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The cephalopod fauna from the Aeronian Qarebil Limestone of north-eastern Iran comprises the first comprehensive re-
cord of early Silurian cephalopods from peri-Gondwana. Although consisting of relatively few taxa, the assemblage in-
cludes members of the orders Oncocerida, Discosorida, Barrandeocerida and Orthocerida. Coeval records of several of
these taxa are from low palaeolatitude locations that include Laurentia, Siberia, Baltica and Avalonia, and are otherwise
unknown from peri-Gondwana until later in the Silurian. The cephalopod assemblage occurs in cephalopod limestones
that currently represent the oldest record of such limestones in the Silurian of the peri-Gondwana margin. The appear-
ance of these cephalopods, together with the development of cephalopod limestones may be attributed to the relatively
low latitudinal position of central Iran and Kopet-Dagh compared with that of the west Mediterranean sector during the
Aeronian. This, combined with the continued post-glacial warming after the Hirnantian glaciation, facilitated the initia-
tion of carbonate deposition and conditions suitable for the development of the cephalopod limestones whilst permitting
the migration of cephalopod taxa, many of which were previously restricted to lower latitudes. * Key words: Llandovery,
Aeronian, Cephalopoda, palaebiogeography, peri-Gondwana.
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With a few exceptions, early Palaecozoic cephalopods show
arelatively complete fossil record. One of the more signifi-
cant exceptions is reflected in the general dearth of cepha-
lopod faunas in rocks of early Silurian (Rhuddanian and
Aeronian) age. The paucity of cephalopod faunas during
this interval is the cause of many discrepancies, as there are
few clear evolutionary links between Late Ordovician and
younger middle Silurian faunas. There are a relatively
large number of cephalopod genera reported as common to
the Ordovician and Silurian, but it is often unclear as to
whether these represent evolutionary lineages or morpho-
logical convergence. In this paper, an unusual early Silur-
ian cephalopod fauna is described from Iran.

Although Silurian strata were reported well over half a
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century ago from several regions of Iran, the stratigraphy
and fauna of the Kopet-Dagh region remains inadequately
known. Silurian sediments were first reported from the re-
gion by Brice et al. (1973, p. 179), where the Silurian and
Devonian stratigraphy of the area was briefly outlined. The
area was visited by the Oxford University Expedition to
Iran in 1972 and extensive fossil collections were made.
The Silurian brachiopods from these collections were sub-
sequently studied and described by Cocks (1979), who also
introduced the term Qarebil Limestone Formation for the
Silurian deposits exposed in the vicinity of the town of Ra-
bat-e Qarebil. The presence of the Silurian deposits in the
Saluk Mountains north-east of the Gheili village and along
the Pelmis valley, dated by acritarchs and chitinozoans,
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was reported by Ghavidel-Syooki (2000) and Ghavidel-
Syooki &Vecoli (2007) who assigned these strata to the
Niur Formation.

This study is based on the cephalopod collection as-
sembled from the Silurian (Aeronian) sequences in the
Saluk Mountains, south of the city of Bojnurd during sev-
eral fieldwork seasons between 2009 and 2012, and the
specimens collected during the 1972 Oxford University
Expedition, deposited in the palaeontology collections
of the Natural History Museum, United Kingdom
(MHMUK). These represent the second record of an
Aeronian cephalopod fauna from northern Gondwana, and
the first in which the fauna is described.

To date, the only published report on Silurian cephalo-
pods from Iran is a paper by Niko et al. (1999), who de-
scribed a cephalopod fauna from Silurian sediments, prob-
ably belonging to the Shabdjereh Formation, exposed
north-east of Banestan village, Kerman Province. Niko et
al. (1999) listed five actinoceratid species, assigned to
Armenoceras, Elrodoceras and Huroniella and one inde-
terminate orthocerid referred to the Proteoceratidae. The
age of the fauna was referred provisionally to the late
Llandoverian to early Wenlockian.

Fossil localities

The bulk of the cephalopods studied are from the eastern
Saluk Mountains on the northern side of the Gerdu Valley
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(Fig. 1), about 1 km west of the road connecting Bojnurd to
Esfarayen. The geographic coordinates of the measured
section are 37° 14” 18.4” N and 57° 21" 55" E, altitude
1814 m. Strata dip at 70° north. The measured section
(Fig. 2, Gerdu Valley 1 section) can be subdivided into
three parts:

A lower portion comprising of more than 80 m of black
graptolitic argillites (Fig. 2, units B1-B7) with three levels
of oolitic ironstones in its middle part and graptolites of the
Demirastrites triangulatus Biozone (sample B6/A) present
in the uppermost 30 m.

A middle portion consisting of about 150 m of bedded
limestones and argillites. It is here subdivided into nine in-
formal units (Fig. 2, B8-B16; Table 1).

The upper part of the sequence comprises of up to
250 m of barren sandstones and siltstones. These were as-
signed to the Wenlockian on the basis of the sporadic oc-
currence of cryptospores (Ghavidel-Syooki & Vecoli
2007, p. 175). The Silurian strata are overlain unconform-
ably by Devonian sediments.

The Gerdu Valley 2 section (Fig. 2) represents an iso-
lated exposure about 100 m north-west of the Gerdu Valley
1 section (geographical coordinates 37° 14° 23" N;
57° 217 517 E, altitude 1828 m). Sample F-5 was taken
from a level 10 m above the base of unit U-5; a nodular,
cephalopod limestone (Fig. 3) representing the strati-
graphical equivalent of unit B9 in the Gerdu Valley 1 sec-
tion. The cephalopod fauna consists of Edenoceras? sp.
and indeterminate straight-shelled cephalopods. Sample



David H. Evans et al. * An early Silurian (Aeronian) cephalopod fauna from north-eastern Iran

Gerdu Valley 1

[—l«—U-B16/A

<—U-B15/A
< U-B14/A

«—U-B13/B
<—U-B13/A

U-B12/A

T ToT ol Tor]| ¥
[ Tol ol Tol]| 5
I [Tol Tol To0]| >

[ Tol Tol Tol
Tl Tol Tol
B11 IS ToT To]
[ Tol ol ol
I [ To] ol o]

[ Tol Tol Tol
[ Tol ol o]
[ Tol ol Tol
[ To[ ol o]

Llandovery, Qarebil Formation

D<€ U-B11/A1

U-B10

[ Tol Jol [o] - U-B9/C

[ ToT Tol Tol - U-B9/B
[ To[ Tol Tolle—U-B9/A
U-B8/B

strites triangularis

* Campégraptus rostratus

BS

B4 (8 10
B3N
B2 0

B1

Sandstones
Oolitic ironstones

Calcareous siltstones

Silty argillites

intercalating with siltstones
Siltstones intercalating with
argillaceous limestones

Argillites

Nodular limestones
and argillites

Argillaceous limestone

Nodular bioclastic
limestone

Limestones intercalating
with siltstones

Silty bioclastic limestone

Covered interval

Gerdu Valley 2

Figure 2. Stratigraphical logs of the Silurian (Llandovery) sections on the northern side of the Gerdu Valley (Saluk Mountains), showing the positions

of the fossil samples discussed in the text.

481



Bulletin of Geosciences * Vol. 90, 2, 2015

Table 1. Detailed description of part of the Pelmis 1 section between unit B8 and B16, listing the brachiopods and cephalopods recovered from each

unit.

Unit No.Description

Thickness Fauna

(m)
Bl16 Dark grey argillites, intercalating with beds of silty limestones 7.20
varying from 0.02-0.03 m to 0.10 m in thickness. Upper boundary
placed at top of the highest limestone unit.

B15 Dark grey silty, bioclastic limestones (individual beds 0.03-0.06 m  Up to 2.50 Kionoceras sp., Protophragmoceras? sp.

thick with uneven bedding surfaces). Includes several shell beds
formed mainly of disarticulated valves of Pentamerus asiaticus
Cocks, 1979.

Bl14 Dark grey limestones intercalated with dark grey siltstones. 3.45

Covered interval

B13 Dark grey limestones 0.03—0.15 m in thickness, intercalated with 11.3 Clorinda superundata Jin & Copper, 2000, Dolerorthis

dark grey siltstones 0.01-0.05 m in thickness in the lower 3 m. plicata (J. de C. Sowerby, 1839), Eoplectodonta sp.,
Argillite units increasing to 0.1-0.15 m toward the upper part of the Leptaena sp., Lissatrypa sp., Segocornu procerum
unit. Some limestone beds exhibit oblique and wavy lamination. Diirkoop, 1970.

B12 Nodular, light grey to light bluish grey, bioclastic limestones. 38.7 Eoplectodonta sp., Lissatrypa sp., Isorthis (Isorthis)
qianbeiensis (Rong & Yang in Rong et al., 1974),
Stegocornu procerum.

Bl11 Light grey, nodular limestones with thin intercalations of argillites. 48.2 Dalejina sp., Dolerorthis plicata, Eoplectodonta sp.,
Isorthis (Isorthis) gianbeiensis, Leptaena sp., Lissatrypa
sp., Stegocornu procerum, Glyptodendron? sp.
Palaeodawsonocerina? sp., indet. orthocerid.

B10 Dark grey argillite, with a few beds of argillaceous limestone about 13.7

0.02-0.03 m in thickness.
B9 Nodular, argillaceous limestones (individual beds from 0.02 to 16.45  Clorinda superundata, Eopholidostrophia sp., Dolerorthis
0.08-0.10 m) intercalated with argillites 0.01-0.03 m thick above plicata, Leptaena sp. and Stegocornu procerum,
the base of the unit). Oncoceras? sp., Protokionoceras sp., Sactoceras? sp.,
indet. orthocerid.
B8 Dark grey siltstones intercalated with argillaceous limestones, up to 8.2

8.2 m thick (sample B8/A taken at 1.5 m above the base of the unit

and sample B8/B — at 0.3 m below the top of the unit).

F-7 was collected 1.7 m above the base of unit U7 and con-
sists of a light grey, nodular limestone stratigraphically
equivalent to unit B11 in the Gerdu Valley 1 section. It con-
tains Kionoceras sp., Sactoceras? sp. and indeterminate
orthocerids.

In the Gerdu Valley sections, cephalopod-bearing
strata first appear above black shales containing a grap-
tolite assemblage characteristic of the Demirastrites
triangulatus Biozone that includes the index species (iden-
tified by A. Suyarkova, St Petersburg; pers. comm. 2012).
The biostratigraphcally important component of the
brachiopod fauna from the middle part of the succession
(units 8 to 16) is represented by the rhynchonellide brachi-
opod Stegocornu procerum Diirkoop. As recently demon-
strated by Hairapetian ef al. (2012), in Central Iran this spe-
cies is confined to the early to mid Aeronian. Stegocornu
procerum also occurs in the Qarebil Limestone Formation
in the vicinity of Rabat-e Qarebil together with other char-
acteristic taxa, including Pentamerus asiaticus Cocks.
Thus the age of the brachiopod fauna from the Qarebil
Limestone Formation at the Rabat-e Qarebil inlier as reas-
sessed by Popov & Cocks (2013) is middle Llandovery
(Aeronian). Pending general revision of the Silurian
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lithostratigraphy of Kopet-Dagh, the stratigraphical inter-
val from unit B8 to unit B16 of Gerdu Valley 1 section is
provisionally assigned to the Qarebil Limestone Forma-
tion.

