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Muscle scars in Miaolingian helcionelloids from Laurentia and the diversity
of muscle scar patterns in Cambrian univalve molluscs

John S. Peel

ABSTRACT
Two pairs of equidimensional muscle-attachment scars are described on the dorso-lateral surfaces
of internal moulds of the helcionelloid molluscs Hensoniconus gen. nov. and Vendrascospira from
the Henson Gletscher Formation (Cambrian, Miaolingian Series, Wuliuan Stage) of North Greenland
(Laurentia). Two patterns of muscle scars are recognized in helcionelloids. In the Hensoniconus–
Vendrascospira group, two pairs of sub-equally sized scars are located on the dorso-lateral surfaces.
In the Bemella–Figurina group, thin, band-like scars are distributed on the sub-apical surface and
along the dorsal (supra-apical) surface. Comparison of these rare described occurrences of muscle
scars in bilaterally symmetrical molluscs indicates that the simple shell form may obscure recogni-
tion of distinct lineages within Cambrian univalves that are based on anatomical features, such as
musculature.
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DEVELOPMENT of a limpet-like univalved shell is a recur-
rent theme in gastropod evolution, with Vermeij (2016) not-
ing more than 50 independent lineages, while similar simple
shell forms also occur within untorted molluscs of the
classes Helcionelloida and Tergomya. This simplicity frus-
trates hypotheses concerning the origin of the gastropods,
since the early history of patellogastropods, considered the
most primitive of gastropod stocks, and of basal univalve
mollusc groups, is largely unchartered in the Palaeozoic
(Ponder et al. 2020). Limpet-like shells are widely distrib-
uted and may be locally common in the Palaeozoic, but
establishing their relationships on the basis of the conical or
slightly coiled shells is often problematic on account of their
lack of diagnostic morphological features. However, the pat-
tern of muscle attachment scars on the shell interior, usually
preserved as replicates on internal moulds, has proven to be
a valuable tool in assessing the relationships of univalves.
Most successfully, a solid lineage has been established
between present tryblidiid tergomyans such as Neopilina
Lemche, 1957 (Wingstrand 1985, Lindberg 2009) and their
Cambrian ancestors, including Proplina Kobayashi, 1933,
with the distinctive series of paired muscles along the supra-
apical (dorsal) surface (Stinchcomb & Angeli 2002).
Tryblidium Lindstr€om, 1880 and Pilina Koken & Perner,
1925, Silurian representatives of this lineage with excellently
preserved muscle attachment scars, were described already
by Lindstr€om (1880, 1884), but a variety of Palaeozoic taxa
has been documented by Koken & Perner (1925), Horn�y
(1963, 2002), Peel (1977), Stinchcomb (1986), Wahlman
(1992), Yochelson & Webers (2006) and others.

The dominant group of limpet-like univalves in the early
and middle Cambrian was referred to the Class Helcionelloida
by Peel (1991a, 1991b), which is approximately equivalent in
terms of generic composition to the Order Helcionelliformes
(within the gastropod Subclass Archaeobranchia) of Parkhaev
(2019). Most helcionelloids are coiled through a fraction of a
whorl, but forms with conical shells and one or two complete
whorls are known. Numerous helcionelloid genera have been
described, especially from Australia, China and Russia
(Missarzhevsky 1989, Parkhaev & Demidenko 2010, Jacquet &
Brock 2016, Parkhaev 2019 for references). Historically, most
Laurentian material has been referred to classic taxa such as
Scenella Billings, 1872 (Fig. 1B–D) and Helcionella Grabau &
Shimer, 1909, although Landing (1988), Geyer (1994),
Landing & Bartowski (1996), Skovsted (2004, 2006a, 2006b),
Skovsted & Peel (2007), Atkins & Peel (2008), Peel et al.
(2016), Wotte & Sundberg (2017) and Devaere et al. (2019)
have introduced later nomenclature.

Records of muscle scars in helcionelloids or morphologic-
ally similar shells from the lower and middle Cambrian are
rare (Rasetti 1954, Parkhaev 2002, 2014, Vendrasco et al.
2010, Li et al. 2021; Fig. 1A) and have not yet contributed
significantly to elucidating the relationship between these
basal molluscs and subsequent crown groups. Indeed,
Missarzhevsky (1989) proposed the informal name
Eomonoplacophora for forms without known muscle scars
and distributed its genera between seven families that are
now mainly grouped within Helcionelloidea. Thus, helcio-
nelloids have been interpreted variously as gastropods, endo-
gastric untorted molluscs and exogastric untorted molluscs,
as reviewed by Runnegar (1981), Peel (1991a,b), Parkhaev
(2008, 2017, 2019), Geyer et al. (2019) and Li et al. (2021).
Interpretations of Scenella as a chondrophorine (Stanley
1982, 1986, Yochelson & Gil Cid 1984, Babcock & Robison
1988) are now discounted.

� 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly
cited. The terms on which this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.

