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The biostratigraphy and palaeogeography of acritarchs, chitinozoans, and
cryptospores from the Upper Ordovician Ghelli Formation, Khoshyeilagh region,
southern Caspian Sea, Alborz Mountains, northern Iran

Mohammad Ghavidel-Syooki

Institute of Petroleum Engineering, School of Chemical Engineering, College of Engineering, University of Tehran, Tehran, Iran

ABSTRACT

In the Khoshyeilagh region, 70km north of Shahroud city, northern Iran, a siliciclastic succession of
Lower Palaeozoic strata, including the Lalun, Mila, Lashkarak, and Ghelli formations, occurs alongside
igneous rocks. These strata contain various organic-walled microfossils, including acritarchs, chitinozo-
ans, cryptospores, scolecodonts, and graptolite remains. This study assesses the biostratigraphical sig-
nificance of marine microfauna (chitinozoans), microflora (acritarchs), and terrestrial cryptospores in
this part of the Alborz Mountains. Eighty-eight surface samples were collected from the above-men-
tioned formations, with six samples found to be barren due to red sediments or igneous rocks. The
remaining samples yielded 118 palynomorph taxa: 55 species of acritarchs (28 genera), 48 species of
chitinozoa (18 genera), and 15 cryptospore species (10 genera). Scolecodonts and graptolite remains
were observed but not studied in detail. No palynomorphs were found in the Lalun, Mila, and
Lashkarak formations, while the Ghelli Formation contained well-preserved, abundant organic-walled
microfossils. These findings suggest that the Alborz Mountains were part of the Peri-Gondwana
palaeo-province during the Late Ordovician. The co-occurrence of acritarchs, chitinozoans, and crypto-
spores in the Ghelli Formation indicates their potential for global chronostratigraphical correlation. The
palynological assemblages suggest a shallow inner shelf environment during the Late Ordovician in
the Khoshyeilagh region. Two hiatuses were identified: between the Lalun and Lashkarak formations
and between the Ghelli and Soltan Meidan formations. This study also introduces 15 new morpho-
types, including 10 new species of acritarchs and five new species of chitinozoa, detailed in the sys-
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tematics sections.

1. Introduction

Palaeozoic sedimentary rocks extensively outcrop in the
Alborz Mountain Range of northern Iran, forming substantial
thicknesses (Figure 1). However, they have received limited
biostratigraphical attention in the last several decades due to
the scarcity of marine macrofossils. Although a general strati-
graphical framework for the Palaeozoic of the Alborz
Mountains has been proposed (Afshar-Harb 1975, 1994), pre-
cise stratigraphical correlations among the Lower Palaeozoic
formations, and consequently the overall stratigraphical
arrangement of the Alborz Mountain, remain uncertain due
to the absence of detailed biostratigraphical evidence. In
recent years, the utilisation of organic-walled microfossils
such as acritarchs, chitinozoans, and miospores has proven
significant for accurately dating and mapping the Iranian
Palaeozoic formations, as well as for analysing their palaeo-
geographical connections (Ghavidel-Syooki 1995; Ghavidel-
Syooki and Winchester-Seeto 2002; Ghavidel-Syooki and
Vecoli 2007, 2008; Ghavidel-Syooki and Piri-Kangarshahi
2023, 2024). This paper examines the stratigraphical

relationships and biostratigraphical (palynological) age of the
Ordovician sedimentary sequences with interbedded basalts
in the Khoshyeilagh region. This study aims to date the
Ordovician sediments in the Khoshyeilagh area precisely.
Furthermore, the outcomes of this research will enhance the
documentation of Ordovician palynomorphs (acritarchs, chiti-
nozoans, and cryptospores) in this relatively unexplored
Iranian region.

2. Geological setting and lithostratigraphy

The study examines the Khoshyeilagh region, where an
anticline encompasses Khoshyeilagh village, about 70 km
north of Shahroud in the Alborz Mountains, northern Iran.
The area spans coordinates 36°30'-37°0'N and 55°30’-
55°0’E, accessible via a paved road between Shahroud and
Azadshahr cities (Figures 1-3). The Palaeozoic strata, total-
ling 7366 m, include the Lalun (412m), Top Quartzite
Member of the Mila (62m), Lashkarak (290m), Ghelli
(3936 m), Soltan Meidan Basaltic Complex (SMBC) (710 m),
Padeha (288 m), Khoshyeilagh (1188 m), and Mobarak
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Figure 1. The geographical setting of the study area and other notable localities of Palaeozoic outcrops within the Alborz Mountains. These include: 1 = Alam Kuh;

2 = Hasanakdar; 3 = Gerdkuh; 4 = Simeh-Kuh; 5 = Deh-Molla; 6 = Deraznow
(Kholin Darreh); 9 = Kuh-e Saluk (Ghelli village and Plermis Gorge). Source from

(480 m) formations. While the Upper Palaeozoic formations
(Padeha, Khoshyeilagh, Mobarak) have established biostra-
tigraphical ages, the Lower Palaeozoic units lack diagnostic
fossils.

This study documents the Lalun, Mila, and Lashkarak for-
mations for the first time in the Khoshyeilagh anticline
(‘Jozak Farm’ locality, see Figure 3), where a spring emerges
from the Top Quartzite Member of the Mila Formation. It
also confirms the Lashkarak Formation and identifies three
divisions of the Ghelli Formation: lower siliciclastic (556 m),
basaltic flow (3025 m), and upper detrital (355 m). The upper
detrital succession has been variably assigned to the
Shirgesht (Stampfli 1978), Lashkarak (Bozorgnia 1973), or
Ghelli formations (Afshar-Harb 1994; Ghavidel-Syooki et al.
20711a). The Lashkarak and Shirgesht formations date to the
Early Ordovician (Bozorgnia 1973; Ghavidel-Syooki 1995,
2000, 2001), whereas the Ghelli Formation is Late Ordovician
at its type locality (Ghavidel-Syooki 1997, 2000, 2001;
Ghavidel-Syooki and Winchester-Seeto 2002; Ghavidel-Syooki
et al. 2011a; Ghavidel-Syooki and Piri-Kangarshahi 2024).

The SMBC, mainly trachybasalt-trachyandesite, remains
age-uncertain. Jenny (1977) could not use K-Ar dating due to
alteration but tentatively assigned a Silurian age based on its
position between the Ghelli and Padeha formations. Later, U-
Pb zircon dating from SMBC conglomerate pebbles suggested
a Late Silurian (Gorstian) age (Ghavidel-Syooki et al. 2011a).

(Gorgan Schists); 7 = Khoshyeilagh region (Khoshyeilagh village); 8 = Fazel Abad

: Ghavidel-Syooki and Piri-Kangarshahi 2024.

The SMBC (710m) unconformably overlies the Ghelli
Formation and is capped by the early Frasnian Padeha
Formation. Only 13 m of the SMBC is sedimentary, with a 7-m
pebbly conglomerate at its base. The upper detrital Ghelli
Formation (355 m) consists of silty and grey shale (Figure 3),
unconformably overlain by the SMBC. A brown, rounded,
pebbly conglomerate and red-purple shales characterise the
basal part of the upper detrital segment of the Ghelli
Formation (Figure 3F). Despite the presence of trace fossils
and ripple marks, marine macrofauna remains absent
(Bozorgnia 1973; Afshar-Harb 1994; this study).

3. Materials and methods

Palynological analysis was conducted on 88 outcrop samples,
with 82 obtained from the Ghelli Formation and five from
the Lalun to Lashkarak formations (Figure 2). Each sample
was assigned a National Iranian Oil Company Code number
with the prefix MG, encompassing a range from MG-1 to
MG-88. Palynomorphs were extracted from shale and silt-
stone samples following the palynological technique involv-
ing hydrochloric (HCI) and hydrofluoric (HF) acids (Sutherland
1994; Riding 2021). The purpose of this treatment was to
eliminate carbonates and silicates, respectively. Residues
were neutralised in distilled water after each acid treatment.
The samples were not subjected to oxidation, and the
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Figure 2. Regional stratigraphical distribution of Palaeozoic rock units throughout the Alborz Mountains, northern Iran, after various field geologists (e.g. Gansser
and Huber 1962; Ghavidel-Syooki and Rahman-Reresht 1994; Ghavidel-Syooki 1995, 2006, 2008, 2016, 2017a, 2017b, 2017c; Ghavidel-Syooki and Piri-Kangarshahi
2023, 2024) (modified from Ghavidel-Syooki and Piri-Kangarshahi 2024).
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Figure 3. The Khoshyeilagh region, 70 km north of Shahroud city, exhibits various lithological features, including (A) the middle and upper member of the Ghelli
Formation; (B) contact of the middle and upper members of the Ghelli Formation; (C) the Lalun Formation with its red-coloured components; (D) the ‘Jozak Farm
locality’ of the Lalun Formation; (E) the top quartzite of the Mila Formation; (F) the basal conglomerate of the upper member of the Ghelli Formation; (G) the thick-
bedded sandstone of the Lalun Formation; (H) sedimentary structure (load casts); (I) sedimentary structure (ripple marks) of the upper member of the Ghelli

Formation in the Khoshyeilagh area.

organic residues were concentrated using density separation
in a zinc bromide solution with a specific gravity of 1.95.
Subsequently, the organic residue underwent sieving
through a 15um nylon mesh sieve to remove finer debris
and facilitate palynological analyses. The resulting palyno-
logical preparations were examined using transmitted light
and scanning electron microscopy (SEM). The observed

acritarchs ranged from yellow to golden yellow, indicating a
medium thermal alteration index (TAl = 3.0-3.5). This sug-
gests a suitable organic maturation and implies potential oil
generation in the shaly beds of the Ghelli Formation (Batten
1982, see fig. 1).

For reference and future research, the samples, slides, and
SEM stubs from this study have been deposited in the



Iranian  Natural History = Museum, Department of
Organisational Environment (DOE), under specific accession
numbers ranging from DOEMG-1 to DOEMG-88 for samples
and DOEStubMG-1 to DOEStubMG-88 for related stubs.

4. Systematics and biostratigraphy of palynomorph
taxa

In the Khoshyeilagh region, the Upper Ordovician Ghelli
Formation has yielded 10,179 palynomorph specimens. These
specimens comprise 5,291 acritarchs, 3,686 chitinozoans, 128
scolecodonts, 198 graptolite remains, and 1,202 cryptospores
(See Supplementary data, S4-6). In total, 118 palynomorph
taxa were identified, including 55 acritarch species in 28 gen-
era, 48 chitinozoan species froinm 18 genera, and 15 crypto-
spore species in 10 genera. A detailed, alphabetical list of
acritarchs is provided in the Supplementary data (S1). The
chitinozoan microfauna is classified at a suprageneric level
following the taxonomy of Paris et al. (1999), as documented
in the Supplementary data (S2). The systematic palaeon-
tology of cryptospores is detailed in the Supplementary data
(S3) based on the morphological criteria established by
Richardson (1996a, 1996b), Wellman and Richardson (1996),
and Vecoli et al. (2011).

4.1. Systematics of new acritarch taxa

Many of the taxa under discussion correspond to well-known
species. Therefore, | avoid providing an extensive formal sys-
tematic treatment. All measurements (in micrometres, pum)
include minimum (mean) and maximum values. Detailed
descriptions of new taxa are presented below.

Group INCERTAE SEDIS ACRITARCHA Evitt 1963
Genus Baltisphaeridium (Eisenack 1958) Eisenack 1969

Type species. Baltisphaeridium longispinosum Eisenack
1931
Baltisphaeridium tillabadensis sp. nov.
Plate 2, figure 21

Holotype. Plate 2, figure 21.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. Upper Ordovician (Sandbian) Ghelli Formation
(MG-6 to MG-18).

Derivation of name. The name refers to the small town of
Tillabad near the study area within the Alborz Mountains, in
the north of Iran.

Dimensions. Diameter of vesicle 36 (38) 40pum; length of
process 64 (67) 70um; width of process 10 (11) 12pum;
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diameter vesicle including processes 160 (164) 168 um; based
on 10 measured specimens.

Description. The cyst is circular or oval, distinguished by
four sturdy, identical hollow processes. These processes are
notably narrowed at their base, forming a solid plug, and
gradually taper towards their tips. The surfaces of both the
vesicle wall and its processes are smooth. However, no
excystment was detected during observation.

Remarks. Baltisphaeridium tillabadensis sp. nov. can be distin-
guished from other species of Baltisphaeridium primarily by
its distinct number of processes and lack of ornamentation.
While it resembles Orthosphaeridium rectangulare var. quadri-
cornis Navidi-lzad et al. 2020, the former can be distin-
guished from differences in process type and its smaller
overall size.

Baltisphaeridium iranense sp. nov.
Plate 2, figure 18

Holotype. Plate 2, figure 18.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. Upper Ordovician (Sandbian) Ghelli Formation
(MG-6 to MG-18).

Derivation of name. Baltisphaeridium iranense sp. nov. is
named after Iran, where this species was first described.

Dimensions. The diameter of the vesicle is 25 (31) 37 um;
the length of the process is 32 (36) 40 um; the width of the
process is 2.5 (3.5) 4.5 um; the total diameter, including proc-
esses, is 74 (77) 80 um; based on 10 measured specimens.

Description. The cyst exhibits a circular shape and is embel-
lished with a variable count of processes, ranging from six to
10. These protrusions are distinctive and robust and display
various forms, hollow and narrowed at their connection with
the cyst. They remain detached from the cyst's interior due
to a plug near their base. Gradually widening shortly above
the plug, they taper to a pointed end. The processes are sim-
ple, bifurcated, or conical, or possess trifurcated branches,
sometimes differing in size. The vesicle wall comprises a sin-
gle layer with a smooth surface, while the processes’ walls
are either spiny or granular. Excystment occurs via a medium
split.

Remarks. Baltisphaeridium iranense sp. nov. displays circular
cysts adorned with simple, bifurcate, and trifurcate proc-
esses. While sharing similarities with Baltisphaeridium percla-
rum Loeblich and Tappan (1978), this new species stands
out due to its smaller size, single vesicle wall layer, and
one trifurcate process. Furthermore, Iranian specimens
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resemble Baltisphaeridium bramkaense Gérka (1979), albeit
smaller and featuring only one trifurcate process.

Genus Cornuferifusa Jacobson and Achab 1985

Type species. Cornuferifusa bifidipertica Jacobson and
Achab 1985

Cornuferifusa persianense sp. nov.
Plate 4, figures 7, 8
2011 Cornuferifusa sp. Ghavidel-Syooki et al. p. 259, p. lll, fig. 1.

Holotype. Plate 4, figure 7.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. Upper Ordovician (Katian) Ghelli Formation
(MG-75 to MG-88).

Derivation of the name. Originating from the Latin term
‘Persia’, which denotes the historical appellation of Iran.

Dimensions. Vesicle length 69 (71) 73 um; width of vesicle
16 (17.5) 19 um; length of polar process 15 (17) 19 um; with
of process 1.8 (2) 2.2 um; processes in number 39-45; based
on 10 specimens.

Description. The vesicle displays a symmetrical fusiform shape
with bifurcate, hollow, conical polar processes. Adjacent to the
polar regions, processes are simple, conical, curved, and bifur-
cated, albeit shorter than those at the poles. Both the vesicles
and the processes feature thin walls with acuminate tips.
Thirty-nine to 45 processes of uniform size emerge from the
cysts. No excystment structure was observed.

Remarks. Cornuferifusa persianense sp. nov. resembles
Cornuferifusa bifidipertica Jacobson and Achab (1985); how-
ever, it deviates from the latter in its size, process count, and
less robust cysts. Furthermore, similarities exist with
Safirotheca safira Vavrdova (1989). However, the Iranian spe-
cies stands apart from those in the Czech Republic regarding
size, process count, and variable morphology.

Genus Dorsennidium Wicander 1974 emend. Sarjeant and
Stancliffe 1994

Type species. Dorsennidium hamii (Loeblich 1970) Sarjeant
and Stancliffe 1994

Dorsennidium iranense sp. nov.
Plate 1, figure 16

Holotype. Plate 1, figure 16.
Type locality. Khoshyeilagh region, 70 km north of Shahroud

city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. Upper Ordovician (Katian) Ghelli Formation
(MG-44 to MG-60).

Derivation of name. Refers to Iran, the country in which
this species was first described.

Dimensions. Vesicle length excluding processes 28 (38)
48 um; width of vesicle 20 (23) 26 um; vesicle length includ-
ing processes 60 (74) 88 um; length of apical process 40 (44)
48 um; width of apical process 11 (13) 15 um.

Description. The vesicle’s cyst displays an almost polygonal
shape with convex sides or a bottle shape. Its processes are
well-defined, elongated, and hollow, protruding from the
cyst’s surface. Usually, six to 15 spine-like processes extend
freely into the vesicle’s interior. These processes widen at the
base, gradually tapering to sharp tips. The apical process is
broader near its base compared to other processes, and
three subsidiary spinelike processes extend from its closest
taper point. No excystment structure was observed.

Remarks. Dorsennidium iranense sp. nov. exhibits a polygonal
or bottle shape, adorned with 6-15 intricate processes. lIts
unique morphology and size distinguish it from other species
within the genus.

Genus Excultibrachium Loeblich and Tappan 1978 emend.
Turner 1984

Type species. Excultibrachium concinnum Loeblich and
Tappan 1978

Excultibrachium jahandidehii sp. nov.
Plate 5, figures 1, 5; 2, 6;3,7; 4, 8,9, 13

Holotype. Plate 5, figure 3.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. Upper Ordovician (Katian) Ghelli Formation
(MG-31 to MG-43).

Derivation name. The species is named in honour of Mr
Akbar Jahandideh, an employee of the Technical Faculty of
Tehran University. He generously assisted me in capturing
SEM photos during my research endeavours, for which | am
sincerely grateful.

Dimensions. Total length, including from the tip of one pro-
cess to the tip of another process, 101 (111) 121 um; diam-
eter of vesicle 60 (63) 66 um; length of process 48 (52.5)
57 um; thickness of process 2.5 (3.7) 5um; the number of
processes 4-10.

Description. The vesicle exhibits a circular to subcircular out-
line. Processes are discrete, numbering 4-10, cylindrical and



homomorphic, hollow, without accessible communication
with the vesicle interior, and sealed at the base by a plug.
These processes arise at 90° from the vesicle wall, tapering
from the proximal end to the point of furcation, where they
divide into four to six tines, typically four, which are long and
flexible, all within a single plane. The vesicle surface is smooth,
while the process wall is either scabrous or faveolate.
Excystment occurs via a medium split. Herein, | affirm my
agreement with the definition of the genus Excultibrachium as
provided by Loeblich and Tappan (1978), encompassing all its
characteristics. Excultibrachium jahandidehii sp. nov. bears a
resemblance to Excultibrachium concinnum (Loeblich and
Tappan 1978) found in the Upper Ordovician (Caradocian)
Eden Formation, USA (Loeblich and Tappan 1978). However,
the former can be distinguished from the latter based on the
number of appendices and dimensions. American specimens
exhibit processes numbering from 18 to 28, whereas
Excultibrachium jahandidehii sp. nov. features 4-10 processes,
dividing into four to six tines. Moreover, the Iranian specimens
exhibit similarities to Excultibrachium oligocladatum, docu-
mented from the Ordovician Caradoc Series in Shropshire,
England (Turner 1984), and the Ashgillian of Anticosti Island,
Québec, Canada (Jacobson and Achab 1985). However, the
Iranian specimens differ in the number of processes (4-10) and
their dimensions compared to those from England (16-26).

Remarks. A species of Excultibrachium jahandidehii features cir-
cular to subcircular vesicles and sturdy hollow processes (4-10);
each branch divides four to six times within a single plane. These
elongated processes exhibit flexibility, terminating in fine threads
at their distal ends and feature a plug at their proximal ends.

Genus Inflatarium Le Hérissé et al. 2015
Type species. Inflatarium trilobatum Le Hérissé et al. 1915

Inflatarium alborzensis (Ghavidel-Syooki and Piri-
Kangarshahi 2024) comb. nov.
Plate 1, figures 4, 5; Plate 4, figures 13-15; 17, 18; 20-22
2011b Veryhachium sp. cf. V. triangulatum Ghavidel-Syooki,
et al. p. 259, pl. VI, fig. 2.

2021 Inflatarium trilobatum Ghavidel-Syooki and Piri-
Kangarshahi, p. 15, pl. IX, figs. 1, 2.

2024 Inflatarium trilobatum Ghavidel-Syooki and Piri-
Kangarshahi

Holotype. Plate 1, figure 4.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

(Katian), Ghelli

Type stratum. The Upper Ordovician

Formation (MG-44 to MG-60).

Derivation of name. The name refers to the Alborz
Mountains, which stretch from the north-west to the north-
east of Iran.
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Dimensions. Longer lobe 44 (64) 84um; shorter lobe 37
(57.5) 78 um; length of terminate spine 5 (9)13 um. Based on
20 measured specimens.

Description. The cyst presents as a hollow, inflated structure
consisting of three rounded lobes, all situated within a single
plane. These lobes are nearly identical in size and perpendicu-
lar to the axis of the cyst. The sides of the cyst may be straight,
convex, or concave. lts wall is characteristically thin and
smooth. The pylome is split and positioned centrally within the
cyst. Each lobe terminates with a spinose ornamentation.

Remarks. The cyst is lobated, resulting from the fusion of
three lobes. The rounded terminations of these lobes each
bear a spinose ornament. While this species has similarities
to Inflatarium trilobatum Le Hérissé et al. (2015) in having
inflated vesicles and global coalescence, it differs in terms of
its larger size, equivalent lobes, the presence of straight, con-
vex, or concave sides, and the presence of one spinose orna-
ment in the terminating lobes.

Genus Navifusa Combaz et al. 1967 ex Eisenack et al. 1976
Type species. Navifusa navis (Eisenack) Combaz et al. 1967

Navifusa caspiansis sp. nov.
Plate 1, figures 6, 7

Holotype. Plate 1, figure 6.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

(Katian) Ghelli

Type stratum. The Upper Ordovician

Formation (MG-44 to MG-60).

Derivation of name. Navifusa caspiansis sp. nov. is named
after the Caspian Sea, the largest lake in the world, located
between Asia and Europe.

Dimensions. Long diameter 34 (42) 48 um; short diameter 15
(17) 19 um; 10 specimens were measured.

Description. Navifusa caspiansis sp. nov. is characterised by a
naviform vesicle with subparallel sides and rounded polar
ends. This species tends to cluster in specific samples of the
Ghelli Formation within the study area. Based on measure-
ments from 10 specimens, the vesicle length ranges from 34
to 48um, and the vesicle width ranges from 15 to 19 um.
The vesicle wall is thin and slightly distorted due to folding,
with abundantly scattered punctae ornamenting the surface.
No excystment structure was observed.

