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Abstract 

The present paper describes the latest cephalopod fauna from the Upper Ordovician in the Anti-Atlas region, 
Morocco. Two species are reported herein belonging to two genera including one new species, Tafadnatoceras 
elfechtense sp. nov. and Isorthoceras sp.; the latter of which marks the first occurrence of the genus in Morocco. The 
discovery extends the distribution of late Katian cephalopod faunas globally, correlative with other high-latitude 
cephalopod faunas such as those from the Zagros region of Iran. After the evolutionary peak of the Great Ordovician 
Biodiversification Event in the Middle to early Late Ordovician, a marine ecosystem crisis led to a decline in biodi-
versity afterwards. Although the cephalopods continued to flourish in low-latitude regions, the palaeogeographic 
differentiation was observed in the Anti-Atlas region, where the faunas in the high-latitude region experienced 
a significant decline. The pattern aligns with the changes in the latitudinal diversity gradient from the Middle to Late 
Ordovician. Furthermore, the distributions of the cephalopod faunas in the Late Ordovician may have been influenced 
by the emergence of the high-latitude cold current.
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Introduction
The Ordovician cephalopods from Morocco have been 
studied rarely in the past. Only a few publications focus 
on discoveries from Ordovician strata in the Anti-Atlas 
region of Morocco. Kröger and Lefebvre (2012) first 
described a rich cephalopod association from the Upper 
Fezouata Formation, from the same horizon yielding 
the famous Fezouata fauna of the early Floian (Van Roy 
et  al., 2010). Kröger and Lefebvre (2012) introduced a 

high-latitude cephalopod fauna interpreted to have been 
apex predators during the early pulse of the Great Ordo-
vician Biodiversification Event (GOBE). Ebbestad et  al. 
(2022) reported Late Ordovician mollusk faunas from 
the central and eastern Anti-Atlas regions including ter-
gomyans, gastropods, bivalves and cephalopods. Among 
the cephalopod assemblage, Wadema tattai Ebbestad 
et al., 2022, Tafadnatoceras tiouririnense Ebbestad et al., 
2022, and several other taxa in open nomenclature were 
first systematically described from the Upper Ordovician 
of the region.

Recently, the colleagues from the Wuhan Center, China 
Geological Survey (some of the authors) are conducting 
geological mapping in the Anti-Atlas (Fig.  1; He et  al., 
2025a, 2025b). Abundant Late Ordovician specimens 
consisting of cephalopods, bryozoans, echinoderms, 
etc., from the lower Palaeozoic were obtained. Here, we 
describe an assemblage of well-preserved cephalopods 
from the Upper Ordovician Series. This assemblage rep-
resents a typical high-latitude cephalopod fauna from 
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the late Katian, reflecting the diversity decline after the 
prominent evolutionary peak of GOBE.

Materials and methods
The materials described and discussed herein were collected 
during field trips in 2023. A total of 20 cephalopod speci-
mens studied here were extracted from the Upper Tiour-
irine Formation (Upper Ordovician) at Tanout el Fecht, 
eastern Anti-Atlas, Morocco (Figs. 1, 2A). The present mate-
rials were collected from the upper part of the Upper Tiour-
irine Formation, from one fossiliferous bed, accompanied by 
bryozoans and echinoderms (Fig. 2B–D). According to the 
local and global biostratigraphic correlations (Álvaro et al., 

2022; Goldman et al., 2023), this corresponds to the chiti-
nozoan Acanthochitina barbata–Armoricochitina nigerica 
biozones and roughly to the graptolite Paraorthograptus 
pacificus biozone of the late Katian.