ALCHERINGA: AN AUSTRALASIAN JOURNAL OF PALAEONTOLOGY
2023, VOL. 47, NO. 3, 221–233
https://doi.org/10.1080/03115518.2023.2243501

Published online 27 Aug 2023

http://crossmark.crossref.org/dialog/?doi=10.1080/03115518.2023.2243501&domain=pdf&date_stamp=2023-10-16
http://orcid.org/0000-0002-1774-7931
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/03115518.2023.2243501
https://www.gsa.org.au/
http://www.tandfonline.com


This paper describes muscle attachment scars on internal
moulds of two helcionelloid taxa from the early-middle
Cambrian (Miaolingian Series, Wuliuan Stage) of North
Greenland, referred to Vendrascospira Peel & Kouchinsky,
2022 and a new genus Hensoniconus, with type species
Scenella? siku Peel & Kouchinsky, 2022. The muscle scar pat-
tern in these Greenland specimens is distinct from those
recorded by Parkhaev (2002, 2014), Vendrasco et al. (2010)
and Li et al. (2021) in helcionelloids from the lower and mid-
dle Cambrian. The scar pattern is also unlike the distribution
of muscle scars in the familiar (but systematically problem-
atic) Scenella sp. undet. of Rasetti (1954; Fig. 1A) from the Mt.
Whyte Formation (Wuliuan Stage) of British Columbia. The

latter material was redescribed as Protoconchoides? rasettii sp.
nov. by Geyer (1994) and is reviewed herein on account of
discussions concerning the significance of its musculature in
studies of the early evolution of univalve molluscs (Rasetti
1954, Runnegar & Pojeta 1985, Peel 1991b, Geyer 1994).The
substantial differences between the discussed muscle scar pat-
terns, within just a few of the more than 50 genera of
Cambrian univalve molluscs, strongly suggest that helcionel-
loids do not represent a single, uniform lineage.

Materials and methods

Samples from North Greenland were collected from the
Henson Gletscher Formation in the southern Lauge Koch
Land–western Peary Land region. Peel & Kouchinsky (2022)
gave full details of their geological derivation and collection
localities as part of the description of assemblages of mol-
luscs and mollusc-like fossils. The Henson Gletscher
Formation in this region is a highly fossiliferous unit within
a prograding complex of shelf carbonates and siliciclastic
sediments, referred to the Brønlund Fjord Group (Higgins
et al. 1991, Ineson & Peel 1997, Geyer & Peel 2011, Peel
et al. 2016). It is composed mainly of dark, recessive, bitu-
minous and cherty limestones, dolostones and mudstones,
with a middle member of pale fine-grained sandstones.

Fossil assemblages from the Henson Gletscher
Formation in the southern Lauge Koch Land region range
in age from Cambrian Series 2 (Stage 4) to the
Miaolingian Series (Wuliuan Stage; Ptychagnostus gibbus
Biozone). However, younger strata (Miaolingian, Drumian
Stage) occur along the northern coast of North
Greenland, to the west (Higgins et al. 1991, Robison 1994,
Blaker & Peel 1997, Ineson & Peel 1997, Geyer & Peel
2011). Trilobites from the Henson Gletscher Formation
are mainly Laurentian in character, but the assemblages
also include universal agnostoids and taxa that are impor-
tant for correlation with Siberia and South China (Blaker
& Peel 1997, Geyer & Peel 2011, Sundberg et al. 2022).
Other elements of the diverse fauna were described by
Clausen & Peel (2012), Peel et al. (2016), Peel (2017,
2019, 2021, 2022) and Peel & Kouchinsky (2022).

GGU sample 271492 was collected by J.S. Peel on 25 June
1978 at 56.5m above the base of the Henson Gletscher
Formation at its type locality (thickness 62m) in southern
Lauge Koch Land (82�100N, 40�240W; Ineson & Peel 1997,
Geyer & Peel 2011, Peel 2021, 2022, Peel & Kouchinsky 2022,
figs 1,2). GGU sample 271718 was collected on 15 July 1978
from about 1m below the top of the formation (thickness
47m) on the west side of Løndal, western Peary Land, North
Greenland, some 40 km to the east of the type section
(82�180N, 37�030W; Clausen & Peel 2012, Peel & Kouchinsky
2022, figs 1,2).

The described Greenland specimens are phosphatized
internal moulds derived from limestone samples dissolved in
10% acetic acid prior to imaging of selected specimens by
scanning electron microscopy. Images were assembled in
Adobe Photoshop CS4.

Figure 1. A, Protoconchoides? rasettii Geyer, 1994, USNM 123374, holotype, dor-
sal view of internal mould with paired muscle scars, collected by Franco Rasetti
from 57m feet above the base of the Mt. Whyte Formation, about 320m
North-east of the upper end of Ross Lake, Yoho National Park, British Columbia.
Cambrian, Miaolingian Series (after Rasetti 1954, reproduced with permission
from the Journal of Paleontology). B–D, Scenella reticulata Billings, 1872, USNM
18232, Cambrian Series 2, Conception Bay, Newfoundland. E, Protoconchoides
amii (Matthew, 1902), GSC 137151, Burgess Shale, Phyllopod bed, British
Columbia. Cambrian, Miaolingian Series, Drumian Stage. Scale bar: 1mm (B–D),
2 mm (A, E).
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Institutional abbreviations

GGU, Grønlands Geologiske Undersøgelse (Geological Survey
of Greenland), now the Geological Survey of Denmark and
Greenland, Copenhagen, Denmark. GSC, Geological Survey
of Canada, Ottawa. PMU, Palaeontological Collection, The
Museum of Evolution, Uppsala University, Sweden. USNM,
Natural History Museum, Smithsonian Institution,
Washington D.C., USA.

Systematic palaeontology
Phylum MOLLUSCA Cuvier, 1797
Class HELCIONELLOIDA Peel 1991a

Hensoniconus gen. nov.

