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Abstract: In hyolithids the skeleton consists of four ele-
ments: a conch, an operculum and a pair of long, logarith-
mically curved ‘spines’ called helens. These last elements are
rarely preserved, and have therefore remained poorly known
and enigmatic. We have studied three-dimensionally pre-
served helens of the species ‘Hyolithes’ lanceolatus, from the
Permian of New South Wales, Australia, and ‘Hyolithes’
groenwalli, from the Cambrian of Bornholm, Denmark. Hel-
ens were massive calcareous elements. Their original micro-
structure, herein reported for the first time, consisted of

concentric lamellae surrounding a narrow elongated core,
which may have been rich in organic matter. This concentric
pattern resulted from the successive accretion of shell mater-
ial at the proximal, internal portion of helens. This growth
model is in accordance with helen morphology and with the
presence of a characteristic surface sculpture of overlapping
lamellae.

Key words: growth, helens, ‘Hyolithes’ groenwalli, ‘Hyolithes’
lanceolatus, hyolithids, shell microstructure.

HyoLiTHS are a group of Palaeozoic metazoa with an
external skeleton consisting of two main elements: a coni-
cal conch with a broad aperture and an operculum that
closed it. They were important constituents of the earliest
Cambrian faunas and although their stratigraphic range
extends to the Permian they are only abundant in the
Lower Palaeozoic. Hyoliths are divided into two morpho-
logically distinct groups: the orthothecids and the hyo-
lithids (Marek and Yochelson 1976). Orthothecids are a
rather heterogeneous and relatively poorly known group
showing considerable morphological diversity. Hyolithids
are better characterized morphologically (Text-fig. 1) and
constitute a coherent, probably monophyletic group.
Their conch is dorsoventrally differentiated with the vent-
ral margin of the aperture extending forwards to form a
semicircular shelf called the ligula (Text-fig. 1B-D). The
operculum is external, exactly fitting the margin of the
aperture. It is divided into a flattened, dorsal portion (the
cardinal shield) and an inflated, ventral part (the conical
shield). The inner surface of the operculum (Text-
fig. 1B-C) is morphologically complex, showing several
types of inwardly protruding processes, particularly the
radially arranged clavicles and the dorsally located cardi-
nal processes (Marek 1963, 1967). Since the time of Wal-
cott (1911) it has been widely known that hyolithids
possessed a pair of long, curved ‘appendages’, later named
helens by Runnegar et al. (1975). Disarticulated helens
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had been described two decades earlier by the same
author (Walcott 18904, b) but he did not recognize them
as elements of the hyolithid skeleton and erected the
genus Helenia (hence the present name for these ele-
ments) for the then-enigmatic fossils. Helens are long,
thin, tapering skeletal elements which, when the organism
was living, curved ventrally following a logarithmic spiral
(Runnegar 1980; Marti Mus and Bergstrom 2005; Text-
fig. 1D). Helens were partially internal and extended out-
side the conch through a pair of slits present at the com-
missure between conch and operculum (Marek 1963,
1967; Marti Mus and Bergstrom 2005; Text-fig. 1B-D).
The length of the internal portion of each helen is
approximately half the width of the conch aperture
(Marti Mus and Bergstrom 2005; Text-fig. 1D). A charac-
teristic transverse ornamentation is present on the helen
surface except for the proximal portion, which is smooth
and has a rounded and convex termination. Height and
width of helens (Text-fig. 1A, D) are at their maximum
where ornamentation begins. From that point and
towards the proximal end height decreases only very
slightly while width seems to decrease rather abruptly.
Both dimensions decrease gradually towards the distal
end (Yochelson 1974; Butterfield and Nicholas 1996;
Marti Mus and Bergstrom 2005; Text-fig. 1D).

