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Abstract: Chancelloriids are a poorly understood group of
phylogenetically problematic Cambrian metazoans; complete
specimens show they were sessile, radially symmetrical, clubshaped organisms covered with sclerites in the form of rosettes
of spines. While isolated sclerites are common components of
Cambrian shelly assemblages, they have been relatively little
studied. We describe chancelloriid sclerites from a series of
nine sections spanning the upper Dyeran to lower Delamaran
stages (latest Stage 4 to perhaps basal Wuliuan) from the
Pioche–Caliente region of east-central Nevada, USA. Acid
maceration of samples from the Combined Metals, Comet
Shale and Susan Duster Limestone members of the Pioche
Formation yielded more than 2000 sclerites. Based on careful
examination of these sclerites and statistical analyses of cooccurring sclerite types, we distinguish six species, each with a
restricted stratigraphic range. Chancelloria impar Moore sp.

nov. is the dominant species in most upper Dyeran samples.
Archiasterella cometensis Moore sp. nov. and A. auriculata
Moore sp. nov. are rare in the upper Dyeran but abundant in
the lowest Delamaran; A. uncinata Moore sp. nov. and
C. lilioides Moore sp. nov. replace these in younger samples.
A. auriculata is noteworthy for sharing features with species of
both Archiasterella and Chancelloria. These results provide further support for the taxonomic tractability and biostratigraphical utility of chancelloriid sclerites; large collections from single
horizons allow intraspecific variability to be assessed and species
to be distinguished. Our results document a taxonomic turnover in chancelloriids at the Dyeran–Delamaran boundary,
showing that not only trilobites were affected at this time.

C H A N C E L L O R I I D S are among the most common members
of Cambrian small shelly faunas, but they remain relatively poorly understood. Complete specimens from the
Burgess Shale and other Konservat-Lagerst€atten show
them to have been sessile, club-shaped, and bedecked
with sclerites in the form of rosettes of spines (Bengtson
& Hou 2001; Janussen et al. 2002; Randell et al. 2005;
Bengtson & Collins 2015; Cong et al. 2018; Yun et al.
2018, 2019a; Zhao et al. 2018; Beresi et al. 2019). They
had a cuticular integument between the sclerites, evidently
were capable of muscular contraction, and may have had
a mouth at the apex of the body, but otherwise lack
apparent internal organs (as reviewed in Bengtson & Collins 2015). Following the first description of complete
specimens by Walcott (1920), chancelloriids were widely
considered to be heteractinid-like sponges (Sdzuy 1969;

Rigby & Nitecki 1975; Rigby 1978), until Goryansky
(1973) showed that their sclerites were external rather
than internal and had a structure entirely different from
that of sponge spicules. Their phylogenetic position has
remained controversial ever since; some workers have
placed chancelloriids together with halkieriids, siphogonuchitids and other groups in a taxon Coeloscleritophora
Bengtson & Missarzhevsky, 1981 based on the shared
presence of hollow, aragonitic sclerites with similar
microstructural features (Bengtson & Missarzhevsky 1981;
Bengtson et al. 1990; Bengtson 2005; Porter 2008; Moore
et al. 2010, 2014; Bengtson & Collins 2015). As halkieriids
are clearly bilaterians, probably in or near the molluscs
(Bengtson 1992; Conway Morris & Peel 1995; Vinther &
Nielsen 2005; Vinther 2009; Vinther et al. 2017), this
hypothesis would imply that chancelloriids are bilaterians
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that secondarily became sessile and lost their bilateral
symmetry (although for a different interpretation see
Bengtson 2005; Bengtson & Collins 2015). Other workers
have rejected a relationship between chancelloriids and
halkieriids due to these differences in body form and
symmetry, and have instead suggested chancelloriids may
belong to the sponges (Butterfield & Nicholas 1996; Botting & Butterfield 2005; Sperling et al. 2007; Botting &
Muir 2018; Cong et al. 2018), cnidarians (Randell et al.
2005), or some other early-branching lineage (Janussen
et al. 2002).
Not only are chancelloriids phylogenetically problematic, they are also taxonomically difficult. Although there
are nearly 80 specific names available for chancelloriids,
many are based on only one or a few isolated sclerites or
on inadequately preserved material, and those that have
not been immediately forgotten have often been used
subsequently in an entirely typological manner. Pessimism
regarding the prospects for determining how many of the
differences among isolated sclerites reflect intraspecific (or
intra-organismal) variation rather than interspecific disparity has led many other workers to leave chancelloriids
undescribed or in open nomenclature. Nonetheless, there
are reasons to think that isolated sclerites may yet prove
taxonomically tractable. Complete animals preserved in
Burgess Shale-type deposits show that each chancelloriid
individual and species had only a limited morphological
range of sclerites (Rigby 1978; Bengtson & Hou 2001;
Janussen et al. 2002; Randell et al. 2005; Bengtson & Collins 2015; Cong et al. 2018; Yun et al. 2018, 2019a; Zhao
et al. 2018; Beresi et al. 2019), and several studies of large
samples of sclerites have allowed the recognition of plausible species-level taxa based on similarities in sclerite
form and statistical patterns of co-occurrence among different morphotypes (Sdzuy 1969; Bengtson et al. 1990;
Fernandez Remolar 2001a; Kouchinsky et al. 2011; Moore
et al. 2014; Gilbert et al. 2016; Devaere et al. 2019; Yun
et al. 2019b). It seems reasonable to think, therefore, that
even if single isolated sclerites may not always be identifiable, biologically meaningful species can be determined
from studies of large assemblages of isolated sclerites. As
a result, chancelloriids may be able to contribute to the
understanding of evolutionary and ecological events in
the Cambrian, given their widespread distribution in
small shelly faunas.
In this paper, we report the results of an examination
of more than 2000 complete or nearly complete chancelloriid sclerites from a series of sections through part of
the Pioche Formation in the Pioche–Caliente region of
east-central Nevada, USA. We describe five new species
and document their biostratigraphical distribution across
the Dyeran–Delamaran boundary, associated with a major
turnover in trilobites.

GEOLOGICAL SETTING
The Pioche Formation consists of interbedded siliciclastics
and carbonates deposited on the inner shelf of the Laurentian passive margin across the upper Dyeran and most
of the Delamaran stages, the boundary between which is
the traditional ‘Lower–Middle’ Cambrian boundary in
Laurentia (Palmer 1998a). Although the Pioche Formation has been used to include strata across a wide region
of the Great Basin (Walcott 1908), most work on the
unit, including that presented herein, has focused on sections in a series of fault-bounded ranges around the
towns of Pioche and Caliente in Lincoln County, eastcentral Nevada (Fig. 1). These sections offer an unusually
complete view of the Dyeran–Delamaran transition interval (discussed and reviewed in McCollum & McCollum
2011; McCollum et al. 2011; Sundberg 2011; Webster
2011a, b). In this region, the Pioche Formation has been
divided into six members: the Dyeran Delamar and Combined Metals members and the Delamaran Comet Shale,
Susan Duster Limestone, Log Cabin and Grassy Spring
members (Fig. 2; Merriam 1964; Eddy & McCollum 1998;
Sundberg & McCollum 2000).
Webster (2011a) recognized four depositional
sequences in the upper Dyeran of the southern Great
Basin. In the Pioche–Caliente region, his Sequence I is
recorded in the siliciclastic Delamar Member of the
Pioche Formation, which can reach c. 100 m in thickness
(Webster 2007a); the other three are in the overlying
Combined Metals Member, c. 24–30 m in thickness.
Sequence II of Webster (2011a) is underlain by an erosive
surface atop a sandy interval and consists of a cliff-forming limestone bearing large oncoids succeeded by a recessive sandy interval. In sections to the south of the
Highland Range, Sequence III likewise begins with an
oncoidal limestone, which is overlain by silty limestones
with a series of more resistant limestone ledges and then
shales with calcareous nodules representing the maximum
flooding interval. Sequence IV comprises the uppermost
0.5–2 m of the Combined Metals Member, consisting of
a nodular or ribbon limestone at its base and nodular
shale above; detailed stratigraphic examination of this
interval allowed identification of deepening in the lower
part and shallowing in the upper part (Webster et al.
2008; Webster 2011a). In the Highland Range, in contrast, there is only one prominent oncoidal limestone
above a sandy interval, rendering difficult the identification of the base of Sequence III (see discussion in Webster 2011a).
The base of the Delamaran Stage is defined at the base of
the overlying Comet Shale Member (Palmer 1998a).
McCollum & McCollum (2011) distinguished five depositional sequences in the Delamaran of the southern Great
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Locality map, with edge of bedrock exposure outlined and area of Cambrian strata shown in grey (after Tschanz & Pampeyan 1970). Inset maps show the location of Nevada within the conterminous USA and the locations of the Pioche–Caliente region
(box) and Patterson Pass in the southern Schell Creek Range (star) within the state of Nevada.

FIG. 1.

Basin, with the thin ribbon limestone marking the base of
the Comet Shale Member interpreted as the transgressive
deposit of the first of these sequences. The rest of the
Comet Shale Member, c. 24–32 m in total thickness, is primarily shale, with thin limestone beds in some southern
sections that may mark additional sequence boundaries
(McCollum et al. 2011; Webster 2011a). The upper part of
the Comet Shale Member is erosionally truncated (Sundberg & McCollum 2000; McCollum & McCollum 2011); a
second Delamaran sequence recognized elsewhere in the
southern Great Basin by McCollum & McCollum (2011) is
largely missing from the Pioche–Caliente region and was
presumably removed in this erosive episode. The base of

the third Delamaran depositional sequence is marked by
the Susan Duster Limestone Member (Sundberg & McCollum 2003a). The overlying part of the Pioche Formation is
divided into the Log Cabin and Grassy Spring members,
both dominated by fine-grained siliciclastics, and constituting the upper part of the third and the fourth Delamaran
depositional sequences, respectively.
The Pioche Formation hosts a rich and well-studied
fauna of trilobites, with recent work allowing ten biostratigraphic zones to be recognized (reviewed in McCollum & Sundberg 2007; Sundberg 2011; Webster 2011a;
Fig. 2). Trilobite assemblages from the Dyeran-aged Delamar and Combined Metals members are dominated by
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Overview of the stratigraphy of the Pioche Formation
in the Pioche–Caliente region, Lincoln County, east-central
Nevada, USA (trilobite biostratigraphy after McCollum & Sundberg 2007; Sundberg 2011; Webster 2011a). Abbreviation: Mbr,
Member.

FIG. 2.

diverse olenelloids, accompanied by zacanthoidids, ptychopariids, oryctocephalids and bathynotids (Palmer
1998b; Webster 2011a). Several biostratigraphic zones are
based on the first appearances of different olenelloids,
with the Combined Metals Member including the upper
part of the Bolbolenellus euryparia Zone and all of the
Nephrolenellus multinodus Zone (Webster 2011a). Within
the upper N. multinodus Zone, different trilobite species
dominate at different localities, allowing a distinction to
be made between Olenellus–Nephrolenellus and Zacanthopsis–Crassifimbra biofacies (Palmer 1998b; Hopkins &
Webster 2009).
All of the olenelloids and other Dyeran trilobite species
disappear by the top of the Combined Metals Member,
and in the ribbon limestone at the base of the overlying
Comet Shale Member, only a single trilobite, the ptychopariid Eokochaspis nodosa Sundberg & McCollum,
2000, is present (Palmer 1998b; Sundberg & McCollum
2000; McCollum et al. 2011; Webster 2011c). Other species of ptychopariids and oryctocephalids gradually make
their first appearances higher in the Comet Shale Member
(Sundberg & McCollum 1997, 2000); each limestone bed
above the basal bed in the Comet Shale Member yields a
unique species or set of species. Most of the Comet Shale
Member is attributed to the basal Delamaran Eokochaspis
nodosa Zone (Sundberg & McCollum 2000). The Susan
Duster Limestone Member hosts a variety of