Diagnosis
Isostrophic, limpet-like, elongate with apex lying close to the
sub-apical margin. Two pairs of sub-equal muscle-attach-
ment scars are located symmetrically about the median dor-
sal plane, on the lateral areas of the internal mould.

Etymology
For Matthew Henson (1866–1955), companion of American
explorer Robert Peary (1856–1920) on numerous Arctic
expeditions. Matthew Henson was the first man to reach the
site subsequently erroneously identified by Peary in 1909 as
the North Pole.

Type species
Scenella? siku Peel & Kouchinsky, 2022, Cambrian
(Miaolingian Series, Wuliuan Stage), Henson Gletscher
Formation, Løndal, western Peary Land, North Greenland.

Remarks
A full description of the type and only known species,
Hensoniconus siku (Peel & Kouchinsky, 2022), is given
below. Parkhaev (2001, 2002, 2014) referred morphologically
similar, relatively smooth shells to Bemella communis
Parkhaev, 2001 from Cambrian Series 2 in South Australia,
although the holotype and other specimens of the latter

Figure 2. Muscle-attachment scars in Hensoniconus siku (Peel & Kouchinsky, 2022), A–C, E, PMU 39206, internal mould from GGU sample 271718, Henson Gletscher
Formation (Miaolingian Series, Wuliuan Stage), Løndal, North Greenland. A, Detail of apical region of supra-apical surface showing two pairs of muscle scars (arrows
a, b). B, Detail of muscle scar b2. C, Dorsal view. E, Dorso-lateral view with muscle scars (arrows a1, a2, b1, b2). D, PMU 39207, holotype, internal mould, oblique
dorsal view from supra-apical margin. Scale bars: 50 mm (B), 100mm (A, C–E).
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species are strongly corrugated. The type species of Bemella,
Bemella jacutica Missarzhevsky, 1969 from the Tommotian
of Siberia, as figured by Missarzhevsky (1969), is corrugated
and more tightly coiled, although internal moulds attributed
to the same species by Rozanov et al. (2010, pl. 27, fig. 6a)
are laterally compressed and smooth. Parkhaev &
Demidenko (2010, pl. 59) illustrated a number of smooth
internal moulds from the earliest Cambrian Meishucunian
Stage of China, which they referred to Bemella simplex Yu,
1979, although they are not similar to the type species,
Bemella jacutica. Some of these illustrated specimens are
similar in shape to Hensoniconus, although others are taller
and with a bluntly rounded apex, more closely resembling
Vendrascospira. Bemella simplex is significantly older than
the currently described Miaolingian material of
Hensoniconus and Vendrascospira from North Greenland; its
musculature is not known.

Geyer et al. (2019) questioned the morphological distinc-
tion between Bemella and Helcionella, the type species of
which was illustrated by Knight (1941), but in the present
context Bemella communis and Hensoniconus siku are clearly
separated by the patterns of their muscle attachment scars,
as discussed below. Li et al. (2021) described smooth
internal moulds assigned to Bemella communis from the
Xinji Formation (Cambrian Series 2) of North China but
the illustrated specimens are more oval in plan view than
Hensoniconus siku, without the overhanging apex.

The question of the relationship between Scenella and
Protoconchoides Shaw, 1962 was discussed in detail by Geyer
(1994). In the type species, Protoconchoides hermetensis
(Resser, 1945), and Protoconchoides douli Geyer, 1994 from
the Miaolingian of Idaho, the apex of the oval, conical, shell
is located almost centrally, in contrast to its marginal pos-
ition in the slightly coiled shell of Hensoniconus siku. This is
also the case in Protoconchoides? rasettii Geyer, 1994, from
the Mt. Whyte Formation of British Columbia (Fig. 1A),
originally described as Scenella sp. by Rasetti (1954).

Hensoniconus siku (Peel & Kouchinsky, 2022)
(Figs 2, 3)

2022, Scenella? siku Peel & Kouchinsky, p. 86, fig 10G, K,
M–O.

Holotype
PMU 39207, internal mould from GGU sample 271718,
Henson Gletscher Formation, Løndal, western Peary Land,
North Greenland, Cambrian (Miaolingian Series, Wuliuan
Stage).

Referred material
PMU 39205 and PMU 39206, internal moulds from GGU
sample 271718.

Description
Isostrophic, low, limpet-like, in which the width of the
elongate shell is about two-thirds of its length; lateral

margins sub-parallel in dorsal perspective (Fig. 2C). Apex
lying close to the sub-apical margin, slightly overhanging
the steeply inclined sub-apical wall (Fig. 3A). Supra-apical
surface shallowly convex in lateral profile, with the point of
greatest height above the apertural plane lying at about one-
fifth of the distance from the sub-apical margin to the
supra-apical margin. Surface of internal mould may retain a
few, shallow, widely spaced comarginal depressions. Two
pairs of muscle-attachment scars are located symmetrically
about the median dorsal plane, on the lateral areas of the
internal mould (Fig. 2E). External ornamentation not
known.

Remarks
Hensoniconus siku (Peel & Kouchinsky, 2022), the only
described species of the genus, was originally tentatively
assigned to Scenella by Peel & Kouchinsky (2022); about ten
specimens are available. Described specimens of Scenella,
including the type species (Knight 1941, pl. 2, fig. 5;
Fig. 1B–D), differ from Hensoniconus siku in having the
apex placed more centrally and an oval to sub-circular dor-
sal plan. Comarginal corrugation in Scenella reticulata
Billings, 1872 is frequent but only weakly developed. Broad,
widely spaced comarginal depressions on the internal mould
of Hensoniconus siku seem to represent shell thickening at
occasional growth halts. Ornamentation of the shell exterior
is not known from Hensoniconus siku, whereas Scenella is
ornamented with a fine reticulation of growth lines and
radial ribs (Fig. 1B–D).

