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A siliciclastic succession is well exposed at Kuh-e Boghou, located in eastern-central Iran. To verify the exact age
and paleogeographic position of this section of the Iranian Platform, a detailed, high-resolution palynological
analysis of the Ghelli Formation was performed. Sixty-nine surface samples of the sedimentary succession
were collected and analyzed. Most samples yielded abundant and well-preserved acritarchs (34 species of 24
genera), euglenids (3 species of a single genus), chitinozoans (36 species of 19 genera), and cryptospores (25 spe-
cies of 10 genera). Based on the presence of well known chitinozoan species, a Late Ordovician (Katian–
Hirnantian) age was assigned to this succession. The identified chitinozoan fauna allowed recognition of the
Belonechitina robusta, Tanuchitina fistulosa, Armoricochitina nigerica, Ancyrochitina merga, Tanuchitina elongata,
and Spinachitina oulebsiri biozones in ascending stratigraphic order as was previously established for the north-
ern Gondwanan Domain. These results indicate that eastern-central Iran was part of the peri-Gondwana domain
during the Late Ordovician. Seven morphotypes were recorded for the first time, and five of them were
established as new species, namely Abditusdyadus khayyammii, Alhajrichitina spinifera, Dyadospora ferdowsii,
Lophosphaeridium bulbosumensis andMoyeria hafezii, and two were left in open nomenclature (e.g. Eisenackitina
sp. and Moyeria sp. A). The abundant cryptospore taxa in the Late Ordovician might be related to land-derived
sediments acquired during the global sea level fall in the Late Ordovician glaciation or to the adaptation of prim-
itive land plants in a wide range of climatic conditions. The association of terrestrial miospores with marine
palynomorphs suggests a nearshore marine environment.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Iran consists of several tectonic blocks delineated by various types of
faults established during the Paleozoic and Mesozoic which form sev-
eral large terranes comprising Neoproterozoic–Paleozoic sequences
with strong affinity to the northern margin of Gondwana (Domeier,
2018). The continental blocks of the northern margin of Gondwana is
characterized by tectonism and magmatism associated with the
Cadomian orogenic cycle of the Neoproterozoic–Early Cambrian
(Motaghi et al., 2015). In the Early Paleozoic, these tectonic blocks
were also characterized by the deposition of shallow marine platform-
type successions, whichwerewidely observed elsewhere along theAra-
bian margin of Gondwana, mostly during the Late Ordovician–Silurian
(Heydari, 2008; Domeier, 2018). The Iranian Plate is subdivided into
four principal terranes, including the Zagros, Sanandaj–Sirjan, Alborz,
and central Iran terranes (Fig. 1), and it likely occupied the northeast
margin of Gondwana at the beginning of the Paleozoic Era (Heydari,

2008; Motaghi et al., 2015; Domeier, 2018). Throughout the
Neoproterozoic to the end of the Paleozoic, the Iranian Plate was part
of the Arabian Plate, which, in turn, was located in the margin of the
Gondwanan landmass; thus, hereafter, we refer to the Arabian margin
of Gondwana. In fact, “Arabian Plate” is a tectonostratigraphic term
widely used in Early Paleozoic paleogeographic reconstructions. This
plate was formed in the Oligocene and since then, the rocks that com-
prise what is now the Arabian Peninsula, Syria, Jordan, Iraq, and Iran
began separating from the African continent due to rifting along the
margin of northeast Africa and the opening of the Red Sea and the
Gulf of Aden (Heydari, 2008; Ghavidel-Syooki et al., 2011a). Further-
more, during the Neoproterozoic, the Iranian Plate (Zagros terrane) lo-
cated near the Equator, moved southward (poleward) during the
Cambrian–Ordovician and characterized the west and east Gondwana,
reaching as far as ~60°S during the Silurian (Cocks and Torsvik, 2002;
Heydari, 2008).

In the past decades, many geological investigations have been con-
ducted on the Early Paleozoic rock units in both the Zagros and Alborz
terranes to evaluate their relationships with the Gondwanan and
Laurentia paleocontinents. Fortunately, these studies resulted in the
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discovery of typical Gondwanan fauna and flora, as well as Late Or-
dovician glacial deposits, and have proven the relationships of the
Alborz and Zagros terranes to the Gondwana landmass (Ghavidel-
Syooki, 2000; Ghavidel-Syooki and Winchester-Seeto, 2002;
Ghavidel-Syooki, 2003; Ghavidel-Syooki, 2006; Ghavidel-Syooki,
2008; Ghavidel-Syooki et al., 2011a, 2011b, 2014, 2015; Ghobadi
Pour et al., 2015; Ghavidel-Syooki, 2016, 2017a, 2017b). Likewise,
in the Early Paleozoic, the most voluminous example of magmatism
is the Soltan Maidan volcanic complex from the east Alborz terrane,
which is a sequence of mafic volcanic rocks interspersed with
minor sedimentary horizons having a stratigraphic thickness that

locally exceeds 1 km (Derakhshi et al., 2017). In addition, the Lut
Block of central Iran, the Ordovician–Silurian transition is associated
with transtensive extension and syn-rift volcanism, which resulted
in flood basalts up to 500 m thick extending over 1000 km in
areas near the Arabian margin, an integral part of Gondwana during
the Ordovician (Berberian and King, 1981; Husseini, 1990; Bagheri
and Stampfli, 2008; Torsvik and Cocks, 2009). In the present study,
we focused on the relationships of the central Iranian terrane to
Gondwana and Laurentia based on high-resolution palynological
data. This terrane is considered a less deformed block surrounded
by active margins, namely the Alborz-Binalud Mountains on the

Fig. 1. Location of the study area (Kuh-e Boghou, eastern-central Iran) and its connections to the adjacent cities.
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northern edge of central Iran and the Kopeh Dagh Mountains in the
southern edge of the Eurasian Turan Plate (Motaghi et al., 2015).

2. Geological setting and previous studies

The study was conducted in Kuh-e Boghou, 46 km southwest of
Kashmar, in the central Iranian terrane (Fig. 1). A paved road from
Mashhad to the cities of Kashmar and Bardaskan is the main link to
the study area. A thick Lower Paleozoic succession is well exposed and
developed in Kuh-e Boghou. It has a thickness of 2230 m and has been
assigned to the Devonian based on existing geological maps of the
area (Eftekhar-nejad et al., 1976). The base of the study section is at
35° 05' 51.05" N and 58° 14' 59.03" E, 1084.7 m above sea level. This Pa-
leozoic succession has not previously been identified in the area, and
thus its detailed description is presented here to add the new paleonto-
logical data into the Iranian geological context.

Over the past few decades, several palynological investigations have
been performed to determine the age relationship of the Lower Paleo-
zoic succession of Kuh-e Boghou (Alavi, 1996; Esmaili-Suvary, 1996;
Ruhizadeh, 1996; Ghavidel-Syooki, 2003; Ahmadi-Tabar, 2016;
Piri-Kangarshahi, 2017). Based on the results of such investigations,
this succession was divided into the Derenjal, Shirgesht, Ghelli, and
Niur Formations, in ascending stratigraphic order, which are well
known in the central Iranian terrane and have been allocated to the
Upper Cambrian, Lower-Middle Ordovician, Upper Ordovician, and
Lower-Middle Silurian, respectively (Ghavidel-Syooki, 2003). The
Derenjal Formation primarily consists of cream-gray fossiliferous lime-
stoneswith a few gray-black shale beds and its thickness varies because
of a major fault in its basal part. The Shirgesht Formation is 700 m thick
and has distinctive sedimentary facies, which mainly consist of dark
gray shales, siltstones, and fine-grained sandstones. Although the
Shirgesht Formation lacksmarine fauna in Kuh-e Boghou, it contains tri-
lobites and brachiopods in the type section of Shirgesht area in eastern-
central Iran. In the study area, this formation contains well-preserved
and abundant acritarch taxa, suggesting that it was deposited during
the Early Ordovician (Tremadocian–Floian) (Ghavidel-Syooki, 2003).
Further, the Ghelli Formation has a thickness of 664 m and primarily
consists of olive-gray shales, micaceous siltstones, fine-grained arkosic
sandstones, heterogeneous conglomerates (three horizons), cream fos-
siliferous limestones (twohorizons), and three basaltic sills in itsmiddle
section (Fig. 2). In Kuh-e Boghou, the basal part of the Ghelli Formation
begins with a few meters of highly fossiliferous, reddish-brown argilla-
ceous limestones, which contain abundant trilobites and straight
Orthoceras sp., comparable to the basal part of the Shale and Sandstone
member of the Ghelli Formation in Ghelli village, where the reference
section is located in the northeastern Alborz Mountains (56° 55′
51.80″ E and 37° 11′ 39.82″ N; Ghavidel-Syooki, 2017b). Except for the
basal part of the Ghelli Formation, brachiopod and trilobite fauna is
rarely found throughout this formation. The macrofauna of the Ghelli
Formation has not been studied in detail but has assigned to the LateOr-
dovician based on acritarch biostratigraphy (Ghavidel-Syooki, 2003).
The thickness of the Niur Formation is approximately 1000 m in Kuh-
e Boghou and it is subdivided into shale, carbonate, white quartzite,
and reefal members in ascending stratigraphic order. The lower contact
of the Niur Formation is conformable with the Ghelli Formation, and its
upper contact is disconformable with the Padeha Formation (Upper De-
vonian). The macrofauna of the Niur Formation has not been studied in
detail, but has assigned to the Lower and Middle Silurian based on
palynological data (Ghavidel-Syooki, 2003).

3. Materials and methods

Sixty-nine surface samples were collected along the entire Ghelli
Formation in Kuh-e Boghou. Field and laboratory descriptions of the
samples are shown in the stratigraphic column in Fig. 2. The collected
samples which were designated by numbers (1–69) are preceded by

prefixes referring to the collectors (MG, Mohammad Ghavidel-Syooki;
MHP, Mohammad Hossein Piri). The palynomorphs were extracted
from shale, siltstone, andfine-grained sandstoneusing the standard pal-
ynological technique of treatment in HCl and HF to remove carbonates
and silicates, respectively, followed by neutralizing the residue in dis-
tilled water after each acid treatment. The samples were not oxidized
and the resultant residues of each sample were treated with 30 mL sat-
urated zinc bromide with a specific gravity of 1.95. Organic residues
were then sieved through 10–20 μm nylon meshes to eliminate the
finer debris and facilitate palynological analyses. The palynological
residues were mounted on glass slides for optical and scanning
electron microscopy examinations. All the samples were proved to be
palyniferous and yielded well-preserved and abundant acritarchs,
euglenids, chitinozoans, cryptospores, and scolecodonts, as well as
rare graptolite remains. The palynomorph groups were counted, and
their percentages were calculated accordingly (Tables 1–3). As samples
MG-MHP 28 to MG-MHP 69 yielded relatively higher percentages of
cryptospores than those of acritarchs and chitinozoans, we focused
not only on marine palynomorph groups, but also on terrestrial
cryptospores. The cryptospores and acritarchs ranged from yellow to
orange-brown in color, indicating an intermediate degree of thermal
maturity (Plates VI–IX). Their corresponding abundances are expressed
semi-quantitatively (e.g., very rare = 1–2 identified specimens; rare =
2–3 identified specimens; uncommon = 4–8 identified specimens;
common= 9–20 identified specimens; abundant >20 identified speci-
mens). All the samples and slides related to the present study are depos-
ited in the Iranian Natural History Museum, Department of
Organization Environment under accessionsMG-MHP1 toMG-MHP69.