ptychopariids, dolichometopids, zacanthoidids and oryctocephalids (Sundberg & McCollum 2002, 2003a); the
lower part (along with, in places, the uppermost part of
the Comet Shale Member) is attributed to the Amecephalus arrojosensis Zone and the upper part to the lower
Poliella denticulata Zone (Sundberg & McCollum 2000,
2003a).
Palmer (1998b) considered the disappearance of the
olenelloids at the top of the Combined Metals Member
and their replacement by a single species in the overlying
basal Comet Shale Member to represent a relatively rapid
extinction event analogous to biomere boundaries later in
the Cambrian. This hypothesis is in accordance with the
observation that the stratigraphic ranges of at least six
olenelloid species extend all the way to the top of the
Combined Metals Member in several densely sampled sections (Palmer 1998b; Webster 2007a, b, 2009, 2011a, b;
McCollum et al. 2011). McCollum et al. (2011), however,
argued that the upper Combined Metals Member was
erosionally truncated in the Pioche–Caliente region and is
missing an interval preserved in the Groom Range to the
west, raising the possibility that the seemingly sudden
extinction of the olenelloids may simply be an artefact of
erosion. Webster (2011a) noted that this possible evidence of erosional truncation is confined to Dyeran
Sequence III, while the youngest olenelloids are actually
found in the overlying Sequence IV, which has a more
nearly constant thickness and lacks clear evidence for
removal of sediments by erosion. Nonetheless, because
olenelloids last appear at the boundary between Dyeran
Sequence IV and the lowermost Delamaran sequence, it is
not possible to tell how rapidly they went extinct given
that it is not known how much time is represented by
this sequence boundary (Webster 2011a).
Regardless of whether olenelloids went extinct rapidly
or slowly, the Dyeran–Delamaran boundary marks a
major shift in Laurentian trilobite faunas. Fossils other
than trilobites have been less well studied through this
interval, and it is unclear whether they show biostratigraphical patterns similar to that of the trilobites. Linguliform brachiopods are abundant and well preserved in the
Pioche Formation; the most recent published study is that
of Rowell (1980), who recovered four species from the
Combined Metals Member, two of which he also reported
from the Susan Duster Limestone Member (although in
one case he regarded the populations from the different
members as distinct on a subspecific level); he did not
study any material from the Comet Shale Member.
Unpublished work by Rieboldt (1999), however, indicated
that there was a turnover in brachiopods at the boundary
between the Combined Metals and Comet Shale members. Lieberman (2003) described a few soft-bodied forms,
including bivalved arthropods, anomalocaridids and priapulids, from both the Combined Metals and the Comet
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Shale members; while the assemblages from each member
were broadly similar to each other, he did not identify
any species as being present in both the Dyeran and Delamaran assemblages. The hyolith Nevadotheca whitei (Resser, 1938) has been reported from both lower and middle
Cambrian portions of the Pioche Formation (Malinky
1988; Sun et al. 2017), but the stratigraphic context of
the supposed lower Cambrian occurrences requires reevaluation. Wotte & Sundberg (2017) briefly treated small
shelly fossils, including chancelloriids, hyoliths, molluscs,
echinoderms and problematic forms, from several sections
of the Pioche Formation as part of a broader study of
Montezuman to Delamaran shelly faunas of Nevada and
California, concluding that these probably represent a single assemblage without much biostratigraphical signal.
The recently ratified base of the Miaolingian Series and
Wuliuan Stage is marked by the first appearance datum
(FAD) of Oryctocephalus indicus (Reed, 1910) in the
Wuliu–Zengjiayan section, Balang, Jianhe, China (Zhao
et al. 2019). Oryctocephalus indicus is present in the Emigrant Formation in south-western Nevada and the
Monola Formation in California (Sundberg & McCollum
1997, 2003b), with its first appearance defining the base
of the O. indicus Zone in the outer shelf, correlating to
the base of the Poliella denticulata Zone in the lower
Susan Duster Limestone Member of the inner shelf
(McCollum & Sundberg 2007). Zhao et al. (2017)
recently suggested that O. americanus Sundberg &
McCollum, 2003b should be considered a junior synonym
of O. indicus; if this proposal were accepted, it would
push the FAD of O. indicus into the Amecephalus arrojosensis Zone, equivalent to the upper Comet Shale Member (Sundberg & McCollum 2003b). Therefore most, if
not all, of the material described herein comes from the
as-yet unnamed Cambrian Series 2, Stage 4; nevertheless,
as the important trilobite turnover at the Dyeran–Delamaran boundary is not reflected in global chronostratigraphic nomenclature, we retain use of the Laurentian
stage names throughout this paper.

METHOD
Samples were collected from nine sections spanning a
modern distance of nearly 50 km (Figs 1, 3; Moore et al.
2019): Grassy Spring (samples prefixed GSp;
37° 31.2440 N, 114° 47.5080 W; see also Palmer 1998b;
Sundberg & McCollum 2000, 2003a; Webster 2009) and
Oak Spring Summit (OSS; 37° 37.1980 N, 114° 43.1700 W;
see also Palmer 1998a, b; Sundberg & McCollum 2000,
2003a; Webster 2009, 2011a, b; McCollum et al. 2011;
Faggetter et al. 2017) in the Delamar Mountains; Seven
Oaks Spring (SOS; 37° 35.9130 N, 114° 45.1730 W; see also
Palmer 1998b; Sundberg & McCollum 2000; Webster 2009)
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and Hidden Valley (HV; 37° 36.6250 N, 114° 45.5920 W;
see also Palmer 1998b; Sundberg & McCollum 2000, 2003a;
Webster 2009, 2011a, 2015) in the Burnt Springs Range;
Klondike Gap (KGC; 37° 45.1920 N, 114° 33.4300 W; see
also Webster 2007a (his section C), 2011b) and Ruin Wash
(RW; 37° 46.4620 N, 114° 34.0950 W; see also Palmer
1998b; Webster et al. 2008; Webster 2011a, 2015) in the
Chief Range; and Log Cabin Mine–South (SS and SB;
37° 53.9030 N, 114° 36.5730 W; see also Sundberg &
McCollum 2000; McCollum et al. 2011), Log Cabin Mine
(LC, LCB and LCC; 37° 54.1050 N, 114° 36.6360 W; see
also Webster 2011a, b) and One Wheel Canyon (OW and
OWB; 37° 54.9310 N, 114° 36.3190 W; see also Palmer
1958; Sundberg & McCollum 2000, 2003a; McCollum et al.
2011; Webster 2011a, b) in the Highland Range. Samples
were collected from all carbonate beds identified in the
field from the Combined Metals, Comet Shale and Susan
Duster Limestone members with sub-metre scale resolution, where possible. At Log Cabin Mine–South and Log
Cabin Mine, partially overlapping duplicate sections were
collected within a short distance; at One Wheel Canyon,
two non-overlapping sections respectively preserving the
lower Combined Metals Member and the upper Combined
Metals Member through Susan Duster Limestone Member
are separated by an unknown but probably relatively small
stratigraphic interval that was not exposed and may have
been locally removed by a small fault (see Webster 2011b).
Individual samples are referred to in the text below by a
two or three-letter code referring to the section name followed by the stratigraphic height in metres above an arbitrarily defined 0 m mark. Each carbonate sample was
macerated in 5% acetic acid solution and fossils were
picked by hand from the resulting residues.
In addition to our newly collected samples, we also
studied sclerites from samples previously collected and
processed by MW or A. R. Palmer and stored at the Institute for Cambrian Studies (ICS) at the University of Chicago. From these we figure additional specimens from the
Grassy Spring (ICS-10555), Oak Spring Summit (ICS1289), Ruin Wash (ICS-10004), and Log Cabin Mine–
South (ICS-1265) sections previously mentioned; their
stratigraphic positions are given in Moore et al. 2019. In
addition, we figure a few specimens from ICS-1099, a
sample from the Pioche Formation at Patterson Pass in
the southern Schell Creek Range, northern Lincoln
County (cf. Kellogg 1963); it comes from a nodular limestone at the top of a limestone sequence, and was considered to be latest Dyeran in age (and therefore equivalent
to the upper Combined Metals Member in the Pioche–
Caliente region) by Palmer (1998b) based on the presence
of a brachiopod he identified as Eothele sp. 1.
Selected specimens were examined with an FEI Quanta
400F environmental scanning electron microscope (SEM)
at the Department of Earth Science, University of

Stratigraphical distribution of chancelloriid occurrences in the Pioche Formation. The two sections from Log Cabin Mine–South probably overlap to a certain extent; the
two sections from One Wheel Canyon are separated by an unknown interval.

FIG. 3.
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California, Santa Barbara, with beam voltages of 5–10 kV
either uncoated in low-vacuum mode or sputter-coated
with carbon in high-vacuum mode. The chemical compositions of selected specimens were assessed by energy-dispersive spectroscopy (EDS) using the same instrument.
All figured specimens are reposited at the University of
California Museum of Paleontology under accession
numbers UCMP 116293–116341.

Morphological terminology
Terminology used herein (see Fig. 4) generally follows
Moore et al. 2014 (see also Bengtson & Collins 2015; Gilbert et al. 2016). The set of sclerites from a single individual is termed a scleritome (Bengtson 1985). Each sclerite
attached to the body wall of the animal through a flattened basal surface. Each of the spine-like rays had a calcareous wall surrounding a hollow space (lumen) that
connected to the animal through a foramen on the basal
surface. Some sclerites have one or more central rays
entirely surrounded by a series of marginal rays (referred
to as ‘lateral rays’ by Moore et al. 2014 in an unfortunate
lapse of judgement and taste); in sclerites that lack central
rays, all of the rays are considered marginal. Following a
system introduced by Sdzuy (1969) and modified by Qian
& Bengtson (1989), the configuration of rays in a sclerite
is given by a formula m + n, where m is the number of
marginal rays and n the number of central rays. Sclerites
from the genus Archiasterella Sdzuy, 1969 lack central rays
but one of the marginal rays is oriented vertically or
recurved over the other rays, and this is termed the principal ray (‘basal ray’ of Randell et al. 2005; ‘ascending ray’
of Bengtson & Collins 2015); the other marginal rays lie
more or less horizontally in a plane parallel to the basal
surface (the basal plane) and are termed horizontal rays.
Although the principal ray of Archiasterella sclerites
resembles a central ray in its often vertical orientation,

FIG. 4.
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and is at least potentially homologous to the central ray
of Chancelloria and other genera (Sdzuy 1969; and see
discussion below), we follow the long-standing convention of treating it as a marginal ray for purposes of determining ray formula (so that the sclerite on the right in
Fig. 4 is considered 4 + 0 rather than 3 + 1) ; but note
the different convention of Yun et al. (2019b).
Within a sclerite, any feature parallel to the basal plane
is termed horizontal, while any feature perpendicular to
this plane is vertical; within the vertical axis, the adaxial
direction is toward the basal surface (toward the central
axis of the animal’s body) and abaxial is away from the
base (toward the external environment). The adapical
direction is toward the apex of the animal and the abapical direction is away from the apex, toward the part of
the animal that attached to the substrate; while the adapical–abapical orientation of some isolated sclerites remains
uncertain, it may be inferred for others by comparison
with articulated specimens. The base of the principal ray
in Archiasterella sclerites is on the abapical side (so that
this ray is usually recurved adapically), allowing the various horizontal rays to be distinguished as more abapically
or more adapically positioned (Randell et al. 2005; Zhao
et al. 2011; Hu et al. 2013; Bengtson & Collins 2015). In
sclerites of the genus Chancelloria Walcott, 1920, it seems
that the marginal rays on the adapical side are often larger than those on the abapical side (Bengtson & Collins
2015; Yun et al. 2019a; see further discussion below).
While this terminology is unwieldy, it seems necessary for
clarity (e.g. it would not be obvious whether the ‘upper’
side of a sclerite is the adapical one or the abaxial one).
Proximal and distal are used to refer respectively to the
directions toward and away from the centre of a single
sclerite.
A series of flattened articulatory facets are present on
the proximal end of a ray, with each recording the contact with one neighbouring ray in the original sclerite
structure. While the distal portions of each ray generally

Morphological terms for chancelloriid sclerites used herein (modified after Moore et al. 2014).
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have a circular cross-section, the proximal part is often
flattened on the basal surface to produce a basal facet; in
other species, even the proximal parts of the basal surface
maintain a subcircular cross-section.
Terms for microstructural features are discussed below.

An approach to identifying chancelloriid species from sclerite
assemblages
In an attempt to distinguish different species of chancelloriids from our assemblages of isolated sclerites, we characterized the range and relative frequencies of
morphotypes found in each sample. This was done both
qualitatively by noting distinctive morphological features
of the sclerites and quantitatively by determining the ray
formula for each sufficiently complete sclerite. (Archiasterella sclerites with their distinctive recurved principal
ray were categorized separately from other sclerites, which
lack this feature.) As most specimens are preserved as
internal moulds of the rays (as discussed below in the
section on taphonomy) many sclerite specimens were
incomplete, probably due to disaggregation of the rays
during sample processing. As the contacts between adjacent rays are reflected in planar articulatory facets (with
rare exceptions when one ray is very much smaller than
the other) it is always possible to determine whether a
particular sclerite specimen is complete. When only one
or two rays are missing from a specimen, articulatory
facets on the remaining rays often make it possible to
infer how many rays were originally present; incomplete
specimens in which it was possible to confidently infer
the original ray formula were included in our counts.
When there are multiple sclerite morphotypes within a
single sample, this could be due to the presence of multiple morphologically distinct chancelloriid species, but it
could also be due to a single species of chancelloriid producing sclerites of varying morphology. The difficulty in
disentangling these two factors has been the most important obstacle to taxonomic treatment of isolated chancelloriid sclerites. Nevertheless, we suggest an approach for
distinguishing species based on a series of reasonable
assumptions (see also Moore et al. 2014):
First, members of a particular species will produce a
characteristic set of sclerite morphotypes, with the different morphotypes present with characteristic relative frequencies. Of course, factors other than specific differences
could produce differences in scleritomes (such as changes
with ontogeny, ecophenotypic variation or genetic differences between individuals or populations) and it would
not be appropriate to name a new species for every minor
difference between reconstructed scleritomes. Nevertheless, we assume that differences in sclerite morphology or
ray formulae between reconstructed scleritomes offer