Straight-shelled cephalopods were also found in the
Pelmis road section (Fig. 1), at a single locality S-13-14
(37°147 29.51” N, 5°22° 23.74” E) on the west side of the
road connecting Bojnurd and Esfarayen. Although the
rocks exposed along the road had previously been consid-
ered to be Ordovician in age (Ahmadzadeh-Heravi 1983),
rocks from this locality contain an Aeronian brachiopod
assemblage dominated by S. procerum, which occurs in as-
sociation with less common Eoplectodonta, Katastro-
phomena, Leptaena, Dolerorthis, Glyptorthis, Hespero-
rthis,  Dicoelosia,  Gotatrypa  and  Lissatrypa,
demonstrating close similarity to the fauna from the
Qarebil Limestone Formation (Cocks 1979, Popov &
Cocks 2013). Cephalopods from this locality include
Edenoceras? sp., Kionoceras sp., Protokionoceras sp. and
indeterminate straight-shelled cephalopods.

In the Rabat-e Qarebil inlier, amongst other faunal ele-
ments, cephalopods were collected by the Oxford Univer-
sity Expedition (NHMUK Pl CN 141-146) from the
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Figure 3. Detail of the cephalopod limestone of unit 5, Gerdu Valley 2 section. Showing nodular bioclastic limestones, inter-bedded with mudstones
and containing many portions of worn phragmocones resting parallel to bedding, but otherwise apparently randomly oriented.

Qarebil Limestone Formation exposed about 2.5 km
north-east of the town of Rabat-e Qarebil, situated about
60 km west of Bojnurd in North Khorasan Province
(Fig. 1). A brief outline of the Silurian succession of the
area was provided by Cocks (1979).

Material and methods

The state of preservation of this material (described further
below) is such that for most specimens, any sculpture that
was present on the wall of the conch has been lost, whilst
the connecting rings are also generally missing, and the
portions of phragmocone that have been preserved usually
represent growth stages where cameral and endosiphuncu-
lar deposit are not developed. As a consequence, about half
the collection can only be assigned with any confidence to
the Orthocerida, and sectioning of many specimens has
been necessary in the hope of discovering diagnostic inter-
nal features. The basis for the determinations of many of

the specimens that have been given a more precise taxono-
mic assignment has relied on extrapolation from more in-
formative specimens, particularly through plotting the rela-
tive diameter of the septal foramen against the diameter of
the septal foramen divided by the distance between adja-
cent foraminae (Fig. 16). This gives the proportionate
shape of the siphuncular segment if the connecting ring
was tubular, generating a series of clusters that appear con-
sistent for a particular taxon.

Other than the specimens from Rabat-e Qarebil (depos-
ited at the Natural History Museum United Kingdom
[NHMUK]), all the material described below is deposited
in the Palaeontology collections of the National Museum
of Wales (NMW).

Preservation and taphonomy

The material collected consists of thirty-one conchs that
range from § to 110 mm in length and from 12 to 63 mm in
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diameter. No attempt has been made to document or ana-
lyse size distributions because the sample sizes are too
small and it is unclear whether any of these fragments re-
present complete specimens taken from the exposure. All
the specimens seen in situ (unit U-5; see Fig. 3) and most of
the material available for study consist of internal moulds
of phragmocones that in the main, lack the conch wall.
Four specimens consist of body-chambers with the most
adoral camerae attached, and all of these two specimens are
oncocerids and the other two orthocerids.

In the few specimens where the conch wall remains, it
is generally preserved as small patches largely replaced by
a complex of iron oxides or hydroxides. In general, the sur-
faces of the phragmocones show signs of wear, and may be
so worn that deep grooves are present in the vicinity of the
sutures. Several specimens exhibit epizoans on the worn
surfaces of the moulds. These include trepostome and
cryptostome bryozoans and pelmatozoan holdfasts, which
are seen to overgrow the worn sutures (NMW2014.5G.1, 31),
septal surfaces (NMW2014.5G.1, 24) and apical surfaces
(NMW2014.5G.11, 24). In specimen NMW2014.5G.1,
several minute rhynchonellidformean brachiopods are as-
sociated with an area where the phragmocone is slightly
crushed and appears to have been punctured. These may
represent a cryptic association developed in a void within
the phragmocone.

In the majority of specimens that were sectioned, the
septa remain intact, although sometimes replaced with li-
monite or goethite. Only in NMW2014.5G.14, a specimen
of Edenoceras? is there any evidence of the breakage of
septa. This specimen shows three broken septa with the
fragments set in the matrix filling the void between the in-
tact apical and adoral septa (Fig. 5B). Connecting rings are
generally missing in those specimens of a larger diameter,
but may be partially or wholly intact in the siphuncular seg-
ments of smaller individuals. As with the septa, there are
indications of replacement, particularly in the case of the
oncocerids where the connecting rings are thickened in the
vicinity of the septal necks. Endosiphuncular and cameral
deposits are also partially or completely replaced, but may
retain some indication of the original fabric of these struc-
tures.

Except in the case of NMW2014.5G.1, where sparite
partially fills those camerae associated with damage to the
conch wall, the conchs are entirely invested with sediment.
In all the specimens that were sectioned the infilling sedi-
ment is extremely fine-grained and may have consisted
of micrite. Peloidal textures are present in some speci-
mens (NMW2014.5G.1, NMW2014.5G.11) and in
NMW?2014.5G.11 the peloids and micritic material form a
set of separate filaments that appear to exhibit a flow struc-
ture through the septal foraminae. In several specimens, the
matrix also appears to be invested with branching tubes, in-
terpreted as Chondrites. Some of these are infilled with a
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darker micritic material (NMW2014.5G.11). The only
skeletal material associated with the matrix consists of spo-
radic ostracod valves and pelmatozoan debris.

Some specimens may be slightly deformed, whilst the
presence of slickensides on the surfaces of some individu-
als may reflect movement between the more competent
carbonate units and less competent, more argillaceous
units. Signs of pressure solution in the form stylolites, par-
ticularly around the septal foraminae, also suggest minor
deformation.

The worn nature of the phragmocones, combined with
the presence of epizoans encrusting worn sutures and
septal surfaces, suggests that many, if not most of the as-
semblage is represented by portions of conch that were ex-
humed at least once before final burial. Prior to exhuma-
tion, the matrix within the phragmocone underwent
lithification, and the exhumed conchs were subjected to
erosion and corrosion, as well as encrustation by epizoans.

The general lack of body-chambers and the apical por-
tions of the conchs may indicate that they were separated
and selectively segregated before initial burial, or, through
their greater fragility, were destroyed in a turbulent envi-
ronment.

Cephalopod limestones/concentrations

Recent reviews and studies of cephalopod concentrations
(Histon 2012a, b) indicates that the colours of cephalopod
bearing units reflect broad modes of occurrence ranging
from single event beds (typically black/grey) to time-
averaged accumulations (red/brown). Despite the pink to
pink-brown colour of the limestones (unit U-5; Fig. 3),
when sectioned most specimens are pale grey with only a
hint of pink (NMW2014. 5G.31, Fig. 6K). Nevertheless,
they best match the characters recognised for accumula-
tions consisting of red/brown sediments (Histon 2012a,
fig. 3) in that they are composed of multiple beds in which
individual specimens may be fragmented and corroded as
well as mineralised in places. Unit U-5 (Fig. 3) of the
Gerdu Valley section 2 shows corroded phragmocones oc-
curring in multiple units; both more and less argillaceous.
In the exposure illustrated (Fig. 3) the conchs appear to be
either randomly or bimodally distributed on the bedding
planes. Histon (2012a) observed that these types of cepha-
lopod accumulations are usually associated with transgres-
sive system tracts within shallow environmental settings
with a low sedimentation rate. The contrast between the
cephalopod limestones of the Qarebil Limestone Forma-
tion and those of younger peri-Gondwana Silurian cepha-
lopod limestones is emphasised by St&pan Manda (pers.
comm. 2015) who noted that the latter consist of dark
wacke-packstones generally lacking a nodular fabric, con-
tain frequent erosion surfaces, lack an argillaceous admix-
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ture, whist encrustations of the shells are rare, and the ce-
phalopod assemblages are dominated by pelagic,
small-shelled forms. The nodular, light-coloured argillace-
ous cephalopod bearing horizons of the Qarebil Limestone
Formation rather resemble accumulations from tropical
carbonate platforms such as those from the Hemse Beds of
Gotland (Sundquist 1982).

Stratigraphical
and palaeobiogeographical significance

Unlike younger Silurian cephalopod faunas, those of the
Llandoverian are relatively poorly known, reflecting the
worldwide collapse in cephalopod diversity during the Hir-
nantian (Kroger 2013, fig. 27.7) and slow recovery during
the Early Silurian (e.g. Holland & Copper 2008, fig. 2).
Rhuddanian and Aeronian faunas are briefly reviewed be-
low in order to set the context for the faunas from the Qare-
bil Limestone Formation.

Rhuddanian faunas

A relatively diverse Rhuddanian cephalopod assemblage
consisting of nineteen genera was described from the Mo-
jerocan Formation of the Mojero River Section of eastern
Siberia by Miagkova (1967); later reviewed by Bogole-
pova (1995) who synonymised several of the genera propo-
sed by Miagkova (1967). Kisselev (1998) apparently ac-
cepted Miagkova’s taxa, and in listing the Silurian
cephalopods of northern Siberia (Kisselev 1998, table 1),
also tabulated a number of other taxa previously described
by Zhuravleva (1964) as coming from Rhuddanian strata.
Zhuravleva recorded these specimens from the Llandovery
Series of the Kureka River. Although their precise age is
unclear, the record (Miagkova 1967) of Geisonoceras ku-
veikense Zhuravleva from the Mojerocan Formation sug-
gests that the material described by Zhuravleva is also
Rhuddanian in age. Miagkova (1967) proposed several
new genera for elements of the Mojerocan Formation,
which, if accepted would imply their origination after the
end-Ordovician extinction event. If Bogolepova’s synony-
mies are accepted, more of the taxa either represent survi-
ving Ordovician taxa or members of “waste basket ge-
nera’.

Holland & Copper (2008, fig. 2) reported five genera
from the Rhuddanian, Becscie Formation of Anticosti Is-
land, Canada. These include the stratigraphically long-
ranging genera Polygrammoceras Foerste and Actinoceras
Bronn, as well as the predominantly Silurian genera
Orthocycloceras Barskov, Amphicyrtoceras Foerste and
Discosorus Hall. The latter genera were also reported from
underlying strata of latest Katian and Hirnantian age.

Aeronian faunas

Aeronian cephalopod faunas are more widely distributed
than those of the Rhuddanian. In North America, the Gun
River Formation and lower portion of the Jupiter Forma-
tion, Anticosti Island contains at least seventeen taxa be-
longing to the orders Oncocerida, Discosorida, Actinoce-
rida and Orthocerida, of which 50% (5) of the genera
reported (Holland & Copper 2008) represent Ordovician
survivors. They also noted the mix of Baltic and Laurentian
taxa comprising these faunas.