All the specimens were cut and polished at the median 
position and photographed using a Nikon digital cam-
era with Nikkor macro lens in conjunction with a Leica 
microscope. Furthermore, we used tpsDig2 software 
(Rohlf, 2015) to measure the morphological characters 
of the cephalopod specimens. For the applied system-
atic palaeontological morphological terminology and 
classification framework comprehensively refer to the 
published literature (e.g., Ebbestad et  al., 2022; Flower, 

Fig. 1  Fossil locality and outcrops of Ordovician rocks in the Anti-Atlas, Morocco. The distribution of Ordovician deposits is based on Ebbestad et al. 
(2022)
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1968; Ghavidel-Syooki et  al., 2015; King & Evans, 2019; 
Pohle et al., 2022; Teichert et al., 1964). All specimens are 
deposited at the Nanjing Institute of Geology and Palae-
ontology (NIGP), Chinese Academy of Sciences, under 
the catalogue numbers NIGP207332–207346.

Systematic palaeontology
Class Cephalopoda Cuvier, 1797
Subclass Orthoceratoidea Teichert, 1967
Order Orthocerida Kuhn, 1940
Family Proteoceratidae Flower, 1962
Genus Isorthoceras Flower, 1962

Type species: Orthoceras sociale Hall in Miller, 
1877, from the Katian Stage, Upper Ordovician Series, 
Maquoketa Shale, Iowa, USA.

Diagnosis: Smooth or cancellate orthocones with sub-
circular transverse section. Siphuncle subcentral; early 
segments barrel-shaped and slender, expanding abruptly 
at septal foramina with cyrtochoanitic to subortho-
choanitic septal necks; during ontogeny, later segments 
become subcylindrical with suborthochoanitic to ortho-
choanitic septal necks. Endosiphuncular annuli grow for-
ward and backward, joining those of adjacent segments 
to form continuous parietal lining of nearly uniform 

Fig. 2  Stratigraphic column and cephalopod distribution. A lithostratigraphy and biostratigraphy in the study area, chitinozoan biozonation 
based on Álvaro et al. (2022), L. K. Fm = Lower Ktaoua Formation; B–D cephalopods preserved in the Upper Tiouririne Formation accompanied 
by abundant bryozoans and echinoderms (NIGP207344–NIGP207346); scale bars = 1 cm
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thickness throughout segments (after Ghavidel-Syooki 
et al., 2015).

Remarks: Typical specimens of Isorthoceras display a 
cancellate sculpture, and longitudinal lirae on the conch 
surface (Ghavidel-Syooki et al., 2015; Kröger et al., 2009, 
2011). According to the spatial and temporal distribu-
tion of Isorthoceras, Niko (2008) suggested that the taxa 

should arise from Laurentia and spread around Bal-
tica during the Boda Event. However, Ghavidel-Syooki 
et al. (2015) compiled all the occurrences and records of 
Isorthoceras around the world, e.g., Sandbian and Katian 
of Laurentia, Sandbian of Avalonia and Baltica, and 
Katian of Arabia and Baltica (Iran and Bohemia). The lat-
ter authors accordingly suggested that this genus might 
have originated from Baltica, or it might be Laurentia. 
The distribution pattern agrees with the habit of Isortho-
ceras (Kröger et al., 2009).

Isorthoceras sp.
Figure 3

Locality and horizon: Tanout el Fecht, northeastern 
Anti-Atlas region, Morocco. Upper Tiouririne Forma-
tion, Katian Stage, Upper Ordovician Series.

Material: Two specimens, NIGP207332 and 
NIGP207333, at Tanout el Fecht, northeastern Anti-
Atlas, the Upper Tiouririne Formation, Katian Stage, 
Upper Ordovician Series.

Description: One specimen, NIGP207332 (Fig.  3A, 
B), comprises portions of the phragmocone and part of 
the body chamber, 55  mm in maximum diameter and 
195  mm in length. The apical angle slightly exceeds 7°. 
The shell ornament cannot be studied due to the poor 
preservation of the shell surface. The conch cross-section 
is circular. The cameral height varies from 6.3 to 13.1 mm 
(0.18–0.25 of the corresponding conch diameter). The 
siphuncle is subcentral at the dorsal–ventral median 
section. The siphuncle is barrel-shaped and expands 
abruptly at the septal foramen, with a diameter at the 
septal foramen of 0.07 of the corresponding phragmo-
cone diameter. Septal necks are suborthochoanitic. Sip-
huncular and cameral deposits are not presented.