4. Systematics and biostratigraphy of chitinozoans, acritarchs, and
cryptospores

The 11019 palynomorph specimens have been investigated, which
are mentioned in the following text: 6510 acritarch, 91 euglenid, 1918
chitinozoan, 1851 miospore, and 614 scolecodont specimens, as well
as 35 graptolite remains (Tables 1–3). In total, 34 acritarch species (24
genera), three euglenid species (one genus), 36 chitinozoan species
(19 genera), 27miospore taxa (11 genera), and one scolecodont species
(one genus), as well as some chitinous graptolite remains (Plates I–IX)
were identified. The acritarch taxa are specified herein under the Inter-
national Code of Botanical Nomenclature (Greuter et al., 1994) and are
arranged alphabetically by genera under the incertae sedis “Acritarch”
group. Furthermore, the identified chitinozoan taxa are well known
elsewhere in the north Gondwana Domain and are listed according to
the classification scheme of Paris et al. (1999). The term “miospore” re-
fers to all fossil plant spores smaller than 200 μm (Steemans et al.,
2000), including both cryptospores and trilete spores; these are listed
according to the classification schemes of Richardson (1996a, 1996b)
and Wellman and Richardson (1996). Detailed descriptions are pro-
vided for new taxa only, while stratigraphic and numerical distributions
are presented for all taxa in Fig. 2 and Tables 1–3, respectively.

4.1. Chitinozoan systematics

Chitinozoans are an extinct group of enigmatic organic-walled
microfossils widely distributed in Ordovician to Devonian marine sedi-
mentary rocks (ca. 485–359 Myr) and are extensively used in high-
resolution biostratigraphy. The chitinozoan fauna of Kuh-e Boghou
identified here allowed recognition of six biozones in the siliciclastic
succession of the Ghelli Formation, all of which are well known in the
north Gondwana Domain. These chitinozoan biozones and their bio-
stratigraphic ages are discussed below in ascending stratigraphic order
(Fig. 2). Detailed descriptions and biometric data are provided only for
Alhajrichitina spinifera n. sp. and Eisenackitina sp. that were identified
from the Upper Ordovician strata (Ghelli Formation) in Kuh-e Boghou
(Plates I–V).
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Table 1
Quantitative distributions of chitinozoan taxa throughout the Upper Ordovician (Ghelli Formation), Kuh-e Boghou, southwest of Kashmar, eastern-central Iran.

Table 2
Distribution frequencies of miospore taxa throughout the Upper Ordovician (Ghelli Formation), Kuh-e Boghou, southwest of Kashmar, eastern-central Iran.

Fig. 2. Stratigraphic distributions of selected chitinozoan, acritarch, and cryptospore taxa from the Upper Ordovician (Ghelli Formation) of Kuh-e Boghou, southwest of Kashmar, eastern-
central Iran. 1, Villosacapsula setosapellicula; 2, Acanthodiacrodium crassus; 3, Multiplicisphaeridium irregulare; 4, Veryhachium lairdii; 5, Veryhachium trispinosum; 6, Ordovicidium
elegantulum; 7, Diexallophasis denticulata; 8, Leiofusa litotes; 9, Orthosphaeridium rectangulare; 10, Orthosphaeridium insculptum; 11, Dorsennidium hamii; 12, Baltisphaeridium
trophirhapium; 13,Navifusa ancepsipuncta; 14,Dactylofusa platynetrella; 15, Lophosphaeridiumacinatum; 16,Moyeria cabottii; 17,Neoveryhachium carminae; 18,Baltisphaeridiumperclarum;
19,Dactylofusa cucurbita; 20,Dactylofusa striatifera; 21, Inflatarium trilobatum; 22, Tylotopalla caelamenicutis; 23, Tunisphaeridium eisenackii; 24, Safirotheca safira; 25, Estiastra iranicum; 26,
Disparifusa perryi; 27, Moyeria hafezii n. sp.; 28, Moyeria sp. A; 29, Lophosphaeridium bulbosumensis n. sp.; 30, Excultibrachium concinnum; 31, Comasphaeridium lanugiferum; 32, Frankea
breviuscula; 33, Cornuferifusa bifidipertica; 34, Baltisphaeridium sp.; 35, Belonechitina robusta; 36, Lagenochitina baltica; 37, Euconochitina lepta; 38, Desmochitina erinacea; 39, Calpichitina
lenticularis; 40, Desmochitina typica; 41, Rhabdochitina usitata; 42, Cyathochitina kuckersiana; 43, Cyathochitina campanulaeformis; 44, Angochitina communis; 45, Tanuchitina fistulosa;
46, Lagenochitina prussica; 47, Pistillachitina pistillifrons; 48, Desmochitina minor; 49, Hyalochitina jajarmensis; 50, Armoricochitina nigerica; 51, Fungochitina spinifera; 52, Fungochitina
actonica; 53, Belonechitina micracantha; 54, Armoricochitina alborzensis; 55, Desmochitina ovulum; 56, Ancyrochitina merga; 57, Tanuchitina ontariensis; 58, Plectochitina sylvanica; 59,
Ancyrochitina ellisbayensis; 60, Tanuchitina elongata; 61, Eisenackitina sp.; 62, Alhajrichitina adamantea; 63, Alhajrichitina spinifera n. sp.; 64, Euconochitina moussegoudaensis; 65,
Rhabdochitina curvata; 66, Spinachitina bulmani; 67, Spinachitina oulebsiri; 68, Conochitina rotundata; 69, Pistillachitina comma; 70, Cyathochitina caputoi; 71, Tetrahedraletes medinensis;
72, Velatitetras rugosa; 73, Retusotriletes sp. (as cluster); 74, Dyadospora asymmetrica; 75, Rimosotetras subspherica; 76, Tetrahedraletes grayae; 77, Segestrespora burgessii; 78,
Imperfectotriletes patinatus; 79, Rimosotetras punctata; 80, Imperfectotriletes vavrdovae; 81, Segestrespora iranense; 82, Imperfectotriletes persianense; 83, Segestrespora laevigata; 84,
Velatitetras retimembrana; 85, Dyadospora murusattenuata; 86, Abditusdyadus laevigatus; 87, Cheilotetras caledonica; 88, Segestrespora membranifera; 89, Rimosotetras problematica; 90,
Abditusdyadus khayyammii n. sp.; 91, Rimosotetras granulata; 92, Dyadospora verrucata; 93, Dyadospora ferdowsii n. sp.; 94, Tetraplanarisporites laevigatus; 95, Cryptotetras erugata; 96,
Cryptotetras mordacis.
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4.1.1. List of chitinozoan species
Order: OPERCULIFERA Eisenack, 1931
Family: DESMOCHITINIDAE Eisenack, 1931 emend. Paris, 1981
Subfamily: DESMOCHITININAE Paris, 1981
Genus: CalpichitinaWilson and Hedlund, 1964
Calpichitina lenticularis (Bouché, 1965) (Plate I, 18; Plate V, 18)
Eisenackitina sp. (Plate I, 20)
Genus: Desmochitina Eisenack, 1931
Desmochitina minor Eisenack, 1931 (Plate I, 17, 19)
Desmochitina erinacea Eisenack, 1931 (Plate I, 1, 2, 3, 4, 5, 6, 7, 8)
Desmochitina typica Eisenack, 1931 (Plate I, 9, 10, 11, 12, 13, 14, 15)
Desmochitina ovulum (Eisenack, 1962) (Plate I, 16)
Subfamily: Pterochitininae Paris, 1981
Genus: Armoricochitina Paris, 1981
Armoricochitina alborzensis Ghavidel-Syooki and Winchester-Seeto,

2002 (Plate II, 11, 12)
Armoricochitina nigerica (Bouché, 1965) (Plate II, 13, 14, 15, 16, 17,

18, 19)
Subfamily: ANCYROCHITININAE Paris, 1981
Genus: Ancyrochitina Eisenack, 1955
Ancyrochitina merga Jenkins, 1970 (Plate III, 11, 12)
Ancyrochitina ellisbayensis Soufiane and Achab, 2000 (Plate III, 8,

9, 10)
Genus: Angochitina Eisenack, 1931
Angochitina communis Jenkins, 1967 (Plate III, 6)
Genus: Fungochitina Taugourdeau, 1966 restrict. Paris et al.,

1999
Fungochitina actonica (Jenkins, 1967) (Plate IV, 10, 14)
Fungochitina spinifera (Eisenack, 1962) (Plate IV, 11, 12, 15)
Genus: Plectochitina Cramer, 1964
Plectochitina sylvanica Jenkins, 1970 (Plate III, 7)
Subfamily: BELONECHITININAE Paris, 1981
Genus: Belonechitina Jansonius, 1964
Belonechitina robusta (Eisenack, 1959) (Plate III, 16, 20)
Belonechitina micracantha (Eisenack, 1931) (Plate IV, 9)
Order: PROSOMATIFERA Eisenack, 1972
Subfamily: CONOCHITININAE Paris, 1981
Genus: Euconochitina Taugourdeau, 1966 emend. Paris et al., 1999

Euconochitinamoussegoudaensis Paris in LeHérissé et al., 2013 (Plate
V, 19)

Euconochitina lepta (Jenkins, 1970) emend. Paris et al., 1999 (Plate
II, 20)

Genus: Conochitina (Eisenack, 1931) emend. Paris et al., 1999
Conochitina rotundata Paris et al., 2015 (Plate III, 18)
Genus: Pistillachitina Taugourdeau, 1966
Pistillachitina pistillifrons Eisenack, 1939 (Plate III, 14, 15)
Pistillachitina comma (Eisenack, 1959) (Plate III, 13)
Genus: Rhabdochitina Eisenack, 1931
Rhabdochitina usitata Jenkins, 1967 (Plate III, 19)
Rhabdochitina curvata Al-Shawareb et al., 2017 (Plate IV, 16, 20)
Subfamily: CYATHOCHITININAE Paris, 1981
Genus: Cyathochitina Eisenack, 1955 emend. Paris et al., 1999
Cyathochitina campanulaeformis (Eisenack, 1931) (Plate V, 16)
Cyathochitina caputoi Da Costa, 1971 (Plate V, 12)
Cyathochitina kuckersiana (Eisenack, 1934) (Plate V, 20)
Family: LAGENOCHITINIDAE (Eisenack, 1931) Paris, 1981
Subfamily: LAGENOCHITINIDAE Eisenack, 1931 emend. Paris et al., 1999
Genus: Lagenochitina Eisenack, 1931
Lagenochitina baltica Eisenack, 1931 (Plate II, 7, 8, 9, 10)
Lagenochitina prussica Eisenack, 1931 (Plate II, 1, 2, 3, 4, 5, 6)
Genus: Alhajrichitina Al-Shawareb et al., 2017
Alhajrichitina adamantea Al-Shawareb et al., 2017 (Plate III, 3)
Alhajrichitina spinifera n. sp. (Plate III, 1, 2, 4, 5)
Subfamily: TANUCHITININAE Paris, 1981
Genus: Tanuchitina Jansonius, 1964 emend. Paris et al., 1999
TanuchitinafistulosaTaugourdeauandde Jekhowsky,1960(PlateV,4,8)
Tanuchitina elongata Bouché, 1965 (Plate IV, 18, 19)
Tanuchitina ontariensis Jansonius, 1964 (Plate V, 1, 2, 3, 5, 6, 7)
Genus: Hyalochitina Paris et al., 1999
Hyalochitina jajarmensis Ghavidel-Syooki, 2017b (Plate III, 17)
Order: PROSOMATIFERA Eisenack, 1972
Subfamily: SPINACHITININAE Paris, 1981
Genus: Spinachitina Schallreuter, 1963 emend. Paris et al., 1999
Spinachitina bulmani (Jansonius, 1964) (Plate IV, 1, 2, 3, 4, 5, 6, 7, 8)
Spinachitina oulebsiri Paris et al., 2000a (Plate V, 9, 10, 11, 13, 14,

15, 17)

Table 3
Quantitative distributions of acritarch and eugleind taxa throughout the Upper Ordovician (Ghelli Formation), Kuh-e Boghou, southwest of Kashmar, eastern-central Iran (*, euglenid
taxa).
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4.1.2. Systematics of new chitinozoan taxa
Two chitinozoan species of Alhajrichitina spinifera n.sp. and

Eisenackitina sp., are described and discussed below, wherein the

measurements are specified in micrometers (μm). The proposed classi-
fication and terminology of Paris et al. (1999) are used, and the abbrevi-
ations defined by Paris (1981) are applied.