Early Silurian cephalopod faunas described by Flower
(1968) from the Severn River Limestone Formation of the
Harricana River area, St James Bay Lowland, Canada are
difficult to assign specific ages without clear ties between
the informal lithostratigraphical units used by Flower
(1968, pp. 1, 2) and the stratigraphical columns compiled
by Berry & Boucot (1970). Flower described Humeoceras,
Discosorus, Megadiscosorus, Kionoceras and Narthe-
coceras from the lower portion of the Severn River Forma-
tion. Both Discosorus and Narthecoceras (Holland & Cop-
per 2008, Flower 1968) are Ordovician survivors, whilst
Kionoceras is commonly used as a “waste basket” and is of
uncertain significance. Other than Kionoceras, the fauna
consists entirely of Laurentian taxa. Foerste (1936) de-
scribed  Osbornoceras? savagei and a possible
phragmocerid from the underlying Nelson River Forma-
tion. Osbornoceras also occurs in the Aeronian, Brassfield
Formation of Kentucky (Foerste 1936) where Foerste in
Jilson (1931, p. 176) noted the presence of twenty-two
cephalopod taxa. Frey (1995, p. 20) noted that the cephalo-
pods from the Brassfield Formation were in need of revi-
sion but consisted of a mixture of Ordovician survivors, di-
rect descendents and new Silurian taxa.

Kisselev’s review (Kisselev 1998) of the cephalopods
of northern Siberia indicates that the Aeronian fauna is
more diverse, consisting of at least twenty-two genera rep-
resenting members of the Geisonoceratidae, Michelino-
ceratidae, Kionoceratidae, Pseudorthoceratidae (Ortho-
cerida); Armenoceratidae (Actinocerida); Oncoceratidae,
Oocerinidae, Polyelasmoceratidae, Jovellaniidae
(Oncocerida); and Mandeloceratidae (Discosorida).

The Songkanoceras assemblage, from the Aeronian
Shiniulan and Xiangshmnian formations of Southern
China was described by Chen et al. (1981). These forma-
tions contain Songkanoceras, Armenoceras, Armeno-
cerina, Mixosiphonocerina, Paraproteoceras, and Mal-
gaoceras. All except Malgaoceras and Armenoceras, are
taxa that are currently regarded as endemic to Southern
China (Chen et al. 1981, p. 94). This endemism persisted
into the Telychian (Rong & Chen 2003) but with substan-
tial dilution through the presence of a range of genera
known later from northwest Europe or Laurentia (Chen et
al. 1981, p. 94).
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Figure 4. Rarefaction curve
generated using the software
package “Analytical Rarefac-
tion 1.4”7 by S.M. Holland.
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Holland (2014) listed Armenoceras, Gorbyoceras,
Tretoceras and Trocholites from the Aeronian of Wales,
although the last two taxa occur at the top and the base of
the Aeronian respectively. Armenoceras, Gorbyoceras and
Trocholites are Ordovician survivors, whilst Tretoceras is
an endocerid closely related to Cameroceras (Evans &
Holland 1996) and also effectively represents an Ordovic-
ian survivor. The record of Aeronian cephalopods from
Baltica is very poor, but may reflect a lack of study rather
than a real paucity of taxa. One of the few taxa to have been
described is the discosoriid, Konglungoceras norvegicum
Sweet (1959) from the upper part of the Solvik Formation
of the Oslo region. Despite the resemblance of the structure
of the siphuncle to that of members of the Discosoridae,
Sweet assigned Konglungoceras to the Cyrtogompho-
ceratidae on the grounds of the endogastric curvature of the
conch. Given that Flower & Teichert (1957) included the
Devonian Alpenoceras in the Discosoridae on the grounds
of the similarity of the morphology of the siphuncle and
endosiphuncular deposits, despite its endogastric curva-
ture, Konglungoceras may provide a link between taxa
such as Discosorus and Alpenoceras. As such,
Konglungoceras may be interpreted as a taxon originating
during the Early Silurian.

Hitherto, with the exception of a handful of records that
generally report indeterminate material e.g. Wolfart et al.
1968 (Aeronian, Conularia Sandstone Formation of Jor-
dan), Rhuddanian and Aeronian cephalopods appear to be
almost unknown from northern Gondwana. Undescribed
material belonging to Dawsonoceras sp. and Proto-
kionoceras sp. (located at the Czech Geological Survey)
are known from late Aeronian volcanosedimentary rocks
of Perunica (Stépan Manda, pers. comm. 2015). Material
referred to Allumettoceras Foerste, 1926, Cyrtogom-
phoceras Foerste, 1924, and Oxygonioceras Foerste, 1925,
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originated from the latest Ordovician or earliest Silurian of
the Pin Formation of Spiti, northern India (Suttner &
Kroger 2006). The earliest occurrences of cephalopod
limestone facies around the margins of northern Gondwana
generally appear to be no older than Sheinwoodian (Gnoli
2003, fig. 4) although Kolzu et al. (2012, figs 6, 7, 11) re-
corded cephalopod limestones from the early Telychian of
Anatolia, Turkey.

Although cephalopods have been reported from the
Llandoverian portion of the Niur Formation in the Derenjal
Mountains of Iran (Hairapetian et al. 2011), they occur
within the Alborz Terrane, which at that time lay outboard
of peri-Gondwana (Ghobadi Pour et al. 2011, Popov et al.
2009). The presence of a relatively diverse and abundant
cephalopod fauna in the Qarebil Limestone Formation cur-
rently represents the earliest occurrence of a Silurian
cephalopod fauna from northern Gondwana.

Discussion

The relative paucity of Rhuddanian and Aeronian cephalo-
pod faunas, except at lower latitudes means that the affini-
ties of the Qarebil Limestone cephalopod fauna are diffi-
cult to assess with confidence. The small number of
specimens involved makes the use of rarefaction techni-
ques suspect, but the rarefaction curve (Fig. 4) may suggest
that the sample is relatively representative of the assem-
blage. The majority of taxa comprising the fauna described
below consist of genera that represent Ordovician survi-
vors (Kionoceras, Protokionoceras, Palaeodawsonoceras,
Sactoceras and possibly Protophragmoceras). Neither
Edenoceras nor Glyptodendron are represented by Ordovic-
ian species, although Edenoceras may be closely related to
Oncoceras. Edenoceras, otherwise known from Siberia;
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and Glyptodendron from Laurentia, are both present in
the Qarebil Limestone, but have yet to be reported from
any other location. Since the Siberian and Laurentian terra-
nes lay on the northwestern side of the Rheic Ocean (Tors-
vik & Cocks 2013, figs 2.16, 2.17), the presence of these
two taxa in the Qarebil Limestone, as well as those taxa ap-
pear to represent Ordovician survivors requires further
comment.

Although the Late Ordovician cephalopod assemblages
of high latitude Gondwana are relatively poorly known,
amongst those faunas that have been studied, the occur-
rence of members of the Oncocerida, Discosorida,
Tarphycerida and Barrandeocerida are, with the exception
of a possible Diestoceras from the Late Ordovician of the
Prague Basin (Marek 1999) virtually unknown. The gen-
eral paucity of these particular taxa is further indicated by
the cephalopod fauna of the Seyahou Formation of the
Zagros Mountains, Iran, which consists entirely of mem-
bers of the Orthoceratoidea (unpublished data). By con-
trast, representatives of the Oncocerida, Discosorida and
Barrandeocerida all occur in Silurian strata (Wenlock to
Pridoli) associated with the west Mediterranean sector of
peri-Gondwana (Gnoli 1990, 2003; Gnoli & Serpagli
1991; Gnoli & Serventi 2009; Histon, 2012c; Kroger 2008;
Serpagli & Gnoli 1977) and Perunica (Manda 2007, 2008;
Manda & Turek 2009; Turek 2008). Such taxa are gener-
ally rare, but may be relatively abundant in some areas for
limited intervals. Manda (2008) reported the appearance of
members of the Phragmoceratidae in the Prague Basin dur-
ing the Telychian, Homerian and Gorstian stages, firstly as
stray immigrants, then as small endemic populations of mi-
grants, and finally as endemic, speciating populations dur-
ing the Gorstian. Whilst Manda (2008) attributed their ap-
pearance to migrations from Avalonia and Baltica, carried
by the Southern Tropical Current to Perunica, he also con-
sidered that such appearances were associated with the de-
velopment of cephalopod limestones formed during
eustatic low-stands or through shallowing as a conse-
quence of extrusive volcanic or tectonic uplift. In discuss-
ing the occurrence of Phragmoceras in an early Homerian
horizon in the Carnic Alps, Histon (2012c) largely con-
curred with Manda’s conclusions regarding their presence
on the Gondwana margins, but also noted that the restric-
tions imposed by the morphology of these organisms
would suggest that this part of peri-Gondwana might have
been relatively close to Baltica, Avalonia and Laurentia.

The occurrence of at least three taxa in the Qarebil
Limestone Formation otherwise recorded from low lati-
tude assemblages may suggest a similar scenario to that
proposed by Manda (2008). The early appearance of mem-
bers of the Oncocerida, Discosorida and Barrandeocerida
in the Qarebil Limestone Formation compared with that of
the western Mediterranean sector of peri-Gondwana may
have been the result of a relative displacement in the posi-

tion of Kopet-Dagh central Iran by 5-10° between the late
Katian and Early Aeronian (Torsvik ef al. 2012, Torsvik &
Cocks 2013), combined with continued warming after the
Hirnantian glaciation (Page et al. 2007).

Systematic palaeontology

Class Cephalopoda Cuvier, 1797

Subclass Nautiloidea Agassiz, 1847

Order Oncocerida Flower, 1950 in Flower & Kummel,
1950

Family Oncoceratidae Hyatt, 1884

Genus Edenoceras Miagkova, 1967

Type species. — Edenoceras hiliferum Miagkova, 1967,
p- 19, pl. 11, figs 1-5, pl. 12, figs 1-4; text-fig. 7 from the
Rhuddian, Mojerokan Formation of the Mojero River, cen-
tral Siberia. By original designation.

Diagnosis. — Conch strongly curved, short and tapered,
exogastric. Moderately rapidly expanding to base of
living-chamber. Dorsoventral cross-section oval or ovoid,
slightly compressed, with tightest curvature on the ventral
side of the conch. Conch surface covered with transverse
ridges deflected apically over the venter. Ridges and small
growth lines located between the ridges intersect with sutu-
res at a considerable angle. Aperture laterally compressed
and T-shaped with the edge of the aperture on the ventral
side deflected outwards. Traces of muscle attachments are
located on the bottom edge of the living chamber. Adoral
camerae short and the final septum with concavity to the
depth of 2.5 camerae. Sutures form weak lateral lobes with
weak but distinct ventral and lateral saddles. Siphuncle
narrow and oval in transverse cross-section. (Translated
from Miagkova 1967, p. 19.)