Marek (1963) and Marek and Yochelson (1976)
stressed that the operculum and helens were not merely
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TEXT-FIG. 1. Schematic drawings illustrating different morphological features of hyolithids. A, cross-section of a helen. B, anterior
portion of a hyolith showing relative position of operculum, conch and helen (sectioned at the commissure slit); conch drawn as if
transparent to show position of clavicle and cardinal process inside the conch. C, same individual with left side sectioned. D,
reconstruction of a hyolithid with its four skeletal elements articulated, operculum drawn as if transparent to show proximal portion
of helens. E, line-drawing of juvenile individual with two small helens inside the conch, based on a specimen illustrated by Butterfield
and Nicholas (1996, fig. 4.4). Drawings in A—C are based on ‘Hyolithes’ lanceolatus (Morris, 1845) (specimens illustrated herein and in

Runnegar et al. 1975, fig. 2a-b).

accessory elements accompanying the more robust (and
more easily preserved) conch but essential constituents of
the organism’s skeleton, which in the living hyolithid
consisted of four pieces (Text-fig. 1D). Knowledge of the
operculum and helens is therefore important for system-
atics (Marek 1963) and essential for understanding the
organization, functional morphology and phylogeny of
the once living hyolithids. While the morphology, skeletal
microstructure and mode of growth of conch and opercu-
lum are relatively well known, helens are considerably less
well understood, and their shell microstructure and mode
of growth have never been studied in detail. Here we
present novel data on the original microstructure of hel-

ens and discuss their relevance to understanding helen
growth.

PREVIOUS KNOWLEDGE OF SKELETAL
MICROSTRUCTURE

Both conch and operculum grew by marginal accretion.
Kouchinsky (2000) reviewed the history of research on
hyolith skeletal microstructure and presented new evi-
dence regarding the three-dimensional microstructure of
the conch and operculum of Cambrian orthothecids.
According to this evidence, orthothecid conchs have two
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main layers: an outer one with longitudinally orientated
bundles of fibres and an inner one with transversely
orientated bundles. Previous reports of cross-lamellar
microstructure in orthothecids and hyolithids (e.g. Runn-
egar et al. 1975) were reinterpreted as probably represent-
ing the same three-dimensional network of bundles
(Kouchinsky 2000, pp. 77-78). According to Kouchinsky
(2000) the operculum of orthothecids grew by deposition
of lamellae (with radially orientated fibres) from the inner
surface. These lamellae were responsible for the marginal
growth of the operculum but also coated the whole inner
surface. The microstructure of the hyolithid operculum
has never been reported, but there is some evidence to
suggest that it may not have been entirely massive, partic-
ularly at the clavicles (Marek 1963, 1976; Marti Mus and
Bergstrom 2005). Because of the type of diagenetic alter-
ation common in conchs and opercula and their origin-
ally fibrous microstructure (Kouchinsky 2000), the
mineralogy of these elements is generally considered as
primarily aragonitic.

Existing information on the mineralogical composition
and microstructure of helens is scarce. Walcott (1890a, b)
described the specimens of ‘Helenia’ (see above) as col-
lapsed hollow tubes but Yochelson (1974) redescribed
them as solid blades and pointed out that ‘Nothing in
any of the material suggests that Helenia was a collapsed
hollow tube ...” (Yochelson 1974, p. 719). According to
Yochelson ‘Helenia’ blades consisted of white sparry cal-
cite, identical to that found in the co-occurring conchs
and opercula of ‘Hyolithes princeps. A similar account of
helen mineralogy and microstructure was given by Poul-
sen (1967) in his description of disarticulated hyolithids
from the Cambrian of Bornholm (Denmark). For Poulsen
(1967, p. 26), the helens consisted ‘of irregularly grained
calcite of the type found in shells of molluscs in which
primary aragonite has been replaced by calcite’. He
remarked on the similarities between the helens and the
co-occurring conchs of ‘Hyolithes’ groenwalli and conclu-
ded that both skeletal elements were originally aragonitic.
Interestingly, he agreed with Walcott (18904, b) in descri-
bing helens as hollow tubes (with thick walls and a nar-
row central cavity; Poulsen 1967, p. 26, fig. 4; see below).

MATERIAL AND METHODS

Mineralized helens are uncommon in the fossil record
(Walcott 1890a, b; Poulsen 1967; Yochelson 1974; Marek
et al. 1997a); helens preserved as carbonaceous films are
somewhat more abundant (e.g. Yochelson 1961; Babcock
and Robison 1988; Butterfield and Nicholas 1996). The
helens studied here are exceptional in being preserved as
mineralized, relatively complete, three-dimensional ele-
ments and are ideal for microstructural and palaeobio-
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logical studies. Because the material belongs to museum
collections we tried to minimize specimen preparation.
However, to study shell microstructure, two slabs (con-
taining, respectively, specimens AM F20111 and MGUH
27821-6, the six MGUH specimens occurring together in
the same slab) were slightly ground and polished on a
single surface.