The other specimen, NIGP207333 (Fig. 3C, D), com-
prises portions of a phragmocone 41 mm in maximum 
diameter and 114 mm in length. The apical angle could 
not be determined due to the poor preservation of the 
specimen. The surface of the conch is unknown. The 
conch cross-section is circular. The cameral height 
varies between 6.1 and 10.6 mm (0.16–0.27 of the cor-
responding conch diameter). The siphuncle is subcen-
tral, barrel-shaped, and expands abruptly immediately 
after the septal foramen, with a diameter at the sep-
tal foramen of 0.06 of the phragmocone diameter 
(Fig.  3D). Septal necks are suborthochoanitic. Con-
necting rings are adnate at the episeptal surface of the 
septa. Endosiphuncular and cameral deposits are vis-
ible and more developed on the ventral side of the sip-
huncle and camerae.

Remarks: The material described above does not appear 
to differ significantly from other specimens of Isorthoceras 
in most internal characters measured, i.e., the large size and 

Fig. 3  Isorthoceras sp. from the Upper Tiouririne Formation 
in Anti-Atlas region, Morocco. A, B NIGP207332, A median section, B 
lateral view; C, D NIGP207333, C median section, D detailed structure 
of septal necks and connecting rings; scale bars = 1 cm (A–C) 
and scale bar = 1 mm (D)
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abrupt expansion of the siphuncular segments. Although 
the present specimens share many characters with the genus 
Isorthoceras, we assign it only in open nomenclature. Fur-
thermore, the species and have been suggested to need revi-
sion (Ghavidel-Syooki et al., 2015; Kröger et al., 2011).

Family Stereoplasmoceratidae Kobayashi, 1934
Genus Tafadnatoceras Ebbestad et al., 2022

Type species: Tafadnatoceras tiouririnense Ebbestad 
et  al., 2022 from the Katian Stage, Upper Ordovician 
Series, Upper Tiouririne Formation at Tafilalt, eastern 
Anti-Atlas, Morocco.

Included species: Tafadnatoceras tiouririnense 
Ebbestad et al., 2022; Tafadnatoceras elfechtense sp. nov. 
(this work).

Diagnosis: Slightly curved orthocones with central 
siphuncle; siphuncle expanded within chambers with 
adnate area at septa and small septal perforation; septal 
necks cyrtochoanitic; connecting rings adnate during 
late growth stages; with siphuncular lining composed of 
stacked layers of parietal deposits; with cameral deposits 
(modified after Ebbestad et al., 2022).

Remarks: Ebbestad et  al. (2022) proposed that the 
genus Tafadnatoceras is similar to Adnatoceras Flower, 
1939 and Paradnatoceras Chen & Liu, 1974 but differs in 
having a continuous lining inside the siphuncle. Moreo-
ver, the species of Tafadnatoceras resemble Isorthoceras 
bisignatum (Barrande, 1877) from Bohemia, Zagros of 
Iran (Ghavidel-Syooki et  al., 2015) and the Moroccan 
material presented here, but differ in lacking the Isortho-
ceras-like reticulate ornamentation (Ebbestad et  al., 
2022).

Tafadnatoceras elfechtense sp. nov.
Figures 4, 5, 6, 7
urn:lsid:zoobank.
org:act:33F0B118-CC6D-4AB1-90CF-83D09871B323 

Etymology: Referring to the type locality, Tanout el 
Fecht, Morocco.

Holotype: Body chamber with a rather long part of the 
phragmocone, NIGP207336 (Figs. 5C, 6B, C, 7).

Paratype: NIGP207334 (Figs.  5A, 6E), NIGP207337 
(Figs. 5D, 6A), NIGP207338 (Figs. 5E, 6D), NIGP207343 
(Figs. 5J, 6F).