Remarks. — Miagkova (1967) commented on the differen-
ces between Edenoceras and other members of the family
Westonoceratidae Teichert 1933; in particular, drawing at-
tention to the small size of the conch, the marked sinus for-
med by the conch sculpture over the venter, and the margi-
nal position of the siphuncle. Bogolepova (1995) referred
Edenoceras to Osbornoceras Foerste. Osbornoceras is a
member of the oncocerid family Karoceratidae Teichert,
1939 (Sweet 1964b) and differs markedly from Edenoce-
ras in possessing a strongly compressed conch that appears
to have a lower rate of expansion, although Miagkova’s il-
lustrations indicate some variation in these characters.
Whilst the morphology of the siphuncle in Osbornoceras is
poorly known (Foerste 1936, pl. 1, fig. 2), it appears to be
distinctly different from that of Edenoceras (Miagkova
1967, text-fig. 7).
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In assigning Edenoceras to the Oncocerida here, partic-
ular note is taken of the difficulties in distinguishing be-
tween oncocerid and discosorid siphuncles. The presence
of relatively thick connecting rings that possess small
bullette-like structures at the septal foraminae in
Edenoceras (Miagkova 1967, text-fig. 7) and the speci-
mens described below, could be taken to suggest member-
ship of the Trimeroceratidae, recently assigned to the
Discosorida by Mutvei (2012) on the grounds that the
siphuncle was similar to that seen in some discosorids. Sec-
tions through the connecting ring illustrated by Mutvei
(2012, fig. 2) appear to be no thicker than those seen in
some non-actinosiphonate oncocerids such as those illus-
trated for Neumatoceras sp. (Kroger et al. 2009, fig. 5.4)
and Richardsonoceras gastroscopium (Kroger et al. 2009,
fig. 5.5), and suggest that in this particular case, there is lit-
tle difference between Trimeroceras Hyatt, 1884 and other
members of the Oncocerida that lack actinosiphonate con-
necting rings. Thus the morphology of the connecting rings
does not exclude the assignment of this material to the
Oncocerida or the Oncoceratidae.

The overall shape of the conch of Edenoceras is similar
to that seen in several members of the Oncoceratidae
(Oncoceras Hall, 1847; Beloitoceras Foerste, 1924,
Richardsonoceras Foerste, 1932) in possessing a
cyrtoconic conch with a slightly compressed cross-section
and body-chamber that contracts slightly towards the aper-
ture. However, it lacks the overtly gibbous form seen in
Oncoceras and to a lesser extent in Beloitoceras but has a
greater rate of conch expansion than that of
Richardsonoceras. Perhaps the most obvious distinction
between Edenoceras and other oncocerids is in the con-
tracted T-shaped aperture seen in some specimens
(Miagkova 1967, pl. 12, fig. 3), and in this character there
is a clear similarity to Trimeroceras, but the overall shape
of the conch is one of a faintly longiconic cyrtocone, as op-
posed to the inflated breviconic conch of Trimeroceras.
Additionally, similar, if not so constricted apertures occur
in the mid-Ordovician oncoceratid Maelonoceras Hyatt,
1884. Here, Edenoceras is regarded as a distinct genus re-
lated to one or other of the oncoceratid taxa noted above,
representing a Middle and Upper Ordovician clade that
survived the end-Ordovician extinction and persisted into
the early Silurian.

Edenoceras? sp.
Figures 5A-M, 6A, B

Material. — NMW2014.5G.7 and G. 14, unit U-B11,
Gerdu Valley 1 section, Kuh-e Saluk Mountains, Kopet-
Dagh, Iran. NMW2014.5G.12, upper part of unit B9/3,
Gerdu Valley 1 section. NMW2014.5G.20 from unit U-5,
Gerdu Valley 2 section, south of Bojnard, Kuh-e Saluk
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Mountains, Kopet-Dagh, Iran. NHMUK PI CN 145, Qare-
bil Limestone Formation, Rabat-e Qarebil.

Description. — NMW2014.5G.7 consists of a portion of
conch 42 mm long consisting of an incomplete
body-chamber 30 mm long and a short length of phragmo-
cone 12 mm long. The conch is cyrtoconic, and the
body-chamber decreases from a dorsoventral diameter of
28.4 mm at its base to 21.0 mm 25 mm further adorally,
giving an approximate rate of contraction of 17°. The late-
ral diameters are 26 mm and 20.5 mm respectively, indica-
ting that the conch cross-section is slightly compressed.
The dorsoventral profile of the body-chamber indicates
that its base, and probably also the adoral part of the phrag-
mocone were faintly gibbous on the antisiphuncular side of
the conch. Septal depth is estimated at 25% of the phrag-
mocone diameter, and cameral depth at 16%, although the
only camera preserved may be approximated. The suture
forms weak ventral and dorsal saddles and broad shallow
lateral lobes. The centre of the siphuncle lies 8% of the way
across the conch diameter from the presumed venter (the
convex side of the conch) and is 1.8 mm in diameter (6% of
the conch diameter) at the septal foramen. The aperture of
the body-chamber is not preserved, and as the specimen
consists of an internal mould, there is no trace of any shell
sculpture. The base of the body-chamber shows a narrow
band 4 mm wide that may represent an incipient septum,
but together with the intact camera, the mural surfaces ap-
pear to be slightly inflated, and might indicate a pathologi-
cal condition.

NMW2014.5G.12  consists of an incomplete
body-chamber 34 mm long with part of the final camera. At
its base, the body-chamber, in what is judged to be the
dorsoventral plane, the diameter is 24 mm and the lateral
diameter is 21 mm, giving a compressed cross-section with
the lateral diameter 0.88 that of the dorsoventral diameter.
It is possible, however, that some of the compression may
have been caused by the deformation of the shell during
burial or at a later stage. Towards the apertural end of the
body-chamber, the dorsoventral diameter is 17.5 mm, and
the lateral diameter 15.5 mm, or 86% that of the
dorsoventral diameter. The body-chamber decreases in di-
ameter from the base towards the aperture at 17° and its
profile in a dorsoventral plane is weakly curved, and shows
signs of being slightly gibbous on the side with a weak con-
cave curvature. All that remains of the most adoral camera
is a fragment of septum that is so fractured and deformed
that it is not possible to estimate the depth of the camera or
curvature of the septum. The septal foramen is not visible.

Although the shell is entirely missing, markings that re-
main on the body-chamber may indicate that a hyponomic
sinus was present on the side of the conch possessing a con-
vex curvature, suggesting that this was the venter.

The portion of phragmocone represented by
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Figure 5. Cephalopods from the Qarebil Limestone Formation. Edenoceras? sp. A, B — NMW2014.5G.14, unit U-B11, Gerdu Valley 1 section.
A —detail of polished dorsoventral sagittal section showing siphuncle (see also Fig. 6B); x 8.0. « B — polished dorsoventral sagittal section, general view;
% 2.0.*E, J-M - NMW2014.5G.20, unit U-5, Gerdu Valley 2 section. * E — polished dorsoventral sagittal section showing details of siphuncle (see also
Fig. 6A); x 8.0. « L — polished dorsoventral sagittal section, general view; x 2.0. ¢ J, K, M —lateral (venter on left), ventral and apical (venter up) views of
portion of phragmocone; x 2.0. ¢« C, D, I - NMW2014.5G.12, upper part of unit B9/3, Gerdu Valley 1 section; lateral (venter on left?), dorsal and apical
(venter up?) views of body-chamber; x 1.25. « F-H - NMW2014.5G.7, unit U-B11, Gerdu Valley 1 section; lateral (venter on right), ventral and apical
(venter up) views of body-chamber and adoral camerae; x 1.25.

NMW2014.5G.14 is 27 mm long and 23.9 mm in diameter
at its adoral end. The sutures show broad, shallow lobes
over the lateral surfaces, and narrow, shallow saddles over
the dorsal and ventral surfaces. Many of the septa have
been destroyed but those that remain indicate that the septal
depth was 18% that of the dorsoventral diameter, and the
cameral depth 16%. The siphuncle is marginal with its cen-
tre situated 2.1 mm (8.5% of the way across the conch di-
ameter) from the phragmocone wall. The diameter of the
siphuncle at the septal foraminae is 1.75 mm (7% of the
phragmocone diameter), increasing to 3.1 mm (13%) at the
point of maximum expansion of the connecting rings. Both
the septal necks and the connecting rings have been re-
placed by what is now probably a mixture of limonite and
goethite and the structures can no longer be distinguished
from each other. Nevertheless, the outline of the siphuncle

segments in dorsoventral sagittal section is fusiform and
barrel-shaped, with a probable wide episeptal adnation
area of the connecting ring on the ventral side of the
siphuncle. The zone around the septal foraminae is mark-
edly thickened and inflated, suggesting that the connecting
rings might develop into bullettes in this region.
NMW2014.5G.20 is a small piece of phragmocone
10 mm in length, that increases in its dorsoventral diameter
from 14.6 mm to 16.9 mm in 9 mm, giving a rate of expan-
sion of 15°. In the lateral plane the phragmocone increases
from 13.6 mm to 15.6 mm, again indicating a weakly com-
pressed cross-section. The depth of the septa is 10% of the
dorsoventral diameter of the phragmocone, and camerae
17% that of the phragmocone diameter. The sutures are al-
most straight, but show very weak ventral and dorsal sad-
dles. They are less distant on the antisiphuncular side of the
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Figure 6. Interpretation of cut and pol-

3mm ished dorsoventral sagittal sections of

phragmocone, indicating that the phragmocone is
cyrtoconic. The diameter of the siphuncle at the septal fora-
men is 1.35 mm, or 9% of the phragmocone diameter and
increases to 2.0 mm or 15% of the phragmocone diameter.
The siphuncular segments are fusiform and barrel-shaped,
and the septal necks are likely to be cyrtochoanitic and re-
cumbent (Figs 5A, B, E, 6A, B). The connecting rings are
dark and thickened over the septal foramen to form small
bullette-like structures on the apical face of the septal neck.
Where the connecting ring is better-preserved, there are in-
dications that it may have been thickened throughout the
length of the segment.

NMHUK Pl CN 145 is a portion of phragmocone
11 mm long and 16.2 mm by 14.86 mm in diameter with an
apical angle of 7.6°. Cameral depth is 14% of the
dorsoventral diameter of the phragmocone and the diame-
ter of the septal foramen 7%. The siphuncle is marginal and
its centre is situated 8.5% of the way across the diameter of
the siphuncle.

Remarks. — Given the fragmentary nature of these speci-
mens, combined with the fact that they originate from
slightly different horizons, there may be some doubt as to
whether they all belong to the same taxon. Features com-
mon to two or more of the specimens include the posses-
sion of a compressed cross-section, exogastric curvature of
the conch, a marginal siphuncle, shallow camerae, and a
body-chamber that appears to be faintly gibbous on the an-
tisiphuncular side of its base and most probably extends on
to the adoral part of the phragmocone.

As interpreted here, the shape of the conch in these
specimens, also rules out assignment to the Trimero-
ceratidae Hyatt, 1900 or Hemiphragmoceratidae Foerste,
1926. Of previously described Early Silurian cephalopod
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Edenoceras? sp. * A — NMW2014.5G20
(see Fig. SE). « B — NMW2014.5G14
(see Fig. 5A). Both show the develop-
ment of “bullettes” at the septal
foraminae.

taxa, the overall form of the conch appears most similar to
that of Edenoceras, however, it differs in the faint
gibbosity of the base of the body-chamber, although this
may be present in at least one of the specimens assigned to
Edenoceras (Miagkova 1967, pl. 11, figs 3a, 4a, pl. 12,
figs 1a, 3a).

Order Discosorida Flower, 1950 in Flower & Kummel,
1950
Family Protophragmoceratidae nov.

Diagnosis. — Weakly to strongly curved endogastric cyrto-
cones; weakly expanding, or faintly contracting
body-chamber with weak sinus on the concave side of the
conch. Moderately to weakly compressed cross-section.
Relatively shallow camerae. Siphuncle marginal to sub-
marginal. Septal necks cyrtochoanitic and recumbent.
Connecting rings thickened, with bullettes developed at the
septal foraminae.