Energy-dispersive X-ray spectroscopy (EDS) and back-
scattered electron (BSE) imaging on a scanning electron
microscope (SEM) were used to identify the elemental
composition of the fossils. The combination of these
methods allows an in situ identification of elemental
composition, providing an ‘elemental map’ of the fossil
specimen. These methods have the benefit of being non-
destructive and of providing images that are also inform-
ative for morphological studies. Specimens were coated
by standard procedures to prevent charging.

When an electron beam is scanned across the surface
of a specimen, different signals are emitted which yield
different information; secondary electrons, backscattered
electrons and X-rays are the signals most commonly
detected in SEMs. Secondary electrons are responsible
for the characteristic SEM images; in these, the contrast
depends mainly on the three-dimensional morphology
of the sample. When the image is formed using back-
scattered electrons, the contrast depends mostly on the
atomic number of the elements in the sample. The
elements with higher atomic number appear brighter
because they ‘reflect’ more primary (beam) electrons.
The differences in tone are relative (can be modified
using the brightness and contrast controls on the
SEM) and cannot be used to determine elemental com-
position.

EDS is a chemical microanalysis technique that uses
the X-rays emitted from the specimen (during bombard-
ment by the electron beam) to characterize its elemental
composition. EDS is used to determine the elements
present in the sample and their relative abundance. A
limitation of this technique is that minerals cannot be
precisely identified. This is because it is complicated
(and sometimes impossible) to obtain accurate quantita-
tive chemical analyses and the technique provides no
information of the crystalline structure of the sample.
However, mineral ‘families’ (such as zeolites or calcium
phosphates) can be identified with confidence, and this
was considered sufficient for the purposes of this study.
This chemical information considered in conjunction
with the microstructural data enabled us to deduce
whether the minerals present in the fossil shells are ori-
ginal (biogenic) or diagenetic. In the latter case, we
could also infer (to a certain extent) the kind of trans-
formations that the shell experienced during diagenesis
and whether the original microstructure was likely to be
preserved.
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Institutional abbreviations. AM, Australian Museum, Sydney;
MGUH, Geological Museum, Copenhagen.

SYSTEMATIC PALAEONTOLOGY

The specimens studied here were assigned to the genus
Hpyolithes by previous authors (Etheridge 1890; Poulsen
1967). Hyolithes is an old name that was generally used
for all hyolithid species; this broad generic concept is
now outdated and Hpyolithes is in need of modern sys-
tematic revision (Malinky 1987, 2006), which is clearly
beyond the scope of our paper. However, our results
concern structural and functional aspects of the hyoli-
thid skeleton (particularly the helens), and are not affec-
ted by the precise generic or specific assignment of the
material.

'Hyolithes' lanceolatus (Morris, 1845)
Text-figures 2-4

Material. Specimen AM F20111 is a single articulated individual
only labelled ‘Permian. South Coast, New South Wales’, Austra-
lia. The left side of it was ground and polished at the level indi-
cated by Text-figure 2F-G (see also Text-fig. 1C).

Description

Conch and operculum. The different skeletal elements show the
same black coloration and glossy appearance (Text-fig. 2). Exter-
nally, the conch has a marked transverse ornamentation consist-
ing of ribs (Text-fig. 2E) that result from variation in shell
thickness (Text-fig. 2C). Two layers of different microstructure
can be seen in cross-section (Text-fig. 2C). Both layers vary in
thickness but the inner layer is on average twice as thick as the
outer; the contact between the layers is wavy. The inner layer
shows a pattern of alternating dark and light, nearly vertical,
stripes; the dark stripes are thinner than the light. Alternating
stripes occur as well in the outer layer, although they are slightly
wavy and appear more irregular; they are almost horizontal, dip-
ping slightly towards the aperture. This type of microstructure
was described from hyolithids of the same species and general
geographical area by Runnegar et al. (1975). In cross-section, the
microstructure resembles the characteristic molluscan crossed-
lamellar fabric (Runnegar et al. 1975) but it may represent the
distinct fibrous microstructure described by Kouchinsky (2000;
see above) in orthothecid hyoliths.