evidence for the presence of multiple species, particularly
when these differences are discontinuous or consistently
observed across samples.
Second, in the absence of evidence to the contrary, previously described complete chancelloriid scleritomes and
well-characterized apparently monospecific assemblages
offer insights into the range of variation that might be
expected within other chancelloriid scleritomes. For example, in Chancelloria scleritomes from Burgess Shale-type
deposits, most sclerites have one central ray and an oftenvariable number of marginal rays, and there are sometimes
also a small number of sclerites without central rays
(Rigby 1978; Beresi & Rigby 1994, 2013; Janussen et al.
2002; Randell et al. 2005; Bengtson & Collins 2015; Beresi
et al. 2019; Yun et al. 2019a). Limited data from complete
scleritomes (Janussen et al. 2002; Bengtson & Collins
2015) and seemingly monospecific assemblages of isolated
sclerites (Sdzuy 1969; Yun et al. 2019b) suggests that distributions of the number of rays within a sclerite from a
single scleritome are generally continuous and unimodal.
More qualitatively (as discussed further below under Systematic Palaeontology) sclerites from a single species are
generally relatively similar to one another (in the curvature and taper of their rays, in the symmetry of the sclerite, in the orientation of marginal rays relative to the
basal plane, in their ornamentation, etc.)
In Archiasterella scleritomes, every sclerite lacks a central ray but has a recurved or vertical principal ray (Randell et al. 2005; Zhao et al. 2011; Bengtson & Collins
2015), while similar sclerites have never been documented
from scleritomes of other genera. Therefore, if some sclerites in an assemblage show the characteristic morphology
of Archiasterella while others do not, at least two species
must have been present (one of Archiasterella and one of
a different genus). Scleritomes of both Archiasterella and
Allonnia Dore & Reid, 1965 (in which there is neither a
central ray nor a recurved principal ray) generally show a
relatively uniform sclerite morphology and number of
rays within a species but differences between species
(Bengtson & Hou 2001; Janussen et al. 2002; Randell
et al. 2005; Bengtson & Collins 2015; Cong et al. 2018;
Yun et al. 2018; Zhao et al. 2018) suggesting that these
criteria may also be useful in identifying species from isolated sclerites.
Third, while the coexistence of multiple species of
chancelloriids is well documented from a number of Burgess Shale-type assemblages (including the Burgess Shale
(Bengtson & Collins 2015), the Sekwi Formation (Randell
et al. 2005), the Spence Shale and Wheeler Formation
(Kloss et al. 2015), the Kaili Formation (Zhao et al. 2011)
and the Guanshan biota (Hu et al. 2013; Zhao et al.
2018)), there is no reason to suppose that different species should consistently be present in consistent proportions in different samples.
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Putting these assumptions together, the hypothesis that
a suite of sclerite morphotypes were all produced by a
single species would be supported by the following observations: (1) the different morphotypes are qualitatively
relative similar to one another; (2) the relative frequencies
of different morphotypes are similar to those known from
complete scleritomes (a continuous, unimodal distribution of ray number, etc.); and (3) the relative frequencies
of morphotypes are the same in different samples. In contrast, the hypothesis that a suite of morphotypes includes
sclerites produced by two or more species would be supported by the following observations: (1) larger qualitative
differences between different morphotypes; (2) relative
frequencies of different morphotypes showing a different
pattern to those known from complete scleritomes (e.g.
ray numbers are discontinuous); or (3) the relative frequencies of morphotypes are significantly different
between samples.
We adopted this approach to find the minimum number of species required to explain our qualitative observations of sclerite morphologies and quantitative data on
the relative frequencies of different morphotypes. Relative
frequency data from samples that yielded the most sclerites were compared using a chi-square test; as the chisquare test allows comparison of samples of different
sizes, we did not attempt to use a standardized number
of sclerites. Ultimately taxonomic decisions are at least
partially subjective, and we recognize that other workers
might prefer to recognize more or fewer species in our
material than we do. While acknowledging this uncertainty, we think it more productive to frame a series of
hypotheses in the form of a series of proposed species
rather than leaving them in open nomenclature. Below
we explain the reasoning supporting our specific distinctions, and we describe and figure these species at length
so that future workers may evaluate our hypotheses and
refute or corroborate them.

RESULTS
The samples from the Pioche Formation yielded a variety
of acid-resistant fossils; besides chancelloriid sclerites,
these include abundant trilobite sclerites, linguliform brachiopods, hyoliths and molluscs, with less common
groups including echinoderm ossicles, sponge spicules,
cambroclave sclerites and other problematic fossils. The
non-chancelloriid groups will be described elsewhere.
Chancelloriid sclerites are widespread and often abundant
in our samples (Fig. 3; Moore et al. 2019). While some
samples yielded only single rays or other fragments too
incomplete to be identified, many others produced complete sclerites. Across all samples we obtained more than
2000 complete or nearly complete sclerites; this large
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number offers a way to assess variation within and
between samples and to sort out probable biological
taxa.

Species present in the Combined Metals Member (Dyeran)
Most sclerites from the Combined Metals Member are
morphologically similar to one another, with a single central ray, generally vertically oriented, surrounded by a circlet of four to nine marginal rays (Figs 5, 6). Marginal
rays are much shorter along one side of the sclerite than
the other, imparting a rough bilateral symmetry to the
sclerite. Table 1 presents count data for all sclerites that
were sufficiently complete to confidently determine their
ray formula. Many samples yielded a relatively small
number of complete sclerites, but six samples each had at
least 25 countable sclerites, allowing a more accurate
assessment of the range of variation of ray numbers
within them. In each of these samples, the distribution of
ray numbers is unimodal, with four samples having
mostly 6 + 1 sclerites and two samples having mostly
7 + 1 sclerites (Fig. 7); distributions from different samples have similar shapes, with sclerites having successively
more or fewer rays than the most common type being
progressively less common. These data suggest that only
one species of chancelloriid is recorded by the set of sclerites preserved in each sample, as a similar unimodal distribution of ray numbers is known from articulated
individuals of Chancelloria eros Walcott, 1920, with quantitative data from the Wheeler Formation given by Janussen et al. (2002; although its specific assignment was
disputed by Bengtson & Collins 2015) and qualitative
data from the Burgess Shale by Bengtson & Collins
(2015). Similar unimodal distributions have also been
documented from samples of isolated sclerites hypothesized to come from single species, including Chancelloria
maroccana Sdzuy, 1969 and Chancelloriella irregularis
(Qian, 1989) (Sdzuy 1969; Moore et al. 2014).
The sclerite ray number distributions of different samples are significantly different (v2 = 82.78, or 68.89 with
the correction for continuity of Yates (1934), d.f. = 15,
p < 0.001, when the numbers of 5–8 + 1 sclerites from
the six most productive samples are simultaneously compared). No significant differences were found when similar comparisons were made for only those four samples
with mostly 6 + 1 sclerites (v2 = 13.05, d.f. = 9) or the
two samples with mostly 7 + 1 sclerites (v2 = 2.30,
d.f. = 3). While these statistical results indicate that there
were actual biological differences between the populations
recorded in different samples, there is no morphological
gap between samples as they differ by at most one in
modal ray number (i.e. 6 vs 7 rays), and a few samples
with subequal numbers of 6 + 1 and 7 + 1 sclerites may
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help to bridge the gap between those with clear predominances of 6 + 1 sclerites and 7 + 1 sclerites, respectively.
As there are no other consistent morphological differences
between samples with mostly 6 + 1 sclerites and those
with mostly 7 + 1 sclerites (see Systematic Palaeontology
below), at present we tentatively consider all of these sclerites to belong to a single species, Chancelloria impar
Moore sp. nov.
Samples from the Combined Metals Member also
yielded a few sclerites without central rays. Some are
3 + 0 and 4 + 0 sclerites in which all rays are set at a low
angle relative to the basal plane, with no equivalent to the
principal ray of Archiasterella (Fig. 5U–W, Y, Z); these
sclerites are only present as minor constituents in samples
in which most sclerites have central rays. We suggest that
these are also elements from the scleritome of Chancelloria impar, consistent with observations from articulated
specimens (Rigby 1978; Bengtson & Collins 2015) and
samples of isolated sclerites (Sdzuy 1969; Bengtson et al.
1990; Fernandez Remolar 2001a; Kouchinsky et al. 2011;
Yun et al. 2019b) documenting the presence of similar
sclerites in scleritomes dominated by sclerites with central
rays. While sclerites from the genus Allonnia can be
superficially similar to these, their rays are generally set at
a much higher angle relative to the basal plane (see
Moore et al. 2014).
A small number of sclerites from the Combined Metals
Member is best attributed to species other than Chancelloria impar; a few samples produced sclerites with three,
four or six marginal rays, one of which is vertical or
recurved (Figs 8, 9A–C, E, F). Such sclerites are typical of
the genus Archiasterella, as documented from articulated
scleritomes of several species (Randell et al. 2005; Zhao
et al. 2011; Bengtson & Collins 2015); because similar
sclerites have never been documented as forming part of
a Chancelloria scleritome, these cannot be ascribed to
C. impar. As we only found 14 Archiasterella sclerites
across all of our samples from the Combined Metals

Member, it is not possible to meaningfully analyse them
statistically, but we tentatively ascribe them to three species. Those with four and six rays are identical to sclerites
of the two species we describe below from the Comet
Shale Member, A. cometensis and A. auriculata, and consequently we attribute them to those species. The threerayed sclerites probably record an additional distinct species of Archiasterella, as these sclerites are more robust in
structure than those of either A. cometensis or A. auriculata, they are entirely unknown from the Comet Shale
Member, and because they are sometimes found in
samples without either four- or six-rayed sclerites. As
these three-rayed sclerites are quite rare, we here leave
them in open nomenclature as A. cf. charma Moore
et al., 2014.

Species present in the Comet Shale Member (Delamaran)
The ribbon limestone at the base of the Comet Shale
Member yielded two morphotypes of chancelloriid sclerite
(Table 2): a 4 + 0 Archiasterella with a nearly vertical
principal ray (Fig. 10) and an unusual 6 + 0 form that
resembles the 4 + 0 form but has two additional small
rays set at an oblique angle on either side of the principal
ray, looking like a pair of little ears (Fig. 11). These two
sclerite morphotypes almost invariably co-occur with one
another, but in very different ratios in different samples:
in the five samples that produced at least 70 sclerites, the
six-rayed form makes up anywhere from 24.3% to 60.7%
of the total, and these differences are highly significant
(v2 = 53.53, d.f. = 4, p < 0.001). At least five different
hypotheses could explain these differences. First, the differences between samples could be the result of the misclassification of some sclerites; although incomplete
sclerites can usually be identified as such because the
remaining rays will retain flattened articulatory facets
from the missing rays (e.g. Fig. 11T, U), the two little

Chancelloria impar Moore sp. nov.; all specimens are internal moulds in basal view, unless noted otherwise. A–
B, UCMP 116310.2 (see also Fig. 6X), 6 + 1 sclerite in basal view and side view. C, UCMP 116341.1, 7 + 1 sclerite in abaxial view;
note curving marginal rays. D, UCMP 116295.1, holotype, 6 + 1 sclerite. E, UCMP 116316.3, 7 + 1 sclerite. F, UCMP 116295.2, paratype, 7 + 1 sclerite. G, UCMP 116295.6, paratype, sclerite in abaxial view. H, UCMP 116295.3, paratype, 5 + 1 sclerite.
I, UCMP 116315.2, 6 + 1 sclerite in abaxial view. J, UCMP 116312.4, sclerite in abaxial view. K, AA, UCMP 116333.1, 9 + 1 sclerite
in general view and close-up showing the marginal rays (arrowed). L, UCMP 116295.7, paratype, 8 + 1 sclerite. M, UCMP 116295.8,
paratype, 6 + 1 sclerite; note small gap between marginal rays. N, UCMP 116312.3, 7 + 1 sclerite. O, UCMP 116334.1, 5 + 1 sclerite
with partially phosphatized outer surface (see also Fig. 18F). P, UCMP 116334.2, incomplete sclerite showing bent articulatory facet.
Q, UCMP 116297.4, paratype, incomplete sclerite. R, UCMP 116295.10, paratype, 6 + 1 sclerite, showing abaxial placement of central
ray. S, UCMP 116296.3, paratype, 6 + 1 sclerite. T, UCMP 116312.5, incomplete sclerite. U, UCMP 116311.2, 4 + 0 sclerite. V–
W, UCMP 116310.1, 4 + 0 sclerite. X, UCMP 116341.2, 11 (?) + 2 sclerite (see Fig. 21A for an interpretation). Y–Z, UCMP 116296.2,
paratype, 3 + 0 sclerite. All specimens are from the Combined Metals Member of the Pioche Formation (samples KGC 40.9, A, B, V,
W; SOS 25.1, C, X; GSp 12.5, D, F–H, L, M, Q–S, Y, Z; LCC 42.0, E; LCC 26.5, I; KGC 44.95, J, N, T; RW 14.78, K, AA; RW 24.3 O,
P; KGC 44.85, U). Left scale bar represents 200 lm (A–Z); right scale bar represents 100 lm (AA).
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ear-like rays are much smaller than the other rays and
therefore make very small articulatory facets, so in some
cases an incomplete 6 + 0 sclerite missing these rays
might have been misclassified as a complete 4 + 0 sclerite.

While it is likely that we did misidentify some such sclerites, it is not obvious why the numbers of misidentified
sclerites would vary systematically between different samples. Second, it is possible that these two sclerite types
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were present in similar ratios in life, but some selective
taphonomic process changed the ratio of different sclerite
types in the preserved assemblages. The distorted ratios
seen in assemblages of conodonts (see von Bitter & Purnell 2005) and tommotiids (Holmer et al. 2008; Skovsted
et al. 2015), for example, have been explained by hydrodynamic sorting of differently shaped skeletal elements
(Broadhead et al. 1990; McGoff 1991), but the very similar shapes of the 4 + 0 and 6 + 0 sclerites suggest that
they would be similar hydrodynamically, such that it
would be difficult to produce very different morphotype
ratios by this process. A third possibility is that only a
single species was present, and the proportion of the two
sclerite types changed with ontogeny or size, and the different samples reflect input from individuals of different
ages. Little is known of chancelloriid ontogeny; it has
been noted in several species that sclerites near the base
of the animal are smaller than sclerites nearer the apex
(Randell et al. 2005; Bengtson & Collins 2015; Cong et al.
2018; Zhao et al. 2018) suggesting that the former are
older and progressively larger sclerites were added near
the apex as the animal grew. There is no obvious size difference between four and six-rayed sclerites from the
Comet Shale Member, so there is no evidence to support
the hypothesis that varying proportions of the two sclerite
types reflect size or ontogeny. A fourth hypothesis is that
only a single, highly variable species was present, with different populations producing these sclerite morphotypes
in very different proportions due to genetic or ecophenotypic differences. While we cannot exclude this last possibility, we suggest instead that the most straightforward
explanation of our results (a fifth hypothesis) is that these
two morphotypes represent two distinct species that frequently co-occurred. We consequently treat the two morphotypes as different species, Archiasterella cometensis
Moore sp. nov. for the four-rayed form and A. auriculata
Moore sp. nov. for the six-rayed form. We admit that it
is not certain whether these are actually different species
or whether they are instead sciotaxa (sensu Bengtson

1985) of a single species, but a taxonomic treatment
requires us to pick one of these hypotheses, which we
hope will be tested by future work.
These same samples from the basal Comet Shale also
yielded occasional specimens of Archiasterella-like sclerites
differing slightly in ray number from the two most common morphotypes, which we regard as being included
within the spectrum of variation of one or the other of
the species recognized above. Particularly noteworthy are
sclerites of the ‘eared’ type with one additional ray filling
in the gap between the two oblique rays so that the sclerites formally are 6 + 1, although clearly a variation on
the 6 + 0 type of A. auriculata (Fig. 12).
Two samples, HV 25.8, from near the base of the Comet
Shale Member, and OW 27.8, from a carbonate bed high in
the member, yielded 6 + 1 and 7 + 1 sclerites (Fig. 13K,
N); while these are relatively poorly preserved, they are
reminiscent of sclerites of Chancelloria lilioides as frequently
found in the Susan Duster Limestone Member (see below)
and may belong to that species. Apart from a single incomplete sclerite probably belonging to Archiasterella cometensis
from sample HV 32.8, we did not recover any other determinable chancelloriid sclerites from levels of the Comet
Shale Member above the basal ribbon limestone.

