Nannoconus), which have a mutually exclusive stratigraphic dis-
YA tribution (Lower Jurassic and Cretaceous, respectively), but are both typical of low-lati-
via tude, warm-water Tethyan settings. Mitrolithus tethysiensis was previously figured from a
YY. single sample from Timor (Indonesia) and considered as a modified specimens of M. ele-
\AR gans. The abundant record of M. elegans along with the three newly described species in
yyY the Kermanshah area, and the fact that the new species have never been recorded in the
yyy well-studied western Tethys settings support a strong endemism of calcareous nannofos-
\AR: sil assemblages in the Jurassic.

Yyo
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Appendix A

List of the species recorded or cited in this paper.

Alvearium dorsetense Black, 1965

Crepidolithus crassus (Deflandre in Deflandre and Fert, 1954) Noé€l, 1965
small-sized Crepidolithus crassus described in Suchéras-Marx et al. (2010)
Crepidolithus cavus Prins, 1969

Crepidolithus crucifer Rood et al. 1973

Crepidolithus granulatus Bown, 1987a

Crepidolithus impontus Griin et al., 1974

Crepidolithus timorensis Kristan-Tollmann, 1988

Crucirhabdus aff. C. minutus Jafar, 1983

Crucirhabdus primulus Prins 1969 ex Rood et al., 1973, emended Bown, 1987a
Mazaganella protensa Bown, 1987a

Mazaganella pulla Bown, 1987a

Mitrolithus elegans Deflandre in Deflandre and Fert, 1954

Mitrolithus jansae (Wiegand, 1984) Bown in Young et al., 1986
Mitrolithus lenticularis Bown, 1987a

Mitrolithus montgolfieri sp. nov.

Mitrolithus pseudonannoconus sp. nov.

Mitrolithus tethysiensis sp. nov.

Parhabdolithus liasicus subsp. distinctus Bown, 1987a

Parhabdolithus liasicus subsp. liasicus Bown, 1987a

Parhabdolithus marthae Deflandre in Deflandre and Fert, 1954
Parhabdolithus robustus Noél, 1965

Schizosphaerella spp. Deflandre and Dangeard, 1938

Similiscutum avitum de Kaenel and Bergen, 1993

Similiscutum cruciulus de Kaenel and Bergen, 1993

Similiscutum novum (Goy in Goy et al., 1979) Mattioli et al., 2004
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Similiscutum orbiculus de Kaenel and Bergen, 1993
Similiscutum precarium de Kaenel and Bergen, 1993
Timorella cypella Bown, 1987a

Tubirhabdus patulus Rood, Hay and Barnard, 1973 ex Prins, 1969
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