The mineral composition of the shell fragment consists of a
phyllosilicate rich in Fe, Mg and Al, most likely chamosite (iron-
rich chlorite) or berthierine. The phyllosilicate is probably an
authigenic mineral that replaced the original mineral of the shell
during early diagenesis. The retention of the (presumed) original
microstructure of the conch suggests that the advancing phyllo-
silicate and the retreating original mineral remained in contact
during the process (Folk 1965 restricted the term ‘replacement’
for this kind of fine-scale ‘substitution’, as opposed to a process

in which the dissolution of the original mineral significantly pre-
cedes precipitation of the advancing mineral; see also Maliva
and Dickson 1992.) Although not a very common replacement,
iron-rich chlorite has been reported in molluscan shells from
sandstones rich in, or associated with, volcanic sediments
(Haggart and Bustin 1999).

The ornamentation of the operculum consists of concentric
ribs (Text-fig. 2E-F), being comparable with that of the conch.
As seen in the polished section (Text-figs 2G, 3; see also Text-
fig. 1C) the conical shield is thin and featureless. The cardinal
shield (including the clavicle) is considerably thicker, the inner
surface diverging markedly from the outer. Excluding the central
portion of the clavicle (see below), this thicker part of the oper-
culum has a lamellate structure (Text-fig. 3A-B). Lamellae
appear continuous, extending from the dorsal margin of the
operculum to the clavicle, and fading away ventrally. Each
lamella corresponds to a single marginal increment (Text-
fig. 3A—C). This microstructure indicates that growth took place
by addition of lamellae on the inner surface of the operculum,
as reported by Kouchinsky (2000) for orthothecids. The first
(outermost) distinguishable lamella (grey in Text-fig. 3B) merges
ventrally with the core of the clavicle (Text-fig. 3A-B). The
whole coloured area represents a section through the margin of
the operculum in an earlier ontogenetic stage. The row of ‘cells’
or partitions visible at the core of the clavicle (labelled ‘CE’ in
Text-fig. 3B) resembles a feature of Maxilites robustus (Marti
Mus and Bergstrom 2005; text-figs 9, 10A-B).

The chemical composition of the operculum consists of a
mixture of the same phyllosilicate found in the conch, plus small
amounts of calcium carbonate (Text-fig. 3D); the latter mineral
occurs in patches with diffuse boundaries. As in the case of the
conch, the phyllosilicate seems to have preserved the original
microstructure and is therefore likely to constitute a diagenetic
replacement (sensu Folk 1965). The mixed chemical composition
may reflect a partial replacement with relict areas preserving the
original mineralogy of the shell.

Helens. A fragment of each helen can be seen at right and left
sides of the body, between conch and operculum, at a level
broadly coinciding with the lateral sinuses (Text-fig. 2A, E-F).
In the unprepared specimen the left helen was exposed in cross-
section (Text-fig. 2A-B), its broadly elliptical outline partly
obscured by crystal overgrowth. The surface of the section was
slightly convex and wedge-like, with a central, dorsoventrally
extended, raised rim. Sectioning of the specimen revealed the
slightly sinuous outline of the anterior face of the helen (Text-
fig. 2D). The dimensions of the cross-section (width, 067 mm;
height, 1:60 mm) remained virtually unchanged throughout the
ground portion. The proximal end of the helen was not reached,
remaining unexposed inside the specimen. The sectioned helen
shows a marked concentric pattern around a thin, elongated
core (Text-figs 2D, 4). The position of the core nearly coincides
with the dorsoventral axis of the helen but is slightly displaced
posteriorly. The core is likely to correspond to the raised rim of
the unprepared helen (compare Text-fig. 2B with 2D). Although
the bulk of the helen is composed of the same phyllosilicate
found in the conch and operculum, three other minerals occur,
all disposed according to the concentric banding (Text-fig. 4).
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TEXT-FIG. 2. ‘Hyolithes’ lanceolatus (Morris, 1845), specimen AM F20111; Permian, New South Wales, Australia; articulated
specimen with preserved shell. A, left lateral view of the entire specimen; left helen (HE) visible between conch and operculum;
aperture to the left. B, close-up of left helen naturally exposed in cross-section; note wedge-like surface with a central raised rim. C,
polished section of conch (close-up of fragment marked as ‘DC’ in G). D, polished section of left helen; note concentric pattern
around elongated core (view after first polish). E, dorsal view of anterior portion of specimen; arrows point to the helens. F,
anterodorsal view of specimen after polishing; arrow points to right helen. G, lateral view of specimen after polishing. Abbreviations:
CO, conch; DC, dorsal part of the conch; HE, helen; OLS, opercular lateral sinus; OP, operculum; VC, ventral part of the conch. Scale
bars represent 1 mm in A, E-G; 200 ym B-D.