Remarks. Navifusa caspiansis sp. nov. has a similar outline to
Navifusa ancepsipuncta Loeblich (1970), Navifusa punctata
Loeblich and Tappan (1978), and Navifusa similis (Eisenack
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Figure 4. The lithology and stratigraphical distribution of acritarch taxa within the Ghelli Formation at the Khoshyeilagh region, northern Shahroud city, in the
southern Caspian Sea, the Alborz Mountains of the north of Iran. Biostratigraphically significant species are highlighted in red font, and numbers correspond to
those at the top of this figure. 1. Acanthodiacrodium crassus; 2. Baltisphaeridium accinctum; 3. Baltisphaeridium bramkaense; 4. Baltisphaeridium tillabadensis sp. nov.;
5. Baltisphaeridium iranense sp. nov.; 6. Baltisphaeridium delicatum; 7. Baltisphaeridium bystrentos; 8. Balisphaeridium calicispinae; 9. Baltisphaeridium llanvirnianum;
10. Stellechinatum celestum; 11. Stellechinatum helosum; 12. Stellechinatum khoshyeilaghensis sp. nov.; 13. Peteinosphaeridium senticosum; 14. Ordovicidium elegantu-
lum; 15. Orthosphaeridium ternatum; 16. Ordovicidium heteromorphicum; 17. Orthosphaeridium rectangulare var. Quadricornis; 18. O. octospinosum var. Octospinosum;
19. O. octospinosum var. Insculptum; 20. Polygonium polyacanthum; 21. Polygonium gracile; 22. Dorsennidium undosum; 23. Musivum gradzinskii; 24. Villosacapsula
setosapellicula; 25. Veryhachium oklahomense; 26. V. Trispinosum; 27. Excultibrachium concinnum; 28. Baltisphaeridium perclarum; 29. Baltisphaeridium oligopsakium;
30. Peteinosphaeridium accinctulum; 31. Excultibrachium jahandidehii sp. nov.; 32. Lohosphaeridium shaveri; 33. Lophosphaerdium varum; 34. Navifusa ancepsipuncta;
35. Oppilatala persianense sp. nov.; 36. Multiplicisphaeridium bifurcatum; 37. Multiplicisphaeridium irregulare; 38. Leiofusa litotes; 39. Inflatarium trilobatum; 40.
Dactylofusa platynetrella; 41. Dactylofusa striata; 42. Inflatarium alborzensis sp. nov.; 43. Veryhachium elongatum; 44. Navifusa caspiansis sp. nov.; 45. Pirea shahrou-
densis sp. nov.; 46. Poikilofusa spinata; 47. Dorsennidium hamii; 48. Dorsennidium iranense sp. nov.; 49. Tunisphaeridium bicaudatum; 50. Neoveryhachium carminae;
51. Diexapllophasis denticulata; 52. Moyeria cabottii; 53. Speculaformis delicata; 54. Safirotheca sdfira; 55. Cornuferifusa persianense sp. nov.
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Figure 5. The lithology and stratigraphical distribution of chitinozoan taxa throughout the Ghelli Formation at the Khoshyeilagh region, northern Shahroud city, in
the southern Caspian Sea, the Alborz Mountains of the north of Iran. Biostratigraphically significant species are highlighted in red font, and numbers preceding spe-
cies names correspond to those at the top of this figure. 1. Belonechitina robusta; 2. Calpichitina lenticularis; 3. Belonechitina brittanica; 4. Eisenackitina rhenana;
5. Belonechitina wesenbergensis; 6. Desmochitina minor; 7. Desmochitina erinacea; 8. Desmochitina juglandiformis; 9. Pistillachitina pistillifrons; 10. Rhabdochitina
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27. Angochitina cf. communis; 28. Fungochitina spinifera; 29. Lagenochitina baltica; 30. Lagenochitina prussica; 31. Spinachitina bulmani; 32. Acanthochitina barbata;
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Figure 6. The lithology and stratigraphical distribution of cryptospore taxa within the Ghelli Formation at the Khoshyeilagh region, northern Shahroud city, in the
southern Caspian Sea, the Alborz Mountains of northern Iran. Biostratigraphically significant species are highlighted in red font, and numbers preceding species
names correspond to those at the top of this figure. 1. Tetrahedraletes medinensis; 2. Tetrahedraletes grayae; 3. Cryptotetras erugata; 4. Rimosotetras problematica; 5.
Cheilotetras caledonica; 6. Velatitetras rugosa; 7. Velatitetras retimembrana; 8. Abditusdyadus laevigatus; 9. Pseudodyadospora laevigata; 10. Segestrespora burgessii;
11. Segestrespora laevigata; 12. Segestrespora membranifera; 13. Dyadospora ferdowsii; 14. Dyadospora asymmetrica; 15. Imperfectotriletes patinatus.

1963) Turner 1984. However, the Iranian species differs from documented in the Quwarah Member of the Sarah
these taxa due to its significantly smaller size. Additionally, Formation and the Bag'a Shale Member in the Arabian
specimens resembling  Navifusa similis have been Peninsula (Le Hérissé et al. 2015; see Plate VI, figure 4).
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Figure 7. The palaeogeographical reconstruction of continental mass distribution during Ordovician times, along with the positioning of different parts of Iran, is
depicted in the figure, adapted with slight modifications from Servais et al. (2009, fig. 2) and Cocks and Torsvik (2002, fig. 1). HZMB indicates the High Zagros
Mountain Belt (Ghavidel-Syooki 2021, 2023), while AMB denotes the Alborz Mountain Belt (Ghavidel-Syooki 2016, 2017a, 2017b, 2017¢; Ghavidel-Syooki and Piri-
Kangarshahi 2023, 2024). Cl refers to Central Iran (Ghavidel-Syooki 2003; Ghavidel-Syooki and Piri-Kangarshahi 2021).

However, the former can be distinguished from the latter
due to its smaller size.

Genus Oppilatala Loeblich and Wicander 1976
Type species. Oppilatala vulgaris Loeblich and Wicander 1976

Oppilatala persianense sp. nov.
Plate 3, figure 12
2015 Oppilatala sp. Le Hérissé et al. p. 35, pl. VII, figs. 5, 6.

Holotype. Plate 3, figure 11.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. The Upper Ordovician Ghelli

Formation (MG-31 to MG-43).

(Katian)

Derivation of name. Originating from the Latin term ‘Persia’,
which denotes the historical appellation of Iran.

Dimensions. Diameter of the central body 38 (41) 44 um;
length of processes 36 (40) 44 um; width of processes 3 (3.5)
4 um; 15 specimens were measured.

Description. The vesicle's cyst is spherical, with a thick wall,
and smooth. There are 14-16 homomorphous processes, uni-
formly distributed. The processes are cylindrical and divide
near their tip into two long, filose, and flexible branches,
sometimes secondarily divided into two smaller branches.
The processes communicate freely with the vesicle’s interior.
Their wall is thin and unornamented. The excystment struc-
ture is medium split.

Remarks. Oppilatala persianense sp. nov. shows similarities to
Oppilatalla biscula (Le Hérissé et al. 2001). However, the for-
mer differs in its fewer processes and the larger size of the
vesicle.

Genus Pirea Vavrdova 1972

Type species. Pirea dubia Vavrdova 1972
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Pirea shahroudensis sp. nov.
Plate 1, figures 1, 2
2015 Pirea sp. Le Hérissé et al. 2015. p. 31, pl. lIl, figs. 5, 6.

Holotype. Plate 1, figure 2.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. The Upper Ordovician (Katian) Ghelli

Formation (MG-44 to MG-60).

Derivation of name. Pirea shahroudensis sp. nov. is named
after Shahroud City, which is located in the southern part of
the study area.

Dimensions. Length of vesicle 50 um; width of vesicle 17 um;
20 specimens were measured.

Description. The cyst exhibits an elongated shape with a
short, conical apical horn. This species tends to cluster in
specific samples of the Ghelli Formation within the study
area. All specimens from the Ghelli Formation display thin-
walled, ovoid vesicles adorned with finely granulated, evenly
distributed ornamentation. A slight constriction occurs at the
neck, where the vesicle meets the horn. The horn terminates
in a rounded fashion. Similar specimens (Plate 1, figures 6
and 7) have been documented in the Quwarah Member of
the Sarah Formation and the Baqg'a Shale Member in the
Arabian Peninsula (Le Hérissé et al. 2015).

Remarks. Pirea shahroudensis sp. nov. resembles Pirea orna-
tissima Cramer and Diez (1977) due to its ornamentation of
dense granules on the vesicle. However, the former can be
distinguished from the latter by its lack of striations on both
the vesicle and the horn.

Genus Stellechinatum Turner 1984

Type species. Stellechinatum celestum (Martin) Turner 1984

Stellechinatum khoshyeilaghensis sp. nov.
Plate 6, figure 11

Holotype. Plate 6, figure 11.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. The Upper Ordovician Ghelli Formation (MG-6
to MG-18).

Derivation of name. The name refers to the Khoshyeilagh
area within the Alborz Mountains, northern Iran.

Dimensions. Diameter of the vesicle 35 (40) 45 um; length of
the processes 58 (62) 66 um; width of the processes 12 (14)

16 um; total length 167 um, including two processes;
the number of processes is 5-7; four specimens were
measured.

Description. The vesicle has a polygonal outline and is
formed by merging wide process bases. The walls of both
the cyst and processes are thick and single-layered. Based
on observations of five specimens, 5-7 conical-shaped proc-
esses are present, which are hollow and superficial with
acuminate ends. These processes open into the interior cav-
ity and may vary in length and width. They are ornamented
with slender spines, while the surface of the vesicle itself is
smooth.

Remarks. Stellechinatum khoshyeilaghensis sp. nov. differs
from other species of Stellechinatum in its larger size and the
presence of smaller spines in the processes.

4.2. Acritarch biostratigraphy

The Lower Palaeozoic rock units of the Alborz Mountains,
including the Mila, Lashkarak, Ghelli, and Niur formations,
have been extensively studied by several palynologists
(Ghavidel-Syooki 1995, 2001, 2006, 2008, 2016, 2017a, 2017b;
Ghavidel-Syooki and Winchester-Seeto 2002; Ghavidel-Syooki
and Vecoli 2007; Ghavidel-Syooki and Piri-Kangarshahi 2023,
2024). The present study focuses on the Lalun, Mila (Middle-
Late Cambrian), and Ghelli (Upper Ordovician) formations in
the Khoshyeilagh region. Measurements and sampling were
conducted to gather data on the first appearance datum
(FAD) and last appearance datum (LAD) of each acritarch
taxon. In total, 55 acritarch species, representing 28 genera,
were identified, defining six acritarch assemblage biozones,
as described below.

4.2.1. Acanthodiacrodium crassus—Baltisphaeridium accinc-
tum assemblage biozone (time slices 5a-5b)
This acritarch assemblage biozone is defined by the co-
occurrence of Acanthodiacrodium crassus (Loeblich and
Tappan 1978) Vecoli (1999), and Baltisphaeridium accinc-
tum (Loeblich and Tappan 1978). It appears in the basal
part of the Ghelli Formation within the Khoshyeilagh
region, persisting through samples MG-6 to MG-18, corre-
sponding to a thickness of 105 m. Acanthodiacrodium
crassus (Plate 4, figures 1-6) is present throughout MG-6
to MG-18 in the Ghelli Formation. This species has been
previously documented in various regions, including the
Sandbian-Katian stage slices Sal-Kal (time slices 5a-Vla)
of the Eden Formation in Indiana, USA (Loeblich and
Tappan 1978); Katian stage slices Ka2-Ka4 (time slices
VIb-VId) in Missouri, USA (Miller 1991); and the
Sandbian-Katian of Anticosti Island, Canada (Jacobson
and Achab 1985). Additionally, it has been recorded from
the Algerian Sahara (Vecoli 1999), Jordan (Keegan et al.
1990), the Arabian Peninsula (Jachowicz 1995; Le Hérissé
et al. 2015), and many localities in Iran (Ghavidel-Syooki
1996, 2001, 2008, 2016, 2017a, 2017b, 2017c; Ghavidel-
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Syooki and Piri-Kangarshahi 2021, 2024). Its presence
within the study area suggests a correlation with the
Sandbian stage slices Sal1-Sa2 (time slices 5a-5b).
Baltisphaeridium accinctum (Plate 2, figures 4b, 8b) is identi-
fied for the first time in the Khoshyeilagh region (Figure 4;
Supplementary data, S4). It has been recorded in a few local-
ities, including the late Middle to early Late Ordovician
(Darriwilian-early Sandbian, stage slices Dw3-Sal and time
slices 4c-5a) in the Black River Member of the Bromide
Formation, USA (Loeblich and Tappan 1978), and the
Sandbian stage slices Sal-Sa2 (time slices 5a-5b) in
southern Sweden (Rubinstein and Vajda 2023). The associ-
ated acritarchs of this biozone include Balisphaeridium cali-
cispinae, Baltisphaeridium bramkaense, Baltisphaeridium
bystrentos, Baltisphaeridium delicatum, Baltisphaeridium Illan-
virnianum, Peteinosphaeridium senticosum, Stellechinatum
celestum, and Stellechinatum helosum, which are discussed
below. Baltisphaeridium bramkaense (Plate 2, figures 1, 5; 2,
6; 23) first appears in sample MG-6 and continues into sam-
ple MG-18 of the Ghelli Formation in the Khoshyeilagh
region (Figure 4). According to Goérka (1979), B. bramkaense
closely resembles Baltisphaeridium perclarum (Loeblich and
Tappan 1978) but with broader processes and an orna-
mented vesicle, suggesting it could be a junior synonym of
B. perclarum. The Iranian specimens show greater similarity
to the Swedish specimens than those from the USA,
although | refrain from considering these species synonyms
pending a detailed taxonomic revision. Researchers have
documented this species in various regions, including the
late Middle-Late Ordovician (Darriwilian-Sandbian stage sli-
ces Dw1-Sal and time slices 4a-5a) in Estonia (Gorka 1979;
Uutela and Tynni 1991); late Middle-early Late Ordovician
(late Darriwilian—early Late Ordovician stage slices Dw3-Sa1
and time slices 4c-5a) in Iran (Ghavidel-Syooki and Piri-
Kangarshahi 2023); and Sandbian-early Katian stage slices
Sal-Ka1l (time slices 5a-Vla) in Sweden (Rubinstein and
Vajda 2023). Balisphaeridium calicispinae (Plate 2, figures 10,
15) is reported for the first time from the Ghelli Formation in
the Khoshyeilagh region. It has been identified in samples
MG-6 to MG-18 (Figure 4; Supplementary data, S4). This spe-
cies has been documented in a few regions, including the
early Caradocian (Sandbian stage slice Sa1 and time slice 5a)
in Estonia (Gérka 1969) and the Sandbian stage slices Sal-
Sa2 (time slices 5a-5b) in southern Sweden (Rubinstein and
Vajda 2023). Peteinosphaeridium senticosum (Plate 5, figures
12, 16) is present in samples MG-6 to MG-18 of the Ghelli
Formation in the Khoshyeilagh region (Figure 4;

A

Supplementary data, S4). This species was previously docu-
mented in North Africa in the Darriwilian stage slices Dw1-
Dw3 (time slices 4a-4b) (Vecoli 1999). Stellechinatum celes-
tum (Plate 3, figures 19, 20) is identified in samples MG-6 to
MG-18 of the Ghelli Formation in the Khoshyeilagh region
(Figure 4; Supplementary data, S4). Researchers have
recorded Stellechinatum celestum in various localities,
including the Floian-Darriwilian stage slices F1-Dw3 (time
slices 2a-4c) in Montagne Noire, France (Martin 1973), the
Algerian Sahara (Jardiné et al. 1974); the Darriwilian stage
slices Dw1-Dws3 (time slices 4a-4c) in Belgium (Servais and
Maletz 1992); the Darriwilian stage slices Dw1-Dw3 (time sli-
ces 4a-4c) in the Prague Basin, Czech Republic (Vavrdova
1977); the late Darriwilian-Sandbian stage slices Dw3-Sa2
(time slices 4c-5b) in North Wales, UK (Trythall et al. 1987);
the early Sandbian stage slice Sal (time slice 5a) on the
Arabian Peninsula (Jachowicz 1995); the Sandbian stage sli-
ces Sal1-Sa2 (time slices 5a-5b) in the Caradoc Series, type
area, Shropshire, England (Turner 1984); the Darriwilian
stage slices Dw1-Dw3 (time slices 4a-4c) in North Africa
(Vecoli 1999); and the Darriwilian stage slices Dw1-Dw3
(4a-4c) in the Lashkarak Formation of the Simeh-Kuh area
within the Alborz Mountains of northern Iran (Ghavidel-
Syooki and Piri-Kangarshahi 2024). Stellechinatum helosum
(Plate 3, figures 16, 17, 18) also occurs in samples MG-6 to
MG-18 of the Ghelli Formation in the Khoshyeilagh region
(Figure 4; Supplementary data, S4). This species is docu-
mented for the first time in this region. Previously, research-
ers had identified Stellechinatum helosum in the Sandbian
stage slices Sal1-Sa2 (time slices 5a-5b) in Shropshire,
England (Turner 1984). Additionally, three new species -
Baltisphaeridium tillabadenesis sp. nov. (Plate 2, figure 21),
Baltisphaeridium iranense sp. nov. (Plate 2, figure 18), and
Stellichinatum khoshyeilaghensis sp. nov. (Plate 6, figure 11)
- were identified, and they are restricted to this assemblage
biozone. The presence of the Acanthodiacrodium crassus—
Baltisphaeridium accinctum assemblage biozone, along with
the associated acritarch taxa, indicates that the interval
from MG-6 to MG-18 of the Ghelli Formation in the
Khoshyeilagh region of northern Iran corresponds to the
Sandbian stage slices Sa1-Sa2 (time slices 5a-5b). Notably,
strata older than the upper part of the Ghelli Formation
have not been reported from the Khoshyeilagh anticline. As
a result, the lower and middle parts of the Ghelli Formation
and the Lalun, Mila, and Lashkarak formations are recorded
for the first time in the study section.

|

Plate 1. Figures 1, 2. Pirea shahroudensis sp. nov. (sample MG-44; three specimens); Figure 3. Musivum gradzinskii Wood and Turnau 2001 (sample MG-19; two
specimens); Figures 4, 5. Inflatarium alborzensis Ghavidel-Syooki and Piri-Kangarshahi 2024 (sample MG-44; 10 specimens); Figures 6, 7. Navifusa caspiansis sp. nov.
(sample MG-44; 10 specimens); Figure 8. Lohosphaeridium shaveri Loeblich and Tappan 1978 (sample MG-31; four specimens); Figures 9, 10. Moyeria cabottii
(Cramer 1971) Miller and Eames 1982 (sample MG-61; two specimens); Figure 11. Polygonium polyacanthum (Eisenack 1963) Sarjeant and Stancliffe 1994 (sample
MG-19; two specimens); Figure 12. Tunisphaeridium bicaudatum Le Hérissé et al. 2015 (sample MG-61; five specimens); Figure 13. Excultibrachium concinnum
Loeblich and Tappan 1987 (sample MG-19; five specimens); Figures 14, 15. Neoveryhachium carminae (Cramer) Cramer 1971 (sample MG-61; two specimens); Figure
16. Dorsennidium iranensis sp. nov. (sample MG-61; three specimens); Figures 17, 18. Dorsennidium undosum Wicander et al. 1999 (sample MG-19; five specimens);
Figure 19. Villosacapsula setosapellicula (Loeblich) Loeblich and Tappan 1976 (sample MG-19; four specimens); Figure 20. Veryhachium elongatum Downie 1963
(sample MG-44; nine specimens); Figure 21. Desmochitina minor typica Eisenack 1931 (sample MG-19; two specimens); Figures 22, 23. Dactylofusa striata (Staplin
et al. 1965) Fensome et al. 1990 (sample MG-44; one specimen); Figure 24. Poikilofusa spinata (Staplin et al. 1965) emend. Loeblich and Tappan 1978 (sample MG-
61; three specimens); Figure 25. Safirotheca safira Vavrdova 1989 (sample MG-75; three specimens).
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4.2.2. Ordovicidium elegantulum-Orthosphaeridium ter-

natum assemblage biozone (time slice Via)
The co-occurrence of Ordovicidium elegantulum Tappan and
Loeblich (1971) and Orthosphaeridium ternatum (Burmann)
Eisenack et al. (1976) defines this acritarch biozone in the
Ghelli Formation (Khoshyeilagh region). It succeeds the pre-
ceding biozone and spans the MG-19 to MG-30 interval,
covering 97 m of the stratigraphical column. Ordovicidium
elegantulum (Plate 5, figures 17, 18) occurs in intervals MG-
19 to MG-30 of the Ghelli Formation in the Khoshyeilagh
region (Figure 4; Supplementary data, S4). It has been docu-
mented from the late Darriwilian to Hirnantian across vari-
ous localities, including Oklahoma and Indiana, USA
(Tappan and Loeblich 1971; Colbath 1979), Shropshire,
England (Turner 1984), China (Li and Wang 1997), the
Arabian Peninsula and Iraq (Jachowicz 1995; Al-Ameri 2010),
Sweden (Eiserhardt 1992; Rubinstein and Vajda 2023), the
Prague Basin, Morocco, Algeria, Tunisia, and Libya (Elaouad-
Debbaj 1988; Vavrdova 1988, 1989; Vecoli 1999, 2000), as
well as Chad and south-eastern Libya (Le Hérissé et al.
2013). In Iran, it has been recorded from the Katian stage
(Ghavidel-Syooki 2008, 2016; Ghavidel-Syooki et al. 2011a;
Ghavidel-Syooki et al. 2014; Ghavidel-Syooki and Piri-
Kangarshahi 2021, 2024). Orthosphaeridium ternatum (Plate
6, figure 10) appears in the MG-19 to MG-30 interval of the
Ghelli Formation, Alborz Mountains, south of the Caspian
Sea (Figure 4; Supplementary data, S4). It has been
recorded from the Middle Ordovician (Dapingian, slices
Dp1-Dp3, time slices 3a-3b) in Turkey (Paris et al. 2007);
the late Darriwilian stage slice Dw3 (time slice 4c¢) in
Germany (Burmann 1970a), France (Rauscher 1973), England
(Booth 1979), the Arabian Peninsula (Le Hérissé et al. 2017),
Iraq (Al-Ameri 2010), and North Gondwana (Vecoli and Le
Hérissé 2004); the late Darriwilian stage slice Dw3 (time
slice 4c) in the Lashkarak Formation, Alborz Mountains, Iran
(Ghavidel-Syooki and Piri-Kangarshahi 2023, 2024); and the
Sandbian-Katian stage slices Sa1-Ka4 (time slices 5a-VId) in
the Seyahou Formation, Zagros Mountains (Ghavidel-Syooki
et al. 2011b) and the Ghelli Formation, Alborz Mountains
(Ghavidel-Syooki 2017b).

The associated acritarch taxa in this biozone include
Dorsennidium undosum, Excultibrachium concinnum, Musivum
gradzinskii, Ordovicidium heteromorphicum, Orthosphaeridium
rectangulare var. quadricornis, O. octospinosum var. octospino-
sum, O. octospinosum var. insculptum, Polygonium polyacan-
thum, Polygonium gracile, Villosacapsula setosapellicula,
Veryhachium oklahomense, and V. trispinosum, each of which
is discussed below.