Type locality and horizon: Tanout el Fecht, north-
eastern Anti-Atlas. Upper Tiouririne Formation, Katian 
Stage, Upper Ordovician Series.

Material: Twelve specimens, NIGP207334–
NIGP207345 at Tanout el Fecht, northeastern Anti-Atlas 
region, Morocco, the Upper Tiouririne Formation, Katian 
Stage, Upper Ordovician Series.

Diagnosis: Orthoconic phragmocone, with an angle 
of expansion of ca. 10°; conch cross-section circular; sip-
huncle central with septal perforation diameter ca. 0.05 
of the corresponding conch diameter; siphuncular seg-
ments expanded, barrel-shaped; connecting rings adnate 
to septa, adnation wide; septal necks cyrtochoanitic and 
brim length equal to adnation length; parietal siphuncu-
lar deposits form continuous linings; massive episeptal 
and hyposeptal deposits.

Description: The holotype NIGP207336 is a por-
tion of a phragmocone with a length of 47.9 mm and a 
diameter of 10.9–16.7 mm (angle of expansion ca. 9.6°; 
Fig. 5C). The conch cross-section is circular. The cam-
eral height varies between 3.1 and 3.7 mm (0.20–0.34 of 
the corresponding conch diameter). The conch surface 

Fig. 4  A rich cephalopod bed yielding Tafadnatoceras elfechtense sp. nov. from the Upper Tiouririne Formation in the northeastern Anti-Atlas, 
Morocco; scale bar = 2 cm
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is nearly smooth, probably due to poor preservation. 
The siphuncle is almost central with narrow septal per-
foration (minimum 0.05 of the corresponding conch 

diameter). The septal necks are cyrtochoanitic with a 
brim ca. 0.22 mm in length and ca. 0.45 mm in width. 
The connecting rings are barrel-shaped in the median 

Fig. 5  Tafadnatoceras elfechtense sp. nov. from the Upper Tiouririne Formation in Anti-Atlas region, Morocco. A paratype, median section, 
NIGP207334; B median section, NIGP207335; C holotype, median section, NIGP207336; D paratype, median section, NIGP207337; E paratype, 
median section, NIGP207338; F median section, NIGP207339; G median section, NIGP207340; H median section, NIGP207341; I median section, 
NIGP207342; J paratype, median section, NIGP207343; scale bars = 5 mm
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section (Fig. 6B, C, 7). The expansion of the siphuncu-
lar segment at its mid-length has a diameter of 0.18 of 
the corresponding conch diameter. In this specimen, 

the connecting ring is adnate to the episeptal surface of 
the septum for a width of 0.45 mm, equal to the length 
of corresponding septal necks. Parietal siphuncular 

Fig. 6  Detailed structures of Tafadnatoceras elfechtense sp. nov. from the Upper Tiouririne Formation. A paratype, NIGP207337; B, C holotype, 
NIGP207336; D paratype, NIGP207338; E paratype, NIGP207334; F paratype, NIGP207343; arrows indicate the anteriorly bent connecting rings; scale 
bars = 0.5 mm (A–D, F), scale bar = 1 mm (B) and scale bar = 0.2 mm (E)
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deposits form continuous linings. Massive, irregular 
episeptal and hyposeptal deposits occur.

Other specimens, paratypes NIGP207334, 
NIGP207337, NIGP207338 and NIGP207343, reveal 
siphuncular deposits similar to those of the holotype, 
containing parietal continuous linings with calcite and 
argillaceous layers (Fig.  6A, D–F). The calcite layers 
become thinner or are absent at the septal foramen. 
The septal necks in NIGP207334 and NIGP207343 
are cyrtochoanitic, with an equal width between brim 
and area of adnation (Fig. 6E, F). The connecting rings 
expand abruptly and bend anteriorly (Fig. 6E).