Remarks. — Manda (2007) excluded all genera other than
Phragmoceras Broderip in Sowerby in Murchison, 1834
and Tubiferoceras Hedstrom, 1917 from the Phragmocera-
tidae and diagnosed the Phragmoceratidae on the presence
of a contracted and highly modified aperture. Other genera
previously assigned to the Phragmoceratidae by Flower &
Teichert (1957) were transferred to the Oncocerida, or other
discosorid families. Flower & Teichert noted the probable
close relationship of Protophragmoceras Hyatt, 1900 and
Endoplectoceras Foerste, 1924 to Strandoceras Flower
1946 as well as to Phragmoceras. Dzik (1984) regarded
Strandoceras strandi Sweet from the Cephalopod Shale
Member of the Nes-Hamar district of the Oslo region
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[N. gracils biozone, early Sandbian (Hansen 2009, fig. 5)]
as the earliest representative of the Discosorida. However
he regarded Strandoceras as a junior synonym of Proto-
phragmoceras (Dzik 1984); discussed further below. He
considered Ulrichoceras Foerste, 1928, taken as the oldest
member of the Cyrtogomphoceratidae by Flower & Tei-
chert (1957), to be closely related to Ruedmannoceras
Flower, 1940. Since Dzik interpreted Ruedmannoceras as
a member of the Orthoceratoidea, it would follow that Ulri-
choceras also belongs to the subclass. Whatever the position
of Ruedmannoceras, Ulrichoceras possesses a siphuncle
with thick connecting rings and well-developed bullettes
(see Flower & Teichert 1957, pl. 9, fig. 3). Since the only
known species of Ulrichoceras was recorded from the Platt-
ville Limestone and is therefore slightly younger than
S. strandi, it is possible that Strandoceras could have given
rise to Ulrichoceras. Ulrichoceras may have given rise to
Cyrtogomphoceras Foerste, 1924 and Landeroceras Foer-
ste, 1935, both of which possess markedly gibbous conchs
and body-chambers with contracted apertures that differ
markedly from Protophragmoceras and allied forms inclu-
ding Kieroceras Strand, 1934, Lyckholmoceras Teichert,
1930 and possibly, Parryoceras Sweet & Miller, 1957.

Given the similarity of the internal morphology of taxa
such as Protophragmoceras and Phragmoceras, in prac-
tice, members of the two families may only be distin-
guished with confidence on the basis of the form of the
body-chamber. Without the body-chamber, distinction
may still be possible based on the generally higher rate of
conch expansion in the Phragmoceratidae, and the higher
angles that the septa make with the striae of the growth in-
crements on the convex side of the shell.

Constituent genera, occurrence and ranges. — Protophrag-
moceras Hyatt, 1900 [? = Strandoceras Flower, 1946]; Or-
dovician (Sandbian and Katian) of Scandinavia, England
and Wales; Silurian, Telychian of Scotland, Wenlockian
and early Ludlovian of China, Czech Republic, Sardinia
and the United States. Endoplectoceras Foerste, 1926;
Wenlockian of the Czech Republic. Kieroceras Strand,
1934; Ordovician (Katian) of Scandinavia. Lyckholmoce-
ras Teichert, 1930; Ordovician (Katian) of Scandinavia.
Parryoceras(?) Sweet & Miller, 1957; Ordovician (Katian)
of Baffin Island, Arctic Canada. Sthenoceras Flower, 1957
in Flower & Teichert, 1957; Silurian (Wenlockian) of the
Czech Republic.

Genus Protophragmoceras Hyatt, 1900 in Zittel (1900)
(? = Strandoceras Flower, 1946)

Type species. — Cyrtoceras murchisoni Barrande, 1866.
From the Wenlock Series of the Czech Republic. By origi-
nal designation.
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Figure 7. Variation in apical angle (A) and compression of the conch
(B) in Protophragmoceras, Phragmoceras and Strandoceras, demon-
strating the difficulty of distinguishing between these genera without
some indication of the form of the body-chamber. Triangles =
Strandoceras; squares = Protophragmoceras; circles = Phragmoceras.
Data from Strand (1934), Sweet (1958), Flower & Teichert (1957), Evans
(1988), Holland & Stridsberg (2004), Manda (2008).

Remarks. — Flower & Teichert (1957, p. 57) noted that
Strandoceras Flower was erected for Ordovician species
previously assigned to Protophragmoceras. They distin-
guished Strandoceras from Protophragmoceras on the
grounds that the latter possessed a smaller siphuncle with
the greatest expansion of the siphuncular segment at its an-
terior end, whilst the septal necks were very short and re-
cumbent. Dzik (1984, pp. 47, 57) treated Strandoceras as a
junior synonym of Protophragmoceras but did not provide
detailed reasoning for this treatment. Analysis of a small
sample of taxa including species of Phragmoceras, Pro-
tophragmoceras and Strandoceras (Fig. 7) suggests that it
is difficult to distinguish between Protophragmoceras and
Strandoceras on grounds of the gross morphology of the
conch, and although it appears to be possible to attain a de-
gree of separation between Phragmoceras and both Pro-
tophragmoceras and Strandoceras on the basis of the rela-
tive expansion of the siphuncular segments, no such
distinction appears possible between Strandoceras and
Protophragmoceras. Perhaps the only distinction that may
be made between these two genera are the well-developed
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bullettes present in the type species of Strandoceras, P. ty-
riense Strand (1934, pl. 13, figs 3, 4) and also in S. strandi
Sweet (Sweet 1959, pl. 21, fig. 1). However, bullettes are
variably developed in other taxa that have been assigned to
Strandoceras — e.g. S. sonax (Salter) (see Evans 1996,
pl. 21e), and their distribution amongst Silurian taxa assig-
ned to Protophragmoceras appears to be relatively sup-
pressed (e.g. taxa illustrated by Flower & Teichert 1957).
Bullettes appear to be well developed in some taxa assigned
to Phragmoceras [Phragmoceras sp. C (Flower & Teichert
1957, pl. 43)], and might suggest that Phragmoceras repre-
sents a lineage with well-developed bullettes derived from
species such as S. fyriense. The conch sculpture seen in
these three genera appears to show a degree of variation.
This may simply reflect difference in the curvature and rate
of expansion of the conchs, although the small angle of ex-
pansion apparent the strongly curved Endoplectoceras
(Flower & Teichert 1957, pl. 40, figs 1-4) suggests that the
increase in the angle between growth lines and sutures ref-
lects the development of a modified aperture during onto-
geny. Nevertheless, the angle that the transverse striae
make with the sutures on the antisiphonal side of the conch
in Strandoceras (Strand 1934, pl. 8, fig. 1a) is relatively
small (ca 35 degrees), whilst that seen in Phragmoceras
[e.g. P. undulatum Hedstrom (see Holland & Stridsberg
2004, fig. 3f)] is high (ca 75 degrees), and lies at intermedi-
ate angles in Protophragmoceras (e.g. Flower & Teichert
1957, pl. 39).

Protophragmoceras? sp.
Figure 8A-F

Material. - NMW2014.5G.28, from the Pentamerus Beds,
unit B15, Gerdu Valley 1 section, Kuh-e Saluk, 35 km
south of Bojnurd, Iran.

Description. — This specimen consists of part of a weakly
cyrtoconic phragmocone 35 mm long with a compressed
cross-section. At the apical end the dorso-ventral diame-
ter is 19 mm and the lateral diameter 16.6 mm (compres-
sion =0.87). At the adoral end, the diameters are 30.0 mm
and 23.6 mm respectively (compression = 0.78) giving
rates of expansion of 23° in the dorsoventral plane and
15° in the lateral plane; thus becoming increasingly com-
pressed adorally. The cross-section of the phragmocone is
narrowly rounded on the concave side (ventral) of the
phragmocone and more broadly rounded on the convex
(dorsal) side. The sutures form broad, shallow lobes on the
lateral surfaces that are deepest toward the venter, form a
faintly angular saddle over the venter, and a more broadly
rounded saddle over the dorsum. The depth of the septum is
estimated to be about 17% of the dorsoventral diameter of
the phragmocone, and the cameral depth ranges from 18%
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to 20% of the dorsoventral diameter. The siphuncle is mar-
ginal in position, lying on the concave side of the phragmo-
cone, with its centre 7% of the way across the diameter of
the phragmocone and the diameter of the septal foramen is
0.6% of the phragmocone diameter. Since there is only one
specimen, and the state of preservation of the siphuncle is
uncertain, it has not been sectioned. Nevertheless, at the
adapical end of the specimen (Fig. 8F), the septal foramen
exhibits a distinct scar suggesting the presence of a
strongly recumbent cyrtochoanitic septal neck.

The wall of the internal mould of the phragmocone
shows a series of longitudinal ridges and grooves around its
circumference (Fig. 8C) that represent the tracks of muscle
attachment scars. The poor preservation of parts of the ven-
tral and dorsal surfaces makes it difficult to quantify the
number of tracks present with certainty, but there are esti-
mated to be thirty-six in all.

Remarks. — Since this specimen consists only of the phrag-
mocone, and nothing is known of the body-chamber, the
shape of the aperture, or the pattern formed by the conch
sculpture, this specimen is assigned to Protophragmoceras
with some uncertainty; although the relatively small curva-
ture of the conch may suggest Protophragmoceras rather
than Phragmoceras. Nevertheless, this specimen provides
clear evidence for the presence of a member of either the
Protophragmoceratidae or Phragmoceratidae in the Qare-
bil Limestone Formation assemblage.

Order Barrandeocerida Flower in Flower & Kummel, 1950
Family Uranoceratidae Hyatt in Zittel, 1900

Genus Glyptodendron Claypole, 1878

Type species. — Glyptodendron eatonense Claypole, 1878
(p- 308) from the Brassfield Limestone (Llandovery Se-
ries) of Eaton and Dayton, Ohio, USA. By monotypy.

Remarks. — Originally identified as a plant by Claypole
(1878), the type species was recognised as a cephalopod by
Foerste (1893) and tentatively assigned to the Westonoce-
ratidae of the Discosorida by Flower (1946, p. 510) and re-
garded as being derived from Faberoceras (Flower ibid.,
p- 518). It was later more firmly assigned to the family by
Flower & Teichert (1957) who considered that the genus
was specialised through simplification of its internal struc-
tures; regarding the bullettes as vestigial or wanting, and
the paretial deposits as missing in those specimens studied.
In neither of the sections illustrated by Flower & Teichert
(1957, pl. 25, fig. 5, pl. 26, fig. 3) is there any feature that
could be convincingly interpreted as a bullette. Dzik (1984,
p- 154) assigned the genus to the Uranoceratidae and went
so far as to treat it, together with Cliftonoceras Flower in
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Figure 8. Cephalopods from the Qarebil Limestone Formation. Protophragmoceras? sp. * A-F —NMW2014.5G.28, unit B15, Gerdu Valley 1 section.
* A-E; dorsal, ventral, lateral (venter on left), adoral and apical (both venter up) views of phragmocone; x 1.25. ¢ F — detail of septal foramen on apical
septal surface; x 6.0.

