Muscle attachment scars in helcionelloids from Denmark
cast light on mollusc evolution in the Cambrian
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Multiple, small (diameter <20 pm) swellings on the apex of internal moulds of the laterally compressed helcionelloids
Eotebenna viviannae and the new species Eotebenna danica from the middle Cambrian (Miaolingian) of Bornholm,
Denmark, are interpreted as a muscle attachment scars. The scar pattern is unique amongst currently known helcio-
nelloids both in the abundance of attachment sites and in crossing the median plane of symmetry on the supra-apical
(dorsal) surface. Sites of typically two pairs of dorsal muscle scars in other helcionelloids are distributed symmetrically
on the dorso-lateral areas. The recognition of four groups of muscle scar patterns in helcionelloids suggests a degree
of anatomical diversity within the group that is obscured by the morphological simplicity of the enclosing cap-shaped
shells, although evolutionary links to mollusc crown groups are unresolved. In addition to the muscle scars, traces of

shell micro-structure are described.

Key words: Mollusca, Helcionelloida, muscle scars, Miaolingian, Cambrian, Denmark.

John S. Peel [john.peel@pal.uu.se; ORCID: https://orcid.org/0000-0002-1774-7931], Department of Earth Sciences
(Palaeobiology), Uppsala University, Villavigen 16, SE-75236, Uppsala, Sweden.

Vivianne Berg-Madsen [vivianne.berg-madsen@em.uu.se; ORCID: https.//orcid.org/0009-0000-2404-7848 ], Museum
of Evolution, Uppsala University, Norbyvdgen 16, SE-75236 Uppsala, Sweden.

Received 10 August 2023, accepted 15 October 2023, available online 27 November 2023.

Copyright © 2023 J.S. Peel and V. Berg-Madsen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (for details please see http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Introduction

The recognition of muscle attachment scars on the interior
of the shell of various lower Palaeozoic univalve molluscs
has proved significant in elucidating their relationships to
modern molluscan groups. Typically, the scars are found
as low swellings on internal moulds that represent muscle
attachment sites depressed into the inner shell surface on
the shell interior, and are exposed by exfoliation of the cal-
careous shells. Less frequently, muscle scars are visible on
the interior of the shell itself, etched free from surrounding
sediment (Lindstrom 1880, 1884; Peel 1993). In some cases,
the muscle scar patterns offer decisive information concern-
ing affinity. None more so than in the case of the familiar
Silurian species Tryblidium reticulatum Lindstrom, 1880,
and Tryblidium unguis Lindstrom, 1880 (= Pilina Koken and
Perner, 1925) where muscle scar patterns indicate iden-
tity with the tryblidiid tergomyan (“monoplacophoran’)
Neopilina Lemche, 1957, first described from modern seas
almost eight decades later (Wingstrand 1985; Lindberg 20009).
Similarly, the presence of a pair of retractor muscle scars
in helically coiled Ordovician gastropods (Peel 2019) sup-
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ports interpretation of bilaterally symmetrical shells such as
Bellerophon Montfort, 1808, and Carinaropsis Hall, 1847,
as gastropods. Often, however, the interpretation of mus-
cle scar patterns is ambiguous, as demonstrated by uncer-
tainties concerning the early record of limpet-like shells
interpreted as patellogastropods, the most basal gastropod
stock (Yochelson 1988; Horny 1963; Peel and Horny 1999;
Lindberg 2009; Peel 2020a, b; Ponder et al. 2020).
Helcionelloids are the dominant univalve molluscs in
the early and middle Cambrian. Despite their abundance
and diversity only a few records exist of preserved muscle
scars (Parkhaev 2001, 2002, 2014a, b; Vendrasco et al.
2010; Li et al. 2021; Peel 2023). These studies were sum-
marized by Peel (2023) in an overview of the variation
in known helcionelloid muscle scar patterns. Unlike uni-
valves of younger age, recognition of helcionelloid muscle
scars in specimens from the early-middle Cambrian is
mainly based on phosphatized internal moulds from Small
Shelly Fossil assemblages recovered from carbonate rock
samples by digestion in weak acids. The diagenetic phos-
phatization often replicates in great detail the inner sur-
face of the shell, preserving details of fine shell structure
(Runnegar 1985; Kouchinsky 1999, 2000a, b; Vendrasco
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Fig. 1. Geological and geographical background. A. Cambrian stratigraphy of southern Bornholm, Denmark (based on Nielsen and Schovsbo 2007).
B. Map of the Baltic area showing location of Bornholm, with location of studied locality (asterisk) on the rivulet @lea (C), and the Lake Véanern area in
southern Sweden (D), with collection locality on the western slopes of the hill Kinnekulle (asterisk).

et al. 2010, 2011a, b, 2015; Li et al. 2019), some of which
have been interpreted as polygonal epithelial or myostr-
acal impressions (Ushatinskaya and Parkhaev 2005, but
see Vendrasco et al. 2010; Li et al. 2023a, b). Given the
excellence of such preservation, it is perhaps surprising
that muscle attachment scars have not been more widely
recognized, a feature noted by Missarzhevsky (1989) who
coined the unofficial name Eomonoplacophora for the
group on account of its apparent lack of muscle scars. The
small size (1-2 mm) of individual specimens, in many
cases juveniles, may be a factor since muscle scars in
other lower Palaecozoic univalves are generally described
from much larger, originally thicker shelled specimens.
However, many other Cambrian helcionelloids of similar
size display ontogenetic changes, such as the morpholog-
ical differentiation of the protoconch from later growth
stages (e.g., Gubanov et al. 2004: fig. 6A; Skovsted 2004:
fig. 5; Parkhaev 2014a) that strongly suggest that they are
not juveniles, despite their small size. In many cases, the
co-occurrence of supposed juveniles and miniature adults
likely reflects preservational constraints.