Remarks: The ornament of the present material is 
unknown. The specimens described above are simi-
lar to Tafadnatoceras tiouririnense, in general features 
such as the angle of conch expansion, the siphuncular 
shape and position and with respect to the parietal sip-
huncular deposits with continuous linings. However, 
the specimens of T. elfechtense sp. nov. possess a wider 
septal neck brim and connecting ring adnation com-
pared to the type species T. tiouririnense. Moreover, 
the new species differs in having cameral deposits and 
anteriorly bent connecting rings.

Discussions
Although the Middle to Late Ordovician was supposed to 
be the evolutionary peak through GOBE, individual fos-
sil groups varied significantly in diversification patterns 
(Deng et al., 2021; Servais & Harper, 2018), e.g., brachio-
pods thrived in the early Middle Ordovician and cephalo-
pods in the early Late Ordovician (Harper & Rong, 2001; 
Kröger & Zhang, 2009). The diversity evolution pattern 
and palaeogeographic differentiation of Ordovician 
cephalopod faunas revealed a global Ordovician diver-
sity increase at the genus level climaxing during the early 
Katian (Kröger & Zhang, 2009; Kröger, 2013a).

The Late Ordovician cephalopods from Morocco were 
first systematically described by Ebbestad et  al. (2022), 
and before that, only some in open nomenclature were 
mentioned (Termier & Termier, 1950). Among the ceph-
alopod fauna reported, Wadema, a Middle to early Late 
Ordovician actinoceroid in low-latitude regions of, e.g., 
North China, Himalaya, Thailand, was unexpectedly 
found in Morocco (Chen, 1983; Stait & Burrett, 1984; 
Wade, 1977). Furthermore, the new genus Tafadna-
toceras was established by Ebbestad et al. (2022), which is 
morphologically similar to the Bohemian taxon Isortho-
ceras bisignatum (Barrande, 1877). I. bisignatum is also 
known from high-latitude regions such as the Zagros 
region of Iran during the Late Ordovician (Ghavidel-
Syooki et al., 2015). In the present paper, we improved the 
faunal portrait by documenting the presence of Isortho-
ceras in the Anti-Atlas region, suggesting a closer rela-
tionship between the faunas in the high-latitude regions.

However, the cephalopod faunas had different faunal 
features from the Middle to Late Ordovician, and the 
diversity distinctly decreased (Kröger & Zhang, 2009; 
Kröger, 2013a), especially in the high-latitude regions. In 
the light of the changes in the latitudinal diversity gradi-
ent resulting from the Middle Ordovician global cooling, 
the tropical cephalopod faunas subsequently experienced 
a heterogeneous diversified development (Kröger, 2017). 
Kröger (2013b) recorded 61 species belonging to 31 gen-
era from the latest Katian Boda Limestone in Dalarna, 
Sweden, where the cephalopod fauna diversified rapidly. 
Kröger and Ebbestad (2014) analyzed the palaeoecol-
ogy and palaeogeography of cephalopods from the Boda 
Limestone, suggesting the similarities between the fau-
nas of Baltica and Avalonia, southwestern Kazakhstan, as 
well as Laurentia. Recently, Kröger (2025) reviewed the 
cephalopod collections from northern Estonia, and dis-
tinguished 90 species of 35 genera of the late Katian. The 
palaeogeographic study revealed that the Baltoscandian 
and Laurentian assemblages are highly similar during the 
late Katian.