Protoconchoides amii (Matthew, 1902), abundant in the
Burgess Shale of British Columbia, differs from
Hensoniconus siku in the sub-circular dorsal plan and more
central location of the apex on the cap-shaped shell
(Conway Morris & Peel 2013; Fig. 1E). Specimens illustrated
by Babcock & Robison (1988) indicate slight steepening of
the sub-apical surface relative to the longer, very shallowly
convex supra-apical surface and finely reticulate ornamenta-
tion. The sub-apical surface is also shorter than the supra-
apical surface in Protoconchoides? rasettii (Fig. 1A), which is
also readily distinguished from Hensoniconus siku by its six
pairs of muscle scars.

Muscle scars in Protoconchoides? rasettii

Protoconchoides? rasettii Geyer, 1994 was established for
Scenella sp. undet. of Rasetti (1954) from the Mt. Whyte
Formation, Cambrian (Miaolingian Series) of British
Columbia. As noted by Horn�y (2009, p. 26),
Protoconchioides of Geyer (1994) appears to be an inadvert-
ent mispelling of Protoconchoides Shaw, 1962 that unfortu-
nately was perpetuated by Peel & Kouchinsky (2022).

Rasetti (1954) assigned to Scenella sp. undet. specimens
that display six pairs of muscle scars along the supra-apical
surface (Fig. 1A). The shell is oval, almost circular in plan
view, with the raised, elongate apex slightly closer to the
sub-apical margin. Muscle scars are located comarginally on
the lateral areas close to the apertural margin (Fig. 1A).
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Rasetti (1954) referred Scenella to Class Tergomya (as the
isopleuran Order Monoplacophora of the then current usage
by Knight 1952) where a series of paired muscle scars occurs
along the dorsum (supra-apical surface) in the present day
Neopilina and the familiar Ordovician–Silurian molluscs
Tryblidium and Pilina, an opinion supported by Runnegar
& Pojeta (1985). Peel (1991b) preferred placement of
Scenella within Class Helcionelloidea, on the basis of the
morphology of typical specimens (Fig. 1B–D), but expressed
concern about the relationship of the Mt. Whyte specimens
(Fig. 1A) with muscle scars.

Yochelson & Webers (2006) appeared to dismiss Scenella
sp. undet. of Rasetti (1954) as a mollusc, suggesting compar-
isons with the lobopod Microdictyon Bengtson, Matthews &
Missarzhevsky, 1986 (as Microdiction).

Geyer (1994) redescribed Protoconchoides Shaw, 1962, the
type species of which was derived from the Gateway

Formation (Miaolingian Series) of the Grand Canyon region
(Resser 1945, Shaw 1962). He noted that the almost conical
shell with a central apex contrasted with the curved shell of
Scenella. The locally abundant Metoptoma amii Matthew,
1902 from the Burgess Shale, generally referred to Scenella,
can be referred to Protoconchoides (Fig. 1E). Geyer (1994)
transferred Scenella sp. undet. of Rasetti (1954) from the Mt.
Whyte material to Protoconchoides? rasetti sp. nov., although
he noted that the preserved musculature was distinct from
the comarginal circular depression on the internal mould
interpreted as the muscle scar of the genus. However, a
similar depression corresponding to a thickening of the shell
interior is visible in Rasetti’s (1954) specimen (USNM
123374; Fig. 1A), suggesting that the comarginal depression
is not directly associated with musculature; it may reflect
comarginal thickening associated with a pause in growth.
Three pairs of scars (Fig. 1A, a–c) are much larger than the

Figure 3. Muscle-attachment scars in Hensoniconus siku (Peel & Kouchinsky, 2022), internal mould, PMU 39207, holotype, from GGU sample 271718, Henson
Gletscher Formation (Miaolingian Series, Wuliuan Stage), Løndal, North Greenland. A, Lateral view. B, Oblique lateral view. C, Detail of imbricate shell structure from
apex of E, with the surface of the internal mould digitally inverted in the lower image to show the relief on the shell interior. Shell apex upwards in image. D,
Oblique lateral view of sub-apical surface (in B) with muscle scar (arrow, detail in G, H). E, Oblique dorsal view. F, Oblique lateral view of sub-apical surface (in A)
with muscle scar (arrow, detail in I). G, H, Details of muscle scar (arrow in D). The upper image in H is digitally inverted in the lower image to showing the relief of
the muscle scar on the interior surface of the shell. I, detail of muscle scar (arrow in F). Scale bars: 5 mm (H), 10mm (I), 20 mm (C, G), 50 mm (D, F) 200 mm (A, B, E).
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other three (Fig. 1A, d–f). The first pair (a) is relatively
widely spaced and located at the transition of the sub-apical
surface to the supra-apical surface.