Plate I. 1, 2, 3, 4, 5, 6, 7, 8. Desmochitina erinacea Eisenack, 1931;  9, 10, 11, 12, 13, 14, 15. Desmochitina typica Eisenack, 1931; 16. Desmochitina ovulum (Eisenack, 1962); 17, 19. 
Desmochitina minor Eisenack, 1931; 18. Calpichitina lenticularis (Bouché, 1965) ;  2 0 . Eisenackitina sp.
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Incertae sedis Group Chitinozoa Eisenack, 1931
Family: LAGENOCHITINIDAE Eisenack, 1931 emend. Paris, 1981
Subfamily: LAGENOCHITININAE Paris, 1981

Genus: Alhajrichitina Al-Shawareb et al., 2017
Type species: Alhajrichitina adamantea Al-Shawareb et al., 2017
Alhajrichitina spinifera n. sp. (Plate III, 1, 2, 4, 5)

Plate II. 1, 2, 3, 4, 5, 6. Lagenochitina prussica Eisenack, 1931; 7, 8, 9, 10. Lagenochitna baltica Eisenack, 1931; 11, 12. Armoricochitina alborzensis Ghavidel-Syooki and Winchester-Seeto, 
2002; 13, 14, 15, 16, 17, 18, 19. Armoricochitina nigerica (Bouché, 1965) ; 2 0 . Euconochitina lepta (Jenkins, 1970)
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Holotype: Plate III, 2
Type stratum: Ghelli Formation (MG-MHP 27 toMG-MHP41), Kuh-e

Boghou, southwest of Kashmar, eastern-central Iran.
Name derivation: Refers to the spinous sculptures covering the entire

vesicle surface.

Dimensions: L = 138.1 (129.7) 121.3 μm; Dp = 99.3 (94.05)
88.8 μm; Dc = 57.2 (55.65) 54.1 μm; ln = 49.6 (48.4) 47.2 μm; ls =
1.5 (1.7) 1.9 μm; n = 10.

Description: Alhajrichitina spinifera n. sp. is a small chitinozoanwith a
diamond-shaped chamber and distinct cylindrical neck. Flexure is

Plate III. 1, 2, 4, 5. Alhajrichitina spinifera n. sp. 3. Alhajrichitina adamantea Al-Shawareb et al., 2017 6. Angochitina communis Jenkins, 1967 7. Plectochitina sylvanica Jenkins, 1970 8, 9, 10.
Ancyrochitina ellisbayensis Soufiane andAchab, 2000 11, 12. Ancyrochitinamerga Jenkins, 1970 13. Pistillachitina comma (Eisenack, 1959) 14, 15. Pistillachitina pistillifrons Eisenack, 1939 16,
20. Belonechitina robusta (Eisenack, 1959) 17. Hyalochitina jajarmensis Ghavidel-Syooki, 2017b 18. Conochitina rotundata Paris et al., 2015 19. Rhabdochitina usitata Jenkins, 1967
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observed, and shoulders are distinct. The chamber is divided into upper
and lower parts. A sharp deflection in the outline of the chamber is indi-
cated by a fold or thickening, which represents the maximumwidth of

the vesicle andmargin. The basal part of the chamber is rounded to ogi-
val in shape with a basal scar. The vesicle surface is covered by abun-
dant, simple, small spines and rarely granules. This species is quite

Plate IV. 1, 2, 3, 4, 5, 6, 7, 8. Spinachitina bulmani (Jansonius, 1964); 9. Belonechitina micracantha (Eisenack, 1931); 10, 14. Fungochitina actonica (Jenkins, 1967); 11, 12, 15. 
Fungochitina spinifera (Eisenack, 1962); 13. Tetrahedraletes medinensis Strother and Traverse emend Wellman and Richardson, 1993; 16, 20. Rhabdochitina curvata Al-Shawareb et 
al., 2017; 17. Scolecodont (Kettnerite sp.); 18, 19. Tanuchitina elongata (Bouché, 1965).
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similar to Alhajrichitina adamantea (Al-Shawareb et al., 2017) but the
Iranian specimens differ from those of the Arabian Peninsula by pre-
senting smaller size and spinous ornamentation on the entire surface
of the vesicle.

Order: OPERCULATIFERA Eisenack, 1931
Family: DESMOCHITINIDAE Eisenack, 1931 emend. Paris, 1981
Subfamily: EISENACKININAE Paris, 1981
Genus: Eisenackitina Jansonius, 1964 restrict. Paris, 1981

Plate V. 1, 2, 3, 4, 5, 6. Tanuchitina ontariensis Jansonius, 1964 4, 7. Tanuchitina fistulosa Taugourdeau and de Jekhowsky, 1960 9, 10, 11, 13, 14, 15 17. Spinachitina oulebsiri Paris et al., 2000
12. Cyathochitina caputoi Da Costa, 1971 16. Cyathochitina campanulaeformis (Eisenack, 1931) 18. Calpichitina lenticularis (Bouché, 1965) 19. Euconochitina moussegoudaensis Paris in Le
Hérissé et al., 2013 20. Cyathochitina kuckersiana (Eisenack, 1934)
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Plate VI. 1, 2. Tetrahedraletes grayae Strother, 1991; 3, 4. Dyadospora murusattenuata (Strother and Traverse, 1979) Burgess and Richardson, 1991; 5. Segestrespora membranifera 
(Johnson, 1985) Burgess, 1991; 6, 20. Abditusdyadus khayyammii n. sp. 7, 8. Rimosotetras problematica Burgess, 1991; 9. Rimosotetras punctata Ghavidel-Syooki, 2017a; 10. 
Dyadospora verrucata Ghavidel-Syooki, 2017a; 11, 12. Imperfectotriletes vavrdovae (Richardson) Steemans et al., 2000; 13. Imperfectotriletes persianense Ghavidel-Syooki, 2017a; 
14. Cryptotetras erugata Strother et al., 2015; 15, 16. Rimosotetras subspherica Strother et al., 2015; 17. Velatitetras rugosa (Strother and Traverse) Steemans et al., 1996; 18, 19. 
Tetraplanarisporites laevigatus Wellman et al., 2015; 21. Tetrahedraletes medinensis Strother and Traverse emend Wellman and Richardson, 1993; 22, 23. Abditusdyadus laevigatus 
Wellman and Richardson, 1996; 24. Segestrespora burgessii Steemans et al., 1996.
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Plate VII. 1, 2. Cryptotetras mordacis Strother et al., 2015; 3. Dyadospora asymmetrica Ghavidel-Syooki, 2017a; 4. Segestrespora iranense Ghavidel-Syooki, 2017a; 5, 6. 
Imperfectotriletes patinatus Steemans et al., 2000; 7, 8, 9, 10. Dyadospora ferdowsii n. sp.; 11, 12, 13. Velatitetras retimembrana (Miller & Eames) Steemans et al., 1996; 14. 
Tetrahedraletes medinensis Strother and Traverse emend Wellman and Richardson, 1993; 15. Rimosotetras granulata Ghavidel-Syooki, 2017a; 16. Segestrespora laevigata 
Burgess, 1991; 17. Segestrespora membranifera (Johnson, 1985) Burgess, 1991; 18, 19. Cheilotetras caledonica Wellman and Richardson, 1993; 20. Segestrespora burgessii 
Steemans et al., 1996; 21, 22, 23, 24. Abditusdyadus laevigatus Wellman and Richardson, 1996.
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Plate VIII. 1. Navifusa ancepsipuncta Loeblich, 1970; 2. Dactylofusa striatifera (Cramer and Díez, 1972) Fensome et al., 1990; 3, 4. Dactylofusa cucurbita Jardiné et al., 1974; 5. 
Cornuferifusa bifidipertica Jacobson and Achab, 1985; 6, 7. Safirotheca safira Vavrdová, 1989; 8. Dactylofusa platynetrella (Loeblich and Tappan, 1978) Fensome et al., 1990; 9. Leiofusa 
litotes Loeblich and Tappan, 1978; 10. Lophosphaeridium acinatum Wicander and Playford, 1999; 11, 12, 13, 14. Moyeria hafezii n. sp.; 15. Comasphaeridium lanugiferum Jacobson 
and Achab, 1985; 16. Disparifusa perryi Loeblich and Tappan, 1978; 17. Moyeria cabottii (Cramer, 1971) Miller and Eames, 1982; 18. Moyeria sp. A.; 19. Acanthodiacrodium crassus 
(Loeblich and Tappan, 1978) Vecoli, 1999; 20, 21, 22, 23. Lophosphaeridium bulbosumensis n. sp.
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Plate IX. 1, 2. Inflatarium trilobatum Le Hérissé et al., 2014; 3. Frankea breviuscula Burmann, 1970; 4. Villosacapsula setosapellicula (Loeblich, 1970) Loeblich and Tappan, 1976; 5. 
Tylotopalla caelamenicutis Loeblich, 1970; 6. Orthosphaeridium insculptum Loeblich, 1970; 7. Diexallophasis denticulata (Stockmans and Williére, 1963) Loeblich, 1970; 8. Veryhachium 
lairdii (Deflandre) Deunff, 1959, e x Downie, 1959; 9. Multiplicisphaeridium irregulare Staplin et al., 1965; 10. Neoveryhachium carminae (Cramer, 1964b) Cramer, 1970; 11. 
Baltisphaeridium trophirhapium Loeblich and Tappan, 1978; 12. Estiastra iranicum Ghavidel-Syooki, 2000; 13. Orthosphaeridium rectangulare (Eisenack, 1963) Eisenack, 1968; 14. 
Ordovicidium elegantulum Tappan and Loeblich, 1971; 15. Veryhachium trispinosum (Eisenack, 1938) Stockmans and Williére, 1963; 16. Excultibrachium concinnum Wicander and 
Playford, 1999; 17. Baltisphaeridium sp.; 18. Dorsennidium hamii (Loeblich, 1970) Sarjeant and Stancliffe, 1994; 19. Baltisphaeridium perclarum Loeblich and Tappan, 1978; 20. 
Tunisphaeridium eisenackii Loeblich and Tappan, 1978.
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Eisenackitina sp. (Plate I, 20)
Dimensions: L = 52.5 μm; Dp = 57.1 μm; Dc = 30.3 μm; ls = 4.2

(3.4) 2.6 μm; width of spine = 1.5 (1.17) 0.84 μm; n = 3.
Description: Small chitinozoan morphotype with ovoid to

subcylindrical vesicles. The aboral pole is convex or straight with more
or less parallel sides; the greatest width is at the middle part and the
lowerpart of the chamber is sometimes convex. It hasnoflexureor shoul-
der, and the neck or lip is considerably reduced and usually absent. The
external aperture is smoothwith a diameter less than themaximumves-
icle diameter. The vesicle surface is covered bydense spines. Eisenackitina
sp. appeared rarely in samples MG-MHP 27, MG-MHP 29, and MG-MHP
40. Itwas only classified to the genus level because of this paucity of spec-
imens. This species differs from other species of Eisenackitina in terms of
biometric data and by presenting spines on the vesicle surface.