Flower & Teichert, 1957, and Cumingsoceras Flower
in Flower & Kummel, 1950 as synonyms of Uranoceras
Hyatt, 1884. Whilst such a treatment seems appropriate
for Cumingsoceras and was accepted by Turek (2008),
this may not be so for Cliftonoceras which has a subven-
tral siphuncle, or Glyptodendron, that possesses a very
characteristic shell sculpture combined with a siphuncle
that is somewhat more inflated than that seen in Uranoce-
ras. Ilustrations of topotype material of Glyptodendron
subcompressum (Beecher, 1886) (Flower & Teichert
1957, pl. 25, figs 1-5, pl. 26, figs 1-3) indicate that there
is some variation in the position of the siphuncle, but
show quite clearly a transverse phragmocone
cross-section similar to that of Uranoceras or Cliftonoce-
ras that may belong to an extremely evolute, but rapidly
expanding planispiral conch. On the basis of the overall
form of the known material assigned to Glyptodendron,
their similarity to members of the Uranoceratidae suggest
that the genus would be more appropriately assigned to
that family.

Glyptodendron? sp.
Figures 9A-C, 10A, B

Material. - NMW2014.5G.27. A single specimen consis-
ting of a portion of phragmocone 120 mm long. From unit
B-11/C of the Gerdu Valley 1 section, 1.5 km west of the
road, Kuh-e Saluk, Kopet-Dagh.

Description. — The specimen consists of a portion of whorl
about 120 mm long which at mid-length has a dorsoventral
diameter of 81 mm and a lateral diameter of 64.5 mm giv-
ing a compression ratio of 0.78. Within the preserved
length of phragmocone the whorl expands at about 14 de-
grees. The cross-section of the whorl is faintly trapezoidal,
with the lateral diameter on the dorsal side being slightly
narrower than that on the ventral side (Fig. 10A). The late-
ral flanks are relatively flat whilst the dorsal side is more
narrowly rounded than the ventral side, which shows no
sign of an impressed zone.

The sutures are about 17 mm apart on the lateral surface,
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Figure 9. Cephalopods from the Qarebil Limestone Formation. Glyptodendron? sp. * A-C — NMW2014.5G.27, unit B-11/C of the Gerdu Valley 1 sec-
tion. * A —lateral (venter down) view of portion of whorl of phragmocone showing sutures and conch sculpture; x 0.6. * B — apical view of phragmocone
(venter down); x 0.6. » C — detail of conch sculpture; x 3.0.

indicating a cameral depth of 21% that of the dorsoventral
diameter of the whorl. They form broad lobes on the lateral
surfaces that extend into pronounced saddles on the
ventrolateral surfaces, and are then deflected apically to
form a lobe over the venter, whilst saddles on the
dorsoventral surfaces and a broad dorsal lobe are substan-
tially less pronounced (Fig. 9A, 10B). The depth of the
most apicad septum is about 26 mm, or approximately 34%
of the dorsoventral diameter of the phragmocone. It is just
possible to discern the septal foramen, the edge of which
lies 36 mm from the venter and a dorsoventral diameter of
7.7 mm and a lateral diameter of 5.5 mm, so that the
siphuncle is central in position.

The conch sculpture is preserved on the ventral and lat-
eral surfaces of the phragmocone and takes the form of a
rugose, scale-like, but regular and faintly reticulate surface
with a granularity of 1 mm arising from the interference of
growth lines with lineations oriented parallel to the axis of
the whorl. The growth lines are directed apically toward
the venter in a broad arc, forming a sinus 25 mm deep over
the venter as measured from the ventral edge of the lateral
flank of the phragmocone. The lineations are about
1.5-2.0 mm apart but vary in prominence, with the most
prominent about 12 mm apart on the lateral surfaces, but
about 2.0 mm distant on the venter.

Remarks. — The lack of an impressed zone on the dorsal
surface of the phragmocone indicates that for this portion at
least, the whorls were free of each other and the conch was
probably gyroconic. Comparison of the rate of expansion,
conch cross-section and the cameral depth of the preserved
portion with other taxa assigned to the Uranoceratidae (in-
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cluding Glyptodendron) indicates that this specimen falls
within their ranges (Fig. 11), although the significance
of this cannot be tested without additional material and
the capacity to standardise the measurements; particularly
in relation to the rate of expansion. Comparison with il-
lustrations of topotype material of Glyptodendron sub-
compressum (Beecher) (Flower & Teichert 1957, pl. 25,
figs 1-5, pl. 26, figs 1-3) suggests a marked similarity
with the material described above, particularly with re-
gard to the overall shape (ibid., pl. 25, fig. 1) and
cross-section (ibid., pl. 25, fig. 2), but exhibits a strong
ventrolateral lobe, unlike G. subcompressum. “Nautilus”
oceanus (Hall, 1847), described and refigured by Foerste
(1925, p. 35, pl. 3, fig. 3, pl. 9, fig. 1, pl. 17, fig. 1), is simi-
lar to the material under discussion in possessing a strong
ventrolateral lobe, but nothing is known of the shell sculp-
ture or of the siphuncle.

The shell sculpture and overall form of this specimen
invites assignment to Glyptodendron, but given that this
would represent the only specimen known outside North
America, combined with paucity of North American mate-
rial there is little justification for proposing a new species
founded on this individual.

Subclass Orthoceratoidea McCoy, 1844
Order Orthocerida Kuhn, 1940
Family Geisonoceratidae Zhuravleva, 1959

Genus Protokionoceras Grabau & Shimer, 1910

Type species. — Orthoceras medullare Hall, 1868, p. 353,
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10 mm

Ventro-lateral Venter
shoulder

Dorsum Dorso-lateral
shoulder
Figure 10. Glyptodendron? sp. * A - idealised profile of conch

cross-section (apical view) based on NMW2014.5G.27. ¢ B — shape of su-
ture; not to scale.

pl. 20, figs 1, 2. From the Racine Dolomite of Waukesha,
Wisconsin, USA. By original designation.

Remarks. — Protokionoceras is characterised by a conch
that lacks annulations and possesses a sculpture consisting
of prominent longitudinal lirae or striae and more subordi-
nate transverse striae. The internal structure of the type ge-
nus is apparently unknown, but in other species assigned to
the genus the siphuncle is considered to be tubular (P. cro-
oki Foerste, 1928, p. 308), whilst the endosiphuncular and
cameral deposits were regarded as similar to those of Gei-
sonoceras (Sweet 1964a) and Niko et al. (1989, p. 63) re-
ported the presence of suborthochoanitic septal necks,
combined with slightly expanded connecting rings, parti-
cularly on the dorsal side, as well as mural cameral depo-
sits. Given that the internal form of the types species, and
several other species (e.g. Late Ordovician P. strandi Tro-
edsson, 1932) is unknown, it is possible that the genus may
be something of a taxonomic dustbin. This will not be ea-
sily resolved without better knowledge of the type species.

Protokionoceras sp.
Figure 12A-B, F, G,J

Material. — NMW2014.5G.6, unit B9b, Gerdu Valley 1
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Figure 11. Variation in conch expansion rate (A), compression (B), and
cameral depth (C) with conch diameter for several taxa assigned to the
Uranoceratidae. Glyptodendron? sp. (NMW?2014.5G.27) indicated by tri-
angular data points. Data from Barrande (1886, pl. 196), Foerste (1925,
pls 1-3,5-7, 10, 11, 13, 15, 17), Mutvei (1957, pl. 17).

section, Kuh-e Saluk, Kopet-Dagh; NMW2014.5G.13,
unit 11, Gerdu Valley 1 section, Kuh-e-Saluk Mountains,
Kopet-Dagh.

Description. — NMW2014.5G.13 is a somewhat worn
phragmocone 50 mm long that increases in diameter from
25.0 mm to 27.5 mm in 24 mm, giving an apical angle of
6°. The sutures are straight but slightly inclined to the plane
normal to the conch axis and about 9 mm apart, giving a ca-
meral depth 37% that of the phragmocone diameter. The
depth of the septa are 24% that of the phragmocone diame-
ter. The sutures are straight directly transverse. The shell
sculpture consists of raised longitudinal lirae with a density
of 8 per mm and are alternatively more and less pronounced.
Transverse striae are also present and where seen have
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a density of 10 per mm, but are very much less prominent
than the longitudinal lirae and are not discernable over
large areas of the preserved parts of the conch wall. The
septal foramen is 2.9 mm in diameter, or 10% of the phrag-
mocone diameter. The siphuncle is almost central in posi-
tion, with the centre 47% of the way across the diameter of
the phragmocone. The septal necks are orthochoanitic to
suborthochoanitic and 0.8 to 1.0 mm in length. The con-
necting rings are extremely fragmentary and are only seen
at one septal foramen (Fig. 12B) where the remaining frag-
ments suggest that the connecting ring was slightly infla-
ted. Endosiphuncular deposits in the form of small annuli
at the septal necks suggest that the connecting rings were at
least slightly expanded.

The second specimen, NMW2014.5G.6 is a partially
weathered and worn phragmocone 38 mm long and ex-
panding in diameter from 15.5 to 18.8 mm in a length of
24.5 mm, indicating an apical angle of almost 8°. Where
the conch is not too worn, the sutures appear to be straight,
but faintly inclined to the normal of the conch axis. The
depth of the septa is 23% that of the phragmocone diameter
whilst the cameral depth is 31%. The diameter of the septal
foraminae ranges from 8.5 to 10% that of the phrag-
mocone. The septal foraminae lie about 48% of the way
across the diameter of the phragmocone. The connecting
rings are entirely missing, but the septal necks are
orthochoanitic and 0.35 mm long. Although extremely
worn, a small area toward the apical end of the specimen
exhibit faint raised longitudinal lirae with a density of
10 per mm. The preservation is too poor to discern the pres-
ence of any transverse striae.

Remarks. — The shell sculpture, particularly that seen in
NMW2014.5G.13 is generally similar to that described
from other species of Protokionoceras, whilst the presence
of annuli at the septal necks may support an assignment to
the Geisonoceratidae. The material described here is not
sufficiently well preserved to compare with other taxa as-
signed to the genus in any detail, although it is noted that by
comparison with the type species, only primary and secon-
dary longitudinal striae are evident in the surface of the
conch.

Geisonoceratidae gen. et sp. indet.
Figure 12D, H, L K, L

Material. — NMW2014.5G.29, unit B9A, Gerdu Val-
ley 1 section. NMW2014.5G.3, 24, unit B9B, Gerdu Val-
ley 1 section. NMW2014.5G.25, unit 7, Gerdu Valley 2
section. NMW2014.5G.4, unit B9C, Gerdu Valley 1 sec-
tion. NMW2014.5G.1, 2, 11, 19, unit B11), Gerdu Valley 1
section. NMW2014.5G.18, unit U-5, Gerdu Valley 2 sec-
tion. NMHUK P1 CN140, Rabat-e Qarebil.
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Description. — These specimens consist of portions of
phragmocone ranging from 15 to 67 mm in diameter. The
apical angle ranges from 2° to 12° and may increase with
the diameter of the phragmocone, although the difficulty of
obtaining this measurement with the material to hand makes
this uncertain. Similarly, the wear at the sutures affects an
assessment of septal depth, which appears to lie between
24% and 32% of the phragmocone diameter (mean =26%).
Cameral depth decreases from 42% of the phragmocone
diameter to 15% with the increasing diameter of the phrag-
mocone, but may then increase slightly with further growth
of the conch (Fig. 13A). The septal foraminae lie between
11 and 14% (mean = 12%) of the phragmocone diameter
whilst their position appears to migrate (Fig. 13B) from
subcentral position 34% of the way across the phragmo-
cone diameter to more central (44%) with the growth of the
conch. The siphuncle is poorly preserved and the connec-
ting ring appears to be entirely missing in all the specimens
that were sectioned. The septal necks, as seen in
NMW2014.5G.3 (Fig. 12K) are 1 mm long (diameter of
phragmocone 36 mm) and lie between loxochoanitic and
orthochoanitic in shape. There is no evidence of the pre-
sence of endosiphuncular or cameral deposits in any of the
specimens that were sectioned.