The present paper describes multiple small swellings
on the apical area of internal moulds of the laterally com-
pressed helcionelloids Eotebenna viviannae Peel, 1991a,

and Eotebenna danica sp. nov. from the middle Cambrian
(Miaolingian) of Bornholm, Denmark (Fig. 1). The swell-
ings are interpreted as muscle attachment sites rooted in the
inner surface of the univalve shell and differ from other re-
cords of helcionelloid muscle scars on account of their small
size, abundance and location astride the median dorsal plane
of symmetry. Variation in described muscle scar patterns
suggests that anatomical diversity in helcionelloids is ob-
scured by the simple morphology of the cap-shaped shells,
promoting enquiry into the relationship of these groups to
their crown group mollusc descendants.

Institutional abbreviations.—GGU, Grenlands Geologiske
Undersegelse (Geological Survey of Greenland), now a part
of the Geological Survey of Denmark and Greenland (GEUS),
Copenhagen, Denmark; MGUH, Natural History Museum
of Denmark, Copenhagen, Denmark; PMU, palacontological
collections of the Museum of Evolution, Uppsala University,
Sweden.

Nomenclatural acts—This published work and the nomen-
clatural acts it contains have been registered in ZooBank:
urn:lsid:zoobank.org.pub:A16E2206-D792-464A-8E16-
7790460B57BE
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Material and methods

Limestone samples from Bornholm, Denmark, were col-
lected by VB-M from the Andrarum Limestone exposed
in the rivulet @led in southern Bornholm (Fig. 1A-C) as a
prelude to Berg-Madsen (1985). Samples derive from the
Solenopleura brachymetopa Biozone of Westergard (1946);
Guzhangian, Miaolingian, Cambrian. This biozone was in-
cluded within the overlying Lejopyge laevigata Biozone by
Axheimer et al. (2006), Weidner and Nielsen (2009) and
Weidner et al. (2014). However, Geyer (2019) recognized an
Erratojincella brachymetopa Biozone that he considered to
be of latest Drumian age.

Specimens from southern Sweden were collected by
VB-M during 1997 in a small ditch in Stordngen (“the
large meadow”) on the western slope of the hill Kinnekulle,
between the lakeside road and the shore of Lake Vénern
(58.6°N, 13.3°E; Fig. 1D). They derive from the Acidiscus
atavus Biozone (early Drumian age) and thus are slightly
older than the Bornholm specimens.

The samples from Bornholm were treated with 10% ace-
tic acid to liberate insoluble residues containing microfos-
sils. The residues were wet sieved and hand-picked, and
phosphatized specimens were selected for later study using
scanning electron microscopy. While some of the rare spec-
imens from Kinnekulle are internal moulds, shell is retained

as a thin translucent calcite layer in others, so samples were
left in their rock matrix and not subjected to acetic acid
treatment. SEM imaging was carried out at the universities
of Copenhagen and Uppsala (JSP) and illustrations assem-
bled using Adobe Photoshop.

Systematic palacontology

Phylum Mollusca Cuvier, 1797

Class Helcionelloida Peel, 1991a

Order Helcionellida Geyer, 1994

Family Yochelcionellidae Runnegar and Jell, 1976
Genus Eotebenna Runnegar and Jell, 1976

Type species: Eotebenna pontifex Runnegar and Jell, 1976, from the
Currant Bush Limestone (Miaolingian, Cambrian), Thorntonia area,
Queensland, Australia.

FEotebenna viviannae Peel, 1991a

Figs. 2, 3.

1985 rostroconch sp. I; Berg-Madsen 1985: fig. SD.

1991 Eotebenna viviannae sp. nov.; Peel 1991a: 173, fig. 19.
1991 Eotebenna viviannae; Peel 1991b: fig. 31.

1997 Eotebenna cf. viviannae; Hinz-Schallreuter 1997: pl. 2: 4.
2004 Eotebenna viviannae; Gubanov et al. 2004: 10, fig. 8.

Fig. 2. Helcionelloid mollusc Eotebenna viviannae Peel, 1991a, MGUH 19564, holotype, internal mould, Andrarum Limestone, Bornholm, Denmark,
Guzhangian, Miaolingian, middle Cambrian. A;. Oblique lateral view showing margin of shell (arrow) along the narrow slit joining the sub-apical and su-
pra-apical apertures. A,. Oblique apico-lateral view. A;. Lateral view. A,. Oblique view showing inverted teardrop-shaped sub-apical aperture and irregular
area (arrow) of possible muscle scar. As. Lateral view of apex. Ag. Oblique lateral view of apex showing radial fibrous structure beneath smooth outer layer.



ACTA PALAEONTOLOGICA POLONICA 68 (4), 2023

Fig. 3. Helcionelloid mollusc Eotebenna viviannae Peel, 1991a, internal moulds, Andrarum Limestone, Bornholm, Denmark, Guzhangian, Miaolingian,
middle Cambrian. A. MGUH 19565, paratype, lateral view (A;) with detail of apex (A,). B. MGUH 34273, lateral (B;) and apico-lateral views show-
ing impression of comarginal ornamentation and cylindrical form of median sub-apical area (B,). C. Specimen lost, lateral view (C,) with detail of
apex (C,), arrow locates detail of shell structure (C3). D. MGUH 34274, lateral view with detail of radial fibrous structure and overlying imbricated
lamellae (D,), and patch of ornamented outer shell (D, arrow). E. MGUH 34275, lateral view with detail of apex (E,) with muscle scars; arrows locate
possible muscle scar. F. MGUH 34276, lateral view (F;) with detail of possible muscle scar (F,) located by arrows.