In addition, the most abundant cephalopod fauna during 
the mid-late Katian was found in South China, particularly 

Fig. 7  Interpretative drawing of the Tafadnatoceras elfechtense 
sp. nov., holotype, NIGP207336, black = conch and septal, 
grey = siphuncular deposits, dashed line = connecting ring; scale 
bar = 5 mm
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in the Jiangshan-Changshan-Yushan (JCY) area in the 
Zhejiang and Jiangxi Provinces (Lai, 1980). In total, 27 
species of 17 cephalopod genera have been reported from 
the latest Katian Xiazhen and Sanjushan formations. 
Most of them are considered as endemic taxa, but a few 
were widely distributed, e.g., Diestoceras, Actinoceras, 
Trocholites, and Orthonybyoceras. From Laurentia, only a 
few cephalopods were described at the species level from 
the mid–upper Katian Stage (Maysvillian–Richmondian, 
Cincinnatian) in the Cincinnati Arch of USA (Frey, 1995) 
and in the Anticosti Island of Canada (Holland & Copper, 
2008). There are also some genus records in Ireland and 
northern England, located in Avalonia, including Trocho-
lites, Zitteloceras, and Strandoceras (Evans, 1993; Holland, 
1993), and Omulev Mountains of Siberia, i.e., Rossico-
ceras, Valcouroceras, and Charactoceras (Balashov, 1962). 
Additionally, several doubtful taxa were recorded in open 
nomenclature from the Koumenzi Formation of the Qilian 
Mountain area without any figures or descriptions (The 
Bureau of Geology & Mineral Resources, Qinghai Prov-
ince, 1991). We recently obtained new material, and will 
describe and publish them elsewhere, which will further 
contribute to the understanding of the mid–late Katian 
cephalopod palaeogeography or palaeoecology.

The distribution pattern of mid–late Katian cephalo-
pods worldwide can be explained by the high-latitude 

cool current during the late Katian (Jin et al., 2018; Zhang 
et  al., 2022). However, due to the global cooling during 
this time interval, the palaeolatitudinal diversity gradi-
ent peaked northward to the mid–low-latitude regions 
(Kröger, 2017), resulting in a narrower distribution in 
the high-latitude regions (Fig.  8). At the same time, the 
cephalopod faunas in the low-latitude regions are rich 
but with increasing endemicity and only a few widely dis-
tributed taxa. However, more information is needed to 
support this viewpoint, especially in poorly studied areas.

Conclusions
A cephalopod assemblage from the Katian section of 
the Upper Tiouririne Formation from Tanout el Fecht 
of northeastern Anti-Atlas, Morocco, has been docu-
mented. The assemblage comprises two species of 
orthoceracones belonging to two families: one prote-
oceratid (Isorthoceras sp.) and one stereoplasmocer-
atid (Tafadnatoceras elfechtense sp. nov.). The genus 
Isorthoceras was identified for the first time from the 
Anti-Atlas. These taxa suggest a high-latitude palaeoge-
ographical affinity of the late Katian (Late Ordovician) 
cephalopod fauna. Despite the continued flourishing 
in low-latitude regions, the palaeogeographic differen-
tiation was pronounced, and the cephalopod fauna in 
high-latitudes became increasingly scarce. The pattern 

Fig. 8  Palaeogeographic distributions of mid-late Katian cephalopod faunas (based on maps from Scotese, 2023, fig. 11, 450 Ma, Katian Stage). 
1. Anti-Atlas, Morocco; 2. High Zagros, Iran; 3. Tyrone, Northern Ireland; 4. Dalarna, Sweden; 5. Northern Estonia; 6. Zhejiang-Jiangxi, South China; 
7. Cincinnati Arch, USA; 8. Anticosti Island, Canada; 9. Omulev Mountains, Siberia; 10. Qilian Mountains, Northwestern China. Data sources 
from Balashov (1962), Lai (1980), The Bureau of Geology and Mineral Resources, Qinghai Province (1991), Evans (1993), Holland (1993), Frey 
(1995), Holland and Copper (2008), Kröger (2013b, 2025), Ghavidel-Syooki et al. (2015), and Ebbestad et al. (2022). Dark blue arrows indicate 
the high-latitude cold current (Jin et al., 2018; Zhang et al., 2022)
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coincides with the changes in the latitudinal diversity 
gradient from the Middle to the Late Ordovician. Addi-
tionally, the distributions of the cephalopod faunas in 
the Late Ordovician were probably caused by the emer-
gence of the high-latitude cold current.
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