No conch sculpture is evident in any of the specimens,
and it may be only in NMHUK PI CN140 that the outer
form of the conch can be seen. In this specimen (Fig. 12I),
the phragmocone appears to be weakly annulate, with the
low culminations lying about halfway between adjacent
sutures and the troughs lying in the sutures.

Remarks. — Although representing a substantial component
of this assemblage and likely to consist of a single taxon,
the preservation of this material makes any assignment of
this material, including its possible referral to the Geisono-
ceratidae very uncertain. In terms of their gross form these
conchs bear a degree of resemblance to Temperoceras Bars-
kov, 1960, which is known from horizons as old as the late
Llandovery of Kazahkstan (Barskov 1972).

Family Kionoceratidae Hyatt in Zittel, 1900
Genus Kionoceras Hyatt, 1884

Type species. — Orthoceras doricum Barrande, 1886,
pl. 269. From the lower part of the L. scanicus-S. chimaera
Zone of the Kopanina Formation (Gorstian Stage, Ludlow
Series) of the Prague Basin, Czech Republic.

Remarks. — Hyatt (1884, p. 275) proposed Kionoceras for
longicones with longitudinal lirae that are more prominent
than the transverse lirae or striae. Taxa assigned to the ge-
nus range from the Middle Ordovician (Flower 1952) to the
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Figure 12. Cephalopods from the Qarebil Limestone Formation. ¢ A~C, E-H, J — Protokionoceras sp. * A, B, F, G- NMW2014.5G.13, unit 11, Gerdu
Valley 1 section. ® A —detail of conch sculpture showing raised longitudinal lirae, crossed by transverse striae; x 10.0. ¢ B —detail of septal foramen show-
ing fragments of connecting rings and annulosiphonate deposits developed at septal necks; x 6.0. * F — phragmocone; x 1.25. * G — cut and polished sec-
tion through phragmocone. ¢ C, E, ] - NMW2014.5G.6, unit B9b Gerdu Valley 1 section. * C — cut and polished section through phragmocone; x 1.75.
e E — detail of poorly preserved shell sculpture showing longitudinal lirae; x 10.0. ¢ J — external view of phragmocone; x 1.25. « D, H, I, K, L —
Geisonoceratidae gen. et sp. indet. * D —NMW2014.5G.25, unit 7, Gerdu Valley 2 section, worn external mould of small phragmocone; x 1.25.«H, K, L —
NMW2014.5G.3, unit B9B, Gerdu Valley 1 section. « H — lateral(?) view of phragmocone; x 1.25. « K — sagittal section showing septa and septal necks;
x 1.25. « L — apical view of septal surface; x 1.25. « I - NMHUK P1 CN140, Rabat-e Qarebil; lateral(?) view; x 1.25.
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Figure 13. Geisonoceratidae gen. et sp. indet. * A — variation of apical
angle with conch diameter. ® B — variation of cameral depth with conch di-
ameter, showing an apparently consistent trend of a relative decrease in
cameral depth with growth of the conch.

Carboniferous (Niko et al. 2007). In the type species (Bar-
rande 1886, pl. 29, fig. 26), the siphuncle is relatively nar-
row, slightly subcentral, with only weakly expanded siph-
uncular segments. The range of variation in conch
sculpture (including the development of weak annulati-
ons in some taxa), the morphology of the siphuncle and
the presence of endosiphuncular and cameral deposits in
some species assigned to Kionoceras indicate that both
the genus and the family are likely to include homeomor-
phic taxa (Flower 1952, Sweet 1959) and have been
used as a taxonomic dustbin. At present, both the genus
and family may contain a range of taxa belonging to the

Kionoceratidae, Geisonoceratidae, or the Proteocerati-
dae. It is beyond the scope of this paper to resolve such is-
sues, and the classification, broadly that of Sweet
(1964a), although requiring substantial revision, is retai-
ned here for convenience.

Kionoceras sp.
Figures 14A-C, E-K, M, N, 15A, B

Material. — Seven specimens: NMW2014.5G.5, unit 5,
Gerdu Valley section 2, south of Bojnurd;
NMW2014.5G.8, unit U-11, Gerdu Valley section 1,
Kuh-e Saluk Mountains, Kopet-Dagh); NMW2014.5G.23,
unit BI9B, Gerdu Valley section 1; NMW2014.5G.10, 21,
unit 7, Gerdu Valley section 2; NMW2014.5G.30, 31, unit
B15, Gerdu Valley section 1.

Description. — These specimens consist of internal moulds
of phragmocones ranging from 14-23 mm in diameter. The
conch sculpture is preserved only in NMW2014.5G.5
(14 mm in diameter; Fig. 13A, I) where a few patches on
the surface of the phragmocone exhibit longitudinal lirae
0.42 mm apart and 0.07 mm in width. No transverse striae
or lirae are visible. The rate of expansion of the conch ranges
from 11° to 1° and generally decreases with the increasing
diameter of the phragmocone. The sutures are straight, but
as indicated by NMW2014.5G31, are clearly inclined so
that they slope adapically towards the supposed dorsum.
The depth of the septa ranges between 20% and 26% that
of the phragmocone diameter (mean 24%). Cameral depth
varies from 19.5% to 25% of the phragmocone diameter
and generally decreases with the increasing diameter of the
phragmocone although this is very poorly correlated
(R?=0.14). The location of the centre of the septal foramen
lies between 41% and 47% of the way across the diameter
of the phragmocone. In most specimens, the siphuncle is
damaged, and the connecting rings largely missing. The
diameter of the septal foramen ranges from 6.6% to 10.6%
of the phragmocone diameter (mean = 8.8%, N = 25),
and where the connecting rings remain intact
(NMW2014.5G.10, 31; Figs 14A-C, E-K, M, N, 15A, B),

Figure 14. Cephalopods from the Qarebil Limestone Formation. ¢ A-C, E-K, M, N — Kionoceras sp. * A, B, -NMW2014.5G.5, unit 5, Gerdu Valley
section 2. * A —external view of phragmocone; x 1.5. ¢ B — cut and polished section showing septa and septal foraminae; x 2.6. * I — detail of conch sculp-
ture; X 4.0.* C, J, K, N-NMW2014.5G.31, unit B15, Gerdu Valley section 1. * C — polished section showing details of siphuncular segments (see also
Fig. 15B); x 7.2. « ] —external view of phragmocone; x 1.0. ¢ K — cut and polished section through phragmocone; x 2.0. « N — adoral septal surface; x 1.25.
*E,H, M -NMW2014.5G.10, unit F-7, Gerdu Valley 2 section. * E — cut and polished sections showing details of the septal foramen and connecting ring
(see also Fig. 15A); x 7.0. « H— cut and polished section of phragmocone; x 2.5. ¢ M — external view of phragmocone; x 1.25. ¢« F, G- NMW2014.5G.30,
unit B15, Gerdu Valley 1 section; assumed ventral (F) and lateral (G) views of phragmocone; x 1.25. « D, L — Palaeodawsonocerina? sp.
NMW2014.5G.16, unit 11, Gerdu 1 section. * D — body-chamber; x 1.5. ¢ L — detail of conch sculpture; x 8.0. « O-Q — Sactoceras? sp.
0,P-NMW2014.5G.17, unit B9a, Gerdu Valley section 1. * O —lateral view of portion of phragmocone; x 1.5. ¢ P —apical view of septal surface; x 1.5.
* Q- NMW2014.5G.22, unit U7, Gerdu Valley section 2, lateral view of portion of phragmocone; x 2.0.
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Figure 15. Interpretative sketches of details of siphuncle morphology
in Kionoceras sp. * A—NMW2014.5G.10, unit F-7, Gerdu Valley 2 sec-
tion; interpreted as showing cyrtochoanitic septal necks (see also
Fig. 14E, H). « B—NMW2014.5G.31, unit B15, Gerdu Valley 1 section;
interpreted as showing cyrtochoanitic septal necks (see also
Fig. 14C, K). Both specimens show slight asymmetry with regard to the
width of the septal necks indicating that the sections probably lie close to
the dorso-ventral plane.
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their maximum diameter ranges from 15.2% to 19.9% of
the phragmocone diameter (mean = 17.5%, N = 7) whilst
the overall degree of inflation ranges from 150-200% of
the diameter of the septal foraminae. The ratio of the width
of the septal foramen to the height of the siphuncular seg-
ment (Fig. 16) varies from 0.29 to 0.50 (mean = 0.42, me-
dian = 0.43, N = 20). Where the connecting rings are enti-
rely missing, the septal necks appear to range from
achoanitic to loxochoanitic, to faintly orthochoanitic. This
is misleading, as where the connecting rings are intact or
partially intact, they are at a very low angle to the plane
in which the septal foramen lies, suggesting that the septal
necks are in fact cyrtochoanitic. The septal neck in
NMW2014.5G.10 (Figs 14E, 15A) is 0.28 mm long and the
recumbent brim 0.28 mm wide on one side of the septal fo-
ramen. The connecting ring expands rapidly in the adoral
part of the segment, but contracts more slowly in the adapi-
cal half and is attached to the adapical septal neck by an
episeptal adnation area 0.40 mm wide. On the other side of
the septal foramen, the brim is 0.37 mm in width, and the
episeptal adnation area 0.5 mm, whilst the connecting ring
inflates further into the camerae, indicating a degree of dor-
soventral asymmetry in the profile of the segments. As
there is no indication on the external surfaces of the moulds
to suggest the correct dorsal-ventral orientation of these
specimens, it is not possible to determine the absolute de-
gree of this asymmetry.

No endosiphuncular or cameral deposits are evident in
any of the specimens.

Remarks. — Despite the lack of the conch sculpture charac-
teristic of Kionoceras in all but one of the specimens, com-
bined with the lack of preserved connecting rings in that
specimen (NMW2014.5G.5), the ratio of the diameter of
the septal foramen to the height of the siphuncular segment
(Fig. 15) suggests that they belong to a single taxon and are
distinct from the other orthocerids so far collected from this
part of the Qarebil Limestone Formation.

Whilst Kionoceras doricum is represented by a phrag-
mocone possessing a relatively narrow siphuncle with very
slightly inflated, almost tubular segments (Barrande 1868,
pl. 269, fig. 26), amongst Ordovician and Silurian taxa that
have been assigned to the genus are forms where the
siphuncle may be moderately (Orthoceras bacchus
Barrande, 1868, pl. 270, fig. 7, late Wenlock of Bohemia),
to considerably more inflated [e.g. Kionoceras arctuatum
(Angelin in Angelin & Lindstrom, 1880) — see Troedsson
1932, pl. 3, fig. 1], where the dorsoventral sagittal section
of the siphuncle resembles that of Profeoceras Flower,
1950. Endosiphuncular deposits may also be evident (e.g.
Kionoceras bacchus — see Barrande 1868, pl. 271, fig. 21).
One specimen (from Poland) possessing well-developed
cameral deposits was assigned to K. cf. doricum by Dzik
(1984, fig. 48c). This specimen also exhibits a weakly
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annulate conch. Dzik suggested that during the Ludlow in
the Prague Basin, Kionoceras was represented by two
species: K. doricum and K. bronni (Barrande, 1868).
Whilst distinguishing between these taxa on the grounds
of the conch sculpture, he made no comment regarding
the presence of a broader, more inflated siphuncle that ap-
pears to show annulosiphonate deposits at the septal
foraminae (Barrande 1868, pl. 258, fig. 9) as well as
episeptal cameral deposits (Barrande 1868, pl. 258, fig. 8)
in the latter species.