2004 Eotebenna viviannae; Peel 2004: fig. 1C.

2006 Eotebenna viviannae; Peel 2006: text-fig. 2H.

2021 Eotebenna viviannae; Peel 2021c: fig. 1H.

Type material: Holotype MGUH 19564, well preserved shell internal
mould (Fig. 2). Paratypes: MGUH 19565 and three additional internal

moulds (MGUH 19566—19568), that were described by Peel (1991a: fig.
19H-N) but are not figured herein. All from type locality and horizon.

Type locality: The rivulet @led, Bornholm, Denmark.

Type horizon: Andrarum Limestone, Guzhangian, Miaolingian, middle
Cambrian.
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Material —MGUH 34273-34276, internal moulds from
type locality and horizon.

Description.—Apical attachment scars and fibrous shell
microstructure are added to the description of Peel (1991a).

Remarks.—Eotebenna viviannae was described by Peel
(1991a) on the basis of exfoliated specimens and inter-
nal moulds without details of external ornamentation
from the Andrarum Limestone of Bornholm, Denmark.
The shell is characteristically elongate and laterally com-
pressed (Figs. 2, 3). Its overall shape is similar to that of the
Ordovician rostroconch Pinnocaris lapworthi Etheridge,
1878, but the growth vectors are dissimilar (Peel 2004).
A well preserved specimen clearly showing the comarginal
growth lines on the elongate shell was illustrated by Hinz-
Schallreuter (1997) and similar ornamentation is retained in
a partially exfoliated specimen (MGUH 34273) illustrated
here (Fig. 3B). In addition to material from Bornholm, ten
silicified specimens of Eotebenna viviannae were described
by Gubanov et al. (2004) from the Kuonamka Formation
(Drumian, Miaolingian) of northern Siberia, Russia.

In terms of its elongate shape, Eotebenna viviannae is
similar to the type species Eotebenna pontifex Runnegar and
Jell, 1976, from the Currant Bush Limestone (Miaolingian)
of Queensland, Australia but the latter is distinguished by
its massive, circular snorkel at the sub-apical margin when
compared to the inverted teardrop-shaped sub-apical open-
ing in Eotebenna viviannae (Fig. 2A,).

Stratigraphic and geographic range—Drumian of Siberia,
Russia and Guzhangian of Denmark (both middle Cambrian).

Eotebenna danica sp. nov.
Figs. 4, 5.
1985 rostroconch sp. 1I; Berg-Madsen 1985: fig. 5E.

ZoobankLSID:urn:lsid:zoobank.org:act:32FA3A63-AF30-4131-8364-
42866C61F75E

Etymology: From the occurrence of the type suite on the Danish island
of Bornholm (Fig. 1).

Type material: Holotype: MGUH 34280 (Fig. 4D). Paratypes: MGUH
34277-34279, 34281, 34282. All phosphatized internal moulds from
the type locality and horizon.

Type locality: The rivulet @led, southern Bornholm, Denmark (Fig. 1C).

Type horizon: Andrarum Limestone, Guzhangian, Miaolingian, middle
Cambrian.

Material —In addition to the type suite from southern
Bornholm, rare specimens were collected from the lower
Drumian (Miaolingian, middle Cambrian), on the western
slope of Kinnekulle in southern Sweden (Fig. 1D), one of
which is figured (Fig. 5A; MGUH 34283).

Diagnosis—Laterally compressed species of the univalve
Eotebenna (Fig. 4D,) in which height (as oriented in Fig. 4Dy)
is about two thirds of length. Apex overhanging the con-
cave sub-apical surface and slightly closer to the sub-apical
margin. Aperture oval, joined to the narrow, inverted tear-
drop-shaped opening (snorkel) at the sub-apical margin by a
narrow slit. Ornamentation of growth lines crossed by fine

radial lines. Multiple small swellings on the internal mould,
interpreted as muscle scars on the apex, occur principally on
the supra-apical (dorsal) surface.

Description—In lateral view (Fig. 4D;), in which the up-
right orientation follows Peel (1991b: fig. 30) and Parkhaev
(2001: fig. 2), the height of the shell is about two thirds of its
overall length. The overturned apex forms the tip of an isos-
celes triangle, representing the main part of the body cavity,
the sides of which diverge at about 50° to the shallowly
convex, basal, apertural margin. The supra-apical surface is
slightly sigmoidal, initially shallowly convex but becoming
shallowly concave; the dorsum is uniformly rounded. The
sub-apical surface is concave, ultimately rising to a higher
level than the apex as it forms the upper margin of a sail-like
extension of the main part of the body cavity (left side of
Fig. 4D,), the junction with which may be marked by a radial
fold. The supra-apical surface terminates at the inverted
teardrop-shaped aperture of the snorkel (Fig. 4D,), which
is connected to the ovoid aperture by a thin slit around the
margin. The entire margin, from tip of the snorkel to the
supra-apical margin, is almost semicircular. Ornamentation
consists of comarginal growth lines, which may be rugose
near the aperture, that cross closely spaced fine growth
lines. The apex of the internal mould retains an irregular
pattern of small (up to 20 um in diameter) swellings, mainly
on the supra-apical surface, interpreted as muscle attach-
ment scars (see below).