The outermost layer, whitish under reflected light (Text-fig. 2D) rich in calcium carbonate and calcium phosphate (Text-fig. 4A,
and black in BSE images (Text-fig. 4), consists mostly of a D-E). These latter minerals grade into each other along the same
Ca-zeolite (probably laumontite). The central area of the helen, concentric bands (Text-fig. 4B-C, E). Laumontite has been
including the core and the immediately surrounding layers, is reported in shells from the same geographical area as the speci-
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TEXT-FIG. 3. Operculum of ‘Hyolithes’ lanceolatus (Morris, 1845), AM F20111; Permian, New South Wales, Australia. A, lateral
section of operculum showing shell microstructure. B, same image with superposed, interpretative drawing to highlight shell features;
outermost layer of shell is light grey; hachured line outlines missing shell fragment. C, schematic drawing of sectioned operculum. D,
BSE image of sectioned clavicle showing variations in chemical composition: phyllosilicate appears in different shades of light grey
(which reflect small differences in elemental composition; lighter patches are relatively enriched in Fe), calcium carbonate is dark grey.
Abbreviations: C, calcium carbonate; CA, cardinal shield; CE, aligned cells (see text); CL, clavicle; CO, conical shield; Py, phyllosilicate.
Scale bars represent 0-5 mm.

men under discussion (Raam 1968; Wright et al. 1982). As with
the chlorite-replaced shells mentioned above (Haggart and Bus-
tin 1999), the zeolitized shells occur in volcanogenic sandstones.
Waterhouse (1965) reported the presence of both chlorite and
zeolite in bivalve shells from sediments in the Permian of New
Zealand. In all these examples zeolite is likely to be an authigenic
mineral, which precipitated during early diagenesis. As suggested
in the case of the operculum, the calcium carbonate areas could
constitute regions that escaped phyllosilicate replacement.
Although the concentric pattern is intensified where mineralogi-
cal composition changes, it is also apparent in portions of the
helen composed exclusively of phyllosilicate (compare Text-
fig. 2D with 4B). As in the cases of conch and operculum it is
likely that the phyllosilicate replaced the primary mineral of the
helen, preserving an originally concentric microstructure (see
above).

‘Hyolithes' groenwalli Poulsen, 1967
Text-figures 5-7

Material. Poulsen (1967) erected the species Hyolithes groenwalli
on the basis of a few disarticulated specimens found in close
association with a fair number of ‘... appendages of the type fre-
quently referred to as Helenia ... (Poulsen 1967, p. 24). Here
we restudy some of the original material that he described as
well as newly exposed specimens in the same pieces of limestone.
The material was collected from the lower part of the Lower
Cambrian ‘Green Shales’, Lasa Formation, at an unknown local-
ity along the Gredby stream, Bornholm, Denmark (Poulsen
1967; V. Berg-Madsen, pers. comm. 2001). Figured specimens:
MGUH 10558a, b are two overlapping helens illustrated by
Poulsen (1967, pl. 5, fig. 3); MGUH 10558c shows a naturally
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TEXT-FIG. 4. Left helen of ‘Hyolithes’ lanceolatus (Morris 1845), AM F20111; Permian, New South Wales, Australia. BSE images of
sectioned left helen showing variations in chemical composition: phyllosilicate appears in different shades of light grey (which reflect
small differences in elemental composition; lighter patches are relatively enriched in Fe), zeolite is black, calcium carbonate is dark
grey and phosphate is white; black, irregular spots are artefacts resulting from contamination; note concentric layering around elongate
core. A-B, D, view after first polish; C, E, view after second polish. A, close-up of dorsal edge. B-C, overview of helen in cross-section.
D-E, close-up of ventral edge. For abbreviations see Text-figure 3 and Pp, phosphate; Z, zeolite. Scale bars represent 100 pm.