Species present in the Susan Duster Limestone Member
(Delamaran)
Most samples from the Susan Duster Limestone Member
yielded two sclerite morphotypes in abundance (Table 3),
one having the formula 6 + 1 (Figs 13A–G, 14) and the
other 4 + 0, the latter being an Archiasterella-type with a
hook-shaped principal ray (Fig. 15A–K, N). These clearly
represent different species, because Archiasterella-like sclerites and Chancelloria-like sclerites with central rays have
never been documented to co-occur within a single scleritome (as noted above), and also because of their very
different ratios in different samples: in the three samples

Chancelloria impar Moore sp. nov.; all specimens are internal moulds in side view, unless noted otherwise.
A, UCMP 116312.2. B, UCMP 116311.1. C, UCMP 116294.1, paratype. D, UCMP 116295.5, paratype. E, UCMP 116316.1, in oblique
view. F, UCMP 116295.4, paratype. G, UCMP 116337.3, large disarticulated ray. H, UCMP 116337.2, large fragmentary sclerite.
I, UCMP 116332.2. J, UCMP 116296.6, paratype. K, UCMP 116315.1. L, UCMP 116295.11, paratype. M, UCMP 116312.1.
N, UCMP 116297.3, paratype. O, UCMP 116335.1, fragment of one ray (see also Fig. 19P). P, UCMP 116310.6. Q, UCMP 116297.5,
paratype. R, UCMP 116295.9, paratype. S, UCMP 116296.1, paratype, 4 + 1 sclerite in oblique view. T, UCMP 116316.2, disarticulated ray (see also Fig. 19C). U UCMP 116337.1, sclerite with phosphatized outer surface (see also Figs 18G, 19Q).
V, UCMP 116310.5. W, UCMP 116297.1, paratype. X, UCMP 116310.2 (see also Fig. 5A, B), close-up showing tall neck at foramen
(arrowed). Y, UCMP 116296.4, paratype, incomplete sclerite. Z, UCMP 116310.4, base of disarticulated central ray.
AA, UCMP 116296.5, paratype, partial sclerite in abaxial view. AB, UCMP 116333.2, partial sclerite in abaxial view. All specimens are
from the Combined Metals Member of the Pioche Formation (samples KGC 44.95, A, M; KGC 44.85, B; GSp 12.5, C, D, F, J, L, N,
Q–S, W, Y, AA; LCC 42.0, E, T; SB 3.7 G, H, U; RW 14.78, I, AB; LCC 26.5, K; RW 24.3, O; KGC 40.9, P, V, X, Z). Right scale bar
represents 200 lm (A–W, Y–AB); left scale bar represents 50 lm (X).
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TABLE 1.

Sample

OSS 0.35
OSS 13.0
OSS 15.9
GSp 12.5
GSp 13.6
GSp 14.1
HV 11.3
HV 11.7
HV 11.9
HV 12.1
SOS 25.1
SOS 29.1
KGC 40.9
KGC 44.85
KGC 44.95
KGC 53.2
RW 9.63
RW 14.78
RW 20.2
RW 20.95
RW 24.3
SS 21.3
SS 38.9
SB 3.7
LC 19.3
LC 21.9
LC 22.7
LC 23.0
LCB 1.3
LCB 5.1
LCC 26.5
LCC 42.0
OW 1.92
OW 2.5
OWB 4.1
Sum

Counts of chancelloriid sclerites from the Combined Metals Member of the Pioche Formation.
Chancelloria impar

Archiasterella
cf. charma

Archiasterella
cometensis

Archiasterella
auriculata

3+0

4+0

4+1

5+1

6+1

7+1

8+1

9+1

13 + 2

3+0

4+0

6+0

0
0
0
1
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3

0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3

0
0
0
4
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5

2
2
0
16
0
0
0
0
0
0
0
1
7
1
0
0
0
0
2
0
1
0
0
1
5
0
0
0
2
2
0
0
0
0
0
42

25
21
4
66
1
0
5
0
0
1
4
1
26
3
20
3
8
8
10
3
1
0
0
1
5
1
1
0
0
6
6
4
0
0
2
236

1
10
5
22
0
1
1
0
0
0
3
0
7
4
28
0
5
21
0
2
1
0
1
0
2
0
0
1
0
0
5
10
1
0
0
131

0
0
0
3
0
0
0
0
0
0
1
0
1
1
9
0
1
3
1
0
0
1
0
0
0
0
0
0
0
0
1
1
0
0
0
23

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
0
0
0
0
0
0
1
2
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
5

0
0
0
0
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
2
0
6

0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
3

that produced at least 100 sclerites, the four-rayed Archiasterella makes up anywhere from 3.1% to 78.4% of the
total sclerites, differences that are highly significant (v2 =
286.32, d.f. = 2, p < 0.001).
Other sclerite morphotypes in these samples are relatively rare, and based on the range of variation documented from other chancelloriids, we identify them as
uncommon sclerite types found in the scleritomes of the
Chancelloria species (including 4 + 1, 5 + 1, and 7 + 1
sclerites, as well as 3–5 + 0 sclerites without a principal
ray) and the Archiasterella species (3 + 0 sclerites with a
principal ray).
Both species from the Susan Duster Limestone Member also seem to be distinct from the species

Total

28
33
9
112
1
1
6
1
7
1
9
2
43
11
58
3
14
35
13
5
3
1
1
2
12
1
1
1
2
8
12
16
3
2
2
459

represented in lower units (apart from the possible
presence of the 6 + 1 form in the Comet Shale Member, as noted above). While Chancelloria impar also
often has 6 + 1 sclerites, it differs from the Susan Duster form in having much larger marginal rays on one
side of the sclerite than the other, whereas any disparity in marginal ray size in the Susan Duster form is
much smaller. In addition, samples from the Combined
Metals Member show much greater variation in the
number of marginal rays, while 97.8% of Susan Duster
sclerites with central rays have the formula 6 + 1. As
for the four-rayed Archiasterella sclerites, specimens
from the Comet Shale Member generally show an
almost straight, vertically oriented principal ray, whereas
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Graph showing the proportions of different sclerite morphotypes in different samples from the Combined Metals Member.

the principal ray from the Susan Duster Limestone
Member specimens is hook-shaped. Additionally, 3 + 0
sclerites are found in the Susan Duster Limestone but
not in the Comet Shale. These differences may be subtle, but as we observe them consistently in hundreds of
sclerites from many samples across our study area, we
think they reflect original biological differences. As a
result, we ascribe the two forms from this member to
two new species, Chancelloria lilioides Moore sp. nov.
and Archiasterella uncinata Moore sp. nov., respectively.
In summary, then, we recognize a total of six chancelloriid species in our samples from the Pioche Formation,
of which we formally describe five and leave one in open
nomenclature (Table 4; Fig. 16). Each of the three members hosts a distinctive assemblage, although there is some
overlap between them: the Combined Metals Member is
dominated by Chancelloria impar, with a few samples producing Archiasterella cometensis, A. auriculata and
A. cf. charma; the Comet Shale Member is dominated by
A. cometensis and A. auriculata, with a few sclerites possibly belonging to Chancelloria lilioides; and the Susan Duster Limestone Member yields C. lilioides and A. uncinata.

TAPHONOMY AND MICROSTRUCTURE
Taphonomy
The most frequent mode of preservation is as phosphatic
internal moulds of the lumina inside the rays; as the ray
wall is generally missing from acid-treated specimens, this
wall presumably retained its original calcareous composition until it was dissolved during maceration. As a result,
sclerites frequently disarticulate into moulds of single
rays. While the quality of preservation is variable, in
many specimens the apatite crystals are small enough to
preserve fine microstructural details (see next section).
Phosphatic specimens are most commonly grey in colour,
but range from white to black, and in many samples they

show reddish spots or stains. Some of these moulds contain void spaces, presumably filled with carbonate prior
to acid maceration; often these voids are more extensive
toward the centre of ray, with a more continuous phosphatic crust developed on the surface of the ray lumen.
These phosphatic moulds often still host inclusions of
other minor phases, including phyllosilicates, silica and
iron oxides, as indicated by EDS analyses showing subsidiary amounts of silicon, aluminium, iron, and magnesium, although apart from scattered phyllosilicate plates
cutting across the surface of a ray these are rarely obvious
visually. Similar small inclusions of silicate or carbonate
minerals, presumably of diagenetic origin, are often found
in phosphatic moulds of small shelly fossils (Qian 1989;
Zhu et al. 1996; Moore et al. 2010; Pang et al. 2017; JLM,
unpub. data). In occasional specimens (Figs 17A, 18E),
the surface of the ray (either the internal mould or an
external coating) has exploded outwards, presumably due
to the pressure of crystallization of a later paragenetic
phase (cf. Steiner et al. 2007). A few specimens from the
Combined Metals Member are covered with heaps of little
irregular cubes with striated faces (Fig. 17B, C), now
composed of iron oxides but presumably originally made
of pyrite. One specimen has a spine-like structure projecting out of one foramen (Fig. 17D); most likely a fragment
of some other shelly structure was trapped in the ray
lumen after decay of its soft tissues. Occasional specimens
show rays that have been broken or bent, presumably due
to sediment compaction or tectonic deformation
(Fig. 17E).
While most samples from throughout the studied interval yielded phosphatic specimens, in some samples internal moulds of chancelloriid sclerites are composed of
other minerals; with a few exceptions, specimens from a
single sample show the same composition. Specimens
from two samples of the Combined Metals Member (HV
12.1, LCC 26.5) are preserved by red iron oxides
(Fig. 17F, G), with EDS showing subsidiary amounts of
silicon, aluminium and potassium, occasionally with
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F I G . 8 . Archiasterella cometensis Moore sp. nov. (A, B, F, G) and A. auriculata Moore sp. nov. (C–E, H–K), specimens from the
Combined Metals Member with the outer surface phosphatized. A–B, UCMP 116324.3, 4 + 0 sclerite in basal and oblique view. C,
E, UCMP 116307.2, 6 + 0 sclerite in basal and oblique view (see also Fig. 18A, E, H). D, H–K, UCMP 116324.2, 6 + 0 sclerite in basal
(H) and oblique views, with close-ups of the basal surface (see also Fig. 18B–D). F–G, UCMP 116307.1, 4 + 0 sclerite in oblique and
basal views (see also Fig. 18I). All specimens are from the Combined Metals Member of the Pioche Formation or its equivalent (samples OW 1.92, A, B, D, H–K; ICS-1099 C, E–G). Top left scale bar represents 200 lm (A–I); other scale bars represent 50 lm (J, K).

minor amounts of silica, and iron or calcium-bearing
phases. In several samples from the Comet Shale Member,
internal moulds are composed of coarse stacks of plates
of a green glauconite-like iron and magnesium-bearing
phyllosilicate (e.g. Fig. 17K). In several samples from the
Susan Duster Limestone Member, internal moulds are
made of irregularly arranged plates of a buff-coloured
mineral composed of potassium, aluminium, silicon and
oxygen (Fig. 17H).
While most chancelloriid sclerites were recovered only
as internal moulds, a few samples from both the

Combined Metals Member and the Susan Duster Limestone Member preserve delicate external coatings recording the outer surface of the sclerite (e.g. Figs 6U, 8, 13B–
I, 15A–B, 18, 19Q). This layer is separated from the
underlying internal mould by a void reflecting the former
presence of the calcareous sclerite wall which dissolved
during acid maceration (Figs 15A–B, 19Q), and is probably a result of replacement of an organic pellicle or
periostracum-like coating on the outside of the sclerite
(cf. Porter 2004a, 2008). EDS spectra of these layers show
that they are composed of calcium phosphate without
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Archiasterella cf. charma (A–C, E, F) and A. spp. indet. (D, G–J); all specimens are internal moulds unless noted otherwise.
A, UCMP 116332.1, 3 + 0 sclerite in basal view. B, UCMP 116316.4, 3 + 0 sclerite in oblique basal view. C, UCMP 116336.2, 3 + 0
sclerite in oblique basal view. D, UCMP 116293.1, disarticulated principal ray. E, UCMP 116302.1, 3 + 0 sclerite in basal view.
F, UCMP 116307.3, 3 + 0 sclerite in basal view, possibly with some phosphatization of the outer surface around the foramina.
G, UCMP 116308.1, sclerite with at least ten rays in oblique view (see Fig. 21C for a possible interpretation). H–I, UCMP 116340.7,
sclerite of at least seven rays in basal and oblique views (see Fig. 21B for a possible interpretation). J, UCMP 116326.4, fragmentary
sclerite in oblique abaxial view. Specimens are from the Combined Metals Member or its equivalent (samples RW 14.78, A; LCC 42.0,
B; ICS-10004, C; HV 11.9, E; ICS-1099, F) and Comet Shale Member (samples ICS-10555, D; ICS-1265, G; SB 5.3, H, I; OW 3.25, J)
of the Pioche Formation. Scale bar represents 200 lm.

FIG. 9.

any other minerals; some bear large prismatic crystals of
a sodium-bearing silicate on their surface (Fig. 8C, E). In
some samples from the Susan Duster Limestone Member,
phosphatization was developed only around the junctions
between rays, resulting in distinctive ring-shaped structures (Figs 13L, 17I–J).
Phosphatic internal moulds of rays often bear threadlike cylindrical structures that we interpret as moulds of
endolithic microborings, 2–6 lm in diameter (Figs 17L–
P, 19F–H); these would originally have been tunnels
through the calcareous wall, which were subsequently
infilled with calcium phosphate and exposed by acid

maceration. These microborings sometimes form quite
dense arrays, occasionally with multiple borings stacked
on top of one another, but never cross-cutting. Borings
can occur on all surfaces, including the basal surfaces and
even articulatory facets (Fig. 17O). They are often more
or less parallel to the long axes of the rays; on the basal
surface they often wind around the foramina (Fig. 17M,
P). While moulds of borings are always truncated (presumably due either to incomplete phosphatization or to
parts of the mould falling off during sample preparation),
individual portions can be traced for more than 100 lm.
In some samples almost all sclerites are microbored (e.g.
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TABLE 2.