Remarks—FEotebenna danica sp. nov. differs from Eote-
benna papilio Runnegar and Jell, 1976, described from a
single specimen from the Coonigan Formation of New South
Wales, Australia, in which height and length are equal, in
terms of its more eclongate form and the lack of widely
spaced, prominent comarginal rugae. More closely spaced,
weak comarginal rugae are present on the internal moulds
of the Scandinavian materal in the later growth stages
(Fig. 4Dy, D,). In addition, the apex in Eotebenna danica
slightly overhangs the sub-apical surface. Fotebenna papilio
has widely spaced radial ribs on the shell exterior but radial
ornamentation is not seen in the type suite of Eofebenna
danica from Bornholm, which may reflect their preserva-
tion as internal moulds. Eotebenna papilio is a silica replica
of the shell with well-preserved details of the shell exterior
(Runnegar and Jell 1976: 10-14, fig. 11B). Ornamentation of
closely spaced growth lines is seen in specimens assigned to
Eotebenna danica from the middle Cambrian (Miaolingian)
of Kinnekulle in southern Sweden (Fig. 5A, arrow).
Eotebenna viviannae differs from the co-occurring Eote-
benna danica by its profoundly extended shell form when
viewed in lateral aspect (Figs. 2A—Aj3, 3A4, B;). Specimens of
the former (Figs. 2, 3) are illustrated with the sub-apical and
supra-apical surfaces horizontal but the long axis is sub-ver-
tical in reconstructions by Peel (1991b, 2006). A radial fold
separates the main part of the body cavity from the sub-apical
sail and snorkel (Fig. 2Ay), as in Eotebenna danica, but is of-
ten inconspicuous. The type species of Eofebenna, Eotebenna
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Fig. 4. Helcionelloid mollusc Eotebenna danica sp. nov., internal moulds, Andrarum Limestone, Bornholm, Denmark, Guzhangian, Miaolingian, middle
Cambrian. A. MGUH 34277, lateral view (A,) with rectangles indicating location of Fig. 5By, B,, and B;. Muscle scars at apex illustrated in different ori-
entations (A,—Ag), with arrow in A, indicating slight diagenetic compression or deformation along edge of muscle field. Arrow in A3 indicating imbricated
lamellar structure shown in detail in A;. B. MGUH 34278, apex in lateral view. C. MGUH 34279, lateral view. D. MGUH 34280, holotype, lateral (D)
and apico-lateral (D,) views, the latter showing the laterally compressed shell form, with detail of apical muscle scars (D;). E. MGUH 34281, lateral view.

F. MGUH 34282, apex in lateral view.

pontifex Runnegar and Jell, 1976, from the Currant Bush
Limestone (Miaolingian) of Queensland, Australia, is also
much more elongate than Eotebenna danica but the massive
snorkel is circular in cross-section compared to the inverted
teardrop-shape in the two Bornholm species.

FEotebenna arctica Peel, 1989, from the Henson Gletscher
Formation (uppermost Series 2, Stage 4, lower Cambrian) of

southern Freuchen Land, North Greenland is more strongly
coiled than Eotebenna danica, with a convex supra-apical
surface, in lateral view, and the apex strongly overhanging
the sub-apical surface (Peel 1989, 1991b).

Stratigraphic and geographic range—Drumian of Sweden
and Guzhangian of Denmark (both middle Cambrian).
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Fig. 5. Helcionelloid mollusc Eotebenna danica sp. nov. from Miaolingian, middle Cambrian A. MGUH 34283, internal mould with traces of comar-
ginal ornamentation and rugae (arrow), western slopes of Kinnekulle, southern Sweden, Drumian. B. MGUH 34277, details of shell structure, Andrarum
Limestone, Bornholm, Denmark, Guzhangian (general view of the specimen in Fig. 4A). Surface of internal mould (B,) digitally inverted and mirrored

here (B,) to depict shell structure on the interior surface of the shell. Detail of imbricate lamellae on internal mould (Bj).

Discussion

Shell structure in Eotebenna—The holotype of Eotebenna
viviannae (Fig. 2) displays a prominent, open, fibrous texture
radiating from the apex. Individual fibres are about 1.5 um in
width, with a fine, irregular acanthose texture, and are spaced
at 1-2 um (Fig. 2As, Ag). Slightly wider, more closely spaced
and less regular fibres have been described in hyoliths by
Kouchinsky (2000b). However, in some areas of the internal
moulds, the fibrous layer in Eotebenna viviannae appears to
be a preservational variant of an imbricate lamellose structure
in which the strike of the inclined lamellae corresponds to the
length of the fibres (Fig. 3D). If so, the apparent fibres would
probably represent the edges of lamellae, or packets of lamel-
lae, separated from each other by differential preservation.
The fibrous layer and its equivalent lamellae are overlain on
the internal mould by thin discontinuous shell patches dis-
playing traces of imbricate lamellae forming a step-like pat-
tern, with about 10 um wide steps, that strikes perpendicular
to the underlying fibrous texture (Fig. 2Ay), see also (Fig. 3D).
The latter specimen (Fig. 3D) appears to preserve a composite
replacement of shell and the internal mould, showing comar-
ginal growth lines and fine radial lines (arrow in Fig. 3D;) on
an outer shell surface that overlies the imbricate layer on the
internal mould. The apical muscle scars are thus draped by
overlying shell layers and are obscured.

An internal mould of Fotebenna viviannae with clearly
delimited multiple muscle scars (Fig. 3C) preserves imbri-
cate lamellae near the apex that strike oblique to the su-
pra-apical surface (Fig. 3C,). Individual lamellae slope away
from the apex with striations also downslope, perpendicular
to the lamellar margins (Fig. 3C5).

Collectively, the specimens might suggest a shell with
lamellar and fibrous layers. However, interpretation of the
fibrous layer as a preservational variant of imbricate lamel-
lae, promotes a simpler explanation, with two lamellar lay-
ers showing different orientations. Runnegar (1985) and
Vendrasco et al. (2010) noted an inner laminar layer (foli-
ated calcite) in Eotebenna pontifex from Australia, but other
layers were not recognized.