exposed cross-section; MGUH 27827 is a helen fragment with a Description

pronounced surface sculpture; six other specimens, MGUH Helens. The helens of this species are relatively high and narrow.
27821-6, are sectioned helens that were exposed after grinding Although there is considerable variation in the precise outline of
and polishing a limestone piece. the cross-section, it is consistently lanceolate, being more pointed
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TEXT-FIG. 5. Helens of ‘Hyolithes groenwalli Poulsen, 1967; Lower Cambrian, lower part of the ‘Green Shales’, Laesd Formation,
Bornholm, Denmark. A, C, specimens MGUH 10558a, b. A, a left helen (specimen a) in anterior view overlapping a right helen
(specimen b) in posterior view; note logarithmic curvature. C, dorsolateral view of same specimens; note helicoid twist in specimen a.
B, E-F, specimen MGUH 10558c¢, a right helen with naturally exposed cross-section; dorsal edge of the helen at the top of the image.
B, close-up of cross-section; arrow points to helen core; posterior face exposed to the right of the image. E, entire specimen in
posterior view; note logarithmic curvature of the helen. F, dorsal view; note posteriorly directed bending. D, SEM image of specimen
MGUH 27827. Scale bars represent 1 mm in A, C, E-F; 0-5 mm in B, D.

at one of the edges (Text-figs 5B, 6B, E-F, 7). Specimen MGUH (Text-fig. 5B, E-F). The helens curve logarithmically (Text-
10558¢, a relatively large fragment of a right helen with a natur- fig. 5A, E). Some specimens show a concomitant helicoidal twist
ally exposed cross-section, shows that the pointed edge is dorsal (Text-fig. 5C) while others bend anteroposteriorly, apparently

TEXT-FIG. 6. Sectioned helens of ‘Hyolithes’ groenwalli Poulsen, 1967; Lower Cambrian, lower part of the ‘Green Shales’, Lasa
Formation, Bornholm, Denmark. A, C-D, G-J are BSE images: light grey indicates phosphatic composition; calcium carbonate is
represented by a darker grey. B, E-F are reflected light images. A-B, specimen MGUH 27822. A, dorsal portion of the helen; note
phosphate particles arranged in two parallel lines. B, overview of the specimen. C-E, specimen MGUH 27821. C, close-up of central
core; note the narrow gap demarcating the core and the phosphate particles ramdomly distributed within the core. D, overview of
dorsal portion of the helen, including the area enlarged in C. E, entire specimen. F-H, specimen MGUH 27824. F, overview. G,
enlargement of ventral portion. H, enlargement of dorsal portion; note the gap demarcating the core and the phosphate particles
within the core. I-], specimen MGUH 27826. 1, dorsal portion of the helen; note how the two rows of phosphate particles continue
ventrally as grooves. ], close-up of I. Scale bars represent 50 um in A, D, G, I; 100 ym in B, E-F; 10 um in C, H, J.
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without twisting (Text-fig. 5F); in both cases the result is that the
logarithmic spiral does not lie in a flat plane and that the distal
end of the helen is displaced backwards and upwards (Marti Mus
and Bergstrom 2005). A few specimens show the characteristic
surface sculpture of helens (Text-fig. 5D).

The outline of the helens is often demarcated by a gap that
separates the skeletal element from the rock (Text-fig. 6A, C-D,
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G-I). The helens are massive (Text-figs 5-6); some specimens
show a microstructure consisting of large crystals (Text-figs 5B,
D, 6F-G) regularly shaped and orientated. This microstructure is
independent of the surface sculpture (Text-fig. 5D) suggesting
that it is a diagenetic feature, probably resulting from the neo-
morphic transformation of skeletal aragonite to calcite (see Poul-
sen 1967, p. 26; quoted above). Although there are no obvious
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traces of the original microstructure of helens, many specimens
show a differentiated core (Text-figs 5B, 6A, C-D, F-J) consis-
tently shaped and positioned, and similar to that present in the
helen of ‘H.” lanceolatus. In some specimens the core is visible in
both reflected light and BSE images (Text-fig. 6F-H), while in
others it is only seen in BSE images (Text-fig. 6A, C-D). As
in the case of ‘H.” lanceolatus, the core of ‘H.” groenwalli is elon-
gated and slightly displaced to one face (Text-figs 5B, 6A, C-D,
F-J); specimen MGUH 10558c indicates that the displacement is
also towards the posterior face (Text-fig. 5B, E-F). The core of
‘H. groenwalli extends also dorsoventrally without actually reach-
ing the edges of the helen. The presence of this core in the two
species (which have markedly different preservational modes)
strongly suggests that it represents an original feature of helens.