Dorsennidium undosum (Plate 1, figures 17, 18) s
recorded for the first time from the Ghelli Formation
(Khoshyeilagh region, Alborz Mountains, Iran) in the MG-19

A

to MG-30 interval (Figure 4; Supplementary data, S4).
Previously, it was documented from the Caradocian-
Ashgillian (Sandbian-Katian stage slices Sa1-Ka4, time sli-
ces 5a-VId) in Kansas, USA (Wright and Meyers 1981) and
the Richmondian (Katian stage slices Ka1-Ka4, time slices
Vla-VId) in Missouri, USA (Wicander et al. 1999).
Excultibrachium concinnum (Plate 1, figure 13) is recorded
for the first time from the Ghelli Formation (Khoshyeilagh
region, Alborz Mountains, Iran) in the MG-19 to MG-30
interval and continues into the succeeding biozone (Figure
4; Supplementary data, S4). It has been documented from
the Llanvirnian-Caradocian (late Darriwilian-Sandbian stage
slices Dw3-Sa2, time slices 4c-5b) in Gotland, Sweden
(Gérka 1987); the Caradocian (Sandbian stage slices Sal-
Sa2, time slices 5a-5b) in Shropshire, England (Turner
1984) and Indiana, USA (Loeblich and Tappan 1978;
Colbath 1979); the Caradocian-Ashgillian (Sandbian-Katian
stage slices Sa1-Ka4, time slices 5a-VIid) in Gotland,
Sweden (Eiserhardt 1992) and the Labrador Sea, Canada
(Legault 1982); and the Ashgillian (Katian stage slices Kal-
Ka4, time slices Vla-Vla) in Anticosti Island, Québec,
Canada (Jacobson and Achab 1985) and the Maquoketa
Shale, Missouri, USA (Wicander et al. 1999). Musivum grad-
zinskii (Plate 1, figure 3) occurs in the MG-19 to MG-30
interval of the Ghelli Formation, Khoshyeilagh region,
Alborz Mountains, Iran (Figure 4; Supplementary data, S4).
Initially documented from Devonian samples in the Holy
Cross Mountains, Poland (Wood and Turnau 2001), it was
later identified in the Upper Ordovician Ghelli Formation,
Iran, within the nigerica and merga chitinozoan biozones
(middle-late Katian stage slices Ka3-Ka4, time slices Vic-
VId) (Ghavidel-Syooki 2016). In the present study, its asso-
ciation with Tanuchitina fistulosa and Acanthochitina bar-
bata suggests an older age (Katian stage slices Kal-Ka2,
time slices Vla-VIb). Ordovicidium heteromorphicum (Plate
5, figures 19, 20) occurs from MG-19 to MG-30 interval in
the Ghelli Formation, Khoshyeilagh region, Alborz
Mountains, Iran (Figure 4; Supplementary data, S4). It has
been recorded from the late Darriwilian stage slice Dw3
(time slice 4¢) in Sweden (Kjellstrom 1971; Rubinstein and
Vajda 2023) and the Ashgillian (Katian-Hirnantian stage sli-
ces Kal-Hi2, time slices Vla-VId) in Libya (Hill and
Molyneux 1988; Vecoli 1999). Orthosphaeridium rectangu-
lare var. quadricornis (Plate 6, figures 2, 6; 3, 4, 7) occurs
in the MG-19 to MG-30 interval of the Ghelli Formation,
Khoshyeilagh region, Alborz Mountains, Iran (Figure 4;
Supplementary data, S4). Researchers have documented it
from the Arenig (Floian stage slices FI1-FI3, time slices 2a-
2¢c) in China (Yin 1995); late Arenig (Floian stage slice FI3,
time slice 2¢) in the Griffelschiefer, Germany (Heuse et al.
1994); late Llanvirn (Darriwilian stage slice Dw3, time slice

|

Plate 2. Figures 1, 5; 2, 6; 23. Baltisphaeridium bramkaense Gérka 1979 (sample MG-6; five specimens); Figures 4b, 8b. Baltisphaeridium accinctum Loeblich and
Tappan 1978 (sample MG-31; 10 specimens); Figures 4a, 8a, 22. Baltisphaeridium perclarum Loeblich and Tappan 1978 (sample MG-31; five specimens); Figures 9,
13, 17. Baltisphaeridium llanvirnianum Deunff 1977 (sample MG-6; one specimen); Figures 11, 15. Baltisphaeridium calicispinae Gorka 1969 (sample MG- 6; 3 speci-
mens); Figures 12, 16, 24. Baltisphaeridium oligopsakium Loeblich and Tappan 1978 (sample MG-31; one specimen); Figures 10, 14. Baltisphaeridium bystrentos
Loeblich and Tappan 1978 (sample MG-6; five specimens); Figure 18. Baltisphaeridium tillabadensis sp. nov. (sample MG-6; two specimens); Figures 19, 20.
Baltisphaeridium delicatum (Turner 1984) Eiserhardt 1989 (sample MG-6; nine specimens); Figure 21. Baltisphaeridium iranensis sp. nov. (sample MG-6; four

specimens).
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4c¢) in Germany (Burmann 1970b, 1976); late Middle
Ordovician (Darriwilian stage slices Dw1-Dws3, time slices
4a-4c) in Iran (Ghavidel-Syooki and Piri-Kangarshahi 2023,
2024); early Caradocian (Sandbian stage slice Sal, time
slice 5a) in the Arabian Peninsula (Jachowicz 1995);
Caradocian (Sandbian stage slices Sa1-Sa2, time slices 5a-
5b) in Irag (Al-Ameri 2010), England (Downie 1984; Turner
1984), and the Czech Republic (Vavrdova 1974); and
Ashgillian (Katian stage slices Ka1-Ka4, time slices Vla-VId)
in Jordan (Keegan et al. 1990) and north-eastern Iran
(Ghavidel-Syooki 2017a). Orthosphaeridium octospinosum
var. octospinosum (Plate 6, figures 8, 9) occurs in the MG-
19 to MG-30 interval of the Ghelli Formation, Khoshyeilagh
region, Alborz Mountains, Iran (Figure 4; Supplementary
data, S4). Researchers have documented it from the
Middle Ordovician (Dapingian-Darriwilian stage slices Dp1-
Dw3, time slices 3a-4c) in Sweden (Kjellstrom 1971; Gorka
1987); the Caradocian (Sandbian stage slices Sa1-Sa2, time
slices 5a-5b) in eastern Canada (Martin 1983); the
Ashgillian (Katian stage slices Ka1-Ka4, time slices VIa-VId)
in the USA (Loeblich 1970), Morocco (Elaouad-Debbaj
1988), Portugal (Elaouad-Debbaj 1978), and Turkey (Dean
and Martin 1978); the Caradocian-Ashgillian (Sandbian-
Katian stage slices Sal1-Ka4, time slices 5a-VId) in Iran
(Ghavidel-Syooki 2000, 2003, 2021); the Hirnantian stage
slices Hi1-Hi2 (time slice VIl) in the Arabian Peninsula
(Miller and Al-Ruwaili 2007); the early late Katian stage
slice Ka4 (time slice VId) in south-western Libya
(Abuhmida 2013); and the Katian-Hirnantian stage slices
Ka1-Hi2 (time slices VIa-VIl) in north-eastern Alborz
Mountains, Iran (Ghavidel-Syooki 2017¢; Ghavidel-Syooki
and Borji 2018). Orthosphaeridium octospinosum var.
insculptum (Plate 6, figures 1, 5) occurs in the MG-19 to
MG-30 interval of the Ghelli Formation in the
Khoshyeilagh region (Figure 4; Supplementary data, S4).
Researchers have documented it in the Middle to early
Late Ordovician (Darriwilian-Sandbian stage slices Dw3-
Sa2, time slices 4c-5b) in Gotland, Sweden (Gorka 1987);
the Llandeilo-Caradoc (Darriwilian-Sandbian stage slices
Dw3--Sa2, time slices 4c-5b) in Ontario, Canada (Martin
1983); the Llanvirn—-Ashgillian (Darriwilian-Katian stage sli-
ces Dw3-Ka4, time slices 4c-VId) in Estonia (Uutela and
Tynni 1991); the Caradocian (Sandbian stage slices Sal-
Sa2, time slices 5a-5b) in Libya (Deunff and Massa 1975);
and the Ashgillian (Katian stage slices Ka1-Ka4, time slices
Vla-VIid) in Portugal (Elaouad-Debbaj 1978), Québec,
Canada (Jacobson and Achab 1985), Morocco (Elaouad-
Debbaj 1988), north-eastern Libya (Hill and Molyneux
1988), south-eastern Turkey (Steemans et al. 1996; Paris
et al. 2007), Missouri, USA (Wicander et al. 1999), and
Oklahoma, USA (Playford and Wicander 2006). It also
appears in the late Ashgillian (Hirnantian stage slices Hil-
Hi2, time slice VII) in southern Norway (Smelror et al.

a

1997), southern Tunisia (Vecoli et al. 2009), southern
Estonia (Delabroye, Vecoli, et al. 2011), Québec, Canada
(Delabroye, Munnecke, et al. 2011), south-western Libya
(Abuhmida 2013), and lIran (Ghavidel-Syooki 2000, 2001,
2003, 2006, 2008, 2016, 2017a, 2017b, 2017c). In Iran, it
has been recorded in the Hirnantian stage slices Hi1-Hi2
(time slice VI) in the Zagros Mountains (Ghavidel-Syooki
et al. 2011b), the Katian stage slices Ka1-Ka4 (time slices
Vla-VId) in the Robat-e Gharabil area, Alborz Mountains
(Ghavidel-Syooki and Borji 2018), the latest Darriwilian to
early Sandbian stage slices Dw3-Sa1l (time slices 4c-5a) in
the Gerd-Kuh area, Alborz Mountains (Ghavidel-Syooki and
Piri-Kangarshahi 2023), and the Katian stage slices Ka1-Ka4
(time slices Vla-VId) in the Simeh-Kuh locality, Alborz
Mountains (Ghavidel-Syooki and Piri-Kangarshahi 2024).
Polygonium polyacanthum (Plate 1, figure 11; Plate 3, fig-
ures 13-15) is recorded for the first time in the MG-19 to
MG-30 interval of the Ghelli Formation, Khoshyeilagh
region (Figure 4; Supplementary data, S4). This cosmopol-
itan taxon spans the Ordovician Period and has been
documented in the Caradocian-Ashgillian (Sandbian—Katian
stage slices Sal-Ka4, time slices 5a-VId) in Kansas, USA
(Wright and Meyers 1981), and the Ashgillian (Katian stage
slices Kal-Ka4, time slices Vla-VId) in Missouri, USA
(Wicander et al. 1999). Polygonium gracile (Plate 3, figure
12) occurs in the MG-19 to MG-30 interval of the Ghelli
Formation in the Khoshyeilagh region (Figure 4;
Supplementary data, S4). This cosmopolitan taxon spans
from the Upper Cambrian to the Devonian (Sarjeant and
Stancliffe 1994) and has been recorded in the Ashgillian

(Katian stage slices Kal-Ka4, time slices Vla-Vid) on
Anticosti Island, Québec, Canada (Jacobson and Achab
1985), and in Missouri, USA (Wicander et al. 1999).

Veryhachium oklahomense (Plate 6, figure 24) appears
throughout the MG-19 to MG-30 interval and persists into
the succeeding assemblage biozone in the Ghelli
Formation, Khoshyeilagh region (Figure 4; Supplementary
data, S4). This cosmopolitan taxon ranges from the
Ordovician to the Devonian. Previous records include the
Arenig-Ashgillian (Floian-Katian stage slices F1-Ka4, time
slices 2a-VIid) in Estonia (Uutela and Tynni 1991),
Caradocian (Sandbian stage slices Sa1-Sa2, time slices 5a-
5b) in Shropshire, England (Turner 1984), and Gotland,
Sweden (Eiserhardt 1992), among others, including various
locations in the USA, Libya, and Iran. Veryhachium trispino-
sum (Plate 6, figure 23) appears in the MG-19 to MG-30
interval and continues into the succeeding assemblage
biozone of the Ghelli Formation in the study area (Figure
4; Supplementary data, S4). This worldwide taxon ranges
from the Ordovician through the Permian (Wicander and
Wood 1981). Villosacapsula setosapellicula (Plate 1, figure
19) appears throughout the MG-19 to MG-30 interval and
persists into the succeeding assemblage biozone of the

|

Plate 3. Figures 1-10. Multiplicisphaeridium irregulare Staplin et al. 1965 (sample MG-31; two specimens); Figure 11. Oppilatala persianense sp. nov. (sample MG-31;
3 specimens); Figure 12. Polygonium gracile Vavrdova 1966 (sample MG-19; 29 specimens); Figures 13-15. Polygonium polyacanthum (Eisenack 1963) Sarjeant and
Stancliffe 1994 (sample MG-19; two specimens); Figures 16-18. Stellechinatum helosum Turner 1984 (sample MG-6; two specimens); Figures 19, 20. Stellechinatum
celestum (Martin 1969) Turner 1984 (sample MG-6; one specimen); Figures 21-23. Diexapllophasis denticulata (Stockmans and Williere 1963) Loeblich 1969 (sample
MG-61; 3 specimens); Figure 24. Multiplicisphaeridium bifurcatum Staplin et al. 1965 (sample MG-31; 10 specimens).
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Ghelli Formation in the study area (Figure 4;
Supplementary data, S4). Previously recorded regions
include the Katian stage slices Kal-Ka4 (time slices Vla-
VId) in the USA, Algeria, Libya, Canada, Morocco, Jordan,
and Iran. As a result, the Ordovicidium elegantulum -
Orthosphaeridium ternatum assemblage biozone, along
with the associated acritarch taxa, suggests that the MG-
19 to MG-30 interval of the Ghelli Formation corresponds
to the latest Sandbian to earliest Katian stage slice Ka1
(time slice Vla; Videt et al. 2010).

4.2.3. Baltisphaeridium perclarum-Baltisphaeridium oli-
gopsakium assemblage biozone (time slice VIb)
The co-occurrence of Baltisphaeridium perclarum and
Baltisphaeridium oligopsakium Loeblich and Tappan (1978)
defines this acritarch assemblage biozone. This biozone suc-
ceeds the previous one in the Ghelli Formation at the
Khoshyeilagh region, spanning the MG-31 to MG-43 interval
over 104 m. Baltisphaeridium perclarum (Plate 2, figures 4a,
8a, 22) appears throughout this interval of the study area in
the Alborz  Mountains, northern Iran (Figure 4;
Supplementary data, S4). This microfossil is significant in the
Late Ordovician and has been recorded in many regions: the
Sandbian stage slices Sa1-Sa2 (time slices 5a-5b) in southern
Sweden (Rubinstein and Vajda 2023); the Sandbian-Katian
stage slices Sal-Ka4 (time slices 5a-VId) in Kansas, USA
(Wright and Meyers 1981), Gaspé, Québec, Canada (Martin
1980), north-east Libya (Hill and Molyneux 1988), and Estonia
(Uutela and Tynni 1991); the Katian stage slices Kal-Ka4
(time slices Vla-VId) in southern Oklahoma, USA (Playford
and Wicander 2006); the middle Katian-Hirnantian Ka2-HI2
(time slices VIb-VIl) in Oklahoma and Missouri, USA
(Wicander et al. 1999); and the Katian stage slices Ka1-Ka4
(time slices Vla-VId) in Iran (Ghavidel-Syooki 2008, 2016;
Ghavidel-Syooki  and  Piri-Kangarshahi 2021,  2024).
Baltisphaeridium oligopsakium (Plate 2, figures 12, 16, 24)
occurs in the MG-31 to MG-43 interval of the Ghelli
Formation in the Khoshyeilagh region within the Alborz
Mountains, northern Iran (Figure 4; Supplementary data, S4).
Loeblich and Tappan (1978) first documented this species in
the Upper Ordovician (Katian) Sylvan Shale of Oklahoma,
USA. It has also been recorded in the Arenig-Ashgillian
(Floian—Katian stage slices FlI1-Ka4, time slices 2a-VId) in
Estonia (Uutela and Tynni 1991); the Richmondian (Katian
stage slices Ka1-Ka4, time slices Vla-VId) of Oklahoma and
Missouri, USA (Wicander et al. 1999; Playford and Wicander
2006); and the Katian stage slices Ka1-Ka4 (time slices Vla-
VId) in the Fazel-Abad area, south-eastern Caspian Sea
(Ghavidel-Syooki 2017b). This assemblage biozone includes
the acritarch taxa Excultibrachium jahandidehii sp. nov.,
Lohosphaeridium shaveri, Lophosphaeridium varum, Leiofusa

d

litotes, Multiplicisphaeridium bifurcatum, Multiplicisphaeridium
irregulare, Navifusa ancepsipuncta, Oppilatala persianense sp.
nov., and Peteinosphaeridium accinctulum.

Excultibrachium jahandidehii sp. nov. (Plate 5, figures 1,
5;2,6;3,7;4,8;9, 13) and Oppilatala persianense sp. nov.
(Plate 3, figure 11) appear in the Ghelli Formation in the
Khoshyeilagh region for the first time, with detailed
descriptions provided in the systematic section. Leiofusa
litotes (Plate 4, figures 22-24) appears in the MG-31 to
MG-43 interval and extends into the next assemblage bio-
zone of the Ghelli Formation in the Khoshyeilagh region
(Figure 4; Supplementary data, S4). Loeblich and Tappan
(1978) described this taxon in the Katian stage slices Kal-
Ka4 (time slices Vla-VId) from the Sylvan Shale in Indiana,
Ohio, Kentucky, and Oklahoma, USA. It has also been
recorded in the Katian stage slices Kal-Ka3 (time slices
Vla-Vic) of the Quwarah Member, Qasim Formation,
Arabian Peninsula (Le Hérissé et al. 2015); the Katian stage
slices Kal-Ka4 (time slices Vla-VId) of the Seyahou
Formation, Zagros Mountains (Ghavidel-Syooki 2021); and
the Ghelli Formation (Ghavidel-Syooki and Piri-Kangarshahi
2021, 2024). Lohosphaeridium shaveri (Plate 1, figure 8) and
Lophosphaeridium varum (Plate 4, figures 9, 10) occur in
the MG-31 to MG-43 interval of the Ghelli Formation in the
Khoshyeilagh region (Figure 4; Supplementary data, S4).
Loeblich and Tappan (1978) documented Lohosphaeridium
shaveri in the late Sandbian stage slice Sa2 (time slice 5b)
of the Scales Shale, Maquoketa Group, USA. Wicander
et al. (1999) described Lophosphaeridium varum in the
Ashgillian (Katian stage slices Ka1-Ka4, time slices Vla-VId)
of the Maquoketa Shales, north-eastern Missouri, USA.
Their presence in the MG-31 to MG-43 interval confirms
the Upper Ordovician age.

Multiplicisphaeridium  bifurcatum (Plate 3, figure 24)
appears in the MG-31 to MG-43 interval of the Ghelli
Formation in the Khoshyeilagh region (Figure 4;
Supplementary data, S4). This species has been recorded
in the Sandbian-Katian stage slices Sal-Ka4 (time slices
5b-VId) of Kansas, USA (Wright and Meyers 1981); Gaspé,
Quebec, Canada (Martin 1980); the Czech Republic
(Vavrdova 1988); and the Moscow Basin, Russia (Umnova
1975). It also occurs in the Ashgillian (Katian-Hirnantian
stage slices Kal-HI2, time slices Vla-VIl) of Iran
(Ghavidel-Syooki et al. 2011a). Multiplicisphaeridium irreg-
ulare (Plate 3, figures 1-10) appears in the MG-31 to MG-
43 interval of the Ghelli Formation in the study area
(Figure 4; Supplementary data, S4). This taxon has been
recorded in the lower Floian stage slice FI1 (time slice
2a) of South China (Li 1987; Brocke et al. 2000; Tongiorgi
et al. 2003); the Middle Ordovician (Darriwilian stage slice
Dw3, time slice 4c) of South China (Brocke et al. 2000)
and the Hanadir Member, Qasim Formation, Arabian

N

Plate 4. Figures 1-6. Acanthodiacrodium crassus (Loeblich and Tappan 1978) comb. nov. Vecoli 1999 (sample MG-6; one specimen); Figures 7, 8. Cornuferifusa per-
sianense sp. nov. (sample MG-75; two specimens); Figures 9, 10. Lophosphaerdium varum Wicander et al. 1999 (sample MG-31; five specimens); Figures 11, 12.
Speculaforma delicata Miller et al. 2017 (sample MG-75; five specimens); Figures 13, 14. Navifusa ancepsipuncta Loeblich 1970 ex Eisenack et al. 1979 (sample MG-
31; one specimen); Figures 15-19. Dactylofusa platynetrella (Loeblich and Tappan 1978) Fensome et al. 1990 (sample MG-44; five specimens); Figure 20. Dactylofusa
striata (Staplin et al. 1965) Fensome et al. 1990 (sample MG-44; one specimen); Figure 21. Moyeria cabottii (Cramer 1971) Miller and Eames 1982 (sample MG-61;
two specimens); Figures 22-24. Leiofusa litotes Loeblich and Tappan 1978 (sample MG-31; 10 specimens).
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Peninsula (Le Hérissé et al. 2007); the Sandbian-Katian
stage slices Sal-Ka4 (time slices 5b-VId) of the Iranian
Platform (Ghavidel-Syooki 2008, 2016, 2017a, 2021;
Ghavidel-Syooki and Piri-Kangarshahi 2021, 2023, 2024),
Kansas, USA (Wright and Meyers 1981), and Gaspé,
Québec, Canada (Martin 1980; Achab 1986); the
Caradocian (Sandbian stage slices Sal-Sa2, time slices
5a-5b) of Shropshire, England (Turner 1984); and the
Ashgillian (Katian stage slices Ka1-Ka4, time slices Vla-
Vid) of Anticosti Island, Québec, Canada (Staplin et al.
1965; Jacobson and Achab 1985) and north-east Libya
(Hill and Molyneux 1988). Navifusa ancepsipuncta (Plate 4,
figures 13, 14) occurs in the MG-31 to MG-43 interval of
the Ghelli Formation (Figure 4; Supplementary data, S4).
This species has been recorded in the Sandbian stage sli-
ces Sal-Sa2 (time slices 5a-5b) of Shropshire, England
(Turner 1984); the Ashgillian (Katian stage slices Ka1-Ka4,
time slices Vla-Vid) of Anticosti Island, Québec, Canada
(Jacobson and Achab 1985); and the Katian stage slices
Ka1-Ka4 (time slices Vla-VId) in the Sylvan Shale of
Indiana, Ohio, Kentucky, and Oklahoma (Loeblich 1970;
Loeblich and Tappan 1978), the Arbuckle Mountains,
Southern Oklahoma (Playford and Wicander 2006), and
Upper Ordovician sediments in Iran (Ghavidel-Syooki
2008, 2016, 2017a, 2017b; Ghavidel-Syooki and Piri-
Kangarshahi 2021, 2024). Peteinosphaeridium accinctulum
(Plate 5, figures 10, 14; 11, 15) is first recorded in the
MG-31 to MG-43 interval of the Ghelli Formation in the
Khoshyeilagh region (Figure 4; Supplementary data, S4).
This taxon has been documented in the Ashgillian
(Katian stage slices Kal-Ka4, time slices Vla-VId) of the
Maquoketa Shale, north-eastern Missouri, USA (Wicander
et al. 1999), and the Sylvan Shale, Arbuckle Mountains,
Southern Oklahoma (Playford and Wicander 2006). The
Baltisphaeridium perclarum-Baltisphaeridium oligopsakium
assemblage biozone, along with associated acritarch taxa,
indicates that the MG-31 to MG-43 interval of the Ghelli
Formation in the Khoshyeilagh region, northern Iran, cor-
responds to the Katian stage slices Ka2-Ka3 (time
slice VIb).

4.2.4. Inflatarium trilobatum-Dactylofusa platynetrella
assemblage biozone (time slice Vic)
The co-occurrence of Inflatarium trilobatum Le Hérissé
et al. (2015) and Dactylofusa platynetrella (Loeblich and
Tappan 1978) Fensome et al. (1990) defines this acritarch
assemblage biozone, which directly follows the previous
biozone in the Ghelli Formation of the Khoshyeilagh
region. This biozone spans the MG-44 to MG-60 interval,
covering 136 m in the current study section (Figure 4).
Inflatarium trilobatum (Plate 6, figures 12, 16, 19) occurs
throughout this interval in the Khoshyeilagh area of the
Alborz Mountains (Figure 4; Supplementary data, S4).

d

Previously, researchers documented this taxon in the late
Katian—early Hirnantian stage slices Ka4-Hi1 (time slices
Vid-lower VII of Videt et al. 2010) within the Quwarah
Member of the Qasim Formation, Arabian Peninsula (Le
Hérissé et al. 2015), and in the late Katian-Hirnantian
stage slices Kal-Hi2 (time slices Vla-VIl) of the Ghelli
Formation, Iran (Ghavidel-Syooki et al. 2011a; as
Veryhachium sp. cf. V. triangulatum; Ghavidel-Syooki and
Borji 2018; Ghavidel-Syooki and Piri-Kangarshahi 2021,
2024).

Inflatarium trilobatum (Plate 6, figures 12, 16, 19)
occurs throughout this interval in the Khoshyeilagh area
of the Alborz Mountains (Figure 4; Supplementary data,
S4). Previously, researchers documented this taxon in the
late Katian-early Hirnantian stage slices Ka4-Hil (time sli-
ces VId-lower VIl of Videt et al. 2010) within the
Quwarah Member of the Qasim Formation, Arabian
Peninsula (Le Hérissé et al. 2015), and in the late Katian-
Hirnantian stage slices Kal-Hi2 (time slices Vla-VIl) of
the Ghelli Formation, Iran (Ghavidel-Syooki et al. 2011a;
as Veryhachium sp. cf. V. triangulatum; Ghavidel-Syooki
and Borji 2018; Ghavidel-Syooki and Piri-Kangarshahi
2021, 2024).

Dactylofusa platynetrella (Plate 4, figures 15-19) also
appears in the MG-44 to MG-60 interval (Figure 4;
Supplementary data, S4). As an index microfossil for the Late
Ordovician (Ashgillian), it has been recorded in several
regions, including the Katian stage slices Ka1-Ka4 (time slices
Vla-VId) in the Sylvan Shale, Oklahoma, USA (Loeblich and
Tappan 1978 as Eupoikilofusa platynetrella): the Ashgillian
(Katian stage slices Ka1-Ka4, time slices Vla-VId) in the Hassi-
R Mel area and northern Rhadames Basins, North Africa
(Vecoli 1999); the Ashgillian (Katian-Hirnantian stage slices
Ka1-Hi2, time slices Vla-VIl) in the Quwarah Member, Qasim
Formation, Arabian Peninsula (Le Hérissé et al. 2015); the
Ashgillian (Katian-Hirnantian stage slices Ka1-Hi2, time slices
Vla-VIl) at Kuh-Boghou, Central Iran (Ghavidel-Syooki and
Piri-Kangarshahi 2021); the Ashgillian (late Katian-Hirnantian
stage slices Ka4-Hi2, time slices VId-VIl) in the Khoshyeilagh
area (Ghavidel-Syooki et al. 2011a); the Ashgillian (Katian
stage slices Ka1-Ka3, time slices Vla-VIc) at Simeh-Kuh in the
Alborz Mountains, northern Iran (Ghavidel-Syooki and Piri-
Kangarshahi 2024).

Associated acritarch taxa include Dactylofusa striata,
Veryhachium elongatum, Inflatarium alborzensis sp. nov.,
Navifusa caspiansis sp. nov., and Pirea shahroudensis sp. nov.,
each described below. This study records Inflatarium albor-
zensis sp. nov. (Plate 1, figures 4, 5; Plate 6, figures 13-15; 17,
18; 20-22), Navifusa caspiansis sp. nov. (Plate 1, figures 6, 7),
and Pirea shahroudensis sp. nov. (Plate 1, figures 1, 2) from
the Ghelli Formation in the Khoshyeilagh region for the first
time, with detailed descriptions in the systematic section.