One illustrated specimen of Eotebenna danica shows dis-
tinct multiple muscle scars and a fine pattern of imbricate
lamellae (Figs. 4A, 5B). Due to the clarity of the structures, it
is considered to be a direct impression of the inner surface of
the shell. There is no evidence of the fibrous layer and outer
ornamented surface seen in specimens of Eotebenna vivian-
nae. The individual lamellae form steps about 10—15 um wide
that are laterally continuous across the lateral areas of the
shell. Individual lamellae are comarginal from the supra-api-
cal margin (bottom in Fig. 4A;) but lose their curvature as
they pass into the sail beneath the sub-apical surface, such
that they meet the sub-apical margin, just below the snorkel
(top right in Fig. 4A;) at an angle of about 45° Individual
lamellae slope towards the apertural margin, stepping down
towards the apex (Figs. 4A;, 5B;, B,). At the apex, the imbri-
cate lamellae become more closely spaced and persist into the
elevated muscle scars (Fig. 4A,, As), where individual lamel-
lae have a thickness of about 0.5 um (Fig. 4Ay).

Similar imbricated lamellae composed of foliated calcite
or calcite semi-nacre were described by Vendrasco et al.
(2010, 2011b) and Vendrasco and Checa (2015) in helcio-
nelloids. Continuous bands of imbricated lamellae inter-
preted as aragonite blades, with a finely digitate edge to
the lamellae, as distinct to the sharply angular edges seen
here (Fig. 5B), were described by Vendrasco et al. (2011a)
in the bivalve Pojetaia Jell, 1980. A full discussion of crys-
tallography was given by Vendrasco and Checa (2015) and
Vendrasco et al. (2015), while Vendrasco et al. (2019) de-
scribed similar structures from Late Ordovician molluscs.

Muscle scars in FEotebenna—Most available internal
moulds of Fotebenna danica show a concentration of closely
spaced, sub-circular swellings at the apex, although most of
these are located on the supra-apical surface (Fig. 4A, D).
About 15 small swellings are visible in paratype MGUH
34277 in lateral view (Fig. 4A), suggesting that about 25 in
total are distributed around the apex. The swellings lie to-
gether within a single field that crosses the median plane of
symmetry but they are not symmetrically disposed around
that plane. In this specimen they are arranged in three rather
irregular bands parallel to the dorsum on the visible lateral
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surface (Fig. 4A;) but this banding is less regular in other
specimens. The swellings vary from irregularly circular to
oval, with a maximum dimension of about 20 um. They are
flattened on the upper surface, with distinct lateral margins.
A similar pattern is seen in the holotype of Eotebenna danica
(MGUH 34280) but the individual swellings are fewer and
less sharply delimited (Fig. 4D). The pattern and number of
individual swellings is less clear in other figured specimens
(Fig. 4C, E, F). In internal moulds of Fotebenna viviannae,
the apex varies from acute (Fig. 2) to bluntly rounded, with
the latter sometimes showing fewer, more weakly expressed
apical swellings comparable to those in Eotebenna danica
(Fig. 3C).

Cellular, polygonal, textures occur on the internal moulds
of a number of Cambrian helcionelloids (Runnegar 1985;
Bengtson et al. 1990; Kouchinsky 2000a; Skovsted 2004;
Ushatinskaya and Parkhaev 2005; Vendrasco et al. 2010) and
may take the form of a framework of raised margins around
central depressions or depressed margins around generally
convex central swellings (Fig. 6). The textures have been
considered to be of epithelial origin or a reflection of micro-
crystalline shell structure (Runnegar 1985; Ushatinskaya and
Parkhaev 2005; Winrow and Sutton 2012; Vendrasco et al.
2010), while studies by Li et al. (2019, 2023a, b) suggested that
they probably have multiple origins. Polygonal cellular im-
prints were described in Cambrian and present day brachio-
pods and bivalves by Williams and Wright (1970), Winrow
and Sutton (2012), Parkhaev (2014b) and Li et al. (2019), re-
spectively, while Dong et al. (2022) noted that the prismatic
pattern formed by aragonite in the myostracal layer is wide-
spread in present day molluscan classes. Li et al. (2023a)
demonstrated the formation of polygonal texture by the pris-
matic organic matrix rather than as an imprint of mineral
prisms, and that the matrix can form both concave and con-
vex polygonal textures on internal moulds. Correspondingly
the margins of the polygons may be raised or depressed.

An internal mould of Vendrascospira frykmani Peel and
Kouchinsky, 2022, from the Miaolingian Henson Gletscher
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Formation of North Greenland preserves two different po-
lygonal textures (Peel 2023; Fig. 6). Polygonal structures
interpreted as muscle attachment scars have well-defined
ridges surrounding concave depressions that are about
5 um in diameter (Fig. 6As). The ridges thus correspond
to grooves in the internal surface of the shell. Two pairs of
equidimensional scars are present on the lateral areas, with
one of each pair displayed in lateral view (Fig. 6A,) and
with both scars of one pair on each side of the median plane
of symmetry on the sub-apical surface (Fig. 6A,). Muscle
scars showing the same morphology were also described
by Peel (2023) in Hensoniconus siku (Peel and Kouchinsky,
2022) from the Miaolingian Henson Gletscher Formation in
North Greenland. Ushatinskaya and Parkhaev (2005) inter-
preted a similar texture located on the sub-apical surface in
Securiconus sp. from the Tommotian (early Cambrian) of
the Siberian platform as myostracum.