Rasetti (1954) compared the muscle scar pattern of
Protoconchoides? rasetti (as Scenella sp. undet.) to that of the
tryblidiid Tergomya, but the muscles in the latter typically
form a pattern distributed on the median dorsal (supra-
apical) surface behind the anterior apex (Lindstr€om 1884,
Peel 1977, Stinchcomb 1986). If Protoconchoides? rasetti is
interpreted as a tryblidiid, the anteriormost pair of scars (a
in Fig. 1A) differs in lying slightly anterior and downslope
of the apex. However, Peel (1991b) and others have pointed
out that underlying muscle scar patterns may be readily
modified by changes in shell form and function. Thus, the
pattern in Protoconchoides? rasetti could reflect migration of
a typically tryblidiid muscle scar circlet towards the aper-
tural margin associated with a sessile limpet-like habit.
Muscles forming the anterior pair of muscle scars in fossil
tryblidiids, such as Pilina and Tryblidium, may be complex
and enlarged, but the pattern of three pairs of large and
three pairs of small muscle scars seen in Protoconchoides?
rasetti is distinctive.

Dzik (2010) commented that the almost centrally located
shell apex and the arrangement of muscles of Rasetti’s (1954)
specimens are more similar to the kirengellids than to trybli-
diid tergomyans, the former group considered to include the
late Cambrian (Furongian Series) Kiringella Rosov, 1968 and
some species assigned to Hypseloconus Berkey, 1898. Dzik
(2010) separated this kirengellid group, which is generally
equivalent to the Order Hypseloconida Peel, 1991b, from typ-
ical tryblidiids, which he did not recognize before the Late
Ordovician. However, late Cambrian specimens from
Missouri with well-preserved tryblidiid muscle scars were
assigned to Proplina by Stinchcomb (1986) and to Pilina liao-
ningensis Yu & Yochelson, 1999 from the late Cambrian of
Liaoning, China, by Yu & Yochelson (1999).

Dzik (2010) developed an evolutionary model based on
similarities in muscle scar patterns in which hypseloconids
(kirengellids) might be interpreted as brachiopods rather than
molluscs. This part of the model is rejected, as regards the
placement of hypseloconids, but agreement is expressed with
Dzik’s (2010) suggestion that the muscle scar pattern of
Protoconchoides? rasettii (as Scenella sp. undet. of Rasetti
1954) is more closely similar to hypseloconids (kirengellids)
than to tryblidiids. There is little to support its assignment to
Helcionelloida and the species is referred to Class Tergomya,
Order Hypseloconida, as suggested by Geyer (1994).

Muscle scars in Hensoniconus siku

In proposing Scenella? siku on the basis of internal moulds
from GGU sample 271718 from Løndal, western Peary
Land, Peel & Kouchinsky (2022) noted that the assignment
to Scenella was only tentative and referred to discussion of
Scenella by Geyer (1994). The Løndal material is designated
herein as type species of a new genus, Hensoniconus, which
differs from most described species of Scenella, including the
type species illustrated by Knight (1941; Fig. 1B–D), in the

marginal position of the apex on the elongate conch.
Additionally, Hensoniconus is defined by the presence of
two pairs of muscle attachment scars located on its lateral
surfaces (Figs 2,3). Unfortunately, muscle scar patterns are
not yet known in typical Scenella.

The two pairs of muscle attachment scars are located on
the lateral areas of the internal mould, where they are dis-
posed symmetrically about the median dorsal plane (Fig. 2A,
E). Their location, the raised polygonal pattern and the size
of individual cells are consistent with Vendrascospira fryk-
mani (Fig. 4C, D, H, J). However, the coarser botryoidal tex-
ture (referring to the pattern of convex surfaces) preserved
on the internal mould of the apex of Vendrascospira fryk-
mani (Fig. 4H, I) is not seen in Hensoniconus siku, although
a similar microstructure of finely imbricate lamellae is pre-
sent in the apical area of both (Figs 3C, 4I–L).

On the internal mould, each scar consists of a polygonal
pattern of well-defined ridges forming the margin of con-
cave depressions that are about 5 mm in diameter (Figs 2B,
3G–I). The ridges thus correspond to grooves in the internal
surface of the shell (Fig. 3J). The scars pass into the sur-
rounding surface of the internal mould without sharp
delimitation of their margins. They are equidimensional, but
slightly irregular in form owing to their gradual passage into
the surrounding shell surface; the margins of scars a1 and
a2 (arrowed in Fig. 2A, E) are less clearly delimited than
those in scars b1 and b2. Individual scars are isolated and
lack connection with adjacent scars, either laterally or across
the sub-apical and supra-apical surfaces. The flanks of the
internal mould, adapertural of the muscle scars, display a
weak, comarginal, wrinkled pattern on the supra-apical sur-
face (Fig. 2C,E), but this becomes radial on the sub-apical
surface near the aperture (Fig. 3F).

Muscle scars in Vendrascospira frykmani

Vendrascospira frykmani was established by Peel &
Kouchinsky (2022) on the basis of a single internal mould
from GGU sample 271492 (PMU 39208; Fig. 4C, D, F–L)
from southern Lauge Koch Land, North Greenland.
However, an additional specimen tentatively assigned to the
species, but unfortunately destroyed after scanning, is illus-
trated here (Fig. 4A, B, E). Vendrascospira frykmani is dis-
tinguished from the co-occurring Vendrascospira troelseni,
the type species of Vendrascospira (Fig. 5), by its less lat-
erally compressed form and oval aperture in plan view (Peel
& Kouchinsky 2022).