N

Plate 5. Figures 1.5; 2, 6; 3, 7; 4, 8; 9, 13. Excultibrachium jahandidehii sp. nov. (sample MG 31; two specimens); Figures 10, 11, 14, 15. Peteinosphaeridium accinctu-
lum Wicander et al. 1999 (sample MG-6; three specimens); Figures 12, 16. Peteinosphaeridium senticosum Vecoli 1999 (sample MG-6; two specimens); Figures 17, 18.
Ordovicidium elegantulum Tappan and Loeblich 1971 (sample MG-19; 3 specimens); Figures 19, 20. Ordovicidium heteromorphicum (Kjellstrom) Turner 1984 (sample
MG-19; two specimens); Figures 21-24. Dorsennidium hamii (Loeblich 1970) Sarjeant and Stancliffe 1994 (sample MG-61; 10 specimens).
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Dactylofusa striata (Plate 1, figures 22, 23; Plate 4, figure
20) appears in the MG-44 to MG-60 interval (Figure 4;
Supplementary data, S4) and is an important Upper
Ordovician (Ashgillian) microfossil. Previous records include
the Upper Ordovician Prague Basins, Czech Republic
(Vavrdova 1966); the Late Ordovician (Katian stage slices
Ka1-Ka4, time slices VIa-VId) in Decellograptus complanatus
of the Vaureal Formation, Anticosti Island, Québec, Canada
(Jacobson and Achab 1985, as Eupoikilofusa striata); the
Ashgillian (Katian stage slices Ka1-Ka4, time slices Vla-VId) in
North Africa (Vecoli 1999, borehole NI2, samples 2813.1-
2775.1); the Ashgillian (Katian stage slices Ka1-Ka4, time sli-
ces VIa-VId) in the Gorgan Schists, southern Caspian Sea,
northern Iran (Ghavidel-Syooki 2008); the Ashgillian (late
Katian-Hirnantian stage slices Ka4-Hi2, time slices VId-VII) in
the Ghelli Formation, Khoshyeilagh area (Ghavidel-Syooki
et al. 2011a); the Ashgillian (Katian stage slices Ka1-Ka4, time
slices VIa-VId) in the Ghelli Formation type section (Ghavidel-
Syooki 2016); the Ashgillian (Katian stage slices Kal-Ka4,
time slices Vla-VId) in Fazel-Abad, south-eastern Caspian Sea,
northern Iran (Ghavidel-Syooki 2017b) and the Ashgillian
(Katian Ka1-Ka4, time slices Vla-VId) in the Ghelli Formation,
Kuh-e Boghou, Central Iran (Ghavidel-Syooki and Piri-
Kangarshahi 2021). Veryhachium elongatum (Plate 1, figure
20; Plate 6, figure 23) appears in the MG-44 to MG-60 inter-
val (Figure 4; Supplementary data, S4). Previous records
include the lower Wenlock Series (Silurian) of the Welsh
Borderland, England (Downie 1963), and the latest
Caradocian-Ashgillian (latest Sandbian—Katian Sa2-Ka4, time
slices 5b-VId) in the Quwarah Member, Qasim Formation,
Arabian Peninsula (Le Hérissé et al. 2015). The Inflatarium tri-
lobatum-Dactylofusa platynetrella assemblage biozone, along
with associated acritarch taxa, confirms that the MG-44 to
MG-60 interval of the Ghelli Formation in the Khoshyeilagh
region corresponds to the early Ka4 (time slice Vic).

4.2.5. Poikilofusa spinata-Dorsennidium hamii assem-
blage biozone (time slice Vid)
The co-occurrence of Poikilofusa spinata (Staplin et al. 1965)
Loeblich and Tappan (1978) and Dorsennidium hamii
(Loeblich 1970) Sarjeant and Stancliffe (1994) defines this
assemblage biozone, which follows the previous biozone and
spans the MG-61 to MG-74 interval of the Ghelli Formation
in the Khoshyeilagh region, covering 112 m (Figure 4).
Poikilofusa spinata (Plate 1, figure 24) occurs in this interval
of the Ghelli Formation, northern Iran (Figure 4;
Supplementary data, S4). Researchers have recorded it in
various regions: the late Middle Ordovician (Darriwilian,
Trenton Formation, Anticosti Island, Canada) (Staplin et al.
1965), the Ashgillian (Katian, Vaural Formation, Anticosti

A

Island, Québec, Canada) (Jacobson and Achab 1985), the
Middle-Late Ordovician (Darriwilian-Katian, Central North
America) (Loeblich and Tappan 1978), and the Ashgillian
(Katian-Hirnantian, Abarsaj Formation, south-eastern Caspian
Sea) (Ghavidel-Syooki and Hoseinzadeh-Moghadam 2005, as
Dactylofusa spinata). Dorsennidium hamii (Plate 5, figures 21—
24) is restricted to the MG-61 to MG-74 interval of the Ghelli
Formation (Figure 4; Supplementary data, S4). Records of this
species span the Mohawkian (Caradocian) and Edenian
(upper Caradocian) of Québec and south-east Ontario (Martin
1980), the Ashgillian (Katian) of Anticosti Island (Jacobson
and Achab 1985), and the Caradocian-Ashgillian of the USA
(Wright and Meyers 1981; Wicander et al. 1999), Sweden
(Eiserhardt 1992), the Czech Republic (Vavrdova 1988),
Morocco (Elaouad-Debbaj 1988), and Iran (Ghavidel-Syooki
et al. 2011a; Ghavidel-Syooki 2021; Ghavidel-Syooki and Piri-
Kangarshahi 2021). The associated acritarchs in this biozone
include Dorsennidium iranense sp. nov., Tunisphaeridium
bicaudatum, Neoveryhachium carminae, Diexapllophasis den-
ticulata, and Moyeria cabottii. In this study, Dorsennidium ira-
nense sp. nov. (Plate 1, figure 16) is documented for the first
time in the MG-61 to MG-74 interval (Figure 4;
Supplementary data, S4). Tunisphaeridium bicaudatum (Plate
1, figure 12) appears in MG-61 and persists into the succeed-
ing biozone. Previous records place it in the late Katian-early
Hirnantian (Quwarah Member, Qasim Formation, Arabian
Peninsula) (Le Hérissé et al. 2015). Neoveryhachium carminae
(Plate 1, figures 14, 15) spans MG-61 to MG-88 of the Ghelli
Formation and has been recorded in the Middle Silurian of
North America (Cramer 1971), the Late Ordovician (Katian-
Hirnantian) of the Arabian Peninsula (Le Hérissé et al. 2015),
North China (Li et al. 2006), and Iran (Ghelli Formation,
Gorgan Schists, and Central Iran) (Ghavidel-Syooki 2008;
Ghavidel-Syooki et al. 2011b; Ghavidel-Syooki 2016, 2017a,
2017b;  Ghavidel-Syooki and  Piri-Kangarshahi ~ 2021).
Diexapllophasis denticulata (Plate 3, figures 21-23) first
appears in MG-61 and persists through MG-88. This long-
ranging microfossil has been documented across Sweden
(Kjellstrom 1971; Gorka 1987), the UK (Turner 1985), the USA
(Loeblich and Tappan 1978; Wicander et al. 1999; Playford
and Wicander 2006), the Czech Republic (Vavrdova 1988),
the Arabian Peninsula (Jachowicz 1995; Le Hérissé et al.
2015; 2017), and Iran (Ghavidel-Syooki 2008, 2016, 2017a;
Ghavidel-Syooki and Piri-Kangarshahi 2021). Moyeria cabottii
(Plate 1, figures 9, 10; Plate 4, figure 21) occurs from MG-61
to MG-88 in the Ghelli Formation. Previous records span the
Middle-Upper Ordovician strata in Sweden (Kjellstrom 1971;
Gorka 1987), England (Turner 1985), the USA (Loeblich and
Tappan 1978; Colbath 1979), the Czech Republic (Vavrdova
1988), China (Li et al. 2006), and Iran (Ghavidel-Syooki 2017a,
2017b). As a common palynomorph in Ordovician-Silurian

|

Plate 6. Figures 1, 5. Orthosphaeridium octospinosum var. insculptum (Loeblich 1970) Navidi-lzad et al. 2020 (sample MG-19; one specimen); Figures 2, 6; 3, 4, 7.
Orthosphaeridium rectangulare var. quadricornis Navidi-lzad et al. 2020 (sample MG-20; five specimens); Figures 8, 9. Orthosphaeridium octospinosum var. octospino-
sum Navidi-Izad et al. 2020 (sample MG-19; two specimens); Figure 10. Orthosphaeridium ternatum (Burmann 1970) Eisenack et al. 1976 (sample MG-19; three speci-
mens); Figure 11. Stellechinatum khoshyeilaghensis sp. nov. (sample MG-6; one specimen); Figures 12, 16, 19. Inflatarium trilobatum Le Hérissé et al. 2015 (sample
MG-44; 10 specimens); Figures 13-15, 17, 18, 20-22. Inflatarium alborzensis (Ghavidel-Syooki and Piri-Kangarshahi 2024) comb. nov. (sample MG-44; 10 specimens);
Figure 23. Veryhachium trispinosum (Eisenack 1963) Stockmans and Willieri 1963 (sample MG-19; 10 specimens); Figure 24. Veryhachium oklahomense Loeblich 1970

(sample MG-19; three specimens).
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shallow-water environments (Gray and Boucot 1989), it also
appears in non-marine deposits. Recent studies transferred
Moyeria from incertae sedis Acritarcha to Euglenida, classifying
it among the oldest freshwater protozoans (Strother et al.
2020). This assemblage biozone and its acritarch taxa confirm
that the MG-61 to MG-74 interval of the Ghelli Formation cor-
responds to the late Katian stage slice Ka4 (time slice VId).

4.2.6. Speculaforma delicata-Safirotheca safira assem-
blage biozone (time slice VII)

The co-occurrence of Speculaforma delicata Miller et al. (2017)
and Sdfirotheca safira Vavrdova (1989) defines the acritarch
assemblage biozone in this study. This biozone spans the MG-
75 to MG-88 interval of the Ghelli Formation in the
Khoshyeilagh region, covering 355 m (Figure 4; Supplementary
data, S4). Speculaforma delicata (Plate 4, figures 11, 12) has
been documented in the Grimsby Formation (Silurian) of New
York and West Virginia, USA (Miller and Eames 1982); the
Sarah Formation (Hirnantian) in the Arabian Peninsula (Miller
et al. 2017); and the Upper Ordovician Ghelli Formation at
Kuh-e Saluk, northern Iran (Ghavidel-Syooki 2000; as lobate
coenobium; see Plate 3, figure 5). In this study, it occurs within
the elongata and oulebsiri chitinozoan biozones, spanning the
MG-75 to MG-88 interval. Sdfirotheca safira (Plate 1, figure 25)
also appears in this interval and serves as a key marker for the
Late Ordovician, confined to the Peri-Gondwanan palaeo-prov-
ince (Jardiné et al. 1974; Vavrdova 1988, 1989; Vecoli 1999; Le
Hérissé et al. 2015; Ghavidel-Syooki 2016, 2017a, 2017b;
Ghavidel-Syooki and Piri-Kangarshahi 2021). Cornuferifusa per-
sianense sp. nov. (Plate 4, figures 7, 8) is also recorded in this
interval (Figure 4; Supplementary data, S4), with previous
occurrences restricted to the same stratigraphical level
(Ghavidel-Syooki et al. 2011a; as Cornuferifusa sp.). The
Speculaforma delicata-Safirotheca safira assemblage biozone,
along with associated acritarch taxa, suggests that the MG-75
to MG-88 interval of the Ghelli Formation in northern Iran cor-
relates with the Hirnantian stage slices Hi1-Hi2 (time slice VII)
and aligns with the Tanuchitina elongata and Spinachitina
oulebsiri chitinozoan biozones.

4.3. Systematics of new chitinozoan species

Most of the chitinozoan taxa discussed here are assigned to
established species; hence, their formal systematic treatment
is omitted, and comprehensive descriptions are reserved
solely for newly identified taxa. Measurements are provided
in um, with values expressed as minimum (mean) and max-
imum; ‘n’ represents the number of specimens measured.
The following abbreviations are utilised: L=total vesicle
length; Lp =chamber length; Dp = maximum chamber diam-
eter; In=oral tube length; dcoll=collarette diameter;
tcar = width of carina; Is = spine length.

a

Group INCERTAE SEDIS CHITINOZOA Eisenack 1931
Order OPERCULATIFERA Eisenack 1931
Family DESMOCHITINIDAE Eisenack 1931 emend. Paris 1981
Subfamily DESMOCHITININAE Paris 1981

Genus Desmochitina Eisenack 1931

Desmochitina sp. nov. A
Plate 7, figures 4, 8

Holotype. Plate 7, figure 4.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. The Upper Ordovician (Katian) Ghelli

Formation (MG-19 to MG-23 interval).

Dimensions. L=95pum; dcoll= 55um; the open rounded
hole at the basal part of the vesicle has a diameter of 25 um.

Description. Desmochitina sp. nov. A occurs in the Upper
Ordovician Ghelli Formation (sample MG-53) at the
Khoshyeilagh region within the Alborz Mountains, in the
north of Iran. It is a small specimen with a simple conical
chamber, lacking a neck and flexure, and has straight to
slightly convex flanks. An open, rounded hole is present at
the basal part of the vesicle. The chamber is perforated and
bears a mucron (possibly a peduncle) with a ragged margin.

Remarks. This species is distinct from other species of
Desmochitina, typically exhibiting granulous ornamentation
rather than actual spines on the flanks. The most unusual
characteristic of Iranian specimens is perforated mucron (pos-
sible peduncle) with a ragged margin.

Order PROSOMATIFERA Eisenack 1972
Family CONOCHITINIDAE Eisenack 1931, emend. Paris 1981
Subfamily BELONECHITININAE Paris 1981

Genus Belonechitina Jansonius 1964

Type species.
Eisenack 1959

Conochitina micracantha subsp robusta

Belonechitina iranense sp. nov.
Plate 8, figures 4, 8

Holotype. Plate 8, figure 4.

|

Plate 7. Figures 1, 5; 17, 21. Belonechitina micracantha (Eisenack 1931) emend. Paris 1981 (sample MG-21; 5 specimens); Figures 2, 6; 3. Belonechitina robusta
(Eisenack 1959) (sample MG-6; 15 specimens); Figures 4, 8. Belonechitina iranense sp. nov. (sample MG-19; 2 specimens); Figures 7, 12, 16. Belonechitina brittanica
Vandenbroucke 2008 (sample MG-8; 7 specimens); Figures 9, 13; 10, 14; 11, 15. Belonechitina wesenbergensis (Eisenack 1959) (sample MG-7; 8 specimens); Figure
18. Pistillachitina iranense sp. nov. (sample MG-20; 3 specimens); Figures 19, 23; 20, 24. Angochitina cf. communis Eisenack 1967 (sample MG-23; 6 specimens);

Figure 22. Angochitina communis Jenkins 1967 (sample MG-20; 3 specimens).
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Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. In the Upper Ordovician (Katian) Ghelli
Formation, samples of MG-19 to MG-30

Derivation of name. The name refers to Iran, the country
where this species was first described.

Dimensions. L =270 (277) 284pum; Lp = 200 (209) 218 um;
In = 65 (67.5) 70um; dcoll = 32 (35.5) 39um; Dp = 69
(71.5)74um; n = 10

Description. This species is long, slender, and conical, with
maximum diameter one-third of the way above the basal
margin. The vesicle tapers towards the aperture, and the
base varies from flat to invaginated with a rounded basal
edge. The vesicle surface is granular, with the granularity
decreasing towards the aperture.

Remarks. This species resembles Conochitina sp. 2, described
by Ghavidel-Syooki and Winchester-Seeto (2002), but it dif-
fers in having a granular surface on the vesicle.

Genus Pistillachitina Taugourdeau 1966

Pistillachitina iranense sp. nov.

Plate 8, figure 18; Plate 11, figures 1, 5; 2, 6

1995 Pistillachitina sp. Al-Hajri, p. 38, pl. lll, figs. 2, 3.

2017 Pistillachitina sp. Al-Shawareb et al. p. 348, pl. 4,
fig. 1.

2023 Pistillachitina sp. Ghavidel-Syooki, p.
fig. 17.

12, pl. 5,

Holotype. Plate 11, figure 2.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. Upper Ordovician (Katian) Ghelli Formation,
samples MG-19 to MG-30.

Derivation of name. The name refers to Iran, the country
where this species was first described.

Dimensions. L =337 um; aboral widening = 72 pum; dcoll =
49 um.

Description. Pistillachitina iranense sp. nov. possesses an
elongate, slender, cylindrical vesicle with a well-rounded
base that terminates aborally. Its basal margin is distinctly

a

rounded. The cyst's surface is adorned with sparse, simple
spines with no observable aperture. While this species bears
a resemblance to Pistillachitina sp. documented in
Ordovician strata of the Arabian Peninsula (Al-Hajri 1995; Al-
Shawareb et al. 2017), it can be distinguished from counter-
parts found in the Lower Ktaoua, Upper Ktaoua, and lower
second Bani formations of Morocco (Elaouad-Debbaj 1986)
and Iran (Ghavidel-Syooki and Winchester-Seeto 2002).

Remarks. Pistillachitina iranense sp. nov. stands apart from
other species of Pistillachitina due to its distinctive feature of
a lengthy, slender, cylindrical vesicle, culminating aborally
with a prominent lenticular widening.

Pistillachitina alborzensis sp. nov.
Plate 11, figure 4

Holotype. Plate 11, figure 4.

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. Upper Ordovician (Katian) Ghelli Formation,
samples of MG-19 to MG-30.

Derivation of the name. The name refers to the Alborz
Mountains, where this species was first described.

Dimensions. L =300 (332) 364 um; Lp = 49 (51) 53 um; dcoll
= 50 (57) 64 pum.

Description. Pistillachitina alborzensis sp. nov. features an
elongate, slender, cylindrical vesicle that bifurcates approxi-
mately two-thirds along its length. The cyst exhibits variable
diameter, with its widest point typically near the basal region
of the vesicle. The cylindrical branch measures 20 pum in
length and 37pm in width. The vesicle has a distinctly
rounded basal margin. The surface of the vesicle is smooth,
showcasing a noticeable flaring aperture.

Remarks. Pistillachitilina alborzensis sp. nov. can be distin-
guished from other species of Pistillachitina by exhibiting vari-
able thickness along the cyst and the dichotomous branch.

Order PROSOMATIFERA Eisenack 1972
Family Conochitinidae Eisenack 1931 emend. Paris 1981
Subfamily Belonechitininae Paris 1981

Genus Acanthochitina Eisenack 1931 emend. Jenkins 1967

Type species. Acanthochitina barbata Eisenack 1931.

|

Plate 8. Figures 1, 5; 17, 21. Belonechitina micracantha (Eisenack 1931) emend. Paris 1981 (sample MG-21; five specimens); Figures 2, 6; 3. Belonechitina robusta
(Eisenack 1959) (sample MG-6; 15 specimens); Figures 4, 8. Belonechitina iranense sp. nov. (sample MG-19; two specimens); Figures 7, 12, 16. Belonechitina brittanica
Vandenbroucke 2007 (sample MG-8; seven specimens); Figures 9, 13, 10, 14, 11, 15. Belonechitina wesenbergensis (Eisenack 1959) (sample MG-7; eight specimens);
Figure 18. Pistillachitina iranense sp. nov. (sample MG-20; three specimens); Figures 19, 23, 20, 24. Angochitina cf. communis Eisenack 1967 (sample MG-23; six speci-
mens); Figure 22. Angochitina communis Jenkins 1967 (sample MG-20; three specimens).
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Acanthochitina? sp. nov. A.
Plate 13, figure 20

Dimensions. L=225um; Dp = 113um; Dc =
16-18 pm.

80um; Is =

Type locality. Khoshyeilagh region, 70 km north of Shahroud
city, south of the Caspian Sea within the Alborz Mountains in
northern Iran.

Type stratum. The middle part of the lower member of the
Ghelli Formation (samples of MG-31 to MG-40).

Description. The specimens of this species possess cylindrical
vesicles with fragile necks that are easily broken. The flexure
is not developed. The flanks are slightly convex, and the
maximum width is at the margin. The margin is rounded and
carries a reticulated network. Acanthochitina? sp. nov. A dif-
fers from Clathrochitina because its basal margin supports a
reticulated network rather than a relatively small number of
distinct processes that coalesce distally. The species is kept
in open nomenclature due to poor preservation and few
available specimens.

Remarks. Acanthochitina? sp. A. is characterised by a cylin-
drical chamber, a reticulated network at the basal margin,
and broken processes in the chamber.

4.4. Chitinozoan biostratigraphy

The chitinozoan microfauna represents a group of extinct
and enigmatic organic-walled microfossils exclusively of
marine origin (Paris 1981; Sutherland 1994). Spanning the
Ordovician to the Late Devonian (~488-359 Ma), they have
proven instrumental in determining the palaeogeograph-
ical affinities of various terranes across continents (Cocks
and Verniers 1998). Additionally, they play a significant
role in high-resolution biostratigraphy, given their short-
ranging nature, facilitating the establishment of biozona-
tions (Paris 1990, 1996). These biozonations, anchored by
index species with limited temporal ranges, are observed
in sedimentary sections devoid of significant breaks in the
deposition. In this investigation, the analysis of the chiti-
nozoan microfauna within the Ghelli Formation from the
Khoshyeilagh area revealed the presence of seven chitino-
zoan biozones in the Upper Ordovician marine siliciclastic
succession. This analysis verified the FAD and LAD of sev-
eral well-known chitinozoan taxa within the Peri-
Gondwana palaeo-province. A detailed discussion of these
chitinozoan biozones and their corresponding biostrati-
graphical ages is presented below in ascending strati-
graphical order (refer to Figure 5).

d

4.4.1. Belonechitina robusta biozone

The biozone begins with the FAD of Belonechitina robusta
Eisenack (1959) in the lowermost samples of the lower Ghelli
Formation. Belonechitina robusta (Plate 8, figures 2, 6; 3)
occurs throughout the MG-6 to MG-18 interval, spanning 105
m of micaceous olive-grey shale in the Khoshyeilagh region
(Figure 5; Supplementary data, S5). This taxon has been
recorded in the Upper Ordovician, including the Sandbian
stage slices Sa1-Sa2 of Europe (Portugal, France, Spain, and
Bohemia; Paris 1990), from the Balclatchie Group of Scotland
in Sandbian stage slice Sal (Jansonius 1964), and in England
and Baltoscandinavia in the early Katian stage slice Ka1
(Grahn 1981, 1982; Nolvak and Grahn 1993). It also appears
in the Viola Springs Formation, Oklahoma (Ross 1982), and
the Trenton Group, Canada (Barnes et al. 1981), in the
Sandbian Stage. On the Iranian platform, B. robusta has been
documented in the Sandbian-early Katian of the Ghelli
Formation, Gorgan Schists, and Seyahou Formation
(Ghavidel-Syooki 2008, 2016, 2017b, 2023; Ghavidel-Syooki
and Piri-Kangarshahi 2021, 2024). These occurrences confirm
its widespread distribution from the early Sandbian to early
Katian across North America, Europe, and Iran. Its distinct
morphology and broad geographical range establish B.
robusta as a key biostratigraphical marker for the Sandbian-
early Katian stage slices Sal-Kal (5a1-Vla). The associated
chitinozoan taxa in this biozone include Belonechitina brittan-
ica Vandenbroucke 2007, Belonechitina capitata (Eisenack
1962), Belonechitina  wesenbergensis  (Eisenack  1959),
Calpichitina lenticularis (Bouché 1965), Cyathochitina campa-
nulaeformis (Eisenack 1931) Eisenack 1962, Cyathochitina
kuckersiana (Eisenack 1934), Desmochitina minor Eisenack
1931, Desmochitina juglandiformis Laufeld 1967, Desmochitina
erinacea Eisenack 1931, Eisenackitina rhenana (Eisenack 1939),
Pistillachitina  pistillifrons  (Eisenack 1939), Rhabdochitina
magna Eisenack 1931 and Rhabdochitina usitata Jenkins
1967; each species is described in detail below.

Belonechitina brittanica (Plate 8, figures 7, 12, 16) occurs in
the MG-6 to MG-18 interval of the Ghelli Formation in the
Khoshyeilagh region and extends into the basal part of the
succeeding biozone (Figure 5; Supplementary data, S5). This
marks its first record in the Upper Ordovician strata of the
Alborz Mountains, northern Iran. Previously, researchers
documented B. brittanica in the Upper Ordovician (Sandbian
stage slices Sa1-Sa2, time slices 5a-5b; Webby et al. 2004)
from the Torrington Shale Formation, UK (Vandenbroucke
2007) and the Seyahou Formation, Zagros Mountains, south-
ern Iran (Ghavidel-Syooki 2023).