4.2. Chitinozoan biostratigraphy

Based on the presence and distribution of well known chitinozoan
taxa (Fig. 2), six chitinozoanbiozoneswere established in the Ghelli For-
mation of Kuh-e Boghou. These chitinozoan biozones, which are similar
to those of the northern Gondwana Domain (Paris, 1990; Oulebsir and
Paris, 1995; Paris et al., 2000b; Paris et al., 2007; Paris et al., 2015;
Al-Shawareb et al., 2017; Ghavidel-Syooki, 2017b), are discussed in
ascending stratigraphic order.

4.2.1. Belonechitina robusta Biozone
The base of this biozone is marked by the FAD of Belonechitina ro-

busta (Eisenack, 1959). Its top corresponds to the FAD of Tanuchitina
fistulosa (Taugourdeau and de Jekhowsky, 1960), which is the index
species of the succeeding biozone. In the presentmaterial, Belonechitina
robusta occurs with common frequency in the samples of MG-MHP 2
through MG-MHP 12 of the Ghelli Formation in Kuh-e Boghou, south-
west of Kashmar City, east-central Iran (Fig. 2; Table 1). This biozone,
which covers a 68-m thickness of the Ghelli Formation, consists of het-
erogeneous conglomerate followed by reddish-brown fossiliferous ar-
gillaceous limestone, and by an alternation of sandstone, siltstone, and
shale toward the top. Belonechitina robusta has previously been re-
ported from Late Ordovician (early to middle Sandbian) of Portugal
(Paris, 1979, 1981), Spain (Robardet, 1980; Paris, 1981), France
(Robardet et al., 1972; Paris, 1981), and the United Kingdom
(Jansonius, 1964; Paris, 1979; Grahn, 1981, 1982); late Sandbian to
early Katian of the United States (C. wilsoni-D. clingani graptolite
biozones; see Ross, 1982); early Katian of Turkey (Paris et al., 2007);
and early Katian of Iran (Ghavidel-Syooki, 2008). The other chitinozoan
species occurring in this biozone include Lagenochitina baltica (Eisenack,
1931), Euconochitina lepta (Jenkins, 1970), Calpichitina lenticularis
(Bouché, 1965), Desmochitina typica (Eisenack, 1931), Desmochitina
erinacea (Eisenack, 1931), Angochitina communis (Jenkins, 1967),
Cyathochitina kuckersiana (Eisenack, 1934), Cyathochitina
campanulaeformis (Eisenack, 1931), and Rhabdochitina usitata (Jenkins,
1967). Cyathochitina campanulaeformis is a long-ranging (Middle to
Upper Ordovician) and cosmopolitan species (Eisenack, 1931, 1959;
Jenkins, 1967; Achab, 1978; Grahn, 1981, 1984; Al-Hajri, 1995; Al-
Ghammari, 2010) while the others are classical components of Late Or-
dovician (Katian) in the northern Gondwana Domain (Molyneux and
Paris, 1985; Al-Hajri, 1995; Oulebsir and Paris, 1995; Ghavidel-Syooki
and Winchester-Seeto, 2002; Ghavidel-Syooki, 2008; Ghavidel-Syooki
et al., 2011a; Ghavidel-Syooki et al., 2011b; Paris et al., 2015;
Ghavidel-Syooki, 2016, 2017a, 2017b; Al-Shawareb et al., 2017). Based
on the absence of ponceti-tanvillensis chitinozoan biozones along with
a comparison to the chronostratigraphic chart of Videt et al. (2010),
the basal part of the Ghelli Formation in Kuh-e Boghou is assigned to
themiddle Katian (an upper time slice Ka1) of Videt et al. (2010). There-
fore, a hiatus exists between the Derenjal Formation (Late Cambrian)
and the basal part of the Ghelli Formation, encompassing the Sandbian
and earliest Katian (Jenchinochitina tanvillensis Biozone).

4.2.2. Tanuchitina fistulosa Biozone
The base of this biozone ismarked by the FAD of Tanuchitina fistulosa

(Taugourdeau and de Jekhowsky, 1960). Its top corresponds to the FAD
of Armoricochitina nigerica (Bouché, 1965), which is the index species of
the succeeding biozone. In this study, Tanuchitina fistulosa is present at
rare to abundant frequencies in the samples MG-MHP 12 to MG-MHP
14 (Fig. 2; Table 1). In Kuh-e Boghou, this biozone, which includes a
247-m thickness of the Ghelli Formation, primarily consists of sand-
stone, siltstone, and shale. This species was selected as the index species
of the chitinozoan biozones from the late Sandbian deposits in the Ara-
bian Peninsula (Paris et al., 2000b) and the northern Gondwana Do-
main, immediately overlying the Belonechitina robusta Biozone
(Webby et al., 2004; Paris, 2006; Videt et al., 2010). With the exception
of Belonechitina robusta, which is the index species of the preceding
biozone, all of the acritarch and associated chitinozoan taxa of the un-
derling biozone continue into this chitinozoanbiozone. The accompany-
ing chitinozoan species of this biozone consist of Pistillachitina
pistillifrons (Eisenack, 1939), Lagenochitina prussica (Eisenack, 1931),
Desmochitina minor (Eisenack, 1931), and Hyalochitina jajarmensis
(Ghavidel-Syooki, 2017b). Among these chitinozoan taxa, Desmochitina
minor ranges from the Floian to Katian (Grahn, 1984; Ghavidel-Syooki
and Winchester-Seeto, 2002; Ghavidel-Syooki, 2008, 2016, 2017b),
while Pistillachitina pistillifrons, Lagenochitina prussica, and Hyalochitina
jajarmensis are classical components of Late Ordovician in other
locations such as Portugal (Paris, 1979), England (Vandenbroucke,
2008), Ukraine (Laufeld, 1971), Sweden (Laufeld, 1967), Estonia
(Grahn, 1980; Nõlvak, 1980), Belgium (Vanmeirhaeghe, 2006), and
Iran (Ghavidel-Syooki and Winchester-Seeto, 2002; Ghavidel-Syooki,
2008, 2017b). A comparison of Tanuchitina fistulosa Biozone and the
chronostratigraphic chart of Videt et al. (2010) suggests middle Katian
(uppermost time slice Ka1) of Videt et al. (2010) for this biozone of
the Ghelli Formation in Kuh-e Boghou, southwestern Kashmar City,
east-central Iran.

4.2.3. Armoricochitina nigerica Biozone
The base of this biozone is marked by the FAD of Armoricochitina 

nigerica (Bouché, 1965). Its top corresponds to the first FAD of 
Ancyrochitina merga (Jenkins, 1970), which is the index species of the 
succeeding biozone. In the present material, Armoricochitina nigerica 
oc-curs at rare to common frequencies in samples MG-MHP 14 to MG-
MHP 21 (Fig. 2; Table 1). This biozone, which includes an 80-m 
thickness of the Ghelli Formation, mainly consists of shale, two igneous 
sills, a thin bed of cream fossiliferous limestone, and a micro-
conglomerate. To date, Armoricochitina nigerica has only been recorded 
from Late Ordovician in the northern Gondwana Domain (Bouché, 
1965; Molyneux and Paris, 1985; Al-Hajri, 1995; Oulebsir and Paris, 
1995; Paris et al., 2000b; Ghavidel-Syooki and Winchester-Seeto, 
2002; Bourahrouh et al., 2004; Paris et al., 2007; Ghavidel-Syooki, 
2008; Le Heron and Craig, 2008; Ghavidel-Syooki et al., 2011a, 2011b; 
Abuhmida, 2013; Le Hérissé et al., 2013; Paris et al., 2015; Ghavidel-
Syooki, 2016, 2017a, 2017b; Al-Shawareb et al., 2017; Oktay and 
Wellman, 2019). The Armoricochitina nigerica Biozone is correlatable 
with the upper part of the Dicellograptus complanatus graptolite zone 
of the British Standard (Paris, 1990, 1996, 2006; Webby et al., 2004) 
and corresponds to the upper Katian (the upper level of Ka3 time slice 
to the lower level of Ka4) of Videt et al. (2010). Armoricochitina nigerica 
has been reported from the Katian and Hirnantian strata of numerous 
localities in Northern Africa (Morocco, Algeria, Tunisia, Libya, Niger, 
and Chad); the Middle East (Iran, Arabian Peninsula, Syria, Iraq, and 
Turkey); and southern and central Europe (Spain, Portugal, France, 
Italy, and the Czech Republic). This species is one of the key chitinozoan 
taxa defining the northern Gondwana paleoprovince during Late Ordo-
vician. Armoricochitina nigerica has not been observed in the United 
Kingdom and Belgium, indicating it did not extend to the northern mar-
gin of the Rheic Ocean (Paris et al., 2015). Indeed, Vandenbroucke et al.
(2009) suggest that Armoricochitina nigerica could be regarded as a
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polar taxon. Most species of the preceding biozones continue into the
Armoricochitina nigerica Biozone; thus, Belonechitina micracantha,
Fungochitina spinifera, Fungochitina actonica, Desmochitina ovulum, and
Armoricochitina alborzensis are found in this biozone. Belonechitina
micracantha is a long-ranging taxon as it is found in theMiddle-Late Or-
dovician in many localities, including Floian to Katian in the Baltic re-
gion (Eisenack, 1931); Middle Ordovician of Algerian Sahara (Oulebsir
and Paris, 1995); Early-Middle Ordovician of Morocco (Elaouad-
Debbaj, 1984);Middle Ordovician of Turkey (Paris et al., 2007); Late Or-
dovician (Sandbian) of England (Van Nieuwenhove et al., 2006); France
(Paris, 1981); Iran (Ghavidel-Syooki, 2008; Ghavidel-Syooki and Borji,
2018); and the Arabian Peninsula (Al-Hajri, 1995; Paris et al., 2015;
Al-Shawareb et al., 2017). Other associated chitinozoan taxa such as
Armoricochitina alborzensis,Desmochitina ovulum, Fungochitina spinifera,
and Fungochitina actonica are characteristic components of Late Ordovi-
cian worldwide, including the United Kingdom (Jenkins, 1967;
Vandenbroucke, 2005, 2008; Van Nieuwenhove et al., 2006), Iran
(Ghavidel-Syooki and Winchester-Seeto, 2002; Ghavidel-Syooki, 2016,
2017a, 2017b; Ghavidel-Syooki and Borji, 2018), and the Arabian Penin-
sula (Paris et al., 2015; Al-Shawareb et al., 2017). A comparison of the
Armoricochitina nigerica Biozone to the chronostratigraphic chart of
Videt et al. (2010) indicates late Katian (uppermost part of time slice
Ka3 to lower part of Ka4) for this biozone of Ghelli Formation.