The polygonal texture on the central apical area of
Vendrascospira frykmani has low, rounded elevations on
the internal mould bordered by indistinct depressed margins
that represent low ridges on the shell interior (Fig. 6A»).
This was referred to as botryoidal pattern by Peel (2023) and
is seen to lie between the arrowed muscle scars in Fig. 6A,.
This texture is opposite in relief to that of the adjacent mus-
cle scars (Fig. 6A3) and with individual polygons that are two
or three times larger (Fig. 6A,). Ushatinskaya and Parkhaev
(2005) described a comparable texture in Oelandiella ko-
robkovi Vostokova, 1962, from the Tommotian of Siberia.
Kouchinsky (1999) and Li et al. (2019) have illustrated similar
structures in Anabarella from Siberia and China. Vendrasco
et al. (2015) gave an overview of shell microstructures, com-
position and preservation. Most of the surface of internal
moulds of Anhuiconus microtuberus Zhou and Xiao, 1984,
illustrated by Li et al. (2021) from the Xinji Formation show
superficially similar, but more strongly expressed, tuber-
cles. In detail, the botryoidal surface of Vendrascospira
fryvkmani forms the upper surface on the internal mould of
a layer of finely imbricate lamellae (Fig. 6Ay), the surfaces

Fig. 6. Surface textures on internal mould of a helcionelloid mollusc Vendrascospira frykmani Peel and Kouchinsky, 2022, PMU 39208 from GGU
sample 271492, Henson Gletscher Formation, Lendal, Peary Land, North Greenland, Miaolingian, middle Cambrian. A;. Lateral view with one muscle
attachment scar from each of the two pairs of muscle scars (arrows). A,. Dorsal view showing pair of symmetrically placed muscle scars (arrows) on the
supra-apical surface (right side of A ;). The muscle scars lie on each side of the median area with botryoidal surface texture. Az. Detail of muscle scar (left
scar in A;). Ay4. Detail of finely imbricate shell structure from the median area of A,.
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of which slope towards the aperture (down in Fig. 6A,) and
step down towards the apex (up in Fig. 6A,). Thus, this spe-
cific botryoidal surface does not represent the actual surface
of contact between the mantle and the inner surface of the
shell but is likely an organic layer within the innermost shell
layer. The polygons of the muscle scars in Vendrascospira
fryvkmani appear to overlie this botryoidal texture on the
internal mould and were therefore more deeply embedded
into the inner surface of the shell.

In terms of its generally sharp delimitation, the pattern of
apical swellings in Eotebenna danica compares closely with
the muscle attachment scars in Vendrascospira frykmani
and Hensoniconus siku described by Peel (2023; Fig 6Aj).
Therefore, the agglomeration of individual swellings in
Eotebenna danica is also interpreted as the site of muscle at-
tachment, although the individual swellings are up to twice
the diameter of the cells in the muscle attachment scars de-
scribed by Peel (2023). The greater size of the swellings and
their more irregular form and spacing than the individual po-
lygonal cells in Vendrascospira frykmani and Hensoniconus
siku suggests that the agglomeration represents numerous
closely spaced muscles or bundles of muscle fibres rather
than individual prismatic elements within a single muscle
attachment scar. Support for this interpretation is found by
comparison with the abundance and distribution of pedal
muscle attachment scars in some burrowing Palacozoic bi-
valves (Fig. 7). In contrast to the three or four pairs of pedal
retractor muscles present in most bivalves (Driscoll 1964),
the Middle Ordovician Neofordilla Krasilova, 1977, shows a
tight grouping of numerous pedal muscle scars on the umbo
(Krasilova 1977: fig. 1). The familiar Early Ordovician
Babinka Barrande, 1881 (McAlester 1965; Soot-Ryen 1969;
Babin 1977; Polechova 2013; Fig. 7A), the Middle Ordovician
Coxiconcha britannica (Roualt, 1851) as illustrated by Kiiz
(1995) and Polechova (2013) and Palaeoneilo musculosa
(Knod, 1908) from the Devonian of Bolivia (Fig. 7B—D)
preserve numerous closely spaced pedal (accessory) muscle
scars close to the umbones (Babin and Farjat 1994; Kfiz

pedal muscle

possible gill
attachment scars
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1995) in a similar arrangement to the agglomeration of scars
in Eotebenna danica sp. nov. (Fig. 4). A comparable dis-
tribution of umbonal muscles was described by Skawina
and Dzik (2011) in Silesunio parvus Skawina and Dzik,
2011, from the Triassic of Poland. Furthermore, the number
and location of pedal scars in Palaeoneilo musculosa var-
ies between individuals and the left and right valves in the
same individual (Fig. 7C, D), reflecting the variation seen
in Eotebenna danica. It is noteworthy that the early—middle
Cambrian ancestral bivalves Fordilla Barrande, 1881, and
Pojetaia Jell, 1980, do not show this multiplicity of pedal
muscle scars at the umbo (Pojeta 1975, 2000; Runnegar and
Bentley 1983; Elicki and Giirsu 2009).

Comparable swellings have not been observed in other
areas of the shells of species of Fotebenna. The location of
irregular raised patches at similar locations below the apex
in some specimens of Eotebenna viviannae (indicated by
arrows in Figs. 2A,, A4, 3E, F) may indicate attachment of
tissue, but the evidence is inconclusive; they probably result
just from exfoliation of the shell interior.

Muscle scars in helcionelloids.—Muscle scars are well
known in the early—middle Cambrian bivalves Fordilla and
Pojetaia (Pojeta 1975, 2000; Runnegar and Bentley 1983)
and have also been described in the problematic helically
coiled univalves Aldanella Vostokova, 1962 (Gubanov and
Peel 2000; Parkhaev 2006; Isakar and Peel 2007; Parkhaev
and Karlova 2011; Dzik and Mazurek 2013) and Pelagiella
(Runnegar 1981; Thomas et al. 2020; Landing et al. 2021;
Peel and Kouchinsky 2022). Despite the abundance and
diversity of helcionelloids, only a few records exist of
preserved muscle scars from the early-middle Cambrian
(Parkhaev 2001, 2002, 2014b; Ushatinskaya and Parkhaev
2005; Vendrasco et al. 2010; Li et al. 2019; Peel 2023;
Fig. 8). Two different patterns of muscle scars in helcio-
nelloids were recognized by Peel (2023), but the muscle
scars described here in Eotebenna are unique on account
of both their location and form. Given the small size of
specimens, the question arises if the muscle scar patterns