Sample

OSS 30.05
OSS 30.3
GSp 28.6
HV 25.1
HV 25.8
HV 32.8
KGC 54.6
SB 5.3
OW 3.25
OW 27.8
Sum

Counts of chancelloriid sclerites from the Comet Shale Member of the Pioche Formation.
Archiasterella
cometensis

Archiasterella auriculata

4+0

5+0

6+0

5+1

6+1

10
53
72
1
1
1
118
206
139
0
601

0
0
3
0
0
0
1
0
0
0
4

2
17
111
0
0
0
77
190
57
0
454

0
0
0
0
0
0
0
1
0
0
1

0
3
1
1
0
0
3
8
2
0
18

GSp 12.5), in others only a few are, and in still others no
borings are observed; while some of this variation is
probably due to variation in the quality of phosphatization in different samples, some of it is likely to be original. Similar microborings are widespread on Cambrian
small shelly fossil moulds, including chancelloriids, and
have been attributed to the activity of cyanobacteria
(Runnegar 1985; Bengtson et al. 1990; Li 1997; Elicki
1999; Qian et al. 2007; Moore et al. 2010, 2014; Yang &
Han 2017; Yang et al. 2017). While Cambrian borings
have generally been placed in the genera Endoconchia
Runnegar in Bengtson et al., 1990 or Cunicularius Green
et al., 1988, similar borings are produced by a wide variety of modern lineages, even among the cyanobacteria
(Chac
on et al. 2006), so it would arguably be more
appropriate to treat them ichnotaxonomically and place
them in the ichnogenus Scolecia Radtke, 1991 (see Radtke
1991; Glaub 1994).

Microstructural features
Microstructural features are occasionally preserved on
some sclerites, particularly those with particularly fine
phosphatic internal moulds. Internal moulds commonly
bear striations or low ridges spaced every c. 1 lm aligned
parallel to the longitudinal axis of each ray (Fig. 19A–C),
presumably recording an aragonitic fibrous microstructure
as previously reported from chancelloriids (Bengtson et al.
1990; Mehl 1996; Kouchinsky 2000; Janussen et al. 2002;
Wrona 2004; Bengtson 2005; Porter 2008; Moore et al.
2014; Kouchinsky et al. 2015). On one specimen (Fig. 19D,
E), these fine striations are grouped into a series of short
ridges, approximately parallel to the long axes of the rays;
these are somewhat reminiscent of the ‘laths’ of fibres
reported by Kouchinsky (2000; Kouchinsky et al. 2015),

Archiasterella sp.

Chancelloria
lilioides?

7+1

7+0

6+1

7+1

0
0
0
0
0
0
0
1
0
0
1

0
0
0
0
0
0
0
1
0
0
1

0
0
0
0
1
0
0
0
0
5
6

0
0
0
0
1
0
0
0
0
0
1

Total

12
73
187
2
3
1
199
407
198
5
1087

although it remains unclear whether these are of diagenetic
origin or whether they preserve some original feature. Several sclerites show a more irregular arrangement of fibres
on the proximal portion of each ray, in the region around
the foramen and on the articulatory facets, with the fibres
organized into small sectors of parallel fibres c. 5–15 lm
across but with entirely different fibre orientations in adjacent sectors (Fig. 19F–K, M). (A similar feature was noted
by Kouchinsky 2000; see also Kouchinsky et al. 2015.) The
highest stresses to which rays would have been subjected
along most of their length would presumably have been
from bending of the ray axis, and aragonitic fibres parallel
to this axis would strengthen the ray in this direction; in
the proximal region, stresses would be less regular and so
an irregular fibre orientation would presumably have been
permissible.
Several specimens preserve short cylindrical extensions
(c. 2–3 lm in diameter) from the internal mould
(Fig. 19C, F, G, N–P); these are interpreted as moulds of
pores that would have crossed through the original calcareous wall (Bengtson et al. 1990; Wrona 2004; Porter
2008; Moore et al. 2010, 2014), as is substantiated by a
few specimens in which they span the entire gap between
the internal mould and the outer coating (Fig. 19Q).
The external layer interpreted above as a phosphatized
organic layer preserves details of the outer surface of sclerites of four of the species described below. In Chancelloria lilioides (Fig. 13C–I) and Archiasterella uncinata
(Fig. 15A, B), this layer appears to have been smooth and
featureless (apart from the foraminal rims in C. lilioides,
described below); while the surface of some specimens is
rough or pitted, this is presumably a result of incomplete
phosphatization. In contrast, the outer layer of sclerites of
both A. cometensis and A. auriculata often has an ornament of densely set low ridges broken into very low pillshaped projections, c. 2–3 lm wide and c. 6–10 lm long,
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Archiasterella cometensis Moore sp. nov.; all specimens are internal moulds of 4 + 0 sclerites, unless noted otherwise. A–
B, UCMP 116314.2, paratype, abaxial and side views. C–D, UCMP 116319.1, view of abapical side and basal view. E–
F, UCMP 116314.1, holotype, oblique and abaxial views. G–H, UCMP 116319.2, basal and oblique views. I, UCMP 116313.2, paratype, side view. J, UCMP 116339.2, side view. K, UCMP 116319.3, basal view; note curved articulatory facets. L, UCMP 116339.3,
abaxial view. M, UCMP 116340.1, side view. N, UCMP 116313.1, paratype, basal view. O, UCMP 116339.1, abaxial view.
P, UCMP 116300.1, basal view of poorly preserved 5 + 0 sclerite. Q, UCMP 116299.1, oblique basal view. R, UCMP 116326.1, abaxial
view. S, UCMP 116326.2, basal view. All specimens are from the Comet Shale Member of the Pioche Formation (samples KGC 54.6,
A, B, E, F, I, N; OSS 30.3, C, D, G, H, K; SB 5.3, J, L, M, O; GSp 28.6, P, Q; OW 3.25, R, S). Scale bar represents 200 lm.

FIG. 10.
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Archiasterella auriculata Moore sp. nov.; all specimens are internal moulds of 6 + 0 sclerites. A–C, UCMP 116314.4, holotype, basal and oblique views and view of abapical side. D–E, UCMP 116314.5, paratype, abaxial and oblique views. F–
G, UCMP 116314.3, paratype, basal view and view of abapical side. H–I, UCMP 116313.3, paratype, basal and oblique views.
J, UCMP 116299.3, basal view. K–L, UCMP 116314.6, paratype, oblique and adaxial views. M, UCMP 116299.6, abaxial view.
N, UCMP 116299.5, view of abapical side. O, UCMP 116340.3, view of abapical side. P, UCMP 116313.5, paratype, oblique abaxial
view. Q, UCMP 116313.7, paratype, oblique basal view. R, UCMP 116326.3, abaxial view. S, UCMP 116313.6, paratype, oblique basal
view. T, UCMP 116299.2, abaxial view. U, UCMP 116313.4, abaxial view. In T and U, arrows highlight sites were oblique rays were
formerly present, as indicated by articulatory facets on adjacent rays. All specimens are from the Comet Shale Member of the Pioche
Formation (samples KGC 54.6 A–I, K, L, P, Q, S, U; GSp 28.6 J, M, N, T; SB 5.3 O; OW 3.25 R). Scale bar represents 200 lm.
FIG. 11.
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Archiasterella auriculata Moore sp. nov.; all specimens are internal moulds of formally n + 1 sclerites. A–
B, UCMP 116340.4, formally 6 + 1 sclerite in basal and oblique basal views. C, UCMP 116319.4, incomplete formally 6 (?) + 1 sclerite
in oblique view. D, UCMP 116319.5, formally 6 + 1 sclerite, view of abapical side (see also Fig. 17N). E, UCMP 116340.2, incomplete
formally 6 (?) + 1 sclerite, oblique view of abapical side. F, UCMP 116300.2, poorly preserved formally 5 (?) + 1 sclerite in basal view.
G, UCMP 116340.5, formally 6 + 1 sclerite in basal view. H, UCMP 116340.6, formally 6 + 1 sclerite in oblique view.
I, UCMP 116309.1, formally 7 + 1 sclerite, oblique view of abapical side. J, UCMP 116299.4, incomplete sclerite in abaxial view with
arrows indicating articulatory facets on oblique rays demonstrating the presence of one (or more) additional rays now missing. All
specimens are from the Comet Shale Member of the Pioche Formation (samples SB 5.3, A, B, E, G, H; OSS 30.3, C, D; GSp 28.6 F, J;
ICS-1289, I). Scale bar represents 200 lm.

FIG. 12.

with the long axes aligned parallel to the axis of each ray
(Fig. 18A, D, E); in other specimens the outer surface has
a filigree-like appearance with longitudinal slits, apparently as a result of incomplete phosphatization (Fig. 18B,
C). This ornament may simply be a reflection of the longitudinal fibrous microstructure of the ray wall; alternatively, these could be a very subdued variant of the scalelike projections that are widespread among coeloscleritophoran sclerites (Bengtson 2005; Porter 2008).
Arrays of hemispherical bumps or verruculae are found
on the basal facets surrounding the foramina of Chancelloria impar (Figs 18F–G, 19B), Archiasterella cometensis
(Fig. 18I), A. auriculata (Fig. 18H), and possibly C. lilioides (Fig. 18J), although if the latter are present they are
very poorly preserved. Similar verruculae have previously
been documented from sclerites of several chancelloriid
species (Bengtson et al. 1990; Demidenko 2000; Fernandez Remolar 2001a; Gravestock et al. 2001; Topper et al.
2009; Devaere et al. 2014; Moore et al. 2014) as well as
the single-rayed sclerites of Eremactis Bengtson & Conway

Morris in Bengtson et al., 1990 (Bengtson et al. 1990)
and Cambrothyra Qian & Zhang, 1983 (Duan 1986; Duan
et al. 1993; Moore et al. 2010).

SYSTEMATIC PALAEONTOLOGY
by J. L. Moore

CHANCELLORIIDAE Walcott, 1920

Type genus. Chancelloria Walcott, 1920.
Other included nominal genera. Aldanispinella Vasil’eva, 1998,
Aldanospina Missarzhevsky, 1989, Allonnia Dore & Reid, 1965,
Archiasterella Sdzuy, 1969, Chancelloriella Demidenko, 2000, Diffusasterella Demidenko in Gravestock et al., 2001, Elkanospina
Missarzhevsky, 1989, Ginospina Missarzhevsky, 1989, Platyspinites Vasil’eva, 1985, Tuserospina Missarzhevsky, 1989, Zhurinia
Missarzhevsky, 1989.
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Chancelloria lilioides Moore sp. nov.; specific assignment of K and N is questionable. A, UCMP 116329.1, internal mould of
6 + 1 sclerite in basal view. B, UCMP 116328.7, paratype, 6 + 1 sclerite with phosphatized outer surface in basal view.
C, UCMP 116328.5, paratype, 6 + 1 sclerite with phosphatized outer surface in basal view. D, UCMP 116327.1, paratype, 6 + 1 sclerite with phosphatized outer surface in basal view. E–G, UCMP 116328.1, holotype, 6 + 1 sclerite with phosphatized outer surface in
basal and oblique views (see also Fig. 18J). H–I, UCMP 116328.4, paratype, 4 + 0 sclerite with phosphatized outer surface in oblique
basal views. J, O, UCMP 116322.5, internal mould of 5 + 0 sclerite in oblique and basal views. K, UCMP 116304.2, partial internal
mould in side view. L, UCMP 116328.8, incomplete sclerite in abaxial view. M, UCMP 116328.2, incomplete sclerite in abaxial view.
N, UCMP 116304.1, incomplete 6 + 1 sclerite. Specimens are from the Comet Shale Member (HV 25.8, K, N) and the Susan Duster
Limestone Member (OW 34.2, A; OW 34.0, B–I, L, M; OSS 54.1, J, O) of the Pioche Formation. Scale bar represents 200 lm.

FIG. 13.

Emended diagnosis. Sessile marine metazoans with approximately radially symmetrical, bag or club-shaped bodies.
Integument flexible, sometimes with fine platelets or spines.
Body surface bearing external sclerites consisting of multiple hollow rays, each with a separate calcareous wall and a
restricted foramen allowing the ray lumen to connect to the
body wall; cross-section of rays nearly circular, except
where bases are joined. Sclerites quincuncially or irregularly
arranged; at the apex there may be a tuft of modified spinelike sclerites surrounding a hypothesized central orifice.
(This diagnosis incorporates features of those of both
Moore et al. (2014) and Bengtson & Collins (2015).)

Remarks. The genera included in the Chancelloriidae are
discussed in Moore et al. (2014). Cambrobotris Missarzhevsky, 1989 and more questionably Stellispinella
Vasil’eva in Vasil’eva & Sayutina, 1993 are herein
regarded as synonyms of Chancelloria. Several of the other
nominal genera listed above are very poorly understood
and may not warrant recognition, but we are confident
that all of those listed here at least belong within the
Chancelloriidae. Cambrothyra Qian and Zhang 1983,
Eremactis Bengtson & Conway Morris in Bengtson et al.,
1990 and Nidelric Hou et al., 2014 are closely related to
chancelloriids but differ in having sclerites consisting of
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TABLE 3.