At present, the core consists of a mixture of calcium carbon-
ate and calcium phosphate (Text-fig. 6A, C-D, G-J). Calcium
phosphate occurs in the form of micrometre-sized, individual
particles. Similar particles can be found also elsewhere in the
helen but there is a clear concentration of them along the core.
Calcium phosphate also occurs in the sediment, often lining the
outer surface of helens (Text-fig. 6G) and the inner and outer
surfaces of co-occurring conchs. Calcium phosphate particles
can be randomly disposed within the core (Text-fig. 6C-D, H)
or aligned along two parallel lines (Text-fig. 6A, I-]). There is
evidence indicating that the core was originally ‘delimited’
within the helen: (1) in one specimen the rows of calcium phos-
phate continue ventrally as grooves (Text-fig. 61-J); (2) in two
specimens the whole perimeter of the core is clearly demarcated
by a narrow gap (Text-fig. 6C, G-H); and (3) large crystals are
interrupted at core boundaries (Text-figs 5B, 6F).

Finally, it is likely that the core just described, which is seen
in natural cross-section as a dark band (Text-fig. 5B), was the
feature identified by Poulsen (1967, p. 26, fig. 4) as a central
narrow cavity (see above).

c 0-5mm

HELEN MICROSTRUCTRE AND
GROWTH

Yochelson (1974), and later Runnegar et al. (1975) and
Marek et al. (1997b), proposed a model of accretionary
growth for helens. In this model, shell material was
accreted at the base of the helen (i.e. at its proximal, un-
ornamented portion), which was encased in a ‘mantle
fold’” (Yochelson 1974). As new material was accreted, the
helen was pushed outwards, growing in length. The helen
grew periodically and the transverse ‘ornament’ represen-
ted growth lines, marking the successive positions of the
outer edge of the mantle. Alternatively, Butterfield and
Nicholas (1996) proposed that helens formed in a single
event and were successively replaced during growth.

The curvature of helens follows a logarithmic spiral
(see above) and, in the organic world, logarithmic spirals
are found almost exclusively in skeletal elements that
grow by terminal accretion and retain unmodified previ-
ous ontogenetic stages (Thompson 1942). Therefore, the
shape of the helens is not only compatible with but also
indicative of accretionary growth. The fact that a helen is
a tapering element, gradually decreasing in all dimensions
towards its distal end, also points to accretionary growth.
According to Butterfield and Nicholas (1996), the pres-
ence of a longitudinal fabric in the organic framework of
helens argues against accretionary growth. However, a
comparable fabric (radial in this case) occurs in the oper-
culum (Butterfield and Nicholas 1996, fig. 4.2), which
clearly grew by accretion. In fact, the set of helens of dif-
ferent sizes figured by Butterfield and Nicholas (1996,

TEXT-FIG. 7. Schematic drawings
illustrating the outline of the cross-
section and the core in a number of
helens of ‘Hyolithes groenwalli Poulsen,
1967. A, specimen MGUH 27821. B,
MGUH 27822. C, MGUH 27823. D,
MGUH 27824. E, MGUH 27825. F,
MGUH 27826. Anterior to the left in
A-B, D and F; in C and E the
orientation is uncertain because no
obvious core could be detected.
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fig. 4) can be viewed as a growth series and illustrate par-
ticularly well both logarithmic and accretionary growth.

The evidence presented herein shows that helens were
massive, mineralized spines with a microstructure consist-
ing of concentric lamellae around an elongate core. This
microstructure supports the model of accretionary growth
elaborated by previous authors (Yochelson 1974; Runne-
gar et al. 1975; Marek et al. 1997b) and provides new
insights into the details of the growth mechanism. As
mentioned above, the growing portion of a helen was its
unornamented part (its base), which must have been con-
tained in an invaginated mineralizing epithelium. Within
this mineralizing pocket the helen grew progressively in
length and width. The cells situated deepest in the miner-
alizing pocket (grey in Text-figs 8A, C) secreted the prox-
imal end of the helen, which would eventually become
the core (once the growth in width was completed). Note
that both the core and the proximal end are morphologi-
cally identical: narrow and high (Text-fig. 1A, Dj; this par-
allelism further supports the hypothesis that the core was
originally massive because the proximal end is massive).
As the helen was pushed outwards through the mineraliz-
ing pocket, successive cells were depositing calcium
carbonate on its surface making it grow in width (Text-
fig. 8A, C). This successive accretion of shell material on
the helen surface produced the concentric lamination
around the core (Text-fig. 8B).