Belonechitina capitata (Plate 14, figures 17, 21) first
appears at the base of the B. robusta biozone and persists
through the MG-6 to MG-18 interval of the Ghelli Formation
in the Khoshyeilagh area, extending into the basal part of
the succeeding biozone (Figure 5; Supplementary data, S5).
Researchers have documented this taxon in the Darriwilian

N

Plate 9. Figures 1, 5; 2, 6. Tanuchitina alborzensis Ghavidel-Syooki 2017 (sample MG-20; 5 specimens); Figures 3, 7, and 4. Tanuchitina elongata (Bouché 1965)
(sample MG-75; 4 specimens); Figures 8, 9, 13; 10, 14. Tanuchitina ontariensis Jansonius 1964 (sample MG-31; 10 specimens); Figures 11, 15. Tanuchitina
anticostiensis Achab 1977 (sample MG-61; 2 specimens); Figures 12, 16; 17, 21; 18, 22; 19, 23; 20, 24. Tanuchitina fistulosa (Taugourdeau and de Jekhowsky

1960) (sample MG-22; 15 specimens).
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stage slices Dw1-Dw3 (time slices 4a-4c; Webby et al. 2004)
in Estonia (Tammekand et al. 2010); the Darriwilian-late
Sandbian (Dw1-Sa2; time slices 4a-5b) in the Baltic (Eisenack
1962, 1968b); and the Darriwilian-early Sandbian (Dw1-Sa1;
time slices 4a-5a) in the Arabian Peninsula (Al-Hajri 1995)
and Canada (Achab and Asselin 1995). Further records
include the early Sandbian-early Katian (Sa1-Ka1; time slices
5a-VIb) in Sweden (Laufeld 1967; Grahn 1981, 1982); the
Sandbian-early Katian (Sa1-Ka1l; time slices 5a-Vla) in
Scandinavia (Grahn and Nolvak 2007); the Katian (Ka1-Ka3;
time slices VIa-VIb) in England (Vandenbroucke et al. 2008);
the middle Katian (Ka2-Ka3; time slices VIb-VId) in Libya
(Molyneux and Paris 1985; Abuhmida 2013); and the early
Katian (Ka1; time slice Vla) in the Simeh-Kuh locality within
the Alborz Mountains, northern Iran (Ghavidel-Syooki and
Piri-Kangarshahi (2024).

Belonechitina wesenbergensis (Plate 8, figures 9, 13; Plate
10, figures 14, 15) first appears in the MG-6 to MG-18 interval
of the Ghelli Formation and extends into the basal part of
the succeeding biozone in the Khoshyeilagh area (Figure 5;
Supplementary data, S5). It has been documented in the
Darriwilian-Hirnantian (Dw1-Hi2; time slices 4a-VIl) of
Sweden, Finland, Estonia (Grahn 1981, 1982; Nolvak et al.
1995), and the UK (Vandenbroucke 2007). Jenkins (1969)
recorded it in the Sandbian (Sa1-Sa2; time slices 5a-5b) of
the Viola Limestone, USA. Ghavidel-Syooki and Winchester-
Seeto (2002) and Ghavidel-Syooki (2017a) reported it in the
Sandbian-early Katian (Sa1-Ka1; time slices 5a-Vla) of the
Ghelli Formation at Kuh-e Saluk, Alborz Mountains, northern
Iran.

Calpichitina lenticularis (Plate 7, figures 1, 2) first emerges
at the base of the robusta biozone, persists through the MG-
6 to MG-18 interval, and extends into the basal part of the
succeeding biozone in the Khoshyeilagh region (Figure 5;
Supplementary data, S5). It has been recorded in the
Darriwilian (Dw1-Dw3; time slices 4a-4c) of the Calymene to
Marrolithus Shale, France (Rauscher and Doubinger 1967;
Rauscher 1970); the late Darriwilian-early Sandbian (Dw3-
Sal; time slices 4c-5a) of Dalby, Oland, Sweden (Grahn
1981); the Sandbian (Sal-Sa2; time slices 5a-5b) of the
Louredo Formation, Portugal (Paris 1979); and the Sandbian-
Katian (Sa1-Ka4; time slices 5a-VId) of Morocco (Elaouad-
Debbaj 1984; Bourahrouh et al. 2004) and Algeria (Oulebsir
and Paris 1995). On the Iranian Platform, this species appears
in the Sandbian-early Katian (Sa1-Ka1; time slices 5a-Vla) of
the Seyahou Formation, High Zagros Mountains (Ghavidel-
Syooki 2000, 2021, 2023), and the Ghelli Formation, Alborz
Mountains (Ghavidel-Syooki and Winchester-Seeto 2002;
Ghavidel-Syooki 2008, 2016, 2017a, 2017b, 2017¢; Ghavidel-
Syooki and Borji 2018; Ghavidel-Syooki and Piri-Kangarshahi
2024), as well as in the Katian (Ka1-Ka4; time slices Vla-VId)
of Kuh-e Boghou, Central Iran (Ghavidel-Syooki and Piri-
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Kangarshahi 2021). In the Arabian Peninsula, it has been
identified in the late Sandbian-middle Katian (Sa2-Ka3; time
slices 5b-VIb) of the Quwarah Member, Qasim Formation,
southern Persian Gulf (Al-Hajri 1995; Al-Shawareb et al.
2017); and in the latest Katian-Hirnantian (Ka4-Hi2; time sli-
ces VId-VIl) of Libya (Abuhmida 2013). Scandinavian records
include the Sandbian-early Katian (Sa1-Ka1; time slices 5a-
Vla) (Grahn and Nolvak 2007) and the Greenscoe section,
Southern Lake District, UK (Van Nieuwenhove et al. 2006). In
the Arabian Peninsula, this species defines the Calpichitina
lenticularis biozone (Al-Hajri 1995), spanning from its FAD to
the FAD of the Tanuchitina fistulosa biozone.

Cyathochitina campanulaeformis (Plate 11, figure 15) first
appears at the onset of the robusta biozone and persists
through the succeeding biozones in the Khoshyeilagh area
(Figure 5; Supplementary data, S5). This taxon spans the
Ordovician-Silurian (Paris 1990; Butcher 2009). Cyathochitina
kuckersiana (Plate 11, figure 16) emerges at the base of the
robusta biozone and extends into the succeeding biozones
(Figure 5; Supplementary data, S5). This cosmopolitan species
ranges from the Early Ordovician (Floian) to the Early Silurian
(Telychian) and has been recorded in various regions, includ-
ing late Floian-late Darriwilian (FI3-Dws3; time slices 2c-4c)
in the USA (Grahn and Bergstrom 1984) and Estonia
(Tammekand et al. 2010); late Darriwilian (Dw3; time slice 4c)
in Sweden (Laufeld 1967; Grahn 1981); late Darriwilian-late
Katian (Dw3-Ka4; time slices 4c-VId) in Morocco (Soufiane
and Achab 1993); Sandbian-early Katian (Sa1-KaT; time slices
5a-Vla) in the USA (Siesser et al. 1998); Katian (Ka2-Ka3; time
slice VIb) in Sweden (Grahn 1981), Estonia (Eisenack 1962);
Katian (Ka1-Ka3; time slices Vla-Vlb) and Russia (Laufeld
1971); Upper Ordovician (Sa1-Hi2; time slices 5a1-VIl) in the
Iranian Platform (Ghavidel-Syooki 2023; Ghavidel-Syooki and
Piri-Kangarshahi 2024); Middle-Late Ordovician in South
China (Liang et al. 2023); Katian (Ka4; time slice VId) in
Morocco (Le Heron and Craig 2008) and Argentina (de la
Puente and Rubinstein 2013); late Hirnantian (Hi2; time slice
VIl) to Early Silurian (Rhuddanian) in northern Chad and
south-eastern Libya (Le Hérissé et al. 2013); and Llandovery
(Rhuddanian-Telychian) in north-east Libya (Hill et al. 1985),
Wales (Mullins and Loydell 2002), Latvia (Loydell et al. 2003),
Jordan (Butcher 2009), and Canada (Soufiane and Achab
2000).

Desmochitina minor (Plate 7, figures 5, 6, 17a, 17b) occurs
in the MG-6 to MG-18 interval of the Ghelli Formation in the
Khoshyeilagh area (Figure 5; Supplementary data, S5) and
ranges from the Early Ordovician to Silurian (Paris 1990;
Butcher 2009). Desmochitina erinacea (Plate 7, figures 3, 7;
Plate 9, figures 10-12) first appears at the base of the
robusta biozone and extends into the succeeding biozone
(Figure 5; Supplementary data, S5). This cosmopolitan species
has been reported from the latest Darriwilian to late
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Plate 10. Figures 1, 5. Rhabdochitina gracilis Eisenack 1962 (1a) (sample MG-42; three specimens); and Baltisphaeridium llanvirnianum Deunff 1977 (1b) (sample
MG-9; five specimens); Figures 2, 6; 3, 7; 4, 8; 11, 15. Rhabdochitina gracilis Eisenack 1962 (sample MG-50; three specimens); Figures 12, 16. Pistillachitina comma
(Eisenack 1959) (sample MG-23; nine specimens); Figures 9, 13, 10, 14; 17-19. Rhabdochitina magna Eisenack 1931 (sample MG-14; eight specimens); Figure 20.
Rhabdochitina magna Eisenack 1931 (a) (sample MG-14; eight specimens) and Multiplicisphaeridium bifurcatum Staplin et al. 1965 (b) (sample MG-14; eight speci-
mens); Figures 21, 22. Rhabdochitina curvata Al-Shawareb et al. 2017-Eisenack 1931 (sample MG-61; three specimens); Figures 23, 24. Rhabdochitina usitata Jenkins

1967 (sample MG-9; six specimens).
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Sandbian (time slices 4c-5b) in South China (Liang et al.
2017); Darriwilian-late Sandbian (time slices 4a-5b) in
Baltoscandia (Nolvak and Grahn 1993; Nolvak et al. 2019,
2022), early Sandbian to late Katian (time slices 5a-VId) in
England (Vandenbroucke 2007); and Sandbian (time slices
5a-5b) in the Alborz Mountains and Central Iranian basins
(Ghavidel-Syooki and Piri-Kangarshahi 2021, 2024). In
Baltoscandia, it does not extend beyond Sandbian stage slice
Sa2 (time slice 5b; see Nolvak and Grahn 1993). Desmochitina
juglandiformis (Plate 7, figures 13-16) first appears at the
base of the robusta biozone and extends into the succeeding
biozone (Figure 5; Supplementary data, S5). It has been
recorded from Sandbian (time slices 5a-5b) in Sweden
(Laufeld 1967) and Belgium (Vanmeirhaeghe 2006); the
robusta biozone in northern Gondwana (southern Spain,
Vanmeirhaeghe 2006), and Iran (Ghavidel-Syooki 2017b,
2017¢; Ghavidel-Syooki and Piri-Kangarshahi 2024); and the
early Katian (time slice Vla) in the clingani graptolite zone in
Europe (Verschaeve 2004; Zalasiewicz et al. 2004).
Eisenackitina rhenana (Plate 11, figures 9, 13) appears in two
samples from the basal part of the robusta biozone in the
Khoshyeilagh area (Figure 5; Supplementary data, S5). It has
been reported from the early Sandbian (time slice 5a) in the
Louredo Formation, Portugal (Paris 1981); the lower Wood
Brook and Spy Wood Brook sections in the Shelve Inlier,
Welsh Borderland, England (Vandenbroucke 2007); and the
early Sandbian (time slice 5a) at the Simeh-Kuh locality in
the Alborz Mountains of northern Iran (Ghavidel-Syooki and
Piri-Kangarshahi 2024).

Pistillachitina pistillifrons (Plate 11, figures 3, 7) first
appears at the base of the robusta biozone in the
Khoshyeilagh region and extends into the succeeding bio-
zones (Figure 5; Supplementary data, S5). It has been docu-
mented in the Sandbian stage slice Sa1l (time slice 5a) in
Cardigan, England (Vandenbroucke 2007); Katian stage slices
Ka2-Ka4 (time slices VIb-Vid) in the Upper Ktaoua
Formation, Morocco (Elaouad-Debbaj 1984); and late Katian
stage slice Ka4 (time slice Vid) in the Ghelli Formation,
Alborz Mountains, northern Iran (Ghavidel-Syooki and
Winchester-Seeto 2002; Ghavidel-Syooki and Piri-Kangarshahi
2024), as well as in the Seyahou Formation, High Zagros
Mountains, southern Iran (Ghavidel-Syooki 2023). Paris (1990)
reported its range from the Lagenochitina deunffii to
Lagenochitina dalbyensis biozones in Sandbian stage slices
Sa1-Sa2 (time slices 5a-5b; Webby et al. 2004). Based on the
age assigned to Belonechitina robusta and associated taxa,
105 m of the basal part of the Ghelli Formation at
Khoshyeilagh corresponds to Sandbian-middle Katian stage
slices Sa1-Ka2 (time slices 5a-VIb).

Rhabdochitina magna (Plate 10, figures 9, 13, 14, 17-20)
first appears at the base of the robusta biozone and extends
into the succeeding biozone (Figure 5; Supplementary data,
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S5). It has been recorded from late Floian—early Darriwilian
stage slices FI3-Dw1 (time slices 2c-4a) in Oland, Sweden
(Grahn 1980, 1981); early Darriwilian-middle Katian Dw1-Ka3
(time slice 4a-VlIb) in Estonia (Eisenack 1962, 1965, 1968a,
1968b); and late Darriwilian stage slice Dw3 (upper time slice
4c) in the Meadowtown Beds, Welsh Borderland, England
(Jenkins 1967). In Iran, it has been reported from late
Darriwilian—early Sandbian stage slices Dw3-Sa1 (time slices
4c-5a) in the uppermost Laskarak and lower Ghelli
Formation at Simeh-Kuh, Alborz Mountains (Ghavidel-Syooki
and Piri-Kangarshahi 2024). Rhabdochitina usitata (Plate 10,
figures 23, 24) emerges in the basal robusta biozone and
extends into the succeeding biozone in the Khoshyeilagh
area (Figure 5; Supplementary data, S5). It has been recorded
from the Darriwilian stage slices Dw1-Dw3 (time slices 4a-
4¢) in western Newfoundland, Canada (Albani et al. 2001);
late Darriwilian stage slice Dw3 (time slice 4¢) in the
Lashkarak Formation at GerdKuh (Ghavidel-Syooki and Piri-
Kangarshahi 2023); and the late Darriwilian-early Sandbian
stage slices Dw3-Sa1 (time slices 4c-5a; Videt et al. 2010) in
the Ghelli Formation at Simeh-Kuh, Alborz Mountains
(Ghavidel-Syooki and Piri-Kangarshahi 2024). Additional
records include Darriwilian-Sandbian stage slices Dw1-Sa2
(time slices 4a-5b) in Shropshire, England (Jenkins 1967);
Sandbian stage slices Sal-Sa2 (time slices 5a-5b) on
Anticosti Island, Québec, Canada (Achab 1984); Darriwilian
stage slices Dw1-Dw3 (time slices 4a-4c) in western
Newfoundland, Canada (Albani et al. 2001); late Sandbian
stage slice Sa2 (time slice 5b) in England (Vandenbroucke
2007); Sandbian stage slices Sa1-Sa2 (time slices 5a-5b) in
the Viola limestones, Arbuckle Mountains, Oklahoma, USA
(Jenkins 1969); and Sandbian-Katian stage slices Sal-Ka4
(time slices 5a-VId) in Iran (Ghavidel-Syooki 2001). In north-
ern Iran, it has been recently reported from Sandbian stage
slices Sa1-Sa2 (time slices 5a-5b) in the uppermost Laskarak
and lower Ghelli Formation at Simeh-Kuh, Alborz Mountains
(Ghavidel-Syooki and Piri-Kangarshahi 2024).

4.4.2. Tanuchitina fistulosa biozone

This biozone represents the partial range of Tanuchitina fistu-
losa from its FAD to the FAD of Acanthochitina barbata
(Taugourdeau and de Jekhowsky 1960; Paris et al. 2000b).
Researchers have documented T. fistulosa in the upper
Caradocian (early Katian) of the Algerian Sahara
(Taugourdeau and de Jekhowsky 1960), Morocco
(Bourahrouh et al. 2004), the Arabian Peninsula (Al-Hajri
1995; Paris et al. 2000b; Al-Shawareb et al. 2017), Turkey
(Paris et al. 2007), and Iran (Ghavidel-Syooki 2001, 2017b,
2017¢, 2023; Ghavidel-Syooki and Winchester-Seeto 2002;
Ghavidel-Syooki  and  Piri-Kangarshahi 2021,  2024).
Additionally, it appears in the Hirnantian stage slices Hi1-Hi2

N

Plate 11. Figures 1, 5; 2, 6. Pistillachitina iranense sp. nov. (sample MG-22; 7 specimens); Figures 3, 7. Pistillachitina pistillifrons (Eisenack 1939) (sampleMG-11; 11
specimens); Figure 4. Pistillachitina alborzensis sp. nov. (sampleMG-21; 9 specimens); Figures 8, 12. Euconochitina lepta (Jenkins 1970) emend. Paris et al. 1999
(sampleMG-32; 8 specimens); Figures 9, 13. Eisenackitina rhenana Eisenack 1939 (sampleMG-7; 5 specimens); Figure 10. Lagenochitina prussica Eisenack 1931
(sampleMG-23; 35 specimens); Figure 11. Lagenochitina baltica Eisenack 1931 (sampleMG-21; 3 specimens); Figure 14. Cyathochitina costata Grahn 1982
(sampleMG-34; 9 specimens); Figure 15. Cyathochitina campanulaeformis (Eisenack 1931) (sampleMG-8; 15 specimens); Figure 16. Cyathochitina kuckersiana
(Eisenack 1934) (sampleMG-17; 10 specimens); Figures 17, 21; 18, 24. Fungochitina spinifera (Eisenack 1962) (sampleMG-21; 5 specimens).
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(time slice VII) of the Baqg'a Shale Member, Sarah Formation,
Arabian Peninsula (Paris et al. 2015). In this study, T. fistulosa
(Plate 9, figures 12, 16; 17, 21; 18, 22; 19, 22; 20, 24) occurs
in the MG-19 to MG-30 interval, spanning 96.7m of mica-
ceous dark shales in the Ghelli Formation, Khoshyeilagh
region (Figure 5; Supplementary data, S5), and follows the
preceding one. It features a diverse assemblage, including
Angochitina dicranum Jenkins (1967), A. communis Jenkins
(1967), A. cf. communis Jenkins (1967), Ancyrochitina onniensis
Jenkins (1967), Belonechitina iranense sp. nov., B. micracantha
(Eisenack) Paris 1931, Desmochitina sp. A, D. minor typica
Eisenack (1931), Fungochitina spinifera Eisenack (1962)
Lagenochitina baltica Eisenack (1931), L. prussica Eisenack
(1931), Pistillachitina iranense sp. nov., P. alborzensis sp. nov.,
P. comma Eisenack (1959), Spinachitina bulmani (Jansonius)
Jenkins (1967), and Tanuchitina alborzensis Ghavidel-Syooki
(2017c), each described below. In the current study,
Angochitina communis (Plate 8, figure 22) and A. cf. commu-
nis (Plate 8, figures 19, 23; 20, 24) occur in the MG-19 to MG-
30 interval of the Ghelli Formation, Khoshyeilagh region
(Figure 5; Supplementary data, S5). Researchers have docu-
mented A. communis in the late Sandbian stage slice Sa2
(time slice 5b) of the upper Dalby Limestone, Sweden (Grahn
1981; the Katian stage slices Ka1-Ka3 (time slices VlIa-VIb) in
the Onnia beds, Welsh Borderland, England (Jenkins 1967;
Vandenbroucke 2007); and the Katian stage slices Kal-Ka4
(time slices Vla-Vld) in the Quwarah Member, Qasim
Formation, Arabian Peninsula (Paris et al. 2015) and the
Iranian Platform (Ghavidel-Syooki 2021; Ghavidel-Syooki and
Piri-Kangarshahi 2021, 2024).

Angochitina dicranum (Plate 13, figures 1, 5; 9) occurs
throughout the fistulosa biozone in the Khoshyeilagh locality
(Figure 5; Supplementary data, S5). Jenkins (1967) docu-
mented this taxon in the early Katian stage slice Kal (time
slice VIa) of the Onnia beds, Welsh Borderland, England.
Additionally, A. cf. dicranum appears in the fistulosa biozone
of the Ghelli Formation at the Simeh-Kuh locality, Alborz
Mountains (Ghavidel-Syooki and Piri-Kangarshahi 2024).

Ancyrochitina onniensis (Plate 13, figures 13-16) occurs in
the MG-19 to MG-30 interval of the Ghelli Formation in the
Khoshyeilagh area (Figure 5; Supplementary data, S5).
Researchers have documented this taxon in the early Katian
stage slice Ka1 (time slice Vla) of the Onnia Beds, Shropshire,
England (Jenkins 1967; Vandenbroucke 2007); and the late
Katian stage slice Ka4 (time slices Vic-VId) of the Upper
Ktaoua Formation, Anti-Atlas, Morocco (Elaouad-Debbaj
1984), and the fistulosa biozone of the Ghelli Formation at
the Simeh-Kuh locality, Alborz Mountains, northern Iran
(Ghavidel-Syooki and Piri-Kangarshahi 2024). Belonechitina
micracantha (Plate 8, figures 1, 5; 17, 21) first appears at the
base of the fistulosa biozone and spans the MG-19 to MG-30
interval of the Ghelli Formation (Figure 5; Supplementary
data, S5). This taxon has a broad distribution, recorded from
Sweden (Darriwilian-Dapingian stage slices Dp1-Dws3; time
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slices 3a-4c) (Vandenbroucke 2004); Arabian Peninsula
(Dapingian—early Katian stage slices Dp1-Ka1; time slices 3a-
Vla) (Al-Hajri 1995; Al-Shawareb et al. 2017); Turkey (Paris
et al. 2007); UK and Australia (Darriwilian stage slices Dw1-
Dw3; time slices 4a-4c) (Winchester-Seeto et al. 2000;
Vanmeirhaeghe 2006; Paris et al. 2007); Canada and
Scandinavia (Darriwilian-early Katian stage slices Dw1-Ka1;
time slices 4a-Vla) (Achab and Asselin 1995; Grahn and
Nolvak 2007); Libya (Sandbian-Katian stage slices Sal-Ka4;
time slices 5a-VId) (Molyneux and Paris 1985; Abuhmida
2013); Morocco and UK (middle Katian stage slices Ka2-Ka4;
time slices Vlb-VId) (Elaouad-Debbaj 1984; Bourahrouh et al.
2004; Van Nieuwenhove et al. 2006; Le Heron and Craig
2008); UK (Sandbian-middle Katian stage slices Sal-Ka3;
time slices 5a-Vlb) (Vandenbroucke et al. 2008); China
(Darriwilian-Hirnantian stage slices Dw1-Hi2; time slices 4a-
VIl) (Xiaofeng and Xiaohong 2004); and the Iranian Platform
(Sandbian-Hirnantian stage slices Sa1-Hi2; time slices Sa-VIl)
(Ghavidel-Syooki 2008, 2021, 2023; Ghavidel-Syooki and Borji
2018; Ghavidel-Syooki and Piri-Kangarshahi 2021, 2024).

Belonechitina iranense sp. nov. (Plate 8, figures 4, 8)
appears in the MG-19 to MG-30 interval of the Ghelli
Formation in the Khoshyeilagh region (Figure 5;
Supplementary data, S5). Desmochitina sp. A (Plate 7, figures
4, 8) occurs in the MG-19 to MG-30 interval of the Ghelli
Formation in the Khoshyeilagh region (Figure 5;
Supplementary data, S5). Due to its distinct features, it is rec-
ognised as a new species. Desmochitina minor typica (Plate 7,
figure 18) first appears at the base of the fistulosa biozone
and extends into the succeeding biozone. This taxon has
been recorded in England (Sandbian-Katian stage slices Sal-
Ka4; time slices 5a1-VId) Vandenbroucke (2007); Arabian
Peninsula (Katian: Ka1-Ka4; time slices Vla-VIld), Quwarah
Member, Qasim Formation (Paris et al. 2015) and Iranian
Platform (Ghavidel-Syooki et al. 2011b; Ghavidel-Syooki et al.
2011a; Ghavidel-Syooki et al. 2023; Ghavidel-Syooki and Piri-
Kangarshahi 2021, 2024).