Sample

OSS 53.05
OSS 54.1
GSp 55.6
GSp 55.9
GSp 59.4
HV 52.7
HV 53.45
HV 54.0
HV 56.15
RW 63.9
SB 36.5
OW 34.0
OW 34.2
OW 34.3
OW 34.9
Sum
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Counts of chancelloriid sclerites from the Susan Duster Limestone Member of the Pioche Formation.
Chancelloria lilioides

Archiasterella
uncinata

3+0

4+0

5+0

4+1

5+1

6+1

7+1

3+0

4+0

0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
1

0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
1

0
0
0
1
0
1
0
0
0
0
0
3
0
0
0
5

32
11
1
0
0
83
15
1
1
1
8
316
13
12
1
495

0
1
0
0
0
0
0
0
0
0
0
1
0
0
0
2

0
5
0
0
0
0
0
0
0
0
0
0
0
0
0
5

116
5
9
2
0
58
31
0
1
0
6
10
16
15
1
270

only a single ray. Archicladium Qian & Xiao, 1984, Diplospinella Vasil’eva in Vasil’eva & Sayutina, 1988, and Polycladium Qian & Xiao, 1984 all require additional study to
determine whether or not they are actually chancelloriids.
Herein we follow traditional practice and distinguish
chancelloriid genera based on overall sclerite morphology,
as this generally offers a satisfactory scheme for placing
specimens and allows comparisons between isolated sclerites and complete animals from Burgess Shale-type deposits. Nonetheless, it should be noted that several finer-scale
structures of sclerites have a phylogenetic distribution that
is discordant with traditional taxonomy, and thus could
potentially support a different classification. For example,
scale-like protrusions on the outer sclerite surface similar
to those reported here from Archiasterella cometensis Moore
sp. nov. and A. auriculata Moore sp. nov. are absent from
A. uncinata Moore sp. nov. (as well as Chancelloria lilioides
Moore sp. nov.), despite having been previously documented in some species of Archiasterella (Bengtson et al.
1990; Porter 2008; Devaere et al. 2019), Allonnia (Moore
et al. 2014) and Cambrothyra (Moore et al. 2010), as well
as various other coeloscleritophorans (Bengtson 2005; Porter 2008) if those are indeed related. Similarly, verruculae
on the basal facet are shown herein from several species of
Chancelloria and Archiasterella, and have previously been
documented from species of Chancelloria (Bengtson et al.
1990; Demidenko 2000; Gravestock et al. 2001; Topper
et al. 2009) and Allonnia (Fernandez Remolar 2001a;
Devaere et al. 2014; Moore et al. 2014), as well as from the
single-rayed sclerites of Eremactis (Bengtson et al. 1990)
and Cambrothyra (Duan 1986; Duan et al. 1993; Moore
et al. 2010). A third example is offered by the ‘toothed

Total

148
24
10
3
1
142
46
1
3
1
14
330
29
27
2
781

borders’ around the foramina (sensu Moore et al. 2014):
this term is applied to a densely pitted field surrounding
each foramen on internal moulds, with each pit presumably
corresponding to a tiny tooth projecting from the internal
wall of the original sclerite. These have been documented
from sclerites attributed to the genera Chancelloriella (Li
1999; Parkhaev & Demidenko 2010; Moore et al. 2014),
Allonnia (Moore et al. 2014), Archiasterella (Moore et al.
2014; Novozhilova 2014) and Chancelloria (Kouchinsky
et al. 2017), as well as in single-rayed sclerites attributed to
‘Monospinites’ piriformis Vasil’eva & Bokova in Bokova &
Vasil’eva, 1990 (Vasil’eva 1998), but they are absent from
all of the specimens described herein, as well as many other
chancelloriid species. The presently known distributions of
all three of these characters are discordant both with each
other and with the current chancelloriid taxonomy; as further species are investigated in detail based on well-preserved material and these patterns become better
understood, they may clarify their phylogenetic or functional significance.
Stratigraphical range and distribution. Cambrian (Terreneuvian–Furongian); worldwide. Zhu et al. (2017) have
recently recorded the presence of chancelloriids from
what may be the latest Ediacaran of Siberia, but the published figure is not clearly diagnostic.

Genus CHANCELLORIA Walcott, 1920

Type species (by original designation). Chancelloria eros
Walcott, 1920.
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Chancelloria lilioides Moore sp. nov.; all specimens are internal moulds. A, UCMP 116305.2, 6 + 1 sclerite in basal view. B–
C, UCMP 116305.3, 6 + 1 sclerite in oblique and abaxial views. D, UCMP 116305.1, 6 + 1 sclerite in abaxial view.
E, UCMP 116322.3, strongly asymmetrical 6 + 1 sclerite in basal view. F, UCMP 116301.7, basal part of central ray, side view.
G, UCMP 116320.1, side view. H–I, UCMP 116322.2, strongly asymmetrical 5 + 1 sclerite in oblique basal views (see also Fig. 17H).
J, UCMP 116306.1, strongly asymmetrical sclerite in side view. K, M, UCMP 116322.1, 4 + 0 sclerite in basal and side views.
L, UCMP 116322.4, incomplete 7 + 1 sclerite in oblique view. N–O, UCMP 116301.1, 4 + 1 sclerite in abaxial and oblique views.
P, UCMP 116330.1, disarticulated marginal ray. All specimens are from the Susan Duster Limestone Member of the Pioche Formation
(samples HV 52.7, A–D; OSS 54.1, E, H, I, K–M; GSp 59.4, F, N, O; OSS 53.05, G; HV 56.15, J; OW 34.2, P). Scale bar represents
200 lm.

FIG. 14.

Other included nominal species. Chancelloria acervata Vasil’eva in
Vasil’eva & Sayutina, 1988, C. aksuensis Xiao & Qian in Gao
et al., 1987, C. aldanica Zhuravleva & Korde, 1955, C. altaica
Romanenko, 1968, C. arida Duan, 1984, C. aurora Lochman,
1940, C. australilonga Yun et al., 2019a, C. bella (Demidenko,
2000), C. coronacea Vasil’eva, 1985, C. cruceana Rusconi, 1954,
C. drusilla Walcott, 1920, C. exilis Saito, 1936, C. fragilis Vasil’eva, 1985, C.? grosdilovi Zhuravleva & Korde, 1955, C.? hindei
(Walcott, 1917), C. ‘hispanica’ (Sdzuy, 1969, non C. hispanica

Richter & Richter, 1940), C. impar Moore sp. nov., C. iranica
Mostler & Mosleh-Yazdi, 1976, C. lenaica Zhuravleva & Korde,
1955, C.? libo Walcott, 1920, C. lilioides Moore sp. nov.,
C. maroccana Sdzuy, 1969, C. obliqua Demidenko in Gravestock
et al., 2001, C. pentacta Rigby, 1978, C.? primaria Missarzhevsky,
1989, C. racemifundis Bengtson in Bengtson et al., 1990, C. simmetrica Vasil’eva, 1985, C. spinulosa Vasil’eva, 1985, C. tuberculata Sayutina in Vasil’eva & Sayutina, 1988, C. verrucata
Missarzhevsky, 1989, C.? yorkensis Walcott, 1920.
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Archiasterella uncinata Moore sp. nov.; all specimens are internal moulds of 4 + 0 sclerites, unless noted otherwise. A–
B, UCMP 116331.1, sclerite with partially phosphatized outer surface in basal and oblique views. C, UCMP 116305.5, oblique view.
D, UCMP 116305.4, oblique basal view. E, UCMP 116320.2, view of abapical side. F, G, I, UCMP 116322.6, holotype, in side, oblique,
and basal views. H, UCMP 116331.2, basal view. J, UCMP 116305.6, oblique view. K, UCMP 116329.2, abaxial view.
L, UCMP 116321.1, paratype, 3 + 0 sclerite in oblique basal view. M, O, UCMP 116322.7, paratype, 3 + 0 sclerite in side and basal
views. N, UCMP 116306.2, abaxial view. All specimens are from the Susan Duster Limestone Member of the Pioche Formation (samples OW 34.3, A, B, H; HV 52.7 C, D, J; OSS 53.05, E; OSS 54.1, F, G, I, L, M, O; OW 34.2, K; HV 56.15, N). Scale bar represents
200 lm.

FIG. 15.
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TABLE 4.

Summary of chancelloriid species recognized from the Pioche Formation.

Species

Ray formulae

Other diagnostic features

Stratigraphic range

Chancelloria
impar
Chancelloria
lilioides
Archiasterella
cometensis
Archiasterella
uncinata
Archiasterella
auriculata
Archiasterella cf.
charma

5–8 + 1, rarely 4 + 1,
9 + 1, 3–4 + 0
6 + 1, rarely 4–5 + 1,
7 + 1, 3–4 + 0
4 + 0, rarely 5 + 0

Marginal rays much larger on adapical
side than on abapical
Marginal rays more nearly equal in size

Combined Metals Member

Principal ray vertical or recurved

4 + 0, rarely 3 + 0

Principal ray hook-shaped

6 + 0, sometimes
5–7 + 1
3+0

Pair of oblique abapical rays

Emended diagnosis. Chancelloriids with scleritome composed entirely or mostly of sclerites with one central ray
surrounded by a circlet of marginal rays, although sclerites with zero or as many as four central rays may be
present as minor components of scleritome; all rays (including central ray) spine-shaped; size and orientation of
marginal rays relatively regular, with sclerite symmetry
ranging from markedly bilateral to approximately radial;
marginal rays horizontal to strongly angled away from
basal plane; proximal portions of rays have flattened basal
facets rather than rounded surfaces.
Remarks. Chancelloria was the first chancelloriid genus to
be described, and while the name is still sometimes
applied indiscriminately to any chancelloriid material,
most workers have divided the diversity of chancelloriid
species into several genera. Scleritomes of Chancelloria
always consist dominantly or exclusively of sclerites with
central rays, whereas sclerites of Aldanispinella, Aldanospina, Allonnia, Archiasterella, Diffusasterella and Tuserospina lack central rays (except for some sclerites of
Archiasterella auriculata Moore sp. nov., as discussed
below). Chancelloria differs from Cambrothyra, Eremactis
and Nidelric in having sclerites composed of more than
one ray, and from Diplospinella in that the latter has two
concentric circles of rays around the central ray. Zhurinia
is very poorly understood but was diagnosed as having
flattened rather than rounded rays (Missarzhevsky 1989);
Demidenko (in Parkhaev & Demidenko 2010) regarded it
as a synonym of Allonnia, but based on published illustrations, it is not possible to rule out its sclerites having
had central rays (Missarzhevsky 1989).
Chancelloriella and Ginospina resemble Chancelloria in
having sclerites with central rays, but we retain them as
distinct. Unlike Chancelloria, Chancelloriella and Ginospina, both have rounded basal surfaces and an often
irregular arrangement of rays (Missarzhevsky 1989; Dzik

Susan Duster Limestone Member, possibly
Comet Shale Member
Upper Combined Metals Member, Comet
Shale Member
Susan Duster Limestone Member
Upper Combined Metals Member, Comet
Shale Member
Combined Metals Member

1994; Moore et al. 2014); the sclerites of Chancelloria
have flattened basal facets and more regularly arranged
rays. The rounded basal surfaces and irregular organization of sclerites of Chancelloriella and Ginospina may be
plesiomorphic for chancelloriids as a whole (Moore et al.
2014), given their similarity to agglomerated clusters of
sclerites in the predominantly single-rayed taxon Cambrothyra ampulliformis Qian and Zhang 1983 (cf. Qian
et al. 2000; Cao 2000; Steiner et al. 2004; Moore et al.
2010), the possible ancestry of chancelloriids from animals with single-rayed sclerites, and their being among
the oldest well-characterized chancelloriids (the Terreneuvian Chancelloria primaria is similar to these and may not
belong in Chancelloria, and the ‘indeterminate chancelloriid sclerites’ from the Terreneuvian Mount Terrible
Formation of South Australia figured by Jacquet et al.
(2017) probably belong to Chancelloriella too).
Other characters previously regarded as distinguishing
Chancelloria from Chancelloriella are not accepted herein.
The two genera were originally distinguished due to Chancelloriella having bilaterally symmetrical sclerites with marginal rays on one side of the sclerite much larger than those
on the other (Demidenko 2000), but both of these features
are seen in sclerites of Chancelloria eros, the type species of
Chancelloria, as well (Bengtson & Collins 2015). Following
the emended diagnosis of Chancelloriella by Moore et al.
(2014), both Chancelloriella bella Demidenko, 2000 and the
material placed in Chancelloriella irregularis (Qian, 1989)
by Demidenko (2000; in Gravestock et al. 2001) are transferred to Chancelloria herein. Moore et al. (2014) also distinguished Chancelloriella from Chancelloria based on the
often more abaxial position of the central ray relative to the
marginal rays; but we no longer accept this as a useful diagnostic character, as the state of this character is unknown
in C. eros, and other species of Chancelloria (including both
new species described here) show an abaxial placement of
the central ray.
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FIG. 16.
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Simplified diagrammatic views of some characteristic sclerite morphotypes of the new species described herein.

The status of two further nominal chancelloriid genera is
more difficult to evaluate. Platyspinites has been used as a
home for a variety of unusual chancelloriid sclerites. The
holotype of the type species, P. digitatus Vasil’eva, 1985,
appears to be 11 + 3 (Vasil’eva 1985, 1998) with all rays
short and vertically oriented. P. floriformis Vasil’eva, 1994
is 12–14 + 4, with all rays relatively short and the marginal
rays at a high angle to the basal plane; it is somewhat reminiscent of Chancelloria coronacea (Vasil’eva 1985, 1998).
The type species of Elkanospina, E. multispinata Missarzhevsky, 1989 is similar to these forms; E. trispinata
Missarzhevsky, 1989 seems instead to be similar to Allonnia. Specimens from the Meishucunian of Yunnan attributed to P. digitatus and P. elegans Demidenko in Parkhaev &
Demidenko, 2010 have all rays vertically oriented but quite
long (Parkhaev & Demidenko 2010); it is possible that
these forms are a rare sclerite type in the scleritome of
Chancelloriella irregularis (Moore et al. 2014), perhaps
equivalent to the sclerites in the apical tufts described from
some articulated chancelloriids (Bengtson & Collins 2015;
Cong et al. 2018; Yun et al. 2018, 2019a; Zhao et al. 2018).
Platyspinites and Elkanospina are therefore poorly understood, but in having more irregular forms, multiple central
rays, and (at least in E. multispinata) rounded basal surfaces they appear to fall outside Chancelloria.