Kionoceras electum (Barrande, 1868) from the earlier
Ludlow of Bohemia was regarded as an ancestor of
K. doricum (Manda & KiiZ 2007). In one of the specimens
of K. electum that Barrande figured (Barrande 1868,
pl. 260, fig. 24), he noted the presence of cameral deposits.
There also appear to be endosiphuncular deposits on one
side of the siphuncle. In K. electum, the siphuncle may be
slightly broader and the siphuncular segments more ex-
panded. Thus, if the ancestor-descendant relationship be-
tween these taxa is real, it would imply that the genus may
be defined relatively broadly and might include forms pos-
sessing or lacking endosiphuncular and cameral deposits,
as well as exhibiting tubular or expanded siphuncular seg-
ments. It will not be possible to resolve these issues until
the relationship between K. doricum and K. electum is
better understood, and provides a foundation for either re-
stricting Kionoceras to the type species; to a limited group
of closely related lineages, or to a range of more morpho-
logically diverse taxa.

As far as the material described above is concerned, the
relatively inflated siphuncular segments would indicate
that they are more similar to forms such as K. electum or
K. bacchus rather than K. doricum.

Relative diameter of septal foraminae

® Protokionoceras sp. A Sactoceras? sp.

Family Dawsonoceratidae Flower, 1962
Genus Palaeodawsonocerina Kroger & Isakar, 2006

Type species. — Spyroceras senkenbergi Teichert, 1930,
p- 280, pl. 5, figs 3, 4. From the Late Ordovician of Lyck-
holm, Estonia. By original designation.

Remarks. — Kroger & Isaker (2006) proposed Palaeo-
dawsonocerina for conchs with narrowly spaced annula-
tions, dense transverse striae, and fine, numerous longi-
tudinal striae, combined with a central to slightly
subcentral tubular siphuncle possessing orthochoanitic
septal necks. Although only describing the type species,
they noted (ibid., p. 154) that a number of Late Ordovic-
ian and Silurian taxa referred to Anaspyroceras Shimizu
& Obata and Spyroceras Hyatt might be better placed in
Palaeodawsonocerina on the grounds of the similarity
of the conch sculpture, although the morphology of the
siphuncle was poorly known in these forms, and was
probably the reason they refrained from naming any
such taxa.

Palaeodawsonocerina? sp.
Figure 14D, L

Material. — A single specimen, NMW2014.5G.16, unit 11,
Gerdu 1 section, Kuh-e-Saluk Mountains, Kopet-Dagh.

Description. — This specimen comprises a body-chamber

32 mm long increasing in diameter from 12.5 to 13.3 mm
over a distance of 17 mm indicating an apical angle of 3°.
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Figure 17. Cephalopods from the Qarebil Limestone Formation. ¢ A—F — Sactoceras? sp. * A, B, C = NMW2014.5G.22, unit U7, Gerdu Valley section 2.
* A — detail of siphuncle showing annulosiphonate deposits at septal necks and remains of inflated connecting rings; x 8.0. « B, C — cut and polished sec-
tions through phragmocone showing siphuncle and cameral deposits (see also Fig. 18A); x 2.0. * D, G - NMW2014.5G.17, unit B9a, Gerdu Valley sec-
tion 1, cut and polished sections through phragmocone showing siphuncle with deformed connecting rings and cameral deposits developed in the vicinity
of the phragmocone; x 2.5. « E, F - NMW2014.5G.9, unit U7, Gerdu Valley section 2. « E — cut and polished section though phragmocone showing
siphuncle with traces of the connecting ring (see also Fig. 18B); x 2.5. « F — detail of siphuncle showing traces of connecting ring, incipient
annulosiphonate deposits and possibly, cameral deposits forming the initial portion of a circumsiphuncular ridge; x 8.0.

The septum at the base of the body-chamber is 3.5 mm in
depth giving a relative septal depth 28% that of the
conch diameter. Nothing is seen of the septal foramen.
The annulations are 2.6 mm apart and consist of relati-
vely sharp culminations and broader, smoother interspa-
ces. The shell sculpture consists of raised longitudinal li-
rae that are on average 0.2 mm apart and transverse striae
0.1 mm apart. They form a reticulate pattern in which the
longitudinal lirae and the transverse striae are equally
prominent.

Remarks. — Based on the nature of the annulation and
conch sculpture, this specimen appears to be best placed in
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Palaeodawsonocerina. No additional comment is possible
without additional, better-preserved material combined
with further revision of this particular group of cephalo-
pods.

Family Sactoceratidae Troedsson, 1928
Genus Sactoceras Hyatt, 1884
Type species. — Orthoceras richteri Barrande, 1868,

pl. 322, figs 1-5. From the Ludlow Series, Kopanina For-
mation of Bohemia, Czech Republic.
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Remarks. — Although treated as an actinocerid (Teichert
1964, Kisselev 1998) and as a junior synonym of the acti-
nocerid genus Ormoceras Stokes (Teichert 1964), Dzik
(1984) transferred the genus to the Orthocerida on the
grounds that the endosiphuncular deposits consisted of an-
nulosiphonate deposits that fused on the ventral surface of
the siphuncle to form parietal deposits adapically. Nor is
there evidence of the presence of actinocerid type radially
divided endosiphuncular deposits or a perispatium. Frey
(1995) largely endorsed Dzik’s conclusions and Evans
(1996, 2000) further discussed the status of the genus and
assigned a number of taxa to it.

Sactoceras? sp.
Figures 140-Q, 17A-F, 18A, B

Material. - NMW2014.5G.9, 22, unit U7, Gerdu Valley
section 2. NMW2014.5G.17, unit B9a, Gerdu Valley sec-
tion 1.

Description. — The two specimens from unit U7 consist of
short portions of an orthoconic phragmocone each about
30 mm in length, of roughly the same diameter, and with an
apical angle of 6 degrees. There is no evidence of the nature
of the conch sculpture. The suture appears to be straight
and normal to the conch axis and the depth of the septa 16%
that of the diameter of the phragmocone. Cameral depth is
17% of the phragmocone diameter in NMW2014.5G.9 and
22% in NMW2014.5G.22. The centre of the septal forami-
nae lies 45% of the way across the phragmocone from the
ventral surface, and the diameter of the septal foramen is
15% that of the diameter of the phragmocone. The connec-
ting rings are inflated and almost spherical in shape, rea-
ching a diameter 30% that of the phragmocone and about
twice the diameter of the septal foramen. The septal necks
are cyrtochoanitic and recumbent with a length of 0.36 mm
and a width of 0.8 mm. Endosiphuncular deposits are pre-
sent in NMW?2014.5G.22 and take the form of annuli at the
septal foraminae that are more strongly developed on the
lateral than the dorsal side of the siphuncle and grow into
the adapical segment, with little or no development ado-
rally. They are also present, but much more weakly develo-
ped in NMW2014.5G.9. Cameral deposits are similarly
poorly developed in this specimen and are only evident in
the form of very weakly developed episeptal deposits. In
NMW2014.5G.22 the cameral deposits are well developed
with thick episeptal deposits developed near the phragmo-
cone wall on the ventral side of the conch and extending
onto the mural surface of the phragmocone. Hyposeptal de-
posits are also present, but are more restricted in their dis-
tribution and do not extend as far toward along the conch
axis as the episeptal deposits. Whilst the conch wall ap-
pears to be preserved in places on the surface of

B

5 mm

Figure 18. Interpretation of dorsoventral sagittal sections through
phragmocones of specimens assigned to Sactoceras? sp. ¢ A —
NMW2014.5G.22, unit U7, Gerdu Valley section 2; emphasising shape of
connecting rings and distribution of endosiphuncular and cameral depos-
its (see also Fig. 17A, B). * B—- NMW2014.5G.9, unit U7, Gerdu Valley
section 2; picking out remaining fragments of connecting ring and par-
tially developed circumsiphuncular ridge at the apical end of the
siphuncular segment (see also Fig. 17E, F).

NMW2014.5G.22, nothing remains of any conch sculpture
that might have originally been present. NMW2014.5G.17
consists of a piece of phragmocone 26 mm long with a dia-
meter of 22 mm and cameral depth 26% that of the phrag-
mocone diameter. The diameter of the septal foramen is
about 11% that of the phragmocone diameter, whilst the re-
lative diameter at the maximum expansion of the connecting
rings reaches 25%, although the siphuncular segments are
slightly deformed. The septal necks are too deformed to de-
termine their form. Within the siphuncle, there is a layer of
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crystalline material in contact with the connecting rings on
the side of the phragmocone where cameral deposits are
present. The fabric of the material within the siphuncle dif-
fers markedly from that of the cameral deposits, suggesting
that they are not endosiphuncular deposits, but may be dia-
genetic in origin. The cameral deposits are largely mural
and episeptal in distribution and both their profile and pre-
served lamellae indicate that they had a mammilate habit.

Remarks. — The fragmentary nature of this material makes
it difficult to assign these specimens to Sactoceras with
confidence, particularly as the conch surface is not preser-
ved. Potentially, these specimens could also be assigned to
Polygrammoceras Foerste, 1928 or Cyrtactinoceras Hyatt
in Zittel, 1900, where, depending on the stage of develop-
ment of the endosiphuncular deposits, it could prove diffi-
cult to distinguish these genera. In the late Wenlock Cyr-
tactinoceras rebelle (Barrande, 1866) from Bohemia apart
from the marked curvature of the conch, the relatively mar-
ginal position of the siphuncle serves to distinguish the ge-
nus from Sactoceras. Without evidence of the nature of the
conch surface, distinction from Polygrammoceras is more
difficult. The paratype of Polygrammoceras bullatum
(J. de C. Sowerby, 1839) from the Ludlow Series of Led-
bury, Herefordshire, possesses annulosiphonate endosip-
huncular deposits (Holland 2002, p. 356, pl. 1, fig. 4), as
does a specimen referred to the species from the Aeronian,
Goéland Member of Anticosti Island, Canada (Holland &
Copper 2008, fig. 4e). In the second specimen
(NMW2014.5G.9), the annulosiphonate deposits do not
appear to increase significantly in size in successive adapi-
cal segments, and may simply form discrete annuli at the
septal necks throughout most of the portion of the siphun-
cle where they are developed. Since it is not really possible
to detect any substantial change in the size of the annulo-
siphonate deposits in the specimen where they are best pre-
served (in specimen NMW2014.5G.22), the main ground
for assigning these specimens to Sactoceras is that the sip-
huncular segments are relatively broadly inflated when
compared with Polygrammoceras. Variations in the rela-
tive development of the cameral and endosiphuncular de-
posits may be present. Cameral deposits are developed in
advance of endosiphuncular deposits in NMW2014.5G.17,
and the same may be the case with NMW2014.5G.22, but
the situation may be reversed in NMW2014.5G.9.
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