Fungochitina spinifera (Plate 11, figures 17, 21; 18-24)
occurs throughout the MG-19 to MG-30 interval of the fistu-
losa biozone and extends into the succeeding biozone of the
Ghelli Formation in the Khoshyeilagh area (Figure 5;
Supplementary data, S5). This taxon has been documented
in England (late Sandbian-early Katian stage slices Sa2-Kal;
time slices 5b-Vla), Greenscoe section, southern Lake District,
and historical type areas (Van Nieuwenhove et al. 2006;
Vandenbroucke 2007); Arabian Peninsula (Hirnantian stage
slices Hi1-Hi2; time slice VII) (Paris et al. 2015; Al-Shawareb
et al. 2017); Iran (Katian stage slices Ka1-Ka4; time slices Vla—
VId) (Ghavidel-Syooki 2017¢c, 2023; Ghavidel-Syooki and Borji
2018; Ghavidel-Syooki and Piri-Kangarshahi 2021, 2024); and
Libya (late Hirnantian stage slice Hi2; time slice VII)
Abuhmida (2013). Van Nieuwenhove et al. (2006) correlated
the F. spinifera biozone with the upper part of the
Euconochitina  tanvillensis, ~ Belonechitina  robusta, and

|

Plate 12. Figures 1-5. Armoricochitina persianense Ghavidel-Syooki 2017 (sample MG-46; four specimens); Figures 6, 10, 14; 9, 13; 12, 16; 18, 22; 19, 23.
Armoricochitina nigerica (Bouché 1965) (sample MG-44; 35 specimens); Figure 7. Armoricochitina iranica Ghavidel-Syooki and Winchester-Seeto 2002 (sample MG-
46; three specimens); Figures 8, 11, 15, 17, 21, 20, 24. Armoricochitina alborzensis Ghavidel-Syooki and Winchester-Seeto 2002 (sample MG-48; 15 specimens).
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Tanuchitina fistulosa biozone, and the lower part of the
Acanthochitina barbata biozone.

Lagenochitina baltica (Plate 11, figure 10) appears in the
MG-19 to MG-30 interval of the Ghelli Formation in the
Khoshyeilagh area, Alborz Mountains, northern Iran (Figure 5;
Supplementary data, S5). This taxon has been recorded in
China (Darriwilian-Hirnantian stage slices Dw1-Hi2; time sli-
ces 4a-VIl) (Wang and Chen 2004); England and Portugal
(Sandbian-early Katian stage slices Sa1-Ka1; time slices 5a-
Vla) (Jenkins 1967; Paris 1979; Vandenbroucke 2004, 2005;
Vandenbroucke et al. 2008); Northern Gondwanan Domain,
Scandinavia, Belgium and Morocco (Sandbian-Hirnantian
stage slices Sal-Hi2; time slices 5a-VIl) (Paris 1990;
Bourahrouh et al. 2004; Vanmeirhaeghe 2006; Grahn and
Nolvak 2007); Libya (early-middle Katian stage slices Kal-
Ka3; time slices Vla-VIb; Molyneux and Paris 1985); lIran,
England and Belgium (Katian-Hirnantian stage slices Kal-
Hi2; time slices Vla-VIl) (Vanmeirhaeghe et al. 2005;
Ghavidel-Syooki 2008, 2011b, 2017b, 2017¢c, 2023; Ghavidel-
Syooki and Piri-Kangarshahi 2021, 2024); Estonia (late Katian
stage slice Ka4; time slice VId) (Eisenack 1959, 1965; Nolvak
1980); Turkey (Katian-Hirnantian stage slices Kal-Hi2; time
slices VIa-VIl) Paris et al. (2007); Canada (middle Katian stage
slices Ka2-Ka3; time slice VIb) (Achab 1977); England (middle
Katian-Hirnantian stage slices Ka2-Hi2; time slices VIb-VII)
(Van Nieuwenhove et al. 2006) and Morocco (Hirnantian
stage slices Hi1-Hi2; time slice VIl) (Le Heron and Craig
2008).

Lagenochitina prussica (Plate 11, figure 11) first appears at
the base of the fistulosa biozone and extends into subse-
quent biozones (Figure 5; Supplementary data, S5). This
taxon has been recorded in Sweden and Russia (Sandbian-
Hirnantian stage slices Sa1-Hi2; time slices Sa1-VIl) (Laufeld
1971; Grahn 1982); Sweden (early Katian stage slice Ka1; time
slice Vla) (Laufeld 1967); England (early-mid Katian stage sli-
ces Kal-Ka3; time slices Vla-VIb) (Vandenbroucke 2005);
Belgium and Morocco (late Katian stage slice Ka4; time slices
Vic-VId) (Vanmeirhaeghe 2006; Le Heron and Craig 2008):
Turkey and Libya (Late Katian-Hirnantian stage slices Ka4-
Hi2; time slices VId-VII) (Paris 1988, 2007); Iran, Baltica, and
Morocco (Katian-Hirnantian stage slices Ka1-Hi2; time slices
Vla-VIl) (Nolvak 1980; Elaouad-Debbaj 1984; Ghavidel-Syooki
2008, 2017b; Ghavidel-Syooki and Piri-Kangarshahi 2021,
2024); and North Gondwana Domain (mid-Katian-late
Hirnantian stage slices Ka2-Hi2; time slices VIb-VIl) (Paris
1990; Paris et al. 2000a; Bourahrouh et al. 2004; Abuhmida
2013).

Pistillachitina comma (Plate 10, figures 12, 16) occurs in
the MG-19 to MG-30 interval of the Ghelli Formation in the
Khoshyeilagh region (Figure 5; Supplementary data, S5). This
taxon has been recorded in the Darriwilian-Sandbian stage
slices Dw3-Sa2 (time slices 4c-5b) (Webby et al. 2004) in
Oland, Sweden (Grahn 1981); the upper Caradocian (late
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Sandbian, slice Sa2; time slice 5b) in Estonia (Eisenack 1959,
1965); the Katian stage slices Ka1-Ka4 (time slices Vla-VId) in
the Quwarah Member of the Qasim Formation, Arabian
Peninsula (Paris et al. 2015); and the Iranian Platform (middle
Katian-Hirnantian stage slices Ka3-Hi2; time slices Vic-VII)
(Ghavidel-Syooki 2017c, 2023; Ghavidel-Syooki and Piri-
Kangarshahi 2021).

Pistillachitina iranense sp. nov. (Plate 8, figure 18; Plate 11,
figures 1, 5; 2, 6) and Pistillachitina alborzensis sp. nov. (Plate
11, figure 4) occur throughout the fistulosa biozone (MG-19
to MG-30) of the Ghelli Formation in the Khoshyeilagh area
(Figure 5; Supplementary data, S5). These taxa differ from
other species of Pistillachitina, as detailed in the chitinozoan
systematics section (4.3). Spinachitina bulmani (Plate 13, fig-
ures 3, 7; 4, 8; Plate 14, figures 9, 13) occurs in the MG-19 to
MG-30 interval of the Ghelli Formation at the Khoshyeilagh
section (Figure 5; Supplementary data, S5). This species has
been documented in the late Sandbian stage slice Sa2 (time
slice 5b; Webby et al. 2004) in Scotland and Shropshire,
England (Jansonius 1964; Jenkins 1967); Sandbian-Katian
stage slices Sal-Ka4 (time slices 5a-VIid) in Belgium
(Vanmeirhaeghe 2006); and Katian stage slices Ka1-Ka4 (time
slices VIa-VId) in Morocco (Elaouad-Debbaj 1984), Anticosti
Island, Canada (Achab 1978), Norway (Grahn et al. 1994),
Libya (Molyneux and Paris 1985), England (Vandenbroucke
2005), and Iran (Ghavidel-Syooki and Winchester-Seeto 2002).
It also appears in Katian-Hirnantian stage slices Kal-Hi2
(time slices VIa-VIIl) on the Iranian Platform (Ghavidel-Syooki
2008, 2017b, 2017c, 2023; Ghavidel-Syooki et al. 2011a;
Ghavidel-Syooki and Borji 2018; Ghavidel-Syooki and Piri-
Kangarshahi 2021, 2024); the early Hirnantian stage slice Hi1
(lower time slice VII) in the Memouniat Formation, Libya
(Abuhmida 2013). Additionally, it has been reported in
Sandbian—Katian stage slices Sa1-Ka4 (time slices 5a-VId)
across Avalonia, Laurentia, Gondwana, and South China
(Liang et al. 2023).

Tanuchitina alborzensis (Plate 9, figures 1, 5; 2, 5) occurs in
the MG-19 to MG-30 interval of the Ghelli Formation at the
Khoshyeilagh section. It was first recorded from the Katian
stage slices Kal-Ka4 (time slices VIa-Vid) in the Ghelli
Formation at its type locality, Kuh-e Saluk, Alborz Mountains
(Ghavidel-Syooki 2017b, 2017c), and similar occurrences were
reported at the Simeh-Kuh locality (Ghavidel-Syooki and Piri-
Kangarshahi 2024). The Tanuchitina fistulosa biozone and
associated chitinozoan taxa in the MG-19 to MG-30 interval
suggest an upper Caradocian (upper Streffordian) or early
Katian Kal stage (upper time slice Vla).

4.4.3. Acanthochitina barbata biozone

This biozone represents part of the range of Acanthochitina
barbata Eisenack (1931), spanning from its FAD to the FAD
of Armoricochitina nigerica (Bouché 1965). Researchers con-
sider Acanthochitina barbata a key index microfossil for the

N

Plate 13. Figures 1, 5; 9. Angochitina dicranum Jenkins 1967 (sample MG-29; eight specimens); Figures 2, 6; 10, 11, 12, 17, 18, 19. Ancyrochitina merga Jenkins
1970 (sample MG-64; 15 specimens); Figures 3, 7; 4, 8. Spinachitina bulmani Jansonius 1964 (sample MG-20; eight specimens); Figures 13-16. Ancyrochitina cf.
onniensis Jenkins 1967 (sample MG-29; eight specimens); Figure 20. Acanthochitina? sp. nov. A (sample MG-32; two specimens); Figures 21-24. Plectochitin sylvanica

Jenkins 1970 (sample MG-65; 10 specimens).
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early Ashgillian (middle Katian stage slices Ka2-Ka3; time
slice Vlb; Videt et al. 2010) in the North Gondwana Domain,
following the Tanuchitina fistulosa biozone (Paris 1999; Paris
et al. 2000a; Webby et al. 2004; Videt et al. 2010). In this
dataset, Acanthochitina barbata (Plate 14, figures 11, 15; 12,
16, 20) occurs in the MG-31 to MG-40 interval of the Ghelli
Formation, spanning 80.6 m of alternating black micaceous
papery shales and grey thin-bedded sandstones of the
Upper Ordovician (Figure 5; Supplementary data, S5) in the
Khoshyeilagh  region.  This  biozone also includes
Acanthochitina sp. A, Cyathochitina costata Grahn (1982),
Euconochitina lepta (Jenkins 1970) Paris et al. (1999), and
Tanuchitina ontariensis Jansonius (1964), each described
below. Acanthochitina? sp. nov. A (Plate 13, figure 20) occurs
in the MG-31 to MG-40 interval of the Ghelli Formation in
the Khoshyeilagh section, Alborz Mountains, northern Iran
(Figure 5; Supplementary data, S5). Its classification remains
open due to insufficient specimens, preventing confirmation
of vesicle ornamentation and potential designation as a new
species. Cyathochitina costata (Plate 11, figure 14) occurs
through the MG-31 to MG-40 interval of the Ghelli Formation
in the Khoshyeilagh section (Figure 5; Supplementary data,
S5). This species has been recorded in the Katian stage slices
Ka1-Ka3 (time slices Vla-VIb) in Gotland, Sweden (Grahn
1982); the early Katian stage slice Kal (time slice Vla) in
Estonia (Nolvak 1980); the Katian stage slices Ka2-Ka3 (time
slice Vlb; Videt et al. 2010) in the Ghelli Formation at Kuh-e
Saluk and Simeh-Kuh, Alborz Mountains, northern Iran
(Ghavidel-Syooki and Winchester-Seeto 2002; Ghavidel-Syooki
and Piri-Kangarshahi 2024); the late Hirnantian stage slice
Hi2 (upper time slice VII) in Latvia (Hints et al. 2010); and the
Bir Tlacsin Formation, Libya (Abuhmida 2013). Euconochitina
lepta (Plate 11, figures 8, 12) spans the barbata biozone in
the Khoshyeilagh section (Figure 5; Supplementary data, S5).
This taxon has been recorded in the Katian stage slices Kal-
Ka4 (time slices Vla-VId) in the Sylvan Shale, Oklahoma, USA
(Jenkins 1970); the late Katian stage slice Ka4 (time slices
Vic-VId) in England (Vandenbroucke 2007); the mid-late
Katian stage slices Ka2-Ka4 (time slices VIb-VId) in Morocco
(Elaouad-Debbaj 1984) and Algeria (Oulebsir and Paris 1995;
Paris et al. 2000a); and the Katian stage slices Ka1-Ka4 (time
slices Vla-VId) in the Arabian Peninsula (Al-Shawareb et al.
2017), south-eastern Turkey (Paris et al. 2007), and the
Iranian Platform (Ghavidel-Syooki and Winchester-Seeto
2002; Ghavidel-Syooki 2008, 2016, 2017a, 2017b, 2017c,
2021, 2023; Ghavidel-Syooki and Borji 2018; Ghavidel-Syooki
and Piri-Kangarshahi 2021, 2024).

Tanuchitina ontariensis (Plate 9, figures 9, 13; 8, 10, 14)
occurs throughout the barbata biozone (Figure 5;
Supplementary data, S5) and is a distinctive Late Ordovician
species. It has been recorded in the Katian stage slices Kal-
Ka4 (time slices Vla-VId) in the Sylvan Shale, Oklahoma, USA
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(Jenkins 1970); the Vaureal Formation, Canada (Achab 1983);
the Arabian Peninsula (Al-Hajri 1995); Turkey (Paris et al.
2007); and the Upper Ordovician Ghelli and Seyahou forma-
tions on the Iranian Platform (Ghavidel-Syooki 2017b, 2017c,
2023; Ghavidel-Syooki and Borji 2018; Ghavidel-Syooki and
Piri-Kangarshahi 2021, 2024). These chitinozoan species char-
acterise the Katian Stage (Jenkins 1969; Elaouad-Debbaj
1984, 1988; Ghavidel-Syooki and Winchester-Seeto 2002; Van
Nieuwenhove et al. 2006; Ghavidel-Syooki 2008, 2016, 2017a,
2017b, 2017¢, 2023; Vandenbroucke et al. 2009; Abuhmida
2013;  Ghavidel-Syooki and Piri-Kangarshahi 2024).
Chronostratigraphical comparisons with Paris et al. (2000a),
Bergstrom et al. (2009), Webby et al. (2004), and Videt et al.
(2010) indicate that the MG-30 to MG-40 interval of the
Ghelli Formation in the Khoshyeilagh section corresponds to
the middle Katian stage slices Ka2-Ka3 (time slice Vib).

4.4.4. Armoricochitina nigerica biozone
This biozone represents the partial range of Armoricochitina
nigerica (Bouché 1965), from its FAD to the FAD of
Ancyrochitina merga in the North Gondwana Domain. In the
current dataset, A. nigerica (Plate 12, figures 6, 10, 14; 9, 13;
12, 16; 18, 22; 19, 23; Plate 14, figures 10, 14) appears in the
MG-41 to MG-60 interval of the Ghelli Formation, spanning
161 m of alternating black shale and grey sandstone beds at
the Khoshyeilagh (Figure 5; Supplementary data, S5). This
species is documented in the Late Ordovician (Ashgillian) of
the North Gondwana Domain (Bouché 1965; Molyneux and
Paris 1985; Al-Hajri 1995; Oulebsir and Paris 1995; Paris et al.
2000a; Ghavidel-Syooki 2008, 2023). Armoricochitina nigerica
is a key chitinozoan microfossil that defines the northern
Gondwanan high palaeolatitude during the Late Ordovician.
Its absence in the United Kingdom and Belgium suggests it
did not extend northward across the Rheic Ocean margin
(Paris et al. 2015). This biozone is notable for the presence of
several key species, including Armoricochitina alborzensis
Ghavidel-Syooki and Winchester-Seeto (2002), Armoricochitina
iranica  Ghavidel-Syooki and Winchester-Seeto  (2002),
Armoricochitina persianense Ghavidel-Syooki (2017¢), and
Rhabdochitina gracilis Eisenack (1962), each described below.
Armoricochitina alborzensis (Plate 12, figures 8, 11, 15, 17,
21; 20, 24) and A. iranica (Plate 12, figure 7) were first
described from the Upper Ordovician Ghelli Formation at
Kuh-e Saluk, Alborz Mountains. These taxa, along with A.
nigerica, have been recorded from the uppermost Katian
(Ka3-Ka4) in northern Iran (Ghavidel-Syooki and Winchester-
Seeto 2002; Ghavidel-Syooki 2016, 2017b, 2017¢c; Ghavidel-
Syooki and Borji 2018), and from Kuh-e Boghou and the
Seyahou Formation (Ghavidel-Syooki and Piri-Kangarshahi
2021; Ghavidel-Syooki 2023). Armoricochitina persianense
(Plate 12, figures 1-5) also occurs in the MG-41 to MG-60
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Plate 14. Figures 1, 5; 2, 6; 3, 7; 4, 8; 22. Spinachitina oulebsiri Paris et al. 2000b (sample MG-83; 20 specimens); Figures 9, 13. Spinachitina bulmani Jansonius 1964
(sample MG-20; eight specimens); Figures 10, 14. Armoricochitina nigerica (Bouché 1965) (sample MG-44; 35 specimens); Figures 11, 15; 12, 16, 20. Acanthochitina
barbata Eisenack 1931 (sample MG-36; 20 specimens); Figures 17, 21. Belonechitina capitata (Eisenack 1962) (sample MG-9; 20 specimens); Figure 18. Cyathochitina
campanulaeformis (Eisenack 1931) (sample MG-8; 15 specimens); Figure 19. Cyathochitina kuckersiana (Eisenack 1934) (sample MG-18; 15 specimens); Figure 23.
Conochitina sp. (sample MG-75; two specimens); Figure 24. Cheilotetras caledonica Wellman and Richardson 1993 (sample MG-49; eight specimens).
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interval at the Khoshyeilagh region, as documented by
Ghavidel-Syooki (2017b, 2017c). Rhabdochitina gracilis (Plate
10, figures 1, 5; 2, 6; 3, 7; 4, 8; 11, 15) first appears in the
MG-41 to MG-60 interval at Khoshyeilagh (Figure 5;
Supplementary data, S5) and has been recorded in the Late
Ordovician (Katian) of the Arabian Peninsula (Al-Shawareb
et al. 2017). These findings suggest a late middle Katian age
for this interval, correlating with the early Ka4 stage slice
(time slice Vic).

4.4.5. Ancyrochitina merga biozone

This biozone spans the total range of Ancyrochitina merga
Jenkins (1970), from its FAD to the FAD of Tanuchitina elon-
gata (Bouché 1965), the succeeding index species in the
North Gondwana Domain. In the present dataset, A. merga
(Plate 13, figures 2, 6; 10, 11, 12, 17, 18, 19) appears through
the MG-61 to MG-74 interval of the Ghelli Formation at the
Khoshyeilagh section, covering 112.8 m of black to olive-grey
shales. This microfossil is well documented from the Upper
Ordovician, particularly the late Katian stage slice Ka4 (time
slice VId), in various regions such as 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 2001, 2008, 2016,
2017¢, 2023; Ghavidel-Syooki and Winchester-Seeto 2002;
Ghavidel-Syooki et al. 2011b; Ghavidel-Syooki et al. 2011a;
Ghavidel-Syooki and Piri-Kangarshahi 2021). The biozone
includes notable taxa such as Plectochitina sylvanica Jenkins
(1970), Rhabdochitina curvata Al-Shawareb et al. (2017), and
Tanuchitina anticostiensis (Achab 1977), each described
below.

Plectochitina sylvanica (Plate 13, figures 21-24) appears
from MG-61 to MG-74 in the Ghelli Formation at the
Khoshyeilagh region (Figure 5; Supplementary data, S5).
Researchers have recorded this taxon in the Katian stage
slice Ka4 (time slice VId) in the Sylvan Shale, Oklahoma, USA
(Jenkins  1970), Morocco (Elaouad-Debbaj 1984, 1986;
Bourahrouh et al. 2004), Libya (Molyneux and Paris 1985),
the Arabian Peninsula (Al-Hajri 1995), and Iran (Ghavidel-
Syooki 2000, 2023; Ghavidel-Syooki and Winchester-Seeto
2002). Rhabdochitina curvata (Plate 10, figures 21, 22) spans
MG-61 to MG-74 in the Ghelli Formation at the Khoshyeilagh
region, Alborz Mountains, northern Iran (Figure 5;
Supplementary data, S5). Researchers first described this
taxon from the late middle Katian-early Hirnantian stage sli-
ces Ka2-Hi1 (time slices VIb-VII) in the Quwarah Member of
the Qasim Formation, Arabian Peninsula (Al-Shawareb et al.
2017), and later reported it from the late middle Katian stage
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slices Ka3-early Ka4 (time slices VIb-VId) in the Ghelli
Formation at Simeh-Kuh, Alborz Mountains, northern Iran
(Ghavidel-Syooki and Piri-Kangarshahi 2024).

Tanuchitina anticostiensis (Plate 9, figures 11, 15) occurs
throughout MG-61 to MG-74 in the Ghelli Formation at the
Khoshyeilagh region (Figure 5). This taxon, an important
Upper Ordovician (Caradocian to Ashgillian) microfossil,
appears in the Sandbian-Hirnantian stage slices Sal-Hi2
(time slices 5a-VIl) in Canada (Achab 1977) and north-eastern
Libya (Molyneux and Paris 1985); the late Katian-early
Hirnantian stage slices Ka4-Hi1 (time slices VId-VII) in Libya
(Abuhmida 2013); and the Katian stage slices Ka1-Ka4 (time
slices VIa-VId) on the Iranian Platform (Ghavidel-Syooki
2017¢, 2023; Ghavidel-Syooki and Borji 2018; Ghavidel-Syooki
and Piri-Kangarshahi 2024). Comparison with chronostrati-
graphical charts (Paris et al. 2000a; Webby et al. 2004;
Bergstrom et al. 2009; Videt et al. 2010) confirms that the
MG-61 to MG-74 interval of the Ghelli Formation at
Khoshyeilagh corresponds to the late Katian stage slice Ka4
(time slice VId).

4.4.6. Tanuchitina elongata biozone

Paris (1990, 1996) and Paris et al. (2000b) defined this bio-
zone as the partial-range biozone of Tanuchitina elongata
(Bouché 1965), extending from its FAD to the FAD of
Spinachitina oulebsiri (Paris et al. 2000b), the succeeding
index species in the North Gondwana Domain (Paris 1990;
Webby et al. 2004; Videt et al. 2010). Paris et al. (2000b) ori-
ginally defined the T. elongata biozone in the Late
Ordovician of the Algerian Sahara, setting its upper boundary
at the FAD of S. oulebsiri. In this study, T. elongata (Plate 9,
figures 3, 7; 4) first appears in the MG-75 to MG-79 interval
of the Ghelli Formation at the Khoshyeilagh section (Figure
5; Supplementary data, S5), covering 109.2 m of conglomer-
ate, olive-grey shale, and mottled medium-bedded sand-
stone. The basal 20 m of metamorphic heterogeneous
conglomerate lacks palynomorphs, while the remaining sec-
tions contain poorly preserved specimens. Researchers have
extensively documented this biozone in the Late Ordovician
(early Hirnantian) across northern Africa, including Morocco,
Tunisia, Libya, and Algeria (Bouché 1965; Elaouad-Debbaj
1988; Paris 1990; Oulebsir and Paris 1995; Paris et al. 2000b;
Bourahrouh et al. 2004; Abuhmida 2013), as well as in the
Middle East, including Iran (Ghavidel-Syooki and Winchester-
Seeto 2002; Ghavidel-Syooki 2008, 2016, 2017c, 2023;
Ghavidel-Syooki and  Piri-Kangarshahi ~ 2021),  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. 2000a; Paris et al. 2015; Al-Shawareb et al.
2017). This study identified co-occurring chitinozoan species
within this biozone, including Conochitina sp. (Plate 14,
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Plate 15. Figures 1-8; 13, 20. Abditusdyadus laevigatus Wellman and Richardson 1996 (sample MG-45; 15 specimens); Figures 10, 24. Segestrespora membranifera
(Johnson 1985) Burgess 1991 (sample MG-82; nine specimens); Figures 11, 22, 23. Velatitetras retimembrana (Miller and Eames) Steemans et al. 1996 (sample MG-
47; nine specimens); Figure 12. Dyadospora asymmetrica Ghavidel-Syooki 2017a (sample MG-85; four specimens); Figures 14, 15. Tetrahedraletes medinensis
(Strother and Traverse 1979) emend. Wellman and Richardson 1993 (sample MG-11; five specimens); Figures 16, 17. Tetrahedraletes grayae Strother 1991 (sample
MG-11; seven specimens); Figures 18, 19. Imperfectotriletes patinatus Steemans et al. 2000 (sample MG-83; seven specimens); Figure 21. Dyadospora ferdowsii

Ghavidel-Syooki and Piri-Kangarshahi 2021 (sample MG-79; three specimens).
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figure 23). Rhabdochitina curvata and Tanuchitina anticostien-
sis extend from the preceding biozone into the elongata bio-
zone (Figure 5; Supplementary data, S5). Comparison with
the chronostratigraphical charts of Paris (1990) and Webby
et al. (2004) indicates that this biozone corresponds to the
early Hirnantian stage slice Hi1 (lower level of time slice VII),
aligning with the lower part of the upper member of the
Ghelli Formation in the Khoshyeilagh region.