Two pairs of sub-equal muscle scars are preserved on the
holotype internal mould of Vendrascospira frykmani near
the bluntly rounded apex (Fig. 4C, D, H, I) just adapical of
the point where the shell increases its rate of expansion (Fig.
4F). The scars are placed symmetrically on each side of the
median plane of symmetry, and each scar is irregularly oval
in shape, with its long axis lying along a radial line. As in
Hensoniconus siku, each scar consists of a polygonal pattern
of well-defined ridges surrounding concave depressions that
are about 5 mm in diameter (Fig. 4J). The scars pass quickly
into the surrounding surface of the internal mould, but their
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margins are not clearly defined. There is no indication that
scars are connected laterally or across the sub-apical and
supra-apical surfaces.

The flanks of the internal mould are smooth, but the
apical area is covered by a reversed polygonal pattern of
grooves around shallowly convex elevations in a botryoidal
texture that is morphologically opposite in relief to that of
the muscle attachment scars (Fig. 4F, H, I). Relief of this
surface is more subdued than that of the muscle scars, and
individual cells are two or three times larger in diameter

(Fig. 4I). The muscle attachment surfaces overlie this botry-
oidal pattern on the internal mould and therefore are
impressed through it on the shell interior. With passage
from the apex down the supra-apical surface, the botryoidal
pattern develops a weak imbricated structure, with individ-
ual elements overlain by succeeding elements as the margin
is approached (Fig. 4I). In detail, this pattern reflects the
finely imbricate pattern of growth lamellae moulded from
the shell interior onto the internal mould (Fig. 4K, L). It is
also observed in Hensoniconus siku (Fig. 3C).

Figure 4. Muscle-attachment scars in Vendrascospira. Internal moulds from GGU sample 271492, Henson Gletscher Formation (Miaolingian Series, Wuliuan Stage),
southern Lauge Koch Land, North Greenland. A, B, E, Vendrascospira cf. frykmani Peel & Kouchinsky, 2022, PMU (24744). A, Detail of left muscle scar, as illustrated in
B. B, Dorsal view locating pair of lateral muscle scars (arrows), enlarged in E. C, D, F–K, Vendrascospira frykmani Peel & Kouchinsky, 2022, PMU 39208. C, Lateral
view with muscle scars a1 and b1 (arrows). D, Dorsal view with three preserved muscle scars (arrows a, b), a fourth scar (a2, upper right) is obscure. F, Supra-apical
surface showing pair of muscle scars (b1, b2, arrows), with detail in I. G, Oblique lateral view with two muscle scars, enlarged in C, on left side as illustrated in F, I.
H, Muscle scars (a1, b1) as illustrated in C, F, I. I, Muscle scars on apical region of supra-apical surface. J, Detail of muscle scar a1 as illustrated in G. K, finely imbri-
cate shell structure on internal mould, detail of I. L, Digital replica of K showing the stepwise imbrication on the shell interior, opposite in relief to that on the
internal mould. Scale bars: 20 mm (A, J–L), 50mm (H, I), 100 mm (C, E), 200mm (B, D, F, G).
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Muscle scars forming pair a are well preserved in
Vendracospira cf. frykmani (Fig. 4A, B, E) but those of pair
b are obscure.

Discussion

Preservation and growth

The height of the muscle scars of Hensoniconus siku and
Vendrascospira frykmani above the apertural plane, in lat-
eral perspective, is not certainly known, since the internal
moulds do not preserve any indication of the apertural
margin of the original shell. This is also the case with
most other helcionelloid specimens from GGU samples
271492 and 271718 described by Peel & Kouchinsky
(2022), suggesting that phosphatization was restricted to
the earlier parts of the shell. In contrast, specimens of the
laterally compressed helcionelloid Mellopegma schizoceras
Vendrasco, Kouchinsky, Porter & Fernandez, 2011a from
GGU sample 271492 often preserve the apertural margin
(Peel & Kouchinsky 2022) but lack recognized muscle
scars.

Due to the logarithmic expansion of the coiled shell, early
growth stages of isometric shells are commonly more tightly
coiled than later stages (Thompson 1942, Raup 1961, Peel
1974, Geyer et al. 2019). Thus, the supra-apical surface of
the coiled shell in lateral view becomes progressively more
shallowly convex with growth (Fig. 3A), a feature also
affected by both the initial rate of expansion of the shell
cone and by allometry during growth. Thus, morphological
comparison of specimens with broken apertures, or incom-
plete internal moulds, must take particular account of onto-
genetic variation, not least that between juvenile and more
mature growth stages (Jacquet & Brock 2016, Jackson &
Claybourn 2018). Of particular relevance is awareness of the
potential morphological and taxonomic significance of the
size difference between micromorphic specimens recovered
by acid digestion of carbonates (Small Shelly Fossils) and
macromorphic individuals (Jacquet & Brock 2016, Geyer
et al. 2019). Specimens of Hensoniconus siku and
Vendrascospira (Figs 2–5) are a size order smaller than illus-
trated ‘crack-out’ specimens (Fig. 1).

While the described muscle scars in Vendrascospira fryk-
mani and Hensoniconus siku are clearly visible, it should not
be assumed that all muscle attachment areas have been pre-
served in the small available sample. Personal examination
of large samples of Carboniferous isometric bellerophontoi-
dean gastropods has demonstrated substantial variation in
the preservation of muscle scars on internal moulds, both
within the same specimen and in specimens from the same
sample.