TEXT-FIG. 8. Sections through the proximal portion of a
hypothetical helen illustrating its inferred mode of growth (see
text for explanation). The base of the helen is surrounded by a
mineralizing epithelium, which forms a pocket that encloses it.
The core and the cells responsible for its secretion are indicated
in grey. A, longitudinal, dorsoventral, section of the helen;
dorsal to the top of the image, base of the helen to the left. B,
cross-section of the helen at the level indicated by the line in A
and G; anterior to the left. C, longitudinal, anteroposterior
section of the helen; anterior towards the top of the image; base
of the helen to the left. All images to the same scale.
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This model of helen growth bears similarities to that of
polyplacophoran spines (Haas 1981), although the latter
elements seem to have a simpler structure. It also shares
relevant similarities to the mode of growth of the belem-
nite rostrum (Bandel et al. 1984; Saxlen 1989, and refer-
ences therein). Like the base of the helen, the belemnite
rostrum is surrounded by soft tissue and grows by peri-
odic accretion of shell material over its surface. In cross-
section, the rostrum shows a conspicuous concentric
pattern and a core (the apical line), which forms by the
accretion of successive apices as the rostrum grows. The
apical line usually stands out as a distinct feature; this
‘distinctness’ is interpreted to reflect an original difference
in microstructure between the apical line and the rest of
the rostrum (Bandel et al. 1984; Szlen 1989). Bandel
et al. (1984) suggested that the first material to be secre-
ted at the apex was organic, therefore serving as a base
for further mineral deposition and giving the apical line
its distinct appearance and susceptibility to diagenesis.
The core of helens, which also stands out as a distinct
feature within the helen mass, would be equivalent to the
belemnite’s apical line, representing a continuous internal
layer resulting from successively accreted proximal ends.
Characteristics of the core in ‘H.” groenwalli, particularly
the preferential phosphatization and its behaviour as a
crystal boundary, suggests that it was organic-rich. The
association between organic matter and diagenetic
calcium phosphate is generally accepted and there is
evidence suggesting that crystal boundaries in neomorph-
ically replaced shells may be determined by the presence
of organic-rich layers (Sandberg and Hudson 1983;
Maliva et al. 2000, and references therein). An important
function of skeletal organic matter is to act as a template
for mineral growth; it is therefore likely that the first
material to be secreted was particularly rich in organic
matter. Helens may have had an external organic layer
equivalent to the molluscan periostracum but, according
to their mode of growth, this ‘periostracum’ must have
been the last material to be secreted (Marek et al. 1997b)
and could not have had a role in the mineralization pro-
cess itself.

Marek (1976) and Dzik (1978) presented evidence
regarding the earliest stages of hyolithid development.
The embryonic skeleton consists of a conch with circular
cross-section and no ligula, and a hemispherical opercu-
lum; there seem to be no lateral slits or helens present at
this early stage. Once past the embryonic stage, the ligula
starts to develop gradually, but it is unclear when helens
begin to grow or to extend outside the conch. The new-
born hyolithid was probably planktic (Marek 1976; Dzik
1978), whereas some of its mature features, particularly
the ligula and the helens, have been interpreted as adapta-
tions to a benthic mode of life (Marek 1976; Marek et al.
1997b; Marti Mus and Bergstrom 2005). Marek (1976)



1242 PALAEONTOLOGY, VOLUME 50

speculated that because helens acted principally as stabi-
lizers on the sea floor their development would be cou-
pled with the process of settling. Butterfield and Nicholas
(1996, fig. 4.4) illustrated a small ‘post-larval’ individual
with two identical, spicule-looking helens inside the
conch (see Text-fig. 1E). This finding led them to consi-
der helens as fully retractable. In the same specimen, a
rounded structure near the aperture was tentatively iden-
tified by Butterfield and Nicholas (1996) as the opercu-
lum. The perimeter of this putative operculum is
identical to that of the conch aperture, therefore support-
ing such identification. In this specimen the entire length
of each helen is less than half the width of the aperture
(because the conch is flattened the original width of the
aperture is better inferred from the operculum). However,
the length of the internal portion of ‘mature’ helens is
half the width of the aperture (Marti Mus and Bergstrom
2005; Text-fig. 1D). Therefore, we believe the position of
the helens in this specimen has nothing to do with retrac-
tion. Instead, the specimen may capture the moment
when helens start to develop inside the conch as small
spicules completely embedded in soft tissue. With its
developing ligula and helens the individual in question
may have been about to settle.
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