4.4.7. Spinachitina oulebsiri biozone

This biozone spans the entire range of Spinachitina oulebsiri
(Paris et al. 2000b), from its FAD to the FAD of Spinachitina
fragilis (Nestor 1980), the succeeding index species in the
North Gondwana Domain (Paris 1990; Webby et al. 2004;
Videt et al. 2010). In this study, S. oulebsiri (Plate 14, figures
1, 5; 2, 6; 3, 7; 4, 8) occurs throughout the MG-80 to MG-88
interval of the Ghelli Formation, spanning 246 m of alternat-
ing olive-grey shale and silty sandstone in the study area
(Figure 5; Supplementary data, S5). Researchers first identi-
fied the Spinachitina oulebsiri biozone in the Upper Member
of the M’Kratta Formation, north-east Algerian Sahara, Borj
Nili area (Paris et al. 2000b), correlating it indirectly with the
Normalograptus persculptus graptolite zone of the latest
Hirnantian (Paris 1990 in Webby et al. 2004; Bergstrom et al.
2009). Subsequent records include the Late Ordovician-Early
Silurian of northern Chad (Le Hérissé et al. 2013), the
Hirnantian Sahara ice sheet (Le Heron and Craig 2008), Libya
(Abuhmida 2013), Turkey (Steemans et al. 1996; Paris et al.
2007), and Iran (Ghavidel-Syooki 2008; Ghavidel-Syooki et al.
2011b; Ghavidel-Syooki 2017c, 2023; Ghavidel-Syooki and
Borji 2018; Ghavidel-Syooki and Piri-Kangarshahi 2021). Co-
occurring chitinozoan taxa in this biozone include
Rhabdochitina curvata and Tanuchitina anticostiensis, which
persisted from the preceding biozone into the oulebsiri bio-
zone (Figure 5; Supplementary data, S5). Spinachitina oulebsiri
has also been recorded from the latest Hirnantian to possibly
the earliest Rhuddanian in the Soom Shale Member of the
Cedarberg Formation, South Africa (Vandenbroucke et al.
2009); Hirnantian in the M'Kratta Formation (Well N1-2),
north-east Algerian Sahara (Paris et al. 2000b); and the
Hirnantian in the lower and upper members of the Second
Bani Formation, Morocco (Bourahrouh et al. 2004). It also
appears in the Zapla Formation, north-western Argentina (de
la Puente 2009; de la Puente and Rubinstein 2013), and the
Upper Member of the Salar del Rincon Formation, north-
western Argentina (de la Puente et al. 2020). This biozone is
crucial for defining the uppermost Ordovician and early
Silurian in the Northern Gondwana Domain. However,
Butcher (2009) questioned the taxonomic validity of
Spinachitina oulebsiri and the biozone’s utility, suggesting
that S. oulebsiri might be a senior synonym of Spinachitina
fragilis (Nestor 1980). Paris et al. (2000b) proposed that S.
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oulebsiri could represent an early developmental stage of the
S. fragilis lineage, with increased vesicle length, progressive
differentiation of the flexure, and the development of a
crown of spines, while the diameter remains stable.
Vandenbroucke et al. (2009) acknowledged challenges in dis-
tinguishing the two species, particularly with poorly
preserved specimens, but maintained the distinction based
on subtle morphological differences. The presence of
Spinachitina oulebsiri in the MG-80 to MG-88 interval of the
Ghelli Formation suggests a latest Hirnantian age for the
upper part of the formation, aligning with records from the
Algerian Sahara (Paris et al. 2000b; Webby et al. 2004),
Turkey (Steemans et al. 1996; Paris et al. 2007), South Africa
(Vandenbroucke et al. 2009), and the Zapla Formation of
Argentina (de la Puente 2009; de la Puente and Rubinstein
2013). Comparison with the chronostratigraphical chart of
Videt et al. (2010) indicates that this biozone corresponds to
the late Hirnantian stage slice Hi2 and the upper level of
time slice VIl in the Ghelli Formation at the Khoshyeilagh
region, Alborz Mountains, northern Iran.

4.5. Biostratigraphy of cryptospores

Researchers widely acknowledge that bryophyte-like land
plants appeared in parts of Gondwana by the mid-
Ordovician period (Strother et al. 1996; Le Hérissé et al. 2007;
Rubinstein et al. 2010, 2011). Discoveries of cryptospores in
the Middle Ordovician Hanadir Shale Member of the Qasim
Formation and the Dapingian section of the Sajir Member of
the Sag Formation in the Arabian Peninsula (Vecoli and
Cesari 2019) provide the earliest evidence of land plants.
These cryptospores display morphological features similar to
spores produced by some living liverworts (Gray 1985; Taylor
1995; Strother et al. 1996; Richardson 1996b; Steemans 2000;
Wellman and Gray 2000; Wellman et al. 2003). Slightly older,
though less diverse and poorly preserved, cryptospores with
comparable morphologies were identified in north-west
Argentina (Rubinstein et al. 2010). Vavrdova (1990) also
found isolated specimens of smooth permanent tetrads and
dyads from the Klabava Formation in Bohemia (Arenig—
Llanvirn). Richardson (1996a, 1996b) thoroughly reviewed all
major cryptospore morphological types, including monads,
permanent dyads, and tetrads, and explored their strati-
graphical importance. He outlined the evolutionary stages of
early land vegetation based on morphological changes in
terrestrial palynomorphs from the Ordovician to the Early
Devonian periods. Richardson (1996b) introduced the ‘pre-
cryptospore’ phase to describe the earliest Ordovician spore-
like palynomorphs, such as Virgatasporites and Attritasporites,
which might have come from freshwater algae or early ter-
restrial vegetation. Combaz (1967) initially classified these
palynomorphs as ‘spores’. Vecoli (2000, 2004) also explored
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Plate 16. Figures 1-3; 5-7. Rimosotetras problematica Burgess 1991 (sample MG-55; seven specimens); Figures 4, 9, 14, 15. Imperfectotriletes patinatus Steemans
et al. 2000 (sample MG-83; seven specimens); Figures 10-12. Tetrahedraletes medinensis (Strother and Traverse 1979) emend Wellman and Richardson 1993 (sample
MG-40; five specimens); Figure 13. Cryptotetras erugata Strother et al. 2015 (sample MG-15; five specimens); Figure 16. Segestrespora burgessii Steemans et al. 1996
(sample MG-83; 1three specimens). Figures 8, 17-20, 22-24. Velatitetras retimembrana (Miller and Eames) Steemans et al. 1996 (sample MG-47; nine specimens);
Figure 21. Velatitetras rugosa (Strother and Traverse 1979) Steemans et al. 1996 (sample MG-70; four specimens).
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the connection between Tremadocian sporomorph assemb-
lages and palynofacies, indicating nearshore depositional
environments with potential terrestrial sediment input. The
presence of primitive land plants during the earliest
Ordovician (Tremadocian) supports recent findings that sug-
gest terrestrial flora may have been widespread since the
Cambrian (Strother et al. 2004; Taylor and Strother 2008,
2009; Tomescu et al. 2009). Cryptospores preserved within
sporangia have been reported from Caradoc-age sediments
in the Hasirah Member of the Safig Formation, Haima
Supergroup of Oman (Wellman et al. 2003). In Iran, crypto-
spore records date back to the Late Cambrian (Furongian),
with Virgatasporites rudii first recorded in the llebeyk
Formation, High Zagros Mountains (Ghavidel-Syooki 2019).
Later, researchers documented cryptospores from the Lower
Ordovician Lashkarak Formation (Tremadocian-early Floian)
in the eastern Alborz Mountains (Navidi-lzad et al. 2022),
along with well-preserved cryptospores and trilete spores
from the Upper Ordovician Ghelli Formation in the Alborz
Mountains (Ghavidel-Syooki 2016) and Central Iran (Ghavidel-
Syooki and Piri-Kangarshahi 2021). This study reports 15 spe-
cies of cryptospores (in 10 genera), listed below.

4.5.1. Tetrahedraletes medinensis-Tetrahedraletes grayae
assemblage biozone
The co-occurrence of Tetrahedraletes medinensis (Strother
and Traverse), Wellman and Richardson (1993), and
Tetrahedraletes grayae Strother (1991) defines this terrestrial
assemblage biozone. This biozone appears in the basal part
of the Ghelli Formation in the Khoshyeilagh region. It
extends through the MG-6 to MG-44 interval, covering the
study section’s thickness of 314 m (Figure 6; Supplementary
data, S6). Tetrahedraletes medinensis (Plate 15, figures 14, 15;
Plate 16, figures 10-12; Plate 17, figures 12, 13 and 15-17)
occurs in the MG-6 to MG-44 interval of the Ghelli Formation
in the study section of the Khoshyeilagh area. Researchers
have recorded this species in various localities, including the
Caradoc type section (Sandbian stage slices Sal-Sa2 and
time slices 5a-5b), Shropshire, England (Wellman and
Richardson 1996); the Upper Ordovician at Hlasna Treban,
Czechoslovakia (Vavrdova 1988); the Upper Ordovician (late
Katian-Hirnantian stage slices Ka4-Hi2 and time slices Vid-
VIl) in the Bedinan Formation, south-eastern Turkey
(Steemans et al. 1996); the Ordovician/Silurian boundary in
the upper member of the Salar del Rincon Formation, Puna
region, north-west Argentina (Rubinstein and Vaccari 2004);
the Hirnantian-Llandovery (persculptus graptolite biozone-
turriculatus graptolite biozone) of south-west Wales (Burgess
1991); the latest Ashgillian or earliest Llandovery
(Rhuddanian) in the Cedaberg Formation, South Africa; the
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Upper Ordovician (Katian-Hirnantian stage slices Kal-Hi2
and time slices Vla-Vll) deposits of Anticosti Island, Québec,
Canada, and Estonia (Vecoli et al. 2011); the Upper
Ordovician (Hirnantian stage slices Hi1-Hi2 and time slice VI
of Videt et al. 2010); the Upper Ordovician (Katian—Hirnantian
stage slices Kal-Hi2 and time slices Vla-VIl) the Ghelli
Formation at the type section of Kuh-e Saluk (Ghavidel-
Syooki 2016) and Kuh-e Boghou, Central Iran (Ghavidel-
Syooki and Piri-Kangarshahi 2021); the latest Ordovician
(Hirnantian stage slices Hi1-Hi2 and time slice VII) the
Qusaiba-1 borehole, Sarah Formation, the Arabian Peninsula
(Wellman et al. 2015); and the late Middle Ordovician
(Darriwilian stage slices Dw1-Dw3 and time slices 4a-4c)
Hanadir Shale Member of the Qasim Formation, the Arabian
Peninsula (Strother et al. 2015).

Tetrahedraletes grayae (Plate 15, figures 16, 17; Plate 17,
figure 24) also occurs in the MG-6 to MG-44 interval of the
Ghelli Formation in the study section of the Khoshyeilagh
area (Figure 6; Supplementary data, S6). Researchers have
documented this taxon in various regions, including the
Ashgillian (Katian-Hirnantian stage slices Ka1-Hi2 and time
slices Vla-VIl) Couches Fort Atkinson Dolomite, Maquoketa
Group, lllinois, USA (Strother 1991); the Oostduinkerke bore-
hole, Brabant Massif, Belgium (Steemans 2001); the Kosov
Formation, Central Bohemia, Czech Republic; the Upper
Ordovician (Katian-Hirnantian stage slices Ka1-Hi2 and time
slices Vla-VIl) strata of Anticosti Island, Québec, Canada
(Vecoli et al. 2011); the late Middle Ordovician (Darriwilian
stage slices Dw1-Dw3 and time slices 4a-4c) Hanadir Shale
Member of the Qasim Formation, the Arabian Peninsula
(Strother et al. 2015); and the Late Ordovician (Hirnantian
stage slices Hi1-Hi2 and time slice VII) Ghelli Formation of
the Khoshyeilagh area, the Alborz Mountains, northern Iran
(Mahmoudi et al. 2014). Cryptotetras erugata (Plate 16, figure
13; Plate 17, figure 9) also occurs in MG-6 and continues into
the subsequent biozones (Figure 6; Supplementary data, S6).
Strother et al. (2015) initially documented this species from
the Hanadir Shale Member of the Qasim Formation, the late
Middle Ordovician (Darriwilian stage slices Dw1-Dw3 and
time slices 4a-4b of Webby et al. 2004) on the Arabian
Peninsula. Researchers have also recorded this taxon from
the Upper Ordovician (Katian-Hirnantian stage slices Ka1-Hi2
and time slices Vla-VIl) in the Ghelli Formation at its type
locality in Kuh-e Saluk, the Alborz Mountains of northern Iran
(Ghavidel-Syooki 2016), and from the same formation in Kuh-
e Boghou, Central Iran (Ghavidel-Syooki and Piri-Kangarshahi
2021). In the current study, this cryptospore assemblage cor-
responds to the Belonechitina robusta, Tanuchitina fistulosa,
and Acanthochitina barbata chitinozoan biozones, spanning
Sandbian—Katian stage slices Sa1-Ka3 and time slices 5a-Vib.
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Plate 17. Figures 1-5. Tetrahedraletes grayae Strother 1991 (sample MG-11; seven specimens); Figure 6. Velatitetras rugosa (Strother and Traverse) Steemans et al.
1996 (sample MG-58; four specimens); Figures 7, 8. Velatitetras retimembrana (Miller and Eames) Steemans et al. 1996 sample MG-65; five specimens); Figure 9.
Cryptotetras erugata Strother et al. 2015 (sample MG-29; five specimens); Figures 10, 11, 14. Cheilotetras caledonica Wellman and Richardson 1993 (sample MG-62;
five specimens). Figure 18. Segestrespora laevigata Burgess 1991 (sample MG-87; three specimens); Figures 12-13, 15-17. Tetrahedraletes medinensis (Strother and
Traverse 1979) Wellman and Richardson 1993 (sample MG-22; five specimens); Figures 19-20. Pseudodyadospora laevigata Johnson 1985 (sample MG-45; 10 speci-
mens); Figures 21-23. Segestrespora membranifera (Johnson) Burgess 1991 sample MG-82; nine specimens); Figure 24. Cluster of Tetrahedraletes grayae Strother

1991 sample MG-38; five specimens).



4.5.2. Rimosotetras problematica-Cheilotetras caledon-
ica assemblage biozone

The co-occurrence of Rimosotetras problematica Burgess
(1991) and Cheilotetras caledonica Wellman (1993) defines
this terrestrial assemblage biozone. This biozone immediately
follows the preceding one and spans the MG-45 to MG-74
interval of the Ghelli Formation in the Khoshyeilagh region,
covering a thickness of 242 m (Figure 6; Supplementary data,
S6). Rimosotetras problematica (Plate 16, figures 1-3 and 5-7)
occurs within the MG-45 to MG-74 interval of the Ghelli
Formation. This taxon exhibits a long stratigraphical range
from the Late Ordovician to Silurian (Richardson 1988;
Burgess and Richardson 1991; Steemans et al. 1996; Wellman
and Richardson 1996; Wellman and Gray 2000; Le Hérissé
et al. 2001; Rubinstein and Vaccari 2004; Spina and Vecoli
2009; Vecoli et al. 2011). Additionally, records of this species
span from the late Middle Ordovician (Darriwilian stage slices
Dw1-Dw3 and time slices 4a-4c) in the Hanadir Shale
Member of the Qasim Formation, the Arabian Peninsula
(Strother et al. 2015), to the Early Devonian (Lochkovian)
Tawil Formation in the Arabian Peninsula (Steemans et al.
2007). Furthermore, Rimosotetras problematica has been
documented in the Upper Ordovician (Hirnantian stage slices
Hi1-Hi2 and time slice VII of Videt et al. 2010) from the
Ghelli Formation in the Khoshyeilagh area, northern Iran
(Mahmoudi et al. 2014); the Upper Ordovician (Katian-
Hirnantian stage slices Ka1-Hi2 and time slices Vla-VIl) in the
Ghelli Formation at its type locality of Kuh-e Saluk (Ghavidel-
Syooki 2016); and the Upper Ordovician (Katian-Hirnantian
stage slices Ka1-Hi2 and time slices Vla-VIl) from the Ghelli
Formation of Kuh-e Boghou, Central Iran (Ghavidel-Syooki
and Piri-Kangarshahi 2021). Cheilotetras caledonica (Plate 17,
figures 10, 11, 14) is confined to the MG-45 to MG-74 interval
of the Ghelli Formation in the Khoshyeilagh area (Figure 6;
Supplementary data, S6). This species has been reported
from post-Ordovician strata worldwide, ranging from Early-
Late Silurian (Burgess and Richardson 1991; Wellman 1993;
Molyneux et al. 1996; Wellman and Richardson 1996;
Hagstrom 1997; Molyneux et al. 2007, 2008) to Early
Devonian deposits (Burden et al. 2002; Steemans et al. 2007).
Additionally, Cheilotetras caledonica has been documented in
Upper Ordovician (Katian-Hirnantian stage slices Kal-Hi2
and time slices Vla-VIl) deposits in Canada and Estonia
(Vecoli et al. 2011); the Upper Ordovician (Hirnantian stage
slices Hi1-Hi2 and time slice VII) from the Ghelli Formation in
the Khoshyeilagh area, northern Iran (Mahmoudi et al. 2014);
and the Upper Ordovician (Katian-Hirnantian stage slices
Ka1l-Hi2 and time slices Vla-VIl) from both the Ghelli
Formation in Kuh-e Saluk (Ghavidel-Syooki 2016) and Kuh-e
Boghou, Central Iran (Ghavidel-Syooki and Piri-Kangarshahi
2021). The associated cryptospore taxa in this biozone
include Velatitetras rugosa (Strother and Traverse) Steemans
et al. (1996), Velatitetras retimembrana (Miller and Eames)
Steemans et al. (1996), Abditusdyadus laevigatus Wellman
and Richardson (1996), and Pseudodyadospora laevigata
Johnson (1985), each described below.

In the current study, Velatitetras rugosa (Plate 16, figure
21; Plate 17, figure 6) occurs within the MG-45 to MG-74
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interval of the Ghelli Formation in the Khoshyeilagh area.
Researchers have previously documented this taxon in vari-
ous regions, including the Ashgillian (Hirnantian stage slices
Hi1-Hi2 and time slice VII of Videt et al. 2010) in the Velleda
Member of the Ellis Bay Formation, Anticosti Island, Québec,
Canada (Richardson and Ausich 2007); the Caradocian-
Ashgillian (Sandbian-Hirnantian stage slices Sal-Hi2 and
time slices 5a-VIl) in the Bedinan Formation, Turkey
(Steemans et al. 1996); the Ashgillian (Katian-Hirnantian
stage slices Kal-Hi2 and time slices Vla-Vll) in the
Oostduinkerke borehole, Brabant Massif, Belgium (Steemans
2001); the Ashgillian-Early Llandovery in Hlasna Treban,
Czechoslovakia (Vavrdova 1988, 1989); the Early Llandovery
(Rhuddanian) in Bronydd (Steemans et al. 2000; Wellman
et al. 2000); the Late Silurian-Early Devonian (Ludlow-
Lochkovian) in the Tadrart Formation, Ghadamis basin,
Tunisia (Spina and Vecoli 2009); Upper Ordovician (Katian-
Hirnantian) strata of Canada and Estonia (Vecoli et al. 2011);
and the Upper Ordovician (Sandbian-Hirnantian stage slices
Sal-Hi2 and time slices 5a-VIl) in the Ghelli Formation of
both North and Central Iranian basins (Ghavidel-Syooki 2016;
Ghavidel-Syooki and Piri-Kangarshahi 2021).

Velatitetras retimembrana (Plate 15, figures 11, 22, 23;
Plate 16, figures 8, 17, 18, 19, 20, 22, 23, 24; Plate 17, figures
7, 8) occurs throughout the MG-45 to MG-74 interval and
extends into the succeeding cryptospore assemblage of the
Ghelli Formation in the study section (Figure 6;
Supplementary data, S6). Researchers have recorded this spe-
cies in various locations, including the Late Ordovician
(Sandbian-Hirnantian stage slices Sa1-Hi2 and time slices
5a-Vll) in the Bedinan Formation, south-eastern Turkey
(Steemans et al. 1996); the Ashgillian-Llandovery in Wales,
UK (Burgess 1991); the Llandovery (Rhuddanian-Aeronian) in
Niagara Gorge, Lewiston, New York, USA (Miller and Eames
1982); the Llandovery (Rhuddanian) in Tuscarora, Central
Pennsylvania, USA (Johnson 1985); the Ashgillian (Sandbian-
Hirnantian stage slices Sa1-Hi2 and time slices 5a-VIl) in the
Drakes Formation, Ohio, USA (Gray 1988); the late Llandovery
in the Jupiter Formation, Anticosti Island, Québec, Canada
(Duffield 1985); the Llandovery (Rhuddanian-Aeronian) in
north-east Libya (Richardson 1988); the Late Ordovician in
the Kosov Formation, Hlasna Treban, Czech Republic
(Vavrdova 1988, 1989); and the Late Ordovician (Sandbian-
Hirnantian stage slices Sa1-Hi2 and time slices 5a-VIl) in the
Ghelli Formation of both North and Central Iranian basins
(Ghavidel-Syooki 2016; Ghavidel-Syooki and Piri-Kangarshahi
2021).

Abditusdyadus laevigatus Wellman and Richardson (1996)
(Plate 15, figures 1-8, 13, 20) occurs in the MG-45 to MG-74
interval of the Ghelli Formation and continues into the suc-
ceeding cryptospore assemblage (Figure 6; Supplementary
data, S6). Researchers have recorded this taxon from various
regions, including the Ashgillian (late Katian-Hirnantian stage
slices Ka4-Hi2 and time slices VId-VII) in the Oostduinkerke
borehole, Brabant Massif, Belgium (Steemans 2001); the Early
Llandovery (Rhuddanian) in the Qusaiba Member of the
Qalibah Formation, the Arabian Peninsula (Steemans et al.
2000; Wellman and Gray 2000); the Upper Ordovician
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(Katian—Hirnantian stage slices Ka1-Hi2 and VlIa-VIl) strata of
Canada and Estonia (Vecoli et al. 2011); and the Upper
Ordovician (Katian-Hirnantian stage slices Ka1-Hi2 and Vla-
VIl) in the Ghelli Formation of both North and Central Iranian
basins (Ghavidel-Syooki 2016; Ghavidel-Syooki and Piri-
Kangarshahi 2021).

Pseudodyadospora laevigata Johnson (1985) (Plate 17, fig-
ures 19, 20) occurs within the MG-45 to MG-74 interval of
the Ghelli Formation and persists into the succeeding crypto-
spore assemblage (Figure 6; Supplementary data, S6).
Researchers have recorded Pseudodyadospora laevigata from
various locations, including the Ashgillian—early Llandovery in
the Kosov Formation, Hlasna Treban, Czech Republic
(Vavrdova 1974, 1988, 1989); the Ashgillian in the Kalpintag
Formation, Southern Xinjiang, China (Wang et al. 1997); the
early Llandovery (Rhuddanian) in the Qusaiba Member of the
Qalibah Formation, Arabian Peninsula (Steemans et al. 2000;
Wellman and Gray 2000); the Ordovician and Silurian in the
Bedinan Formation, south-eastern Turkey (Steemans et al.
1996); the Hirnantian stage slices Hi1-Hi2 (time slice VII) in
the Velleda Member of the Ellis Bay Formation, Anticosti
Island, Québec, Canada (Richardson and Ausich 2007); the
Upper Ordovician—Early Silurian in the Arabian Peninsula
(Wellman et al. 2015); and the Upper Ordovician (Katian-
Hirnantian stage slices Ka1-Hi2 and time slices VIa-VIl) in the
Ghelli Formation of both North and Central Iranian basins
(Ghavidel-Syooki 2016; Ghavidel-Syooki and Piri-Kangarshahi
2021). In the present material, this cryptospore assemblage
corresponds to the Armoricochitina nigerica and Ancyrochitina
merga chitinozoan biozones, spanning Katian stage slice Ka4
and time slices Vic-Vid.