C D
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Fig. 7. Muscle scars on internal moulds of Palacozoic bivalves. A. Left valve of Babinka Barrande, 1881, from the Lower Ordovician of Oland, Sweden
(after Soot-Ryen 1969, length of specimen about 20 mm). B. Left valve of Palaeoneilo musculosa (Knod, 1908) from the Devonian of Bolivia (after Babin
and Farjat 1994, length of specimens about 20 mm). C, D. Sketches in apical view showing asymmetry between pedal muscle scars (black) on internal
molds of Palaeoneilo musculosa between left and right valves, and variation in pattern of pedal muscle between specimens (after Babin and Farjat 1994).
Abbreviation: am, anterior adductor muscle scar.
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Fig. 8. Muscle scars on internal moulds of helcionelloids. All sketches oriented in lateral view with the apex to the right. A. Vendrascospira frykmani
Peel and Kouchinsky, 2022 (after Peel 2023). B. Anhuiconus microtuberus Zhou and Xiao, 1984 (after Parkhaev 2002). C. Hensoniconus siku (Peel and
Kouchinsky, 2022) (after Peel 2023). D. Bemella communis Parkhaev, 2001 showing three pairs of muscle scars (black, after Parkhaev 2014b); Li et al.
(2021) considered the two pairs of scars on the supra-apical surface (joined by grey) to be traces of a single pair of scars. E. Yochelcionella (based on outline
of Yochelcionella ostentata Runnegar and Jell, 1974) showing pair of apical muscle scars described by Vendrasco et al. (2010) in Yochelcionella snorkorum
Vendrasco, Porter, Kouchinsky, Li, and Fernandez, 2010. F. Eotebenna danica sp. nov., with multiple scars forming a muscle attachment area at the apex.

reflect musculature in the protoconch or the patterns seen
in miniature adult forms. Studies of present day gastropods
have demonstrated that different patterns occur during de-
velopment and that there is not always continuity between
the musculature of the protoconch and the teleoconch (Page
1997; Kristof et al. 2015). In the absence of precise informa-
tion from the early fossil record, input is mainly restricted
to shell morphology.

Smooth internal moulds of Bemella communis Parkhaev,
2001, from Cambrian Series 2 (lower Cambrian) in Australia
preserve three pairs of muscle scars according to Parkhaev
(2002, 2014b), with two pairs distributed as bands along
the supra-apical (dorsal) surface (Fig. 8D). Li et al. (2021)
described two pairs of muscle scars on internal moulds of
Figurina figurina Parkhaev, 2001, from the Xinji Formation
(Cambrian Series 2, Stages 3—4) of North China that were
similar to those in Bemella communis, but considered that
just a single pair of scars extended along the supra-apical
surface of Bemella communis.

In Anhuiconus microtuberus, from Cambrian Series 2
(lower Cambrian) in Australia, Kouchinsky (2000a) and
Parkhaev (2002) illustrated a single muscle scar on the
sub-apical surface of the tightly coiled shell that passed be-
neath the apex from one lateral surface to the other (Fig. 8B)
and a similar scar seems to be present in Securiconus sp.
from Siberia (Ushatinskaya and Parkhaev 2005).

Peel (2023) described two pairs of relatively large muscle
attachment scars on the lateral surfaces of internal moulds
of Vendrascospira frykmani and Hensoniconus siku from
the Henson Gletscher Formation (Wuliuan, Miaolingian,
Cambrian) of North Greenland (Fig. 8A, C). The muscle
scars of the Greenland specimens display a myostracal
texture of raised ridges around central depressions that
are about 5 um in diameter on the internal mould, but a
similar polygonal pattern is not known in Fotebenna. The
apical area of the cap-shaped Vendrascospira frykmani
displays a polygonal pattern with low, raised, rounded cen-

tres and depressed surrounding margins on the internal
mould (Peel 2023; Fig. 6), which superficially resembles
the apical muscle scar attachment area of laterally com-
pressed Eotebenna.

Vendrasco et al. (2010) described a pair of small, elon-
gate muscle scars located on the supra-apical (dorsal) sur-
face immediately adjacent to the apex in an internal mould
of the tall, slender helcionelloid Yochelcionella snorko-
rum Vendrasco, Porter, Kouchinsky, Li, and Fernandez,
2010, from the Gowers Formation (Miaolingian, mid-
dle Cambrian) in Australia. The scars occur on the early
growth stage (protoconch) prior to the development of the
prominent comarginal rugae (Fig. 8E). While their location
close to the apex is reminiscent of the muscle attachment
scars in Eotebenna danica (Fig. 8F), only two large scars
are present (length 100 um) in Yochelcionella snorkorum
compared to the approximately 25 smaller scars (up to 20
um) in Eotebenna danica. Additionally, the muscle field
in Eotebenna danica lies across the median dorsal plane
of symmetry on the supra-apical surface, which is unique
among known helcionelloid muscle scars. However, a prom-
inent muscle scar on the supra-apical surface (dorsum),
astride the median plane of symmetry, is characteristic of
rostroconch univalve molluscs such as the late Cambrian—
Silurian Ribeiria Sharpe, 1853, (Fig. 9), as illustrated by
Pojeta and Runnegar (1976) and Polechova (2015). The
placement of an additional sub-apical scar in Riberia recalls
the muscle scar in Anhuiconus and Securiconus, but these
helcionelloids lack the prominent transverse pegma that de-
fines rostrococonchs. Ribeiria has a slender elongate shell
that is similar in proportions to Eotebenna viviannae but its
inferred orientation in life is sub-horizontal, paralleling that
of most bivalves and in strong contrast to the nearly vertical
orientation of Eotebenna (Peel 1991a, b). As noted by Peel
(2006), and subsequently confirmed by anatomical study of
present day scaphopods (Sigwart et al. 2016), Eotebenna and
Yochelcionella essentially grow upwards from the plane of
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supra-apical median muscle scar pegma