4.2.4. Ancyrochitina merga Biozone
The base of this biozone ismarked by the FAD of Ancyrochitinamerga

(Jenkins, 1970). Its top corresponds to the first FAD of Tanuchitina
elongata (Bouché, 1965), which is the index species of the succeeding
biozone. In the presentmaterial, Ancyrochitina merga occurs with abun-
dant frequency in samples MG-MHP 21 toMG-MHP 27 (Fig. 2; Table 1).
This biozone covers a thickness of 129-m, which consists mainly of
shales and two igneous sills followed by an alternation of shale and
sandstone. Ancyrochitina merga, a well known Upper Ordovician taxon
(upper Katian), has been recorded in the United States (Jenkins,
1970), Libya (Molyneux and Paris, 1985; Paris, 1988; Abuhmida,
2013), Morocco (Elaouad-Debbaj, 1984; Bourahrouh et al., 2004),
Algerian Sahara (Oulebsir and Paris, 1995), the Arabian Peninsula (Al-
Hajri, 1995; Paris et al., 2000a; Paris et al., 2015; Al-Shawareb et al.,
2017), Turkey (Oktay and Wellman, 2019), and Iran (Ghavidel-Syooki,
2000, 2008, 2016, 2017a, 2017b; Ghavidel-Syooki and
Winchester-Seeto, 2002; Ghavidel-Syooki et al., 2011a, 2011b). The
total range of this species was used by Paris (1990) and Bourahrouh
et al. (2004) to define the Ancyrochitina merga Biozone in the northern
Gondwana Domain. The associated chitinozoan species of this biozone
include Plectochitina sylvanica (Jenkins, 1970), Tanuchitina ontariensis
(Jansonius, 1964), and Ancyrochitina ellisbayensis (Soufiane and Achab,
2000). These taxa are characteristic components of Upper Ordovician
worldwide, including the United States (Jenkins, 1970), Canada
(Jansonius, 1964; Achab, 1984; Soufiane and Achab, 2000), Libya
(Molyneux and Paris, 1985), Morocco (Elaouad-Debbaj, 1984, 1986;
Bourahrouh et al., 2004), the Arabian Peninsula (Al-Hajri, 1995; Paris
et al., 2015; Al-Shawareb et al., 2017), Iran (Ghavidel-Syooki and
Winchester-Seeto, 2002; Ghavidel-Syooki et al., 2011a; Ghavidel-
Syooki, 2008, 2016; Ghavidel-Syooki and Borji, 2018), and Turkey
(Paris et al., 2007). A comparison of the Ancyrochitina merga Biozone
to the chronostratigraphic chart of Videt et al. (2010) suggests the latest
Katian (time slice Ka4) for this biozone of the Ghelli Formation in Kuh-e
Boghou.

4.2.5. Tanuchitina elongata Biozone
The base of this biozone ismarkedby the FADof Tanuchitina elongata

(Bouché, 1965). Its top is distinguished by the first FAD of Spinachitina
oulebsiri (Paris et al., 2000), which is the index species of the succeeding
biozone. In this study, Tanuchitina elongata is present at rare to common
frequencies in the samples MG-MHP 27 through MG-MHP 40 (Fig. 2;
Table 1). This biozone, which covers a thickness of 104-m, primarily

consists of olive-gray shale, siltstone, and a limestone bed. The
Tanuchitina elongata Biozone was originally defined by Paris et al.
(2000a) and assigned to Late Ordovician (Late Ashgill). After the defini-
tion of the Spinachitina oulebsiri Biozone in Late Ordovician from the
northeast Algerian Sahara (Paris et al., 2000a), the upper boundary of
the Tanuchitina elongata Biozone was amended to be the FAD of
Spinachitina oulebsiri (Paris et al., 2000a), the index species of the
succeeding biozone. Herein, Tanuchitina elongata is regarded as a senior
synonym of Tanuchitina bergstromi (Laufeld, 1967). This biozone has
been well documented from Late Ordovician in Northern Africa includ-
ingMorocco, Tunisia, Libya, and Algeria (Bouché, 1965; Elaouad-Debbaj,
1988; Paris, 1990; Oulebsir and Paris, 1995; Abuhmida, 2013); theMid-
dle East including Iran (Ghavidel-Syooki and Winchester-Seeto, 2002;
Ghavidel-Syooki, 2008, 2016, 2017a, 2017b), Turkey (Steemans et al.,
1996; Paris et al., 2007; Oktay and Wellman, 2019), and the Arabian
Peninsula (McClure, 1988; Al-Hajri, 1995; Paris et al., 2000b, 2015; Al-
Shawareb et al., 2017). According to Paris (1990), at least the upper
part of the Ra'an Shale member of the Qasim Formation in the Arabian
Peninsula comprises the Tanuchitina elongata Biozone, which is associ-
ated with the Glyptograptus persculptus graptolite zone, indicating the
early Hirnantian Stage (Webby et al., 2004). The Tanuchitina elongata
Biozone has also been established in the upper part of the Halevikdere
Formation (Hirnantian) in the Diyarbakir area from southeastern
Turkey (Steemans et al., 1996). However, subsequent studies by Paris
et al. (2000a) also suggested the presence of a Spinachitina oulebsiri
Biozone of the late Hirnantian in the uppermost part of the Halevikdere
Formation of Turkey (Paris et al., 2007). The associated chitinozoan taxa
in this biozone include Euconochitina moussegoudaensis (Paris in Le
Hérissé et al., 2013), Alhajrichitina adamantea (Al-Shawareb et al.,
2017), Alhajrichitina spinifera n. sp., Rhabdochitina curvata (Al-
Shawareb et al., 2017), Spinachitina bulmani (Jansonius, 1964), and
Eisenackitina sp. With the exception of Alhajrichitina spinifera and
Eisenackitina sp.,which are new records in our study area, the remaining
species are characteristic components of the Upper Ordovician world-
wide, including Iran (Ghavidel-Syooki and Winchester-Seeto, 2002;
Ghavidel-Syooki, 2008, 2016, 2017b; Ghavidel-Syooki and Borji,
2018), Chad (Paris in Le Hérissé et al., 2013), Turkey (Oktay and
Wellman, 2019), the Arabian Peninsula (Al-Hajri, 1995; Paris and Al-
Hajri, 1995; Al-Shawareb et al., 2017), Morocco (Elaouad-Debbaj,
1986), Canada (Achab, 1978), Norway (Grahn et al., 1994), and Libya
(Molyneux and Paris, 1985). A comparison of the Tanuchitina elongata
Biozone to the chronostratigraphic chart of Videt et al. (2010) suggests
early Hirnantian (time slice Hi1)) for this biozone of Ghelli Formation in
Kuh-e Boghou.

4.2.6. Spinachitina oulebsiri Biozone
The base of this biozone is marked by the FAD of Spinachitina

oulebsiri (Paris et al., 2000) in the Ghelli Formation. Its top corresponds
to the first FAD of Spinachitina laevanensis (Nestor, 1980), which is the
index species of the succeeding biozone in Early Silurian (Niur Forma-
tion; Ghavidel-Syooki and Vecoli, 2007). In this study, Spinachitina
oulebsiri occurs at common frequency in samples MG-MHP 28 to MG-
MHP 60 (Fig. 2; Table 1). This biozone, which includes a 36-m thickness
of the Ghelli Formation in Kuh-e Boghou, mainly consists of siltstone
with a 3-m heterogeneous conglomerate (Fig. 2). Spinachitina oulebsiri,
which was originally established in the Upper Member of the M'Kratta
Formation, northeast Algerian Sahara, Borj Nili area (Paris et al.,
2000a), was indirectly correlated with the Normalograptus persculptus
graptolite zone of the latest Hirnantian (Webby et al., 2004; Paris,
2006). This chitinozoan biozone is of particular interest regarding its
correlation with Late Ordovician strata and its recognition of the
Ordovician-Silurian boundary. Spinachitina oulebsiri has been recorded
from the Hirnantian stage at numerous localities in Northern Africa
(Le Heron and Craig, 2008; Abuhmida, 2013; Le Hérissé et al., 2013),
Turkey (Steemans et al., 1996; Paris et al., 2007), and Iran (Ghavidel-
Syooki, 2008; Ghavidel-Syooki et al., 2011b; Ghavidel-Syooki, 2016,
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2017a, 2017b). This chitinozoan biozone is used to define the upper-
most part of the chitinozoan biozones in the northern Gondwana Do-
main. However, Butcher (2009) questioned the taxonomic validity of
Spinachitina oulebsiri and the usefulness of this biozone, demonstrating
that it is impossible to find quantitative criteria to clearly distinguish
Spinachitina oulebsiri (Paris et al., 2000a) from Spinachitina fragilis
(Nestor, 1980). The latter species was then considered by Butcher
(2009) as a senior synonym of the former. According to Paris et al.
(2000a), Spinachitina oulebsiri could be regarded as an early develop-
mental stage of the Spinachitina fragilis lineage characterized by “the in-
crease of the vesicle's length, by a progressive differentiation of the
flexure, and by the development of a crown of spines on the margin
while the diameter remains more or less stable” (Paris et al., 2000a,
p. 101). Vandenbroucke et al. (2009) also recognized the objective
difficulties in differentiating species within the Spinachitina oulebsiri-
Spinachitina fragilis lineage, especially in poorly- or moderately-
preserved specimens. However, Vandenbroucke et al. (2009) decided
to keep the two species until more detailed analyses were performed.
They considered the split between the two morphotypes as being sup-
ported by subtle differences (conical vs. cylindrical basal spines, and
overall stouter vs. slender chamber appearance in Spinachitina oulebsiri
and Spinachitina fragilis, respectively).

Spinachitina oulebsiri has recently been reported from the Soom
Shale of South Africa (Vandenbroucke et al., 2009), the Zapla Formation
of northwestern Argentina (De La Puente, 2009; De La Puente and
Rubinstein, 2013), and the Upper Ordovician (Hirnantian), Ghelli For-
mation, northeast of Alborz Mountains in Iran (Ghavidel-Syooki, 2008,
2016, 2017a, 2017b). Taxonomic revisions have differentiated
Spinachitina oulebsiri from Spinachitina fragilis (Paris et al., 2000). The
associated chitinozoan taxa of this biozone are Conochitina rotundata
(Paris et al., 2015), Pistillachitina comma (Eisenack, 1959), and
Cyathochitina caputoi (Da Costa, 1971), which are characteristic compo-
nents of Late Ordovician (Hirnantian) in the northern-central Arabian
Peninsula (Paris et al., 2015; Al-Shawareb et al., 2017), Iran (Ghavidel-
Syooki, 2017b; Ghavidel-Syooki and Borji, 2018), and Chad (Le Hérissé
et al., 2013). A comparison of the Spinachitina oulebsiri Biozone to the
chronostratigraphic chart of Videt et al. (2010) reveals the late
Hirnantian stage (time slice Hi2) for this biozone.

4.3. Acritarchs

Thirty-four acritarch species (24 genera) were identified from the
Upper Ordovician, Ghelli Formation, Kuh-e Boghou (Plates VIII–IX).

4.3.1. List of acritarch taxa
Genus: Acanthodiacrodium Timofeev, 1958 emend. Deflandre and

Deflandre-Rigaud, 1962
Acanthodiacrodium crassus (Loeblich and Tappan, 1978) Vecoli, 1999

(Plate VIII, 19)
Genus: Baltisphaeridium Eisenack, 1958 ex. Eisenack, 1959 emend.

Eiserhart, 1989
Baltisphaeridium trophirhapium Loeblich and Tappan, 1978 (Plate

IX, 11)
Baltisphaeridium perclarum Loeblich and Tappan, 1978 (Plate IX, 19)
Baltisphaeridium sp. (Plate IX, 17)
Genus: Cornuferifusa Jacobson and Achab, 1985
Cornuferifusa bifidipertica Jacobson and Achab, 1985 (Plate VIII, 5)
Genus: Comasphaeridium Staplin et al., 1965
Comasphaeridium lanugiferum Jacobson and Achab, 1985 (Plate

VIII, 15)
Genus: Dactylofusa Brito and Santos, 1965 emend. Cramer, 1971
Dactylofusa cucurbita Jardiné et al., 1974 (Plate VIII, 3, 4)
Dactylofusa striatifera (Cramer and Díez, 1972) Fensome et al., 1990

(Plate VIII, 2)
Dactylofusa platynetrella (Loeblich and Tappan) Fensome et al., 1990

(Plate VIII, 8)

Genus: Diexallophasis Loeblich, 1970
Diexallophasis denticulata (Stockmans and Williére) Loeblich, 1970

(Plate IX, 7)
Genus: Disparifusa Loeblich, 1970
Disparifusa perryi Loeblich and Tappan, 1978 (Plate VIII, 16)
Genus: Dorsennidium Wicander, 1974 emend. Sarjeant and

Stancliffe, 1994
Dorsennidium hamii (Loeblich, 1970) Sarjeant and Stancliffe, 1994

(Plate IX, 18)
Genus: Estiastra Eisenack, 1959
Estiastra iranicum Ghavidel-Syooki, 2000 (Plate IX, 12)
Genus: Excultibrachium Loeblich and Tappan, 1978 emend.