Surface textures in Cambrian molluscs

Vendrasco et al. (2010, 2011a, 2011b, 2016) noted the wide
distribution of polygonal and other textures on phosphatic
internal moulds of Cambrian molluscs, following pioneering
studies by Runnegar (1985), and presented a series of

arguments that the polygonal structures were imprints of
prismatic shell microstructure. This countered the earlier
interpretation by Ushatinskaya and Parkhaev (2005) that
such structures in brachiopods and Cambrian molluscs rep-
resented imprints of cells of the outer mantle epithelium.
Winrow & Sutton (2012) summarized extensive earlier lit-
erature in describing polygonal mosaics in brachiopods that
were formed as moulds of epithelial cells, rather than shell
microstructure, in describing acrotretoid brachiopods from
the Cambrian of southern Great Britain. As such, they ques-
tioned some of the arguments advanced by Vendrasco et al.
(2010), at least in brachiopods. Vendrasco et al. (2010, p.
125) noted that polygon size in their Cambrian mollusc
material varied from 10 to 50 mm, noting that ‘mantle epi-
thelial cells … are typically much smaller.’ In most of the
Cambrian brachiopod material described by Winrow &
Sutton (2012), epithelial cells varied between about 10 mm
and 16 mm in diameter, although they reported instances of
cell diameters of 30 mm (Ushatinskaya & Parkhaev 2005 and
others).

Studies by Li et al. (2019, 2023) indicated that polygonal
textures in Cambrian molluscan internal moulds probably
have multiple origins. Li et al. (2019) confirmed the existence
of polygonal cellular imprints on the adductor muscle attach-
ment zone of recent bivalve shells. These muscle attachment
zones often displayed distinct boundaries with respect to the
rest of the shell surface, making them easily distinguishable. Li
et al. (2023) provided evidence that polygonal texture is
formed by the prismatic organic matrix rather than as
imprints of mineral prisms. They demonstrated that the pre-
served organism matrix can form both concave and convex
polygonal textures on internal moulds.

The polygonal pattern in Vendrascospira frykmani and
Hensoniconus siku is comparable in dimensions and form to
the polygonal structure in the muscle scars of extant craniid
brachiopods described by Williams & Wright (1970) and
Parkhaev (2014). Dong et al. (2022) noted that prismatic
prisms of aragonite forming the myostracal layer are wide-
spread in modern molluscan classes, and this origin is read-
ily applied to the Henson Gletscher Formation material
interpreted as muscle scars. However, the internal moulds of
these Greenland specimens also preserve other textures not
associated with the muscle attachment areas. The holotype
internal mould of Vendrascospira troelseni preserves three
distinct surface textures (Fig. 5). The apical region is mainly
smooth, although a weak, dispersed tuberculation is present
at the apex, and some wrinkling is observed on the sub-
apical surface at the comarginal ruga that may represent the
apertural margin of the juvenile (Fig. 5A). The adapertural
margins of the specimen show a pattern of sharply defined
circular pits, similar to those illustrated by Vendrasco et al.
(2010, 2011a) in Mellopegma georginensis Runnegar & Jell,
1976 from the Miaolingian Series of Australia. Intermediate
areas of the lateral flanks show a wrinkled structure with a
radial orientation that passes gradually into the adapertural,
pitted area.

The apical region of Vendrascospira frykmani displays a
polygonal texture (‘botryoidal pattern’) that is opposite in
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relief to that of the muscle scars and with individual cells
that are two or three times larger (Fig. 4F, H, I). Similar
structures were illustrated by Li et al. (2019) in specimens of
Anabarella australis Runnegar in Bengtson et al., 1990 from
the Xinji Formation of China. The botryoidal pattern fades
abapically, not extending beyond the muscle scars, and is
more subdued in relief. The polygons of the muscle scars
appear to overlie this botryoidal texture on the internal
mould and were therefore more deeply embedded into the
inner surface of the shell. In detail, the botryoidal textured
surface is seen not to be prismatic but composed of finely
imbricated lamellae (Fig. 4H, I) that are stacked such that
each inclined lamella on the supra-apical surface is overlain
by a succession of lamellae sloping away from the apex,
towards the apertural margin (Fig. 4K). This inclination is
opposite to that seen on the apical area of Hensoniconus
siku on the shell interior, where individual lamellae slope
towards the apex. The lower part of each image of
Hensoniconus siku (Fig. 3C, H) has been digitally inverted to
illustrate the structure on the interior of the shell compared
with that on the internal mould. Vendrasco et al. (2010,
2011a, 2011b) and Li et al. (2023) have discussed similar
lamellar structures in a number of Cambrian univalve and
bivalve molluscs. While the relationship between this imbri-
cate lamellar shell microstructure and the botryoidal texture
of the inner surface in Vendrascospira frykmani is unre-
solved, their close juxtaposition suggests that the botryoidal
texture is an epithelial texture imposed on the surface of the
underlying lamellar shell.

Comparisons

In contrast to the two pairs of muscle scars preserved in
Vendrascospira frykmani and Hensoniconus siku, the muscle
attachment area in Anhuiconus microtuberus Zhou & Xiao,
1984, as illustrated by Parkhaev (2002) from Cambrian
Series 2 in Australia, consists of a single scar on the umbil-
ico-lateral (sub-apical) surface of a shell that is tightly coiled
through about one whorl, with a strongly overhanging apex
(Fig. 6D). The scar passes continuously from one lateral

surface to the other, under the apex. Additional scars have
not been recognized on the dorsal area.