/ sub-apical

lateral muscle scar band

median muscle scar

Fig. 9. Muscle scars on internal mould of the rostroconch Ribeiria Sharpe,
1853, in lateral view. Both the anterior and posterior median muscle scars
lie across the median dorsal plane of symmetry, the former attached to the
transverse pegma preserved as a deep cleft on the internal mould. The pos-
terior scar is a uniform attachment area, often ornamented with transverse
growth lines, unlike the multiple small scars of Eotebenna (based on Pojeta
and Runnegar 1976; Polechova 2015).

the aperture following the same adaptive trend subsequently
realized in scaphopods. This is reflected in the location of
their muscle scars at the apex of the narrow shells (Fig. 8E,
F), in a similar position to the attachment scars in scapho-
pods (Simone 2009).

Peel (2023) commented that the described variation in
the patterns of helcionelloid muscle scars suggested that the
existence of several distinct evolutionary lineages likely is
obscured by the morphologically rather featureless, cap-
shaped, limpet-like shells of most taxa. It is also relevant
that several groups sharing similar shell form to the helcio-
nelloids have been removed from the paraphyletic class,
notably some groups of probable aculiferans (Vendrasco et
al. 2009; Peel 2020a—c, 2021a). Recognition of the strongly
coiled Protowenella Runnegar and Jell, 1976, as a hyolith
and not a helcionelloid by Peel (2021c) was a particularly
strong demonstration of the difficulty of assigning mor-
phologically simple shells. It is important to recall that the
pattern of muscle scars in univalve molluscs is dependent on
their mechanical function and the morphology of the shell,
as well as their systematic position (Bandel 1982; Harper
and Rollins 1982, 2000; Peel 1991a, b; 2020a, b, 2023; Peel
and Horny 1999).

Two groups of helcionelloids based on muscle scar pat-
terns were recognized by Peel (2023), although muscle
scars are not yet known in most helcionelloid taxa. In the
Vendrascospira—Hensoniconus group, two pairs of large
scars occur on the lateral areas (Fig. 8A, C). In the Bemella
communis—Figurina figurina group, the dominant muscle
scars are narrow elongate bands along the supra-apical
surface (Fig. 8D). Securiconus sp. and Anhuiconus micro-
tuberus (Fig. 8B) define a third group in which a single
muscle scar crosses the median dorsal plane of symmetry
on the sub-apical surface, below the apex; the presence
of other muscle scars in these genera has not been estab-
lished.

The location of muscle scars described here in Eotebenna
danica and Eotebenna viviannae permits the recognition

of a fourth group, together with Yochelcionella snorko-
rum, based on the grouping of the scars on the supra-apical
surface at the apex (Fig. 8E, F). The similarity in position
is not surprising since both genera are placed within the
Family Yochelcionellidae but the detailed morphology of
the known scar patterns in the two genera is different. The
laterally compressed shell of Fotebenna danica shows simi-
larities with species of Mellopegma Runnegar and Jell, 1976,
some species of stenothecid helcionelloids, species of the
tuarangiid Pseudomyona Runnegar, 1983, and some rostro-
conch species, suggesting a similar mode of life (Pojeta and
Runnegar 1976; Vendrasco et al. 2011a; Peel 2021a).

The quandary facing malacologists is how these mus-
cle patterns might be manifested from the ancestral helcio-
nelloids in the pathways of early evolution of mollusc
crown groups, if at all. Current information is insufficient
to provide resolution to questions such as the suggestion
by Waller (1998) that helcionelloids should be divided into
an exogastric line leading to bivalves and the endogastric
line proposed by Peel (1991a, b). While muscle scars are
well known in the earliest bivalves Fordilla and Pojetaia
(Pojeta 1975, 2000; Runnegar and Bentley 1983), they are
not yet recognized in their supposed ancestral helcionel-
loids Watsonella Grabau, 1900, and Anabarella Vostokova,
1962. The upright shells of the Eotebenna—Yochelcionella
lineage provide a parallel adaptation to the development of
the scaphopods. The latter were likely derived from cono-
cardiid rostroconchs (Engeser and Riedel 1996; Peel 2006),
but these in turn are descendants of endogastric helcionel-
loids (Peel 2004, 2006). It is open to speculation as to what
extent muscle emplacement on the supra-apical surface of
helcionelloids might foreshadow the serialized dorsal mus-
cle patterns in the exogastric tryblidiid and hypseloconid
tergomyans since agreement is lacking even concerning the
basic relative orientation of the shell in the two groups,
with helcionelloids variously regarded as exogastric or en-
dogastric, or a mixture of both (Runnegar and Pojeta 1974;
Runnegar and Jell 1976; Peel 1991a, b; Geyer 1994; Waller
1998; Vendrasco 2012; Parkhaev 2017).

Conclusions

Muscle attachment scars are described on internal moulds of
Eotebenna viviannae Peel 1991a and Eotebenna danica sp.
nov. from the middle Cambrian (Guzhangian, Miaolingian)
of Bornholm, Denmark. The cluster of small scars at the
apex of the laterally compressed univalve shells is unique
within helcionelloid molluscs. Comparison with described
muscle scar patterns in other Cambrian helcionelloids sug-
gests the existence of at least four lineages within the para-
phyletic Class Helcionelloida, but recognition of their scope
and relation to mollusc crown groups is obscured by the
morphological simplicity of helcionelloid shells and the cur-
rent paucity of information concerning musculature in the
group as a whole.
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