More than 30 different available specific names have
been established for material assigned to Chancelloria,
based on type material of widely varying quality, including both complete specimens from Burgess Shale-type
deposits and isolated sclerites. While a full revision of the
genus remains necessary, some commentary on the
described species and their characters is appropriate here,
beginning with species known from articulated specimens.
The type species, C. eros from the Burgess Shale, was
recently redescribed by Bengtson & Collins (2015). Its
sclerites are most commonly 6–7 + 1, but 5 + 1, 8 + 1,
3 + 0, and 4 + 0 sclerites are also present. Sclerites are
bilaterally symmetrical, with the bases of the adapical
marginal rays being larger than those of the abapical ones;
the latter also seem to be shorter, although this may be
because they curve away from the basal plane (and therefore are not well exposed on the shale bedding planes). In
many sclerites all rays are curved towards the apex (in
basal view), although this often is not particularly
marked. The central rays are vertical to adapically
recurved. Although Bengtson & Collins (2015) did not
present any count data, it seems that the modal ray number varies among specimens. Sclerites lacking central rays
are approximately radially symmetrical. Sclerites closer to
the apex of the animal are larger than those near the base,
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but other morphological differences were not noted, apart
from the possible presence of a tuft of spine-like sclerites
around the apex, although the details of those were not
clear. A few otherwise similar specimens were left in open
nomenclature as C. cf. eros as they have exclusively 6 + 1
sclerites that are more regularly arrayed on the body surface than those of other specimens.
Articulated specimens of Chancelloria have also been
described from other localities. Much of the material
from the Wheeler Formation of western Utah has sclerites
similar to those of Burgess Shale C. eros, and most
authors have placed them in this species; Rigby (1978)
described specimens with mostly 6 + 1 sclerites, with
some 5 + 1 and 4 + 0, while Janussen et al. (2002)
described specimens with mostly 7 + 1 sclerites, with
fewer 6 + 1 and 8 + 1; Bengtson & Collins (2015) suggested that the latter material may represent a distinct
species because of their seemingly more regular sclerite
arrangement, size, and ray formula (a contention by
which we are not yet convinced). Rigby (1978) separated
specimens with mostly 5 + 1 sclerites (and only a few
6 + 1 sclerites) as C. pentacta (see also Gunther & Gunther 1981); he also stated that its sclerites are somewhat
more robust than those of C. eros, but as they are generally very similar the specific distinction by Rigby perhaps
warrants reconsideration. Incomplete scleritomes from the
El Gavilan Formation of central Sonora were placed in C.
eros by Beresi et al. (2019); they have 6–7 + 1 sclerites
that closely resemble those of Burgess Shale specimens.
Randell et al. (2005) described material from the Sekwi
Formation as C. cf. eros; it has mostly 7 + 1 sclerites,
with some 6 + 1. Arrays of sclerites that probably represent partial scleritomes are known from two units in the
Argentine Precordillera: material from the La Laja Formation placed in C. eros by Beresi & Rigby (1994) has 5–
6 + 1 sclerites; material from olistoliths within the Estancia San Isidro Formation consists of mostly 6 + 1 sclerites, and was placed in C. cruceana by Beresi & Rigby
(2013), as it differs from C. eros in having abapical rays
that are much smaller than the adapical rays, rather than
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only somewhat smaller as is the case in the type material
of C. eros (the state of this character in the La Laja Formation material is unclear). Specimens from the Emu Bay
Shale were recently described as C. australilonga by Yun
et al. (2019a); they have 6–7 + 1 sclerites in which the
two adapical marginal rays are subparallel to each other
and much longer than the other marginal rays, as well as
an apical tuft of apparently single-rayed sclerites. Articulated material of Chancelloria known from other units
awaits detailed description.
These previously published data on articulated specimens show a number of characters that can also be
applied to the taxonomic treatment of assemblages of isolated sclerites. First, the variation in ray number among
sclerites within a single scleritome is relatively limited,
and species differ both in the modal ray number and in
the range of variation in ray number; for example, Chancelloria pentacta differs from C. eros both in its scleritome
being dominated by 5 + 1 sclerites rather than 6–7 + 1,
and in having a narrower range of variation (with only
5–6 + 1 sclerites known from C. pentacta in contrast to
5–8 + 1 and 3–4 + 0 in C. eros). Both of these characters
can be observed in samples of isolated sclerites (although
it admittedly may prove difficult to disentangle multiple
co-occurring species), highlighting the importance of considering the whole range of variation seen within a single
sample rather than treating single sclerites in an essentialistic manner: a single 5 + 1 sclerite could come from
either of these species, but a population that consists
almost exclusively of 5 + 1 sclerites could only represent
C. pentacta. Second, the overall form of the sclerite varies
independently of the number of rays. For example,
despite having similar modal ray numbers C. cruceana
differs from C. eros in having a much greater difference
in size between adapical and abapical marginal rays; sclerites of C. australilonga resemble both of these species in
modal ray number, but have long, subparallel adapical
marginal rays. As a result, it is not proper to apply a
specific name in a typological manner to refer to all sclerites with a particular ray formula (e.g. the name C. eros

Taphonomic features of chancelloriid sclerites from the Pioche Formation. A, UCMP 116304.3, single ray (possibly of
Chancelloria lilioides) with surface exploded outwards. B–C, UCMP 116310.3, sclerite of Chancelloria impar covered with cubes of oxidized pyrite. D, UCMP 116318.1, sclerite of Archiasterella sp. that preserves a shell fragment stuck through one foramen (arrow).
E, UCMP 116336.1, sclerite of Chancelloria impar with a broken and bent central ray. F–G, UCMP 116303.1, sclerite of Chancelloria
impar preserved by iron oxides. H, UCMP 116322.2, close-up of an internal mould of Chancelloria lilioides composed of phyllosilicates
(see also Fig. 14H, I). I–J, two sclerites of Chancelloria lilioides preserved by a phosphatic coating of the junctions between rays:
I, UCMP 116328.6; J, UCMP 116328.3. K, UCMP 116298.1, sclerite of Archiasterella auriculata preserved by a glauconite-like phyllosilicate. L, O, UCMP 116319.6, sclerite of Archiasterella auriculata showing microborings on the exposed articulatory facets (e.g. at
arrows); see also Figure 19K. M, P, UCMP 116297.2, sclerite of Chancelloria impar with many microborings on the basal surface.
N, UCMP 116319.5, sclerite of Archiasterella auriculata with many microborings (see also Fig. 12D). Specimens are from the Combined Metals Member (samples KGC 40.9, B, C; ICS-10004, E; HV 12.1, F, G; GSp 12.5, M, P), Comet Shale Member (samples HV
25.8, A; OSS 30.05, D; GSp 28.6, K; OSS 30.3, L, N, O), and Susan Duster Limestone Member (samples OSS 54.1, H; OW 34.0, I, J)
of the Pioche Formation. Scale bars represent: 200 lm (A, B, D–F, I–M); 50 lm (C, G, H, N–P).

FIG. 17.
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Microstructural features of phosphatized external surfaces of chancelloriid sclerites from the Pioche Formation. A–E, scalelike projections on ray surfaces of Archiasterella auriculata Moore sp. nov.: A, E, UCMP 116307.2 (see also H; Fig. 8C, E); B–
D, UCMP 116324.2 (see also Fig. 8D, H–K). F–G, verruculae on rims surrounding foramina of Chancelloria impar Moore sp. nov.:
F, UCMP 116334.1 (see also Fig. 5O); G, UCMP 116337.1 (see also Figs 6U, 19Q). H, verruculae on rims surrounding foramina of
A. auriculata, UCMP 116307.2 (see also A, E; Fig. 8C, E). I, verruculae on rims surrounding foramina of Archiasterella cometensis
Moore sp. nov., UCMP 116307.1 (see also Fig. 8F, G). J, rims surrounding foramina of the holotype of Chancelloria lilioides Moore
sp. nov., UCMP 116328.1 (see also Fig. 13E–G). Samples are from the Combined Metals Member (samples OW 1.92, B–D; RW 24.3,
F; SB 3.7, G) or its equivalent (sample ICS-1099, A, E, H, I) and the Susan Duster Limestone Member (sample OW 34.0, J) of the
Pioche Formation. All scale bars represent 50 lm.

FIG. 18.

Microstructural features of internal moulds of chancelloriid sclerites from the Pioche Formation. A–B, UCMP 116334.3,
partial sclerite of Chancelloria impar showing longitudinal fibrous microstructure. C, UCMP 116316.2, Chancelloria impar, longitudinal
fibres and moulds of pores (see also Fig. 6T). D–E, UCMP 116309.2, sclerite of Archiasterella sp. that may show longitudinal fibres
arranged hierarchically. F–H, UCMP 116338.1, proximal region of one (probably central) ray of Chancelloria impar showing pore
moulds, arrangement of fibres, and microborings (arrowed in H). I–J, UCMP 116309.3, sclerite of Archiasterella auriculata showing
fibres on proximal surface. K, UCMP 116319.6, close-up of sclerite of Archiasterella auriculata showing fibres on articulatory facets
(see also Fig. 17L, O). L–M, UCMP 116327.2, ray showing more irregular arrangement of fibres around articulatory facet. N–
O, UCMP 116324.1, ray showing pore moulds. P, UCMP 116335.1, internal mould of ray of Chancelloria impar with pore moulds
(see also Fig. 6O). Q, UCMP 116337.1, pores passing through wall of Chancelloria impar (see also Figs 6U, 18G). Specimens are from
the Combined Metals Member (samples RW 24.3, A, B, P; LCC 42.0, C; SB 3.7, F–H, Q; OW 1.92, N, O) and Comet Shale Member
(samples ICS-1289, D, E, I, J; OSS 30.3, K; OW 27.8, L, M) of the Pioche Formation. Scale bars represent: 200 lm (A, E, F, I, L, N);
50 lm (B–D, J, K, M, P, Q); 20 lm (G, H, O).

FIG. 19.
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has often been applied inappropriately to sclerites having
a similar number of rays, although many of these are
otherwise entirely different morphologically; e.g. Mehl
1998; Steiner et al. 2004; Brock & Percival 2006; Yang
et al. 2014, 2015).
With this in mind, we can briefly consider the nominal
species of Chancelloria established on the basis of isolated
sclerites. One particular difficulty is that for many, the
type suite consists of such a small number of sclerites that
it is impossible to evaluate their range of variation; for
the moment we assume that the type specimens are actually representative of the sclerites of the species in question (rather than, say, representing outliers with respect
to number of rays or other morphological features). Several nominal species resemble C. eros in having sclerites
with clear bilateral symmetry; besides C. australilonga,
C. cruceana and C. pentacta, known from articulated
material as noted above, this group includes C. exilis,
whose long, narrow marginal rays are adapically curved
in a clearly bilaterally symmetrical fashion (Saito 1936).
The specimen figured in the original description of Tholiasterella? hindei Walcott, 1917, is very similar to these in
outline, although the published illustration is not sufficient to demonstrate that it is a chancelloriid sclerite
rather than a heteractinid spicule as Walcott thought. An
even greater gradient in ray size, similar to that of C. australilonga, is seen in C. bella (Demidenko 2000; Gravestock et al. 2001), in which there are 4 very large,
horizontally oriented marginal rays on one side of the
sclerite and 2–6 smaller ones, somewhat upturned from
the basal plane, on the other; material placed in Chancelloriella irregularis by Demidenko (2000; in Gravestock
et al. 2001) is similar to this apart from having three
rather than four large marginal rays, and should probably
be included within Chancelloria bella. (The type material
of Chancelloriella irregularis from South China is different
from this, as discussed above.)
Most other nominal species of Chancelloria described
from isolated sclerites differ from C. eros in having marginal rays more nearly equal in size so that the sclerites
approach radial symmetry. A series of these have been
described from the Siberian Platform. Chancelloria aldanica (type material 6–9 + 1) and C. lenaica (type material
7–9 + 1) were both described based on specimens found
in thin section (Zhuravleva & Korde 1955), so their
three-dimensional morphology is poorly understood and
they are difficult to compare to other species; according
to the interpretations of Zhuravleva & Korde (1955; see
also Reitlinger 1959), the former has marginal rays set at
a high angle relative to the basal plane while the latter
has marginal rays at a lower angle. Although these names
have been widely used in subsequent literature (Sokolov
& Zhuravleva 1983; Duan 1984; Vasil’eva 1985, 1998;
Hinz 1987; Sarmiento et al. 2001; Rozanov et al. 2010),