Turner, 1984
Excultibrachium concinnum Wicander et al., 1999 (Plate IX, P)
Genus: Frankea Burmann, 1970 emend. Servais, 1993
Frankea breviuscula Burmann, 1970 (Plate IX, C)
Genus: Leiofusa Eisenack, 1938 emend. Combaz et al., 1967
Leiofusa litotes Loeblich and Tappan, 1978 (Plate VIII, 9)
Genus: Lophosphaeridium Timofeev, 1959 ex. Downie, 1963
Lophosphaeridium acinatum Wicander et al., 1999 (Plate VIII, 10)
Lophosphaeridium bulbosumensis n. sp. (Plate VIII, 20, 21, 22, 23)
Genus: Multiplicisphaeridium Staplin, 1961 emend. Turner, 1984
Multiplicisphaeridium irregulare Staplin et al., 1965 (Plate IX, I)
Genus: Navifusa Combaz et al., 1967 ex. Eisenack et al., 1976
Navifusa ancepsipuncta Loeblich, 1970 ex. Eisenack et al., 1979

(Plate VIII, 1)
Genus: Neoveryhachium Cramer, 1971
Neoveryhachium carminae Cramer, 1970 (Plate IX, 10)
Genus: Inflatarium Le Hérissé et al., 2014
Inflatarium trilobatum Le Hérissé et al., 2014 (Plate IX, 1, 2)
Genus: Ordovicidium Tappan and Loeblich, 1971
Ordovicidium elegantulum Tappan and Loeblich, 1971 (Plate IX, 14)
Genus: Orthosphaeridium Eisenack, 1968 emend. Kjellström, 1971
Orthosphaeridium rectangulare (Eisenack, 1963) Eisenack, 1968

(Plate IX, 13)
Orthosphaeridium insculptum Loeblich, 1970 (Plate IX, 6)
Genus: Safirotheca Vavrdová, 1989
Safirotheca safira Vavrdová, 1989 (Plate VIII, F, G)
Genus: Tunisphaeridium Deunff and Evitt, 1968
Tunisphaeridium eisenackii Loeblich and Tappan, 1978 (Plate IX, 20)
Genus: Tylotopalla Loeblich, 1970
Tylotopalla caelamenicutis Loeblich, 1970 (Plate IX, 5)
Genus: Veryhachium Deunff, 1954 emend. Sarjeant and Stancliffe,

1994
Veryhachium trispinosum (Eisenack, 1938) Stockmans and Williére,

1963 (Plate IX, 15)
Veryhachium lairdii (Deflandre) Deunff, 1959 ex. Downie, 1959

(Plate IX, 8)
Genus: Villosacapsula Loeblich and Tappan, 1976
Villosacapsula setosapellicula (Loeblich, 1970) Loeblich and Tappan,

1976 (Plate IX, 4)

4.3.2. Unranked group EUGLENIDA Büschli 1884, emend. Simpson 1997
Genus: Moyeria Thusu, 1973
Type species: Moyeria uticana Thusu, 1973
Moyeria cabottii (Cramer, 1971) Miller and Eames, 1982 (Plate

VIII, 17)
Moyeria hafezii n. sp. (Plate VIII, 11, 12, 13, 14)
Moyeria sp. A. (Plate VIII, 18)

4.3.3. Systematic paleontology of the newly identified acritarch taxa
Incertae sedis Group Acritarcha Evitt, 1963.
Genus: Baltisphaeridium Eisenack, 1958 ex. Eisenack, 1959 emend.

Eisenack, 1959
Type species: Baltisphaeridium longispinosum (Eisenack, 1931 ex.

Wetzel, 1933) Eisenack, 1959
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Baltisphaeridium sp. (Plate IX, 17)
Type stratum: Upper Ordovician, Ghelli Formation (samples MG-

MHP 22 to MG-MHP 55), Kuh-e Boghou, southwest of Kashmar,
eastern-central Iran.

Dimensions: Vesicle diameter without processes, 42 μm; vesicle di-
ameter with processes, 92 μm; length of process, 25.5 μm;width of pro-
cess, 2.5 μm. One specimen was measured.

Description: Vesicles circular to subcircular in outline. Eilyma thick
and psilate with numerous arcuate compression folds. Processes dis-
crete, heteromorphic, and straight to slightly bent, freely communicat-
ing with the vesicle cavity. Proximal contacts of the processes
orthogonal, tapering slightly to a distal point. Processes covered by
thread-like ornamentations from the base to top. In some well-
preserved processes, distal points are fensate and associated with
thread sculptures.

Genus: Lophosphaeridium Timofeev, 1959 ex. Downie, 1963
emend. Lister, 1970

Type species: Lophosphaeridium rarum Timofeev, 1959 ex. Downie,
1963.

Lophosphaeridium bulbosumensis n. sp. (Plate VIII, 20, 21, 22, 23)
Holotype: Plate VIII, 21
Type stratum: Upper Ordovician (Ghelli Formation), Kuh-e Boghou,

southwest of Kashmar, eastern-central Iran.
Name derivation: Refers to its bulbous or tubercle-like vesicle

ornamentations.
Dimensions: Diameter, 30.7 (36.6) 43.5 μm; diameter of vesicle, 3.5

(4) 4.8 μm;number of bulbous ornamentations, 26 (37.5) 43. Four spec-
imens were measured.

Description: Vesicles circular to subcircular in outline and commonly
present compression folds. Eilyma perforate with numerous, discrete,
separate, solid tubercle-like or irregular bulbous ornamentations
that are rounded in polar view and arcuate in lateral view. Tubercles
range in size from 3.5 μm to 4.8 μm. This species differs from
other Lophosphaeridium species in their bulbous or tubercle
ornamentations.

Occurrence: Samples MG-MHP 18 to MG-MHP 60 of the Ghelli
Formation.

Unranked group EUGLENIDA Büschli 1884, emend. Simpson 1997.
Genus: Moyeria Thusu, 1973
Type species: Moyeria uticana Thusu, 1973
Moyeria hafezii n. sp. (Plate VIII, 11, 12, 13, 14)
Holotype: Plate VIII, 12.
Type stratum: Upper Ordovician strata (Ghelli Formation), Kuh-e

Boghou, southwest of Kashmar, eastern-central Iran.
Name derivation: Refers to Khwāja Shams-ud-Dīn Muḥammad

Ḥāfeẓ-e Shīrāzī, the Persian poet known as Hafez and as “Hafiz” (born
in 1315 ACE in Shiraz; died in 1390 ACE in the same city; buried in
Tomb Hafez, Shiraz). He is famous for his lyrical poems, and his major
work is “Divan of Hafez.”

Dimensions: Vesicle length, 29.2 (56.6) 64.5 μm; vesicle width, 18.5
(28.5) 35.3 μm; number of muri, 5 (6.5) 7; width, 1.1 (1.5) 1.8 μm.

Description: Hollow vesicles, naviform in outline with rounded
polar regions. Thin, psilate eilyma ornamented with 5–7 solid,
psilate, parallel muri, forming a helicoidal pattern. No excystment
structure observed.

Occurrence: Samples MG-MHP 18 to MG-MHP 53 from the Ghelli
Formation.

Remarks: Moyeria hafezii n. sp. superficially resembles Spurimoyeria
facilaculata (Wicander and Loeblich, 1977) and Spurimoyeria iranica
(Hashemi and Playford, 1998).Moyeria hafezii differs from Spurimoyeria
species in its helicoidal or spiral patterns of ribs, contrasting to the linear
muri of the latter. Moyeria hafezii n. sp. is older than the Spurimoyeria
facilaculata and Spurimoyeria iranica reported by Wicander and
Loeblich (1977) and Hashemi and Playford (1998), and it is also larger
in size and presents more muri than Spurimoyeria facilaculata and
Spurimoyeria iranica.

Moyeria sp. A (Plate VIII, 18)
Type stratum: Moyeria sp. is rarely present in the Ghelli Formation

from samples MG-MHP 18 to MG-MHP27.
Dimensions: Total length with membrane, 68 μm; total length with-

out membrane, 58 μm; membrane thickness, 2.5–10 μm; length of
upper cell, 27 μm; length of lower cell, 29.3 μm.

Description: This species has two separated vesicles that distinctively
contact and are surrounded by a membrane. Muri are psilate and range
in number from 7 to 10 with a width of 1.1–1.3 μm. This species differs
from other Moyeria species in the dyad–shaped pattern enclosed in an
enveloped membrane and helicoidal muri pattern. It could not be iden-
tified to the specific level because of insufficient specimens.