In their position on the umbilical (sub-apical) shoulders,
close to the axis of coiling, the lateral terminations of the
muscle scar in Anhuiconus microtuberus are reminiscent of
the muscle-attachment area of some patelliform gastropods
(Ponder et al. 2020). Similar scars have also been described
in Palaeozoic bellerophontoidean gastropods and some
pseudo-isometric pleurotomarioideans, and may extend
from the dorso-lateral areas towards the median line of the
umbilical (sub-apical) surface (Peel 1972, 1982, 1986, 1993,
2001, 2004). The similarity likely reflects the shell form of
the respective molluscs, since Anhuiconus microtuberus is
more strongly coiled than most helcionelloids. A muscle
scar passing beneath the apex is also known in the
Palaeozoic patelliform gastropods Archinacella Ulrich &
Scofield, 1897 and Archinacellina Horn�y, 1961, but the ter-
minations of the scar ascend to the dorsal surface before
extending almost to the supra-apical margin, in contrast to
Anhuiconus microtuberus (Peel & Horn�y, 1999; Peel in
press).

Smooth internal moulds of species of Bemella communis
Parkhaev, 2001 from Cambrian Series 2 in Australia
described by Parkhaev (2002, 2014) display three pairs of
muscle scars preserved symmetrically as narrow radial bands
located beneath the apex (Fig. 6B, a), dorsally near the apex
(Fig. 6B, b) and dorsally near the supra-apical margin (Fig.
6B, c). Specimens of Bemella incomparabilis Parkhaev, 2001
described by Parkhaev (2002, 2014) also from Cambrian
Series 2 in Australia show a pair of small ribbon-like scars
on the dorsum near the apex, but scars are not described
from other parts of the strongly corrugated shell. The rib-
bon-like scars contrast with the two pairs of almost equidi-
mensional scars in Hensoniconus siku and Vendrascospira
frykmani.

Li et al. (2021) described muscle scars on internal moulds
from the Xinji Formation (Cambrian Series 2, Stages 3–4) of
North China referred to Figurina figurina Parkhaev, 2001,
originally described from Cambrian Series 2 in South
Australia (Parkhaev 2001). Two pairs of scars were

Figure 5. Vendrascospira troelseni Peel & Kouchinsky, 2022, PMU 39211 from GGU sample 271492, holotype, internal mould. A, Oblique lateral view showing
smooth early growth stage, wrinkled intermediate stage and finely pitted adapertural area; arrow indicates cast of a euendolith. B, Lateral view, with a crescentic
patch with wrinkled texture below the apex. C, Sub-apical surface. Scale bars: 100 mm.
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described, similar in form and position to those in Bemella
communis, although Parkhaev (2002, 2014) had considered
that the pair of elongate dorsal scars was broken into two
pairs in the latter (Fig. 6B, scars a and b). As with Bemella
communis, the narrow band-like scars are readily distin-
guished from the more equidimensional scars of
Hensoniconus siku and Vendrascospira frykmani.

Vendrasco et al. (2010) described a pair of small, elongate
muscle scars located on the supra-apical surface adjacent to
the apex in the tall, slender, helcionelloid Yochelcionella
snorkorum Vendrasco, Porter, Kouchinsky, Li & Fernandez,
2010 from the Gowers Formation (Cambrian, Miaolingian
Series) in Australia. The scars occur on the early growth
stage of Yochelcionella Runnegar & Pojeta, 1974 prior to the
development of the prominent comarginal rugae and were
interpreted as the imprint of prismatic myostracum
(Vendrasco et al. 2010). As with Anhuiconus, it is not
known if additional muscle scars were present elsewhere on
the shell. In terms of their shape and location, the pair of
elongate muscle scars in Yochelcionella snorkorum is remin-
iscent of the pair of muscle scars located on the supra-apical
surface, near the apex, in Bemella (Parkhaev 2014) and
Figurina (Li et al. 2021). Muscle scars in Vendrascospira
frykmani and Hensoniconus siku differ in their greater rela-
tive size and equidimensional shape.

Conclusions

Only a few examples of muscle scars, reviewed herein, are
known in helcionelloids, despite their role as the most
diverse and common molluscs in the early–middle
Cambrian. However, two patterns of muscle scars can be
recognized at this time, both of which are readily delimited
from that seen in the hypseloconid Protoconchoides? rasettii.
In the Bemella–Figurina group, the thin, band-like scars are
distributed on the sub-apical surface and along the dorsal
(supra-apical) surface. In the Hensoniconus–Vendrascospira
group, two pairs of more equally dimensioned muscle scars
are located on the dorso-lateral areas. Variation in shell
morphology within helcionelloids likely promoted the devel-
opment of other muscle scar patterns, such as the pair of
adapical scars on the supra-apical surface in Yochelcionella
snorkorum and the sub-apical scar of Anhuiconus microtube-
rus, in response to their mode of life. However, the simple
limpet-like morphology of most helcionelloids may obscure
the recognition of several lineages based on internal anat-
omy, such as muscle patterns.

Muscle scar patterns in the Bemella–Figurina and
Hensoniconus–Vendrascospira groups offer little information
as to their relationship with molluscan crown groups. In lat-
eral perspective (Fig. 6A, C), the muscle scar pattern in
Hensoniconus and Vendrascospira shows a superficial simi-
larity to the location of adductor muscle scars in bivalves
such as the Cambrian Pojetaia Jell, 1980, but this is clearly
spurious when their function is considered.
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