4.5.3. Segestrespora burgessii-Segestrespora laevigata
assemblage biozone
Segestrespora  burgessii  Steemans et al. (1996) and
Segestrespora laevigata Burgess (1991) define this terrestrial
assemblage biozone. This biozone occurs in the upper part
of the Ghelli Formation in the Khoshyeilagh region, spanning
the MG-75 to MG-88 interval and covering 355 m of the
study section (Figure 6; Supplementary data, S6).
Segestrespora burgessii (Plate 16, figure 16) occurs between
the MG-75 and MG-88 intervals of the Ghelli Formation in
the Khoshyeilagh region (Figure 6; Supplementary data, S6).
Other records of this taxon include the latest Ashgillian
(Hirnantian) to earliest Silurian (Rhuddanian) in the Scach to
Bronydd Formation, type Llandovery area, south-western
Wales, UK (Burgess 1991); the Late Ordovician (Sandbian-
Hirnantian stage slices Sa1-Hi2 and time slices 5a1 to VII) in
the Bedinan Formation, south-eastern Turkey (Steemans
et al. 1996); and the Upper Ordovician (Hirnantian stage sli-
ces Hi1-Hi2 and time slice VIl) in the Ghelli Formation of
both North and Central Iranian basins (Ghavidel-Syooki 2016;
Ghavidel-Syooki and Piri-Kangarshahi 2021). This study identi-
fies Segestrespora laevigata Burgess (Plate 17, figure 18)
within the MG-75 to MG-88 interval of the Ghelli Formation
in the study area (Figure 6; Supplementary data, S6).
Researchers have reported this species from several regions,
including the Late Ordovician (Sandbian-Hirnantian stage

slices Sal-VIl and time slices 5a-VlIl) of the Bedinan
Formation, south-eastern Turkey (Steemans et al. 1996); the
Ashgillian (Katian-Hirnantian stage slices Kal-Hi2 and time
slices VIa-VIl) from the Oostduinkerke borehole, Brabant
Massif, Belgium (Steemans 2001); the latest Ashgillian
(Hirnantian) to earliest Silurian (Rhuddanian) in the Scach to
Bronydd Formation, Llandovery area, south-western Wales,
UK (Burgess 1991); the Early Silurian (Llandovery) of the
Qusaiba Member, Qalibah Formation, the Arabian Peninsula
(Steemans et al. 2000; Wellman et al. 2000); the Upper
Ordovician to lowermost Silurian from Qusaiba-1, Qasim
region, Central Arabian Peninsula (Wellman et al. 2015); in
the Upper Ordovician (Katian-Hirnantian) on Anticosti Island,
Québec, Canada, and in Estonia (Vecoli et al. 2011); and the
Upper Ordovician (Hirnantian stage slices Hi1-Hi2 and time
slice VIl) from the Ghelli Formation in both North and
Central Iranian basins (Ghavidel-Syooki 2016; Ghavidel-Syooki
and Piri-Kangarshahi 2021). Along with some cryptospore
taxa that extend from the preceding assemblage biozones,
the associated cryptospore taxa include Segestrespora mem-
branifera (Johnson 1985) Burgess (1991), Dyadospora asym-
metrica  Ghavidel-Syooki (2017a), Dyadospora ferdowsii
Ghavidel-Syooki and Piri-Kangarshahi (2021), and
Imperfectotriletes patinatus Steemans et al. (2000), each
described below.

Segestrespora membranifera (Plate 15, figures 10, 24; Plate
17, figures 21-23) occurs in the MG-75 to MG-88 interval of
the Ghelli Formation in the study area (Figure 6;
Supplementary data, S6). This taxon is widely distributed
geographically and ranges from the Upper Ordovician to the
Lower Silurian (Llandovery). Records of Segestrespora mem-
branifera include its occurrence in the Late Ordovician
(Sandbian-Hirnantian stage slices Sa1-Hi2 and time slices
5a-VIl) of the Bedinan Formation, south-eastern Turkey
(Steemans et al. 1996) and the Ashgillian (Katian-Hirnantian
stage slices Kal-Hi2 and time slices VIa-VIl) of the
Oostduinkerke borehole, Brabant Massif, Belgium (Steemans
2001). It also appears in the latest Ashgillian (Hirnantian)-ear-
liest Silurian (Rhuddanian) in the Scach to Bronydd
Formation, Ashgillian-Early Silurian (Rhuddanian) type
Llandovery area, south-western Wales, UK, within the per-
sculptus-acinaces  graptolite  biozone  (Burgess 1991).
Additional records include the Ashgillian (Katian-Hirnantian
stage slices Kal-Hi2 and time slices Vla-Vll) in the Kosov
Formation, bohemicus graptolite biozone, Czechoslovakia
(Vavrdova 1989), the Early Silurian (Llandovery) in the
Qusaiba Member of the Qalibah Formation, Arabian
Peninsula (Steemans et al. 2000; Wellman et al. 2000), and
the Upper Ordovician to lowermost Silurian of Qusaiba-1,
Qasim region, Central Arabian Peninsula (Wellman et al.
2015). Further occurrences are documented in the Upper
Ordovician (Katian-Hirnantian stage slices Ka1-Hi2 and time
slices VlIa-Vll) in Libya (Abuhmida 2013) and the Salar del
Rincon Formation, Puna Region, Argentina (Rubinstein and
Vaccari 2004). Additionally, records exist from the Upper
Ordovician (Katian-Hirnantian stage slices Kal-Hi2 and time
slices VIa-VIl) on Anticosti Island, Québec, Canada, and
Estonia (Vecoli et al. 2011), as well as from the Ghelli



Formation at its type locality in Kuh-e Saluk, Alborz
Mountains (Ghavidel-Syooki 2016) and at Kuh-e Boghou,
Central Iranian basin (Ghavidel-Syooki and Piri-Kangarshahi
2021).

Dyadospora asymmetrica (Plate 15, figure 12) also occurs
within MG-75 to MG-88 of the Ghelli Formation in the
Khoshyeilagh region (Figure 6; Supplementary data, S6).
Ghavidel-Syooki (2016) primarily documented this taxon from
the Upper Ordovician (Sandbian-Hirnantian stage slices Sa1-
Hi2 and time slices 5a-Vll) in the Ghelli Formation at Kuh-e
Saluk within the Alborz Mountains of north-eastern Iran and
at Kuh-e Boghou in the central Iranian basin (Ghavidel-
Syooki and Piri-Kangarshahi 2021). Dyadospora ferdowsii
(Plate 15, figure 21) appears within the MG-75 to MG-88
interval of the Ghelli Formation in the study area (Figure 6;
Supplementary data, S6). Ghavidel-Syooki and Piri-
Kangarshahi (2021) primarily described this species from the
Upper Ordovician (Katian-Hirnantian stage slices Kal-Hi2
and time slices Vla-VIl) in the Ghelli Formation at Kuh-e
Boghou in the central Iranian basin.

Imperfectotriletes patinatus (Plate 15, figures 18, 19; Plate
16, figures 4, 9, 14, 15) occurs within the MG-75 to MG-88
interval of the Ghelli Formation in the Khoshyeilagh area
(Figure 6; Supplementary data, S6). Various studies have
recorded this species, including from the Ashgillian (Katian-
Hirnantian stage slices Ka1-Hi2, and time slices Vla-VIl) in
the Oostduinkerke borehole, Brabant Massif, Belgium
(Steemans 2001); the Upper Ordovician and Lowermost
Silurian of the Qusaiba-1 shallow-core hole in the Qasim
region, Central Arabian Peninsula (Wellman et al. 2015); and
the Ashgillian (Katian-Hirnantian stage slices Ka1-Hi2, and
time slices VIa-VIl) in the Ghelli Formation at Kuh-e Saluk in
the Alborz Mountains of north-eastern Iran and Kuh-e
Boghou in the central Iranian basin (Ghavidel-Syooki and
Piri-Kangarshahi 2021). In the current study, this cryptospore
assemblage biozone corresponds to the Tanuchitina elongata
and Spinachitina oulebsiri chitinozoan biozones, spanning the
Hirnantian stage slices Hi1-Hi2 and time slice VII of Videt
et al. (2010).

5. Palaeobiogeography

Early-Late Ordovician acritarch and chitinozoan taxa exhibit
distinct provincialism globally, defined by two major micro-
floral and microfaunal realms, including the Peri-Gondwana
(Peri-Antarctica) and Baltic palaeo-provinces (Vavrdova 1972;
Colbath 1990; Ghavidel-Syooki 1990, 1995, 1997; Molyneux
et al. 2013). Various palaeoenvironmental factors, such as
water temperature and oceanic currents, likely influenced
this provincialism (Tongiorgi et al. 1995; Molyneux et al.
2013; Servais et al. 2014). As a result, chronostratigraphical
divisions for the Mediterranean and North Gondwana regions
follow the framework of Bergstrom et al. (2009). Servais et al.
(2018) clarified that ‘North Gondwana’ refers to parts of the
Palaeozoic Gondwana continent that are now in the most
northerly positions. However, these areas lay at high south-
ern palaeolatitudes along Gondwana’s subpolar margin dur-
ing the early Palaeozoic Era. According to Ordovician
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palaeogeography reconstructions by Torsvik and Cocks
(2017) and the terminology of Servais et al. (2018), the term
‘southern Gondwana’ refers to regions between approxi-
mately 60°S and the Ordovician South Pole. These regions
mainly include North Africa and parts of the Armorican
Terrane Assemblage, such as Bohemia, Saxothuringia, and
Iberia. In contrast, the term ‘western Gondwana’ applies to
the Arabian Peninsula, Iran, Pakistan, and Western Australia
(Figure 7). Meanwhile, ‘eastern Gondwana’ encompasses
areas on the opposite margin of the palaeocontinent, with
data primarily available from north-western Argentina and
Colombia. Additionally, during the Early and Middle
Ordovician, South China was a distinct entity located next to
the western margin of Gondwana, as depicted in Torsvik and
Cocks’ reconstructions (2016, fig. 6.1). This study focuses on
the Lower Palaeozoic rock units, including the Lalun, Mila,
Lashkarak, and Ghelli formations in the Khoshyeilagh region
within the Alborz Mountains, northern Iran. Due to their lith-
ologies, the Lalun, Mila, and Lashkarak formations lack
organic-wall microfossils, while the Ghelli Formation contains
well-preserved and abundant palynomorphs. The current
analysis identified 55 acritarch taxa, which define six acritarch
assemblage biozones. In ascending stratigraphical order,
these are: Acanthodiacrodium crassus—Baltisphaeridium accinc-
tum (A. crassus-B. accinctum), Ordovicidium elegantulum-
Orthosphaeridium ternatum (O. elegantolum-O. ternatum),
Baltisphaeridium perclarum—Baltisphaeridium oligopsakium (B.
perclarum-B. oligopsakium), Inflatarium trilobatum-
Dactylofusa platynetrella (. trilobatum-D. platynetrella),
Poikilofusa pinata-Dorsennidium hamii (P. pinata-D. hamii)
and Speculaforma delicata-Safirotheca safira (S. delicata-S.
safira). The A. crassus-B. accinctum biozone appears in the
lowermost part of the Ghelli Formation. Its acritarch taxa
have been recorded in Laurentia, Baltica, and Peri-Gondwana
(Loeblich and Tappan 1978; Playford and Wicander 2006;
Ghavidel-Syooki 2017c; Ghavidel-Syooki and Piri-Kangarshahi
2021, 2024; Rubinstein and Vajda 2023). This biozone corre-
sponds to the Sandbian stage slices Sa1-Sa2 and time slices
5a-5b, marking the first interval of the Ghelli Formation in
the Khoshyeilagh area. The O. elegantulum-O. ternatum bio-
zone immediately follows the preceding biozone. Its acritarch
taxa have been recorded in Laurentia, Baltica, and Peri-
Gondwana (Loeblich and Tappan 1978; Miller 1991; Vecoli
1999; Le Hérissé et al. 2015; Ghavidel-Syooki 2016, 2017c;
Ghavidel-Syooki and Piri-Kangarshahi 2021, 2024; Rubinstein
and Vajda 2023). This biozone corresponds to the early
Katian stage slice Ka1 (time slice Vla), marking the second
interval of the Ghelli Formation in the study area. After the
O. elegantulum-0. ternatum biozone, the B. perclarum-B. oli-
gopsakium biozone appears in the Ghelli Formation. Its acri-
tarch species have been recorded in Laurentia, Baltica,
Avalonia, China, and Peri-Gondwana (Tappan and Loeblich
1971; Loeblich and Tappan 1978; Turner 1984; Jacobson and
Achab 1985; Jachowicz 1995; Vecoli 1999, 2000; Le Hérissé
et al. 2013; Ghavidel-Syooki and Piri-Kangarshahi 2021, 2024;
Rubinstein and Vajda 2023). This biozone corresponds to the
mid-Katian stage slices Ka2-Ka3 (time slice Vlb of Videt et al.
2010), marking the third interval of the Ghelli Formation.
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Following the B. perclarum-B. oligopsakium biozone, the
I. trilobatum-D. platynetrella biozone and associated acritarch
taxa emerge in the Ghelli Formation. Its acritarch taxa have
been recorded in Laurentia, Baltica, Avalonia, and Peri-
Gondwana (Loeblich and Tappan 1978; Jacobson and Achab
1985; Vecoli 1999; Le Hérissé et al. 2015; Ghavidel-Syooki and
Piri-Kangarshahi 2021, 2024). This biozone corresponds to
the late Katian stage slice Ka4 (time slice Vic), marking the
fourth interval of the Ghelli Formation in the Khoshyeilagh
region. After the I. trilobatum-D. platynetrella biozone in the
Ghelli Formation, the P. spinata-D. hamii biozone and associ-
ated acritarch species appear. Its acritarch taxa have been
recorded in Laurentia, Baltica, and Peri-Gondwana (Wright
and Meyers 1981; Jacobson and Achab 1985; Elaouad-Debbaj
1988; Vavrdova 1988; Eiserhardt 1992; Wicander et al. 1999;
Ghavidel-Syooki and Hoseinzadeh-Moghadam 2005; Playford
and Wicander 2006; Le Hérissé et al. 2015; Ghavidel-Syooki
and Piri-Kangarshahi 2021). This biozone corresponds to the
late Katian stage slice Ka4 (time slice VId), marking the fifth
interval of the Ghelli Formation in the current dataset.
Following the P. spinata-D. hamii biozone, the S. delicata-S.
safira biozone appears in the upper part of the Ghelli
Formation. This biozone and associated acritarch taxa have
been recorded in Laurentia and Peri-Gondwana (Vavrdova
1988, 1989; Ghavidel-Syooki 2000; Le Hérissé et al. 2015;
Miller et al. 2017; Ghavidel-Syooki 2017c; Ghavidel-Syooki
and Piri-Kangarshahi 2021). This biozone correlates with the
Hirnantian stage slices Hi1-Hi2 and time slice VII, marking
the final interval of the Ghelli Formation in the Khoshyeilagh
area.

Also, 48 chitinozoan taxa were identified and helped to
delineate seven chitinozoan biozones, spanning Belonechitina
robusta, Tanuchitina fistulosa, Acanthochitina  barbata,
Armoricochitina nigerica, Ancyrochitina merga, Tanuchitina
elongata, and Spinachitina oulebsiri, each described below in
ascending stratigraphical order. Belonechitina robusta appears
in the lowermost part of the Ghelli Formation in the
Khoshyeilagh region. The robusta biozone corresponds to the
partial range of this taxon from its FAD to the FAD of
Tanuchitina fistulosa. The robusta biozone indicates the
Sandbian stage slices Sal-Sa2 (time slices 5a-5b) in the
North Gondwana Terrane. Following B. robusta in the Ghelli
Formation at the Khoshyeilagh locality, Tanuchitina fistulosa
emerges. This biozone corresponds to the partial range of
Tanuchitina fistulosa, spanning from its FAD to the FAD of
Acanthochitina barbata. Tanuchitina fistulosa has been docu-
mented in the early Katian stage slice Kal (time slice Via).
After T. fistulosa in the Ghelli Formation at the Khoshyeilagh
site, Acanthochitina barbata appears. This biozone corre-
sponds to the total range of Acanthochitina barbata. It spans
from its FAD to the FAD of Armoricochitina nigerica (Bouché
1965), the succeeding index species in the North Gondwana
Domain. Acanthochitina barbata is an index microfossil for
the early Ashgillian (Pusgillian), or the middle Katian stage
slices Ka2-Ka3 (time slice of Vlb) in the North Gondwana
Domain. Following A. barbata in the Ghelli Formation at the
Khoshyeilagh area, Armoricochitina nigerica emerges. This
biozone corresponds to the partial range biozone of

Armoricochitina nigerica, extending from its FAD to the FAD
of Ancyrochitina merga, the succeeding index species in the
North Gondwana. The A. nigerica biozone has been docu-
mented within the late Katian stage slice Ka4 (time slice Vic).
Armoricochitina nigerica is a pivotal chitinozoan species,
delineating the northern Gondwanan high palaeoplate dur-
ing the Late Ordovician. Its absence from records in the UK
and Belgium suggests that it did not spread to the north of
the margin of the Rheic Ocean (Paris et al. 2015). After
A. nigerica in the Ghelli Formation at the Khoshyeilagh local-
ity, Ancyrochitina merga appears. This biozone corresponds
to the total range biozone of Ancyrochitina merga, extending
from its FAD to the FAD of Tanuchitina elongata, the suc-
ceeding index species in the North Gondwana Domain. The
A. merga biozone has been documented within the late
Katian stage slice Ka4 (time slice VId). Following A. merga in
the Ghelli Formation in the Khoshyeilagh site, Tanuchitina
elongata appears. This biozone corresponds to the partial
range biozone Tanuchitina elongata, extending from its FAD
to the FAD of Spinachitina oulebsiri, the succeeding index
taxon in the North Gondwana Domain. The T. elongata bio-
zone has been documented within the early Hirnantian stage
slice Hi1 (lower level of time slice VII). After T. elongata in
the Ghelli Formation at the Khoshyeilagh region, Spinachitina
oulebsiri appears. This biozone corresponds to the total range
of Spinachitina oulebsiri extending from its FAD to the FAD
of Spinachitina fragilis, the index species succeeding biozone
in the North Gondwana Domain. The S. oulebsiri biozone has
been documented within the late Hirnantian stage slice Hi2
(upper level of time slice VII).

In the current study, | also identified 15 cryptospore taxa
and delineated three associated assemblage biozones. These
are, in ascending stratigraphical order, Tetrahedraletes medi-
nensis-Tetrahedraletes grayae (T. medinensis-T. grayae),
Rimosotetras problematica-Cheilotetras caledonica (R. problem-
atica-C. caledonica), and Segestrespora burgessii-Segestrespora
laevigata (S. burgessii-S. laevigata).

The T. medinensis-T. grayae biozone emerges at the base
of the Ghelli Formation, extending over 314 m. Researchers
have recorded cryptospore taxa of this biozone in Laurentia,
Baltica, Avalonia, and Peri-Gondwana (Burgess 1991; Strother
1991; Wellman and Richardson 1996; Rubinstein and Vaccari
2004; Vecoli et al. 2011; Strother et al. 2015; Ghavidel-Syooki
2016, 2017¢; Ghavidel-Syooki and Piri-Kangarshahi 2021). This
terrestrial cryptospore biozone correlates with the B. robusta
and T. fistulosa biozones, and with the lower part of the A.
barbata biozone, corresponding to the Sandbian-Katian
stage slices 5a-Ka3 and time slices 5a-VIb for this thickness
of the study section in the Khoshyeilagh area.

Following the T. medinensis-T. grayae biozone in the
Ghelli Formation, the R. problematica-C. caledonica biozone
appears, covering 242 m. Researchers have documented the
terrestrial cryptospores of this biozone in Laurentia, Avalonia,
Baltica, and Peri-Gondwana (Richardson 1988; Burgess and
Richardson 1991; Strother 1991; Steemans et al. 1996;
Wellman and Richardson 1996; Wellman et al. 2000; Le
Hérissé et al. 2001; Rubinstein and Vaccari 2004; Spina and
Vecoli 2009; Vecoli et al. 2011; Strother et al. 2015; Ghavidel-



Syooki 2016, 2017c; Ghavidel-Syooki and Piri-Kangarshabhi
2021). In this study, the cryptospore assemblage biozone cor-
responds to the Armoricochitina nigerica and Ancyrochitina
merga chitinozoan biozones, spanning Katian stage slice Ka4
and time slices VIc-VId for this thickness of the Ghelli
Formation.

After the R. problematica-C. caledonica biozone in the
Ghelli Formation, the S. burgessii-S. laevigata biozone
emerges, covering 355 m. Cryptospore elements of this bio-
zone have been recorded in the Laurentia, Avalonia, Baltica,
and Peri-Gondwana (Burgess 1991; Steemans et al. 1996;
Vavrdova 1997; Vecoli et al. 2011; Strother et al. 2015;
Ghavidel-Syooki 2017c; Ghavidel-Syooki and Piri-Kangarshabhi
2021). This cryptospore assemblage biozone correlates with
the Tanuchitina elongata and Spinachitina oulebsiri chitino-
zoan biozones, including the Hirnantian stage slices Hi1-Hi2
and time slice VIl for this interval of the Ghelli Formation in
the study section of the Khoshyeilagh area.

6. Conclusions

Palynological analysis of the Lower Palaeozoic rock units
(Lalun, Mila, Lashkarak, and Ghelli formations) in the
Khoshyeilagh region of the Alborz Mountains, northern Iran,
provided valuable insights into the geological and palae-
ontological characteristics of the study section. This analysis
encountered acritarchs, chitinozoans, cryptospores, scoleco-
donts, and graptolite remains. | identified 118 distinct taxa,
including 55 species of acritarchs (28 genera), 48 species of
chitinozoans (18 genera), and 15 cryptospores (10 genera).
Although scolecodonts and graptolite remains were
observed, they were not studied in detail.

The analysis revealed no palynomorphs in the Lalun, Mila,
and Lashkarak formations, likely due to red sediments, while
the Ghelli Formation contained well-preserved and abundant
organic-walled microfossils. Strata older than the upper part
of the Ghelli Formation have not been reported from the
Khoshyeilagh anticline. Consequently, this study records the
lower and middle parts of the Ghelli Formation and the
Lalun, Mila (top quartzite member), and Lashkarak formations
for the first time in the Khoshyeilagh locality. Precise dating
of the section was achieved by identifying acritarchs, chitino-
zoans, and cryptospores. This study established six acritarch
assemblage biozones, seven chitinozoan biozones, and three
cryptospore assemblage biozones. Acritarch biozones 1-6 (as
numbered in Figure 4) span the siliciclastics of members 1
and 3 of the Ghelli Formation, corresponding to the
Sandbian-Hirnantian stage slices Sa1-Hi2 (time slices 5a-VII).
Similarly, chitinozoan biozones 1-7 are present in these
members, covering the same stages and time slices.
Cryptospore biozones 1-3 also occur within these members,
aligning with the acritarch and chitinozoan biozones. The
study documented 10 new acritarch taxa and five new chiti-
nozoan species, which were discussed in the systematic sec-
tions of the article. The identification of well-known
chitinozoan taxa, such as Belonechitina robusta, Tanuchitina
fistulosa, Acanthochitina barbata, Armoricochitina nigerica,
Ancyrochitina merga, Tanuchitina elongata, and Spinachitina
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oulebsiri, led to the establishment of seven chitinozoan bio-
zones. These taxa are classical components of the Northern
Gondwana Domain/Peri-Gondwana palaeoprovince. The pres-
ence of these chitinozoan biozones in the Ghelli Formation
confirms that the study area was located at a high southern
latitude (50-60°S) along the subpolar margin of the Northern
Gondwana Domain during the Late Ordovician. Likewise,
the dominance of Dactylofusa species (e.g. D. cucurbita and
D. striata), Safirotheca safira, and Neoveryhachium species
in the Ghelli Formation confirm the attribution of the
Khoshyeilagh region to the Peri-Gondwana province. Two
distinct hiatuses occur within the Lower Palaeozoic strata in
the Khoshyeilagh area. The first hiatus is between the top
quartzite Member of the Mila Formation and the Laskarak
Formation, corresponding to the absence of four other car-
bonate members of the Mila Formation, spanning the Middle
to Late Cambrian. The second hiatus lies between the Ghelli
Formation and the Soltan Meidan Basalt Complex (SMBC),
covering the Early to Middle Silurian.
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