4.3.4. Acritarch biostratigraphy
In the study area, acritarchs first appeared in the lowermost part of

the Ghelli Formation, including Villosacapsula setosapellicula (Loeblich,
1970; Loeblich and Tappan, 1976), Acanthodiacrodium crassus
(Loeblich and Tappan, 1978; Vecoli, 1999), Multiplicisphaeridium
irregulare (Staplin et al., 1965), Diexallophasis denticulata (Stockmans
and Willière) Loeblich, 1970), Leiofusa litotes (Loeblich and Tappan,
1978), Ordovicidium elegantulum (Tappan and Loeblich, 1971),
Veryhachium trispinosum (Eisenack) Deunff, 1954 ex Downie, 1954,
and Veryhachium lairdii (Deflandre) Deunff, 1959 ex Downie, 1959
(Table 3). These acritarch taxa first occurred in sample MG-MHP 2 and
persisted in the succeeding chitinozoan biozones (Fig. 2). Veryhachium
trispinosum, Veryhachium lairdii, and Diexallophasis denticulata are
long-ranging taxa occurring throughout the Paleozoic Era in Sweden
(Kjellström, 1971; Górka, 1987), United Kingdom (Turner, 1985),
United States (Loeblich and Tappan, 1978; Wicander et al., 1999;
Playford and Wicander, 2006), Czech Republic (Vavrdová, 1988), the
Arabian Peninsula (Jachowicz, 1995; Le Hérissé et al., 2014; Le Hérissé
et al., 2017), and Iran (Ghavidel-Syooki, 2008, 2016, 2017a). Other acri-
tarch species, such as Villosacapsula setosapellicula, Leiofusa litotes,
Acanthodiacrodium crassus, Multiplicisphaeridium irregulare, and
Ordovicidium elegantulum have only been recorded from the Late Ordo-
vician (Katian) in the United States (Loeblich, 1970; Miller, 1991;
Wicander et al., 1999; Playford and Wicander, 2006), Canada
(Jacobson and Achab, 1985), Algerian Sahara (Jardiné et al., 1974),
Libya (Molyneux and Paris, 1985; Hill and Molyneux, 1988;
Abuhmida, 2013), Morocco (Elaouad-Debbaj, 1988), Portugal
(Elaouad-Debbaj, 1981), the Arabian Peninsula (Jachowicz, 1995; Le
Hérissé et al., 2014; Le Hérissé et al., 2017), Jordan (Keegan et al.,
1990), and the Iranian Platform (Ghavidel-Syooki et al., 2011a, 2011b;
Ghavidel-Syooki, 2008, 2016, 2017a, 2017b). The second, third, and
fourth appearances of acritarch taxa were observed in samples MG-
MHP 14 to MG-MHP 18, and consisted of Dactylofusa platynetrella
(Loeblich and Tappan, 1978) Fensome et al., 1990,Dactylofusa striatifera
(Cramer and Díez, 1972) Fensome et al., 1990, Orthosphaeridium
insculptum (Loeblich, 1970), Dactylofusa striata (Staplin et al., 1965)
Fensome et al., 1990, Moyeria cabottii (Cramer, 1971) Miller and
Eames, 1982, Dactylofusa cucurbita Jardiné et al., 1974,
Tunisphaeridium eisenackii (Loeblich and Tappan, 1978), Inflatarium
trilobatum Le Hérissé et al., 2014, Estiastra iranicum Ghavidel-Syooki,
2000, Baltisphaeridium perclarum Loeblich and Tappan, 1978,
Lophosphaeridium acinatum Wicander and Playford, 1999,
Lophosphaeridium bulbosumensis n. sp., Dorsennidium hamii (Loeblich)
Sarjeant and Stancliffe, 1994, Tylotopalla caelamenicutis Loeblich, 1970,
Safirotheca safira Vavrdová, 1989, Neoveryhachium carminae Cramer,
1971, Navifusa ancepsipuncta Loeblich, 1970, Disparifusa perryi
Loeblich and Tappan, 1978, and Moyeria hafezii n. sp. (Fig. 2).
Lophosphaeridium bulbosumensis n. sp. and Moyeria hafezii n. sp. were
recorded for the first time. Orthosphaeridium insculptum, Navifusa
ancepsipuncta, Dorsennidium hamii, Baltisphaeridium perclarum,
Lophosphaeridium acinatum, Tunisphaeridium eisenackii, Moyeria
cabottii, Dactylofusa platynetrella, Dactylofusa striata, Dactylofusa
striatifera, Dactylofusa cucurbita, and Safirotheca safira have only been
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recorded from the Upper Ordovician of north America (Loeblich and
Tappan, 1978; Jacobson and Achab, 1985; Robertson, 1997; Wicander
and Playford, 2008), Northern Africa (Jardiné et al., 1974; Hill and
Molyneux, 1988; Vecoli, 1999), Jordan (Keegan et al., 1990), theArabian
Peninsula (Jachowicz, 1995; Le Hérissé et al., 2014), and Iran (Ghavidel-
Syooki, 2000, 2003, 2008, 2016, 2017a, 2017b). Dactylofusa cucurbita
and Safirotheca safira are restricted to the peri-Gondwanan
paleoprovince (Jardiné et al., 1974; Vavrdová, 1988, 1989; Vecoli,
1999; Le Hérissé et al., 2014; Ghavidel-Syooki, 2016, 2017a, 2017b).
Moreover, it should be noted that the presence of Moyeria cabottii in
samplesMG-MHP 15 toMG-MHP 37 (Fig. 2; Table 1) has been recorded
in the Middle–Upper Ordovician strata of Sweden (Kjellström, 1971;
Górka, 1987), England (Turner, 1985), the United States (Loeblich and
Tappan, 1978; Colbath, 1979), Czech Republic (Vavrdová, 1988), China
(Li et al., 2006), and Iran (Ghavidel-Syooki, 2017a, 2017b). It is worth
noting that Moyeria cabottii (Cramer, 1971) Miller and Eames, 1982 is
a common palynomorph in the Ordovician–Silurian shallow-water,
nearshore marine environment (Gray and Boucot, 1989) but also from
variousnonmarinedeposits.GenusMoyeriahas recentlybeen transferred
from the incertae sedis group Acritarcha to the Euglenidawhich comprise
the oldest freshwater protozoans (Strother et al., 2019). As so, there is no
ambiguity regarding the affinity of this taxon. Although Neoveryhachium
carminaewas originally described and introduced from the Middle Silu-
rian of north America (Cramer, 1971), it has been recorded from the
Upper Ordovician elsewhere, such as Northern Africa (Vecoli, 1999),
Iran (Ghavidel-Syooki, 2008; Ghavidel-Syooki et al., 2011b; Ghavidel-
Syooki, 2016, 2017a, 2017b), the Arabian Peninsula (Le Hérissé et al.,
2014), and China (Li et al., 2006). Therefore, this species stratigraphic
range is from the Upper Ordovician to the Middle Silurian. The fifth
appearance of acritarchs is characterized by the presence of
Excultibrachium concinnum (Wicander and Playford, 1999), Cornuferifusa
bifidipertica (Jacobson and Achab, 1985), Comasphaeridium lanugiferum
(Jacobson andAchab, 1985),Baltisphaeridium sp., and Frankea breviuscula
(Burmann, 1970). Excultibrachium concinnum, Comasphaeridium
lanugiferum, and Cornuferifusa bifidipertica have been recorded from the
Late Ordovician (Sandbian) of the United States (Loeblich and Tappan,
1978; Colbath, 1979; Wicander et al., 1999; Playford and Wicander,
2006), Late Ordovician (Sandbian–Katian) of Canada (Legault, 1982;
Jacobson and Achab, 1985), Late Ordovician (Sandbian) of England
(Turner, 1984), and Darriwilian–Sandbian of Gotland, Sweden (Górka,
1987). Frankea breviuscula has also been recorded from the Darriwilian
of eastern Germany (Burmann, 1970) and Czech Republic (Vavrdová,
1977), and from the Sandbian, Shropshire, England (Turner, 1982).

4.4. List of cryptospore taxa

4.4.1. Naked unfused tightly and loosely adherent cryptospore tetrads
subgroup

Genus: Cryptotetras Strother et al., 2015
Cryptotetras erugata Strother et al., 2015 (Plate VI, 14)
Cryptotetras mordacis Strother et al., 2015 (Plate VII, 1, 2)
Genus: Tetrahedraletes (Strother and Traverse, 1979)Wellman and

Richardson, 1993
Tetrahedraletes medinensis Strother & Traverse emendWellman and

Richardson, 1993. (Plate IV, 13; Plate VI, 21; Plate VII, 14)
Tetrahedraletes grayae Strother, 1991 (Plate VI, 1, 2)
Genus: Tetraplanarisporites Wellman et al., 2015
Tetraplanarisporites laevigatus Wellman et al., 2015 (Plate VI, 18,

19, 20)
Genus: Rimosotetras Burgess, 1991
Rimosotetras problematica Burgess, 1991 (Plate VI, 7, 8)
Rimosotetras subspherica Strother et al., 2015 (Plate VI, 15, 16)
Rimosotetras punctata Ghavidel-Syooki, 2017a (Plate VI, 9)
Rimosotetras granulata Ghavidel-Syooki, 2017a (Plate VII, 15)

4.4.2. Naked fused cryptospore tetrads subgroup
Genus: Cheilotetras Wellman and Richardson, 1993
Cheilotetras caledonica Wellman and Richardson, 1993 (Plate VII,

18, 19)

4.4.3. Envelope-enclosed unfused cryptospore tetrads subgroup
Genus: Velatitetras Burgess, 1991
Velatitetras retimembrana (Miller and Eames) Steemans et al., 1996

(Plate VII, 11, 12, 13)
Velatitetras rugosa (Strother and Traverse) Steemans et al., 1996

(Plate VI, 17)

4.4.4. Envelope-enclosed unfused cryptospore dyads subgroup
Genus: AbditusdyadusWellman and Richardson, 1996
Abditusdyadus laevigatus Wellman and Richardson, 1996 (Plate VI,

22, 23; Plate VII, 21, 22, 23, 24)
Abditusdyadus khayyammii n. sp. (Plate VI, 6, 20)

4.4.5. Envelope-enclosed fused cryptospore dyads subgroup
Genus: Segestrespora Burgess, 1991
Segestrespora membranifera (Johnson, 1985) Burgess, 1991 (Plate VI,

5; Plate VII, 17)
Segestrespora laevigata Burgess, 1991 (Plate VII, 16)
Segestrespora burgessii Steemans et al., 1996 (Plate VII, 20)
Segestrespora iranense Ghavidel-Syooki, 2017a (Plate VII, 4)

4.4.6. Unfused naked cryptospore dyads (true dyads) subgroup
Genus: Dyadospora (Strother and Traverse, 1979) emend. Burgess

and Richardson, 1991
Dyadospora murusattenuata (Strother and Traverse, 1979) Burgess

and Richardson, 1991 (Plate VI, 3, 4)
Dyadospora asymmetrica Ghavidel-Syooki, 2017a (Plate VII, 3)
Dyadospora verrucata Ghavidel-Syooki, 2017a (Plate VI, 10)
Dyadospora ferdowsii n. sp. (Plate VII, 7, 8, 9, 10

4.4.7. Spores physically separated from cryptospore polyads
Genus: Imperfectotriletes Steemans et al., 2000
Imperfectotriletes vavrdovae (Richardson) Steemans et al., 2000

(Plate VI, 12)
Imperfectotriletes patinatus Steemans et al., 2000 (Plate VII, 5, 6)
Imperfectotriletes persianense Ghavidel-Syooki, 2017a (Plate VI, 13)

4.4.8. Systematics of new cryptospore taxa
Anteturma cryptosporites (Richardson, 1988)
Subgroup envelope-enclosed unfused cryptospore dyads
Genus: Abditusdyadus Wellman and Richardson, 1996
Type species: Abditusdyadus histosus Wellman and Richardson, 1996
Abditusdyadus khayyammii n. sp. (Plate VI, 6, 20)
Holotype: Plate VI, 6
Type stratum: Upper Ordovician, Ghelli Formation, Kuh-e Boghou,

46 km southwest of Kashmar, eastern-central Iran.
Name derivation: Refers to Omar Khayyam Neyshaburi, a Persian

mathematician, astronomer, and poet (born on May 18, 1048 ACE in
Neyshabur; died on December 4, 1131 ACE in the same city).

Dimensions: Length, 48.7 (50.6) 52.5 μm; width, 35.8 (39.15)
42.5 μm; thickness of envelope-enclosed unfused cryptospore dyads,
2.7 (3.6) 4.5 μm; number of pores, 76. Fifteen specimens were
measured.

Description: Cryptospore consisting of a dyad with levigate orna-
mentations and hilate with thick-wall enveloped membrane. Dyad
with two attached prominent spores enclosed by a tightly complete or
incomplete levigate membrane. Spores levigate with many visible
pores. This species differs from other species of Abditusdyadus in its per-
orate sculpture and thin tight membrane.

Occurrence: Samples MG-MHP 45 to MG-MHP 57.
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Remarks: This taxon differs from other species of Abditusdyadus in
having punctate sculptures.

Subgroup unfused naked cryptospore dyads (true dyads)
Genus: Dyadospora (Strother and Traverse, 1979) emend. Burgess

and Richardson, 1991
Type species: Dyadospora murusattenuata Strother and Traverse,

1979 emend. Wellman and Richardson, 1993
Dyadospora ferdowsii n. sp. (Plate VII, 7, 8, 9, 10)
Holotype: Plate VII, 9
Type stratum: Upper Ordovician, Ghelli Formation, Kuh-e Boghou,

46 km southwest of Kashmar, eastern-central Iran.
Name derivation: Refers to Abul-Qâsem Ferdowsi Tusi, a Persian poet

and the author of the Shahnameh book, the longest epic poem in the
world created by a single poet, and the national epic of Greater Iran
(born in 940 ACE in Tus, near Mashhad; died in 1020 ACE in the same
place).

Dimensions: Length, 27 (35.8) 49.5 μm; width, 17.8 (29.9) 34 μm;
number of pores, 30–65. Fifteen specimens were measured.

Description: Terrestrial dyad cryptospore consisting of two loosely
attached prominent spores. This species includes two spores with het-
eromorphic sizes; in equatorial view, the contact of individual spores
is usually tight but loose occasionally. Surfaces of both spores punctate
and the number of pores in each dyad range from 30 to 76.

Occurrence: SamplesMG-MHP45 toMG-MHP57 of theUpperOrdo-
vician (Ghelli Formation).

Remarks: This taxon differs from other species of Dyadospora in
having punctate sculptures.

4.5. Biostratigraphy of cryptospores

The cryptospores identified in the study area are critical because
they have a limited stratigraphic range from the Middle Ordovician to
the Lower Silurian (Vecoli et al., 2017). The surface samples of theGhelli
Formation contained 25 cryptospore species (10 genera) and 1 trilete
spore species (1 genera). Three local events can be marked by
cryptospores within the Ghelli Formation of Kuh-e Boghou. The first
event of cryptospores is marked by Tetrahedraletes medinensis Strother
and Traverse emend. Wellman and Richardson, 1993 in sample MG-
MHP 11 of the Ghelli Formation and by its continuation through the
succeeding chitinozoan biozones (Fig. 2). This taxon is a long-ranging
cryptospore and has been recorded from the Middle Ordovician
(Darriwilian) to Lower Silurian (Rhuddanian) elsewhere (Vavrdová,
1988; Burgess, 1991; Wellman, 1996; Steemans et al., 1996; Vecoli
et al., 2011; Mahmoudi et al., 2014; Strother et al., 2015; Wellman
et al., 2015; Ghavidel-Syooki, 2017a; Rubinstein and Vajda, 2019). The
second event is marked by the occurrence of Velatitetras rugosa, which
corresponds to the basal part of Armoricochitina nigerica, persisting
into the succeeding chitinozoan biozones (Fig. 2). Velatitetras rugosa is
present with very rare to common frequencies (Table 1) within the
Ghelli Formation (MG-MHP 14 to MG-MHP 60) of Kuh-e Boghou. To
date, this species has been recorded from the Ashgillian (Hirnantian)
of Canada (Richardson and Ausich, 2007), the Silurian of United States
(Beck and Strother, 2008), the Ashgillian of Belgium (Steemans,
2001), the Ashgill–Early Llandovery of the Czech Republic and
Slovakia (Vavrdová, 1988, 1989), the Early Llandovery (Steemans
et al., 2000; Wellman et al., 2000), the Late Ordovician (Katian–
Hirnantian) of Canada and Estonia (Vecoli et al., 2011), the Late Ordovi-
cian (Sandbian–Hirnantian) of Turkey (Steemans et al., 1996), and the
Upper Ordovician (Katian) of Iran (Ghavidel-Syooki, 2017a). The third
event appears below and above a conglomerate horizon (3 m) in the
upper part of the Ghelli Formation (Fig. 2). This event is characterized
by the appearance of many cryptospore taxa (Fig. 2), including
Tetrahedraletes grayae (Strother, 1991), Dyadospora murusattenuata
(Strother and Traverse, 1979) Burgess and Richardson, 1991,
Abditusdyadus khayyammii n. sp., Rimosotetras problematica (Burgess,
1991), Rimosotetras punctata (Ghavidel-Syooki, 2017a), Dyadospora

verrucata (Ghavidel-Syooki, 2017a), Imperfectotriletes vavrdovae (Rich-
ardson) Steemans et al., 2000, Imperfectotriletes persianense (Ghavidel-
Syooki, 2017a), Cryptotetras erugata (Strother et al., 2015), Rimosotetras
subspherica (Strother et al., 2015), Tetraplanarisporites laevigatus
(Wellman et al., 2015), Abditusdyadus laevigatus (Wellman and
Richardson, 1996), Segestrespora burgessii (Steemans et al., 1996),
Cryptotetras mordacis (Strother et al., 2015), Dyadospora asymmetrica
(Ghavidel-Syooki, 2017a), Segestrespora iranense (Ghavidel-Syooki,
2017a), Imperfectotriletes patinatus (Steemans et al., 2000), Dyadospora
ferdowsii n. sp., Velatitetras retimembrana (Miller and Eames)
Steemans et al., 1996, Rimosotetras granulata (Ghavidel-Syooki,
2017a), Segestrespora laevigata (Burgess, 1991), Segestrespora
membranifera (Johnson, 1985) Burgess, 1991, and Cheilotetras
caledonica (Wellman and Richardson, 1993). This event corresponds
to the appearance of Spinachitina oulebsiri in the study area (Fig. 2).
Most of the aforementioned cryptospore species of the Ghelli Formation
are typical of the interval ranging from the Middle Ordovician
(Darriwilian) to the Early Silurian (Llandovery; Edwards and
Wellman, 2001). To date, the aforementioned cryptospore taxa have
been reported from Brazil and Paraguay (Gray et al., 1992; Melo and
Steemans, 1997; Steemans, 2000; Steemans and Pereira, 2002), north
America (Strother and Traverse, 1979; Miller and Eames, 1982;
Duffield, 1985; Johnson, 1985), Belgium (Steemans, 2001), Bulgaria
(Lakova et al., 1992), the Czech Republic (Vavrdová, 1984, 1988,
1989), the United Kingdom (Burgess, 1991; Wellman, 1996), China
(Wang et al., 1997), Russia (Siberia) (Raevskaya et al., 2016), Turkey
(Steemans et al., 1996), Iran (Mahmoudi et al., 2014; Ghavidel-Syooki,
2017a), the Arabian Peninsula (Steemans et al., 2000; Wellman et al.,
2000; Strother et al., 2015; Vecoli et al., 2017), and Libya (Richardson,
1988; Le Hérissé et al., 2013; Abuhmida and Wellman, 2017). There is
very limited palynostratigraphic evidence to distinguish Late Ordovi-
cian miospore assemblages from Early Silurian ones. The miospore bio-
stratigraphy across the Ordovician–Silurian boundary was revised by
Steemans et al. (2000). The authors stated that the primary criteria for
this distinction include: (i) the first occurrence and proliferation of
true trilete spores (e.g., Ambitisporites avitus Steemans et al., 1996),
(ii) thefirst occurrence of Laevolancis divellomedia, and (iii) the progres-
sive decline of cryptospores enclosed in membranous envelopes. In the
present study, Iranian cryptospore assemblageswere characterized by a
high abundance of cryptospores enclosed in an outer envelope, numer-
ous specimens of Imperfectotriletes sp., and absence of Laevolancis
divellomedia. Furthermore, in our study area, there is a trend of increas-
ing cryptospore diversitywithin the LateOrdovician, especially from the
Katian to the Hirnantian. More than 25 cryptospore species were pres-
ent in the Hirnantian strata of Kuh-e Boghou, which contain all basic
morphologies of cryptospores, such as monads, naked or envelope-
enclosed, and fused and unfused dyads and tetrads (Fig. 2). Similar re-
sults were found for Algerian (Spina, 2015), Argentina (Rubinstein
and Vaccari, 2004; Rubinstein et al., 2016), Turkey (Steemans et al.,
1996), and Arabian Peninsula (Wellman et al., 2015; Vecoli et al.,
2017) assemblages. In addition, it is now well established that trilete
spores consistently occur in Late Ordovician (Hirnantian) strata world-
wide, as shown by the records of trilete spore assemblages (Steemans
et al., 1996; Wellman et al., 2015; Rubinstein et al., 2016).

5. Discussion and conclusions

The present study was restricted to the Upper Ordovician strata,
i.e., the Ghelli Formation. The investigated palynomorph was obtained
from 69 samples collected from an outcrop section in Kuh-e Boghou,
46 km southwest of Kashmar in eastern-central Iran. Most of the sam-
ples yielded abundant and well-preserved acritarchs (34 species allo-
cated to 24 genera), euglenid (3 species allocated to one genus),
chitinozoans (36 species assigned to 19 genera), miospores (26 species
belonging to 11 genera), and scolecodont (one species allocated to one
genus), aswell as some graptolite remains. Of the ninety-eight observed
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palynomorph taxa, sevenmorphotypes were recorded for the first time
and five of them were established as new species, namely, Moyeria
hafezii n. sp., Lophosphaeridium bulbosumensis n. sp., Alhajrichitina
spinifera n. sp., Dyadospora ferdowsii n. sp., and Abditusdyadus
khayyammii n. sp.; two taxa were only identified to the genus level
(Moyeria sp. A and Eisenackitina sp.). Among the identified
palynomorph taxa of this formation, the chitinozoan taxa showed
strong affinity to the Late Ordovician (Katian–Hirnantian) of the peri-
Gondwanan Paleoprovince, including records from Northern Africa
(Morocco, Algeria, Tunisia, Libya, and Nigeria), the Middle East
(Turkey, the Arabian Peninsula, Syria, Jordan, and Iran), southwestern
Europe (Italy, France, Spain, and Portugal), and central Europe (Czech
Republic).

The known chitinozoan taxa allowed defining the Belonechitina ro-
busta, Tanuchitina fistulosa, Armoricochitina nigerica, Ancyrochitina
merga, Tanuchitina elongata, and Spinachitina oulebsiri biozones, which
have been previously established in the north Gondwanan Domain
but have never been recorded outside the Gondwanan Paleocontinent.
On the contrary, based on the presence of thesewell known chitinozoan
biozones, a Late Ordovician (Katian–Hirnantian) age has been assigned
to the Ghelli Formation in Kuh-e Boghou. Moreover, comparison of
these chitinozoan biozones with the chronostratigraphic charts of
Webby et al. (2004), Paris (2006) and Videt et al. (2010), suggests a hi-
atus between the Ghelli Formation (Katian–Hirnantian) and the
Derenjal Formation (Late Cambrian), spanning the Tremadocian–
Sandbian interval, which corresponds to the absence of Destombesi–
Tanvillensis chitinozoan biozones probably related to the initial stage
of the Paleo-Tethys rifting.

Most acritarch taxa of the Ghelli Formation in Kuh-e Boghou have
cosmopolitan distributions, with records from theMiddle–Upper Ordo-
vician strata of Sweden, England, Portugal, Czech Republic, the United
States, China, Libya, Morocco, Algeria, the Arabian Peninsula, Turkey,
and Iran. It should be mentioned that a few acritarch species of the
Ghelli Formation, such as Dactylofusa cucurbita, Safirotheca safira and
Inflatarium trilobatum are restricted to the peri-Gondwanan
Paleoprovince. Furthermore, Moyeria cabottii (= Dactylofusa cabottii)
was transferred from the incertae sedis group Acritarcha into the
Euglenida based on new data (e.g. affinity, morphology, pellicle compo-
nent, type species).

In the present study, the identifiedmiosporeswere characterized by a
trend of increasing cryptospore diversity from the Katian to Hirnantian,
which represent all basic morphologies of cryptospores, including
naked and enveloped-enclosed monads, dyads, tetrads, and polyads.
These cryptospores are considered to represent the earliest evidence of
continental vegetation and thus document a fundamental phase of land
plants' evolution, confirming the worldwide uniformity of cryptospore
assemblages during the Late Ordovician. The presence of miospores is
most likely related to the global sea level fallwhich resulted in the earliest
primitive landplantsgrowingclose to shorelinebeingwashed in fromad-
jacent areas and producing a high volume of miospores.

The Ghelli Formation mainly consists of siliciclastic sediments, con-
taining a considerably high amount of detrital quartz, few feldspar
grains, and high amounts of clay minerals. The lithofacies of this forma-
tion from base to top include lonestones, structureless mudstones,
crudely laminated layers, finely laminated mudstones, and clast-poor
muddy to sandy varieties. Other textural components of the Ghelli For-
mation include turbidite structures, grain lineations, and a soft sediment
deformation of the matrix below larger grains. These sedimentological
data suggest that deposition probably occurred in an ice-intermediate
to ice-distal state with a low-agitation shelf environment in which ma-
terials were supplied by meltwater and run-off of ice-rafted debris. The
debris flows and slumps were two important factors, particularly for
mass flow and for the formation of massive diamictites by remobiliza-
tion. The glaciomarine deposits of the Ghelli Formation represent a typ-
ical deglaciation sequence reflecting retreat of the ice front. The

siliciclastic sediments of the Ghelli Formation can be correlated with
similar glaciomarine deposits known from the peri-Gondwanan ter-
ranes elsewhere.
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