the poor understanding of their type material means these
identifications are questionable. Chancelloria fragilis has
8–12 long marginal rays arranged in the basal plane; the
foramina of all rays are grouped together at the centre of
the basal plane and surrounded by a circular ridge (Vasil’eva, 1985, 1998). Chancelloria acervata (type material
8 + 1) is similar to C. fragilis, but the foramina of the
marginal rays are set some distance away from that of the
central ray (Vasil’eva & Sayutina 1988; Vasil’eva 1998).
Chancelloria simmetrica (type material 6–8 + 1) also has
marginal rays in the basal plane with near radial symmetry, but there are fewer of them and they are more robust
(Vasil’eva 1985, 1998; see also Kouchinsky et al. 2017).
Chancelloria tuberculata was described as having 6 + 1
sclerites with a spine or tooth on the basal surface at the
distal edge of the foramen of each marginal ray (Vasil’eva
& Sayutina 1988). Chancelloria primaria (type material 5–
8 + 1) is relatively poorly characterized (Missarzhevsky
1989); Demidenko (in Gravestock et al. 2001; Parkhaev &
Demidenko 2010) suggested it may be a synonym of
C. simmetrica; the distinctly round basal surfaces of the
rays are also reminiscent of Chancelloriella or Ginospina
(see above). Chancelloria verrucata (type material
7–9 + 1) has marginal rays of subequal size that have
tuberculate ornament on their upper (abaxial) surface
(Missarzhevsky 1989); further work is needed to show
that these tuberculae are not a taphonomic feature.
Sclerites approaching radial symmetry have also been
described from other parts of the world. Of these, Chancelloria maroccana is particularly well characterized, with
Sdzuy (1969) giving count data showing that most sclerites are 6 + 1, with fewer 5 + 1, still fewer 7 + 1 and
5 + 0, and even fewer 4 + 1 and 4 + 0 sclerites; in many
sclerites, the marginal rays are inclined relative to the
basal plane. Chancelloria drusilla (Walcott 1920; type
material 6–7 + 1), C. aurora (Lochman 1940; type material 4–7 + 1) and C. iranica (Mostler & Mosleh-Yazdi
1976; type material 7 + 1), are all relatively poorly characterized but resemble C. maroccana in having subradially
symmetrical sclerites with marginal rays inclined to the
basal plane; C. aurora differs in having rays that rapidly
taper from their wide bases. The species described as Eiffelia? hispanica Sdzuy, 1969 may also belong to this
group; Sdzuy reported that its sclerites are always 6 + 1
(this material is clearly chancelloriid and does not belong
in the heteractinid genus Eiffelia Walcott, 1920, but in
transferring the species to Chancelloria it becomes a
junior homonym of Chancelloria hispanica Richter &
Richter, 1940, and therefore currently lacks an available
specific name). Sclerites of C. racemifundis also generally
do not show marked bilateral symmetry; they range from
3–7 + 0 and 5–11 + 1, with 6 + 1 being most common;
the marginal rays are commonly angled upwards, more
strongly so when there is no central ray (Bengtson et al.
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1990). The most characteristic feature of this species is a
ridge surrounding the foramina and additional ridges,
sometimes developed as tall excrescences, between the
foramina, with the entire surface surrounding the foramina covered with rounded verruculae (Bengtson et al.
1990). Tubercles similar to those of C. verrucata are also
found on the upper surface of sclerites of the South Australian species C. obliqua (type material 7–9 + 1), which
is apparently characterized by an obliquely oriented central ray (Gravestock et al. 2001).
Chancelloria coronacea (including the probably synonymous Cambrobotris lagenaris Missarzhevsky, 1989; see
Vasil’eva 1998; Gravestock et al. 2001), is a distinctive
form in which the marginal rays are all very short and set
at a high angle to the basal plane, with the sclerite being
nearly radially symmetrical; the type material is 8–
12 + 1–3 (Vasil’eva 1985). Chancelloria arida (including
the probably synonymous C. odontodes Duan, 1984; see
Qian 1989; Parkhaev & Demidenko 2010) also has very
short marginal rays set at a high angle to the basal plane,
but the marginal rays are fewer (5–7) than in C. coronacea
and it has strong ridges surrounding the foramina, somewhat reminiscent of C. racemifundis, although lacking the
rounded verruculae (Duan 1984; Steiner et al. 2004).
More poorly characterized nominal species include
C. altaica (Romanenko 1968; type material 4–8 + 1);
C. spinulosa (type material 8–12 + 1), based on fragmentary material, but supposedly distinguished by a larger
central ray (Vasil’eva 1985); and C. aksuensis (Gao et al.
1987; type material 9 + 1).
Several nominal species described in Chancelloria are
either of questionable status or excluded herein. The original description of C. grosdilovi Zhuravleva & Korde,
1955, was illustrated with photographs of what resemble
sclerites of Archiasterella and drawings of what seems to
be an unusual type of sclerite with an ovoid outline and
marginal rays that do not contact the central ray, as also
figured by Goryansky (1965, 1973) and Rozanov et al.
(2010); the type material of this species is apparently lost
(Parkhaev & Demidenko 2010). Distinctive sclerites with
relatively wide, possibly flattened, rays have been included
in C. sardinica Mostler, 1985 (Mostler 1985; Elicki & Pillola 2004; cf. also Elicki et al. 2003), but the holotype of
this species (Mostler 1985, pl. 5, fig. 8) appears to represent Archiasterella instead. Chancelloria libo Walcott,
1920, and C. yorkensis Walcott, 1920, are poorly characterized and may not even be chancelloriids (as noted by
Goryansky 1973); if the latter species is a chancelloriid, it
seems more likely to belong in Allonnia or Archiasterella
rather than Chancelloria. Chancelloria gigantea Qian,
1989, is a synonym of Chancelloriella irregularis (see
Moore et al. 2014). Chancelloria hispanica Richter &
Richter, 1940, is poorly characterized but published
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figures suggest it should be assigned to Allonnia. The genera Actinoites Duan, 1984, Fangxianites Duan, 1984 and
Rosella Vasil’eva in Vasil’eva & Sayutina, 1988 (non
Rosella Andreeva, 1972, nec Rosella Whitehead in Clark
et al., 1977) have sometimes been synonymized with
Chancelloria (e.g. variously Bengtson et al. 1990; Pospelov
et al. 1995; Esakova & Zhegallo 1996; Li 1999; Li et al.
2007; Parkhaev & Demidenko 2010), but Actinoites is a
heteractinid sponge (synonymized with Eiffelia by Bengtson in Bengtson et al. 1990 and Li et al. 2007), Fangxianites somewhat resembles C. arida but is not clearly a
chancelloriid, and ‘Rosella’ is a chancelloriid but would
seem better synonymized with Allonnia (Vasil’eva & Sayutina 1993; Vasil’eva 1998; Moore et al. 2014), so no species described in these three genera are accepted within
Chancelloria herein.
There is thus considerable variation among different species we accept in Chancelloria, with respect to the degree of
bilateral symmetry within the sclerite (from strongly
marked to near radial symmetry), the angle of the marginal
rays (from horizontal to angled abaxially from the basal
plane), and in the presence and type of external ornament.
Nonetheless, we prefer at present to retain a rather wide
circumscription of the genus; because of the relatively poor
state of knowledge of most nominal species and the
absence of any phylogenetic hypotheses for their relationships, any subdivision of Chancelloria would be effectively
arbitrary. For this reason, we do not recognize Cambrobotris Missarzhevsky, 1989, as distinct; it was originally
regarded as a separate genus because of its unusually short
rays, and while this form (C. coronacea) is distinctive, its
differences are probably autapomorphic and there is no
evidence that it falls outside a clade composed of the other
species of Chancelloria. The status of Stellispinella Vasil’eva
in Vasil’eva & Sayutina, 1993 (= Stellaria Vasil’eva, 1985,
oller, 1832, nec Nardo, 1834, nec Bonanon Schmidt in M€
parte, 1838, nec Grasse & Hollande, 1950), is difficult to
evaluate, as all of the included nominal species (originally
described as Chancelloria lenaica, C. aldanica and C. grosdilovi), are very poorly understood (as noted above).
While a relatively wide circumscription of Chancelloria
therefore seems appropriate at present, it should be noted
that it lacks any definite synapomorphies and therefore its
monophyly may be questionable. The flattened basal
facets that distinguish Chancelloria from Chancelloriella
and Ginospina are shared with other genera, such as
Allonnia and Archiasterella, so currently there is no evidence that those latter genera are not nested within Chancelloria. (Perhaps the typical presence of only a single
central ray rather than the multiple central rays more
often found in Chancelloriella and Ginospina could support the monophyly of Chancelloria.) This will remain an
important area for future studies.
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Stratigraphical range and distribution. Cambrian (Terreneuvian–Furongian); worldwide.

Chancelloria impar sp. nov.
Figures 5, 6, 17B–C, E–G, M, P, 18F, G, 19A–C, F–H, P, Q

2006a Chancelloria sp.; Skovsted, pp. 493–494 (pro parte),
fig. 4D (non fig. 4E).
2017 Allonnia sp.; Wotte & Sundberg, p. 893 (pro parte),
fig. 8.11 (non figs 8.9, 8.10).
2017 Chancelloria sp. 2; Wotte & Sundberg, pp. 893–895
(pro parte) (non figs 8.16–8.22).
LSID. urn:lsid:zoobank.org:act:639960EC-B9BE-4422-826828C7F035C6C8

Derivation of name. From Latin impar, unequal or
uneven, in reference to the variation in size of marginal
rays.
Holotype. UCMP 116295.1 (Fig. 5D).
Paratypes. UCMP 116294.1, 116295.2–116295.11, 116296.1–
116296.6, 116297.1, 116297.3–116297.5 (Figs 5F–H, L, M, Q–S,
Y, Z, 6C, D, F, J, L, N, Q–S, W, Y, AA).

Type locality. Grassy Spring, Delamar Mountains, Lincoln
County, Nevada, USA; Combined Metals Member, Pioche
Formation (sample GSp 12.5).
Additional material. Several hundred additional sclerites (including figured specimens UCMP 116297.2, 116303.1, 116310.1–
116310.6, 116311.1, 116311.2, 116312.1–116312.5, 116315.1,
116315.2, 116316.1–116316.3, 116332.2, 116333.1, 116333.2,
116334.1–116334.3, 116335.1, 116336.1, 116337.1–116337.3,
116338.1, 116341.1, 116341.2) together with several thousand
fragmentary sclerites and isolated rays that probably belong to
this species, from Grassy Spring (GSp 12.5, GSp 13.6, GSp 14.1,
possibly GSp 9.7) and Oak Spring Summit (OSS 13.0, OSS 15.9,
possibly OSS 0.35) in the Delamar Mountains; Seven Oaks
Spring (SOS 25.1, SOS 29.1) and Hidden Valley (HV 11.3, HV
12.1; possibly HV 10.8, HV 11.7) in the Burnt Springs Range;
Klondike Gap (KGC 40.9, KGC 44.85, KGC 44.95, possibly KGC
53.2) and Ruin Wash (RW 9.63, RW 14.78, RW 20.95, RW 24.3,
ICS-10004; possibly RW 20.2) in the Chief Range; and Log
Cabin Mine–South (possibly SS 21.3, SS 38.9, SS 40.0, SS 45.7,
SB 3.7), Log Cabin Mine (LC 19.3, LC 22.7, LC 23.0, LCC 26.5,
LCC 42.0; possibly LC 21.9, LCB 5.1), and One Wheel Canyon
(OWB 4.1, possibly OW 1.7) in the Highland Range, Lincoln
County, Nevada, USA; all from the Combined Metals Member
of the Pioche Formation.

Diagnosis. Species of Chancelloria with sclerites generally
ranging from 5–8 + 1, less commonly 4 + 1, 9 + 1, or 3–
4 + 0. Marginal rays straight and oriented parallel to the

basal plane, with a strong gradient in size from one side
of the sclerite to the other (presumably larger on the
adapical side); sclerites bilaterally symmetrical, with the
symmetry plane generally passing through the longest
marginal ray. Central ray tall, often slightly curved. Verruculose rims can be present around foramina.
Description. Sclerites generally range from 5 + 1 to 8 + 1, with
a unimodal frequency distribution that peaks at either 6 + 1
(in most samples), or 7 + 1 (Fig. 7). Sclerites with 4 + 1
(Fig. 6S) and 9 + 1 (Fig. 5K, AA) configurations are rare, with
the former only present in samples with a mode of 6 + 1 and
the latter only in samples with a mode of 7 + 1. Marginal rays
generally much smaller on one side of the sclerite than the
other, imparting a bilateral symmetry to the sclerite. The plane
of symmetry usually passes through the axis of the largest marginal ray; as a result, most sclerites show three rays much larger than the others, with a varying number of smaller rays.
Very rarely marginal rays of different sizes arranged more
irregularly (Fig. 5C). Marginal rays generally arrayed parallel to
the basal plane or very weakly angled abaxially; occasionally
they are angled upwards away from the basal plane (notably in
several sclerites from sample LCC 26.5: Fig. 6K); rarely one or
more can even be parallel to the central ray (Fig. 6Q, R). In
basal view, marginal rays oriented radially away from the central ray; they are usually straight, not showing any curvature
within the basal plane, but in a few sclerites the marginal rays
are slightly curved towards the side of the sclerite with larger
marginal rays (Fig. 5C, J). The orientation of smaller marginal
rays tends to be somewhat more irregular than larger ones;
sometimes two can be subparallel to one another (Fig. 5T).
Central ray usually tall and vertically oriented, often longer
than any of the marginal rays; often weakly and more or less
continuously curved towards the side of the sclerite with larger
marginal rays. The proximal portion of the central ray tends to
be comparable in size with those of the largest marginal rays,
although its more distal parts are often wider than those of the
marginal rays. Diameter of preserved sclerites varies from 200
to 1200 lm, although ray tips are rarely preserved, and some
isolated rays up to 2.3 mm in length (Fig. 6G, H, O) indicate
the original presence of larger sclerites that were either incompletely phosphatized or disaggregated during preparation. Rays
taper very gradually away from the proximal region; some fragmentary isolated rays are cylindrical and it is not possible to
determine their proximodistal orientation (Fig. 6O).
Proximal portions of rays develop flattened basal facets rather
than being rounded. Basal facet of central ray sometimes slightly
more abaxially placed than those of the marginal rays (Figs 5R,
6E). Articulatory facets at the contacts between the central ray
and the marginal rays slope outwards away from the basal plane,
so the central ray achieves its greatest diameter near the tops of
the marginal rays (Fig. 6Y–AB). In contrast, articulatory facets at
the contacts between adjacent marginal rays vertical, perpendicular to the basal plane. Viewed from the basal plane, articulatory
facets generally straight, radial lines, with facets longer between
larger rays than smaller rays; rarely articulatory facets are
expressed as curved or bent lines (Fig. 5P). Occasionally there
seem to be slight gaps between smaller marginal rays, at least as
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preserved by internal moulds (Fig. 5M). Cross-sections of rays
circular.
Rare sclerites show 3 + 0 and 4 + 0 configurations (Fig. 5U–
W, Y, Z). All rays angle upwards away from the basal plane at a
low angle; often there is some variation in the angle they make
(with, for example, one ray steeper than the rest and one more
gently angled or nearly horizontal), but they differ from Archiasterella sclerites in that there is no clear distinction between a
single vertical ray and a series of horizontal rays.
One unusual sclerite, unfortunately probably incomplete, has
two central rays surrounded by at least 10 (but probably originally 11) marginal rays (Fig. 5X); there is a small gap among the
marginal rays on one side of the sclerite, but the presence of a
flattened articulatory facet adjacent to this on the central ray
suggests that at least one marginal ray has been disarticulated
from this region. Four of the marginal rays are much larger than
the other six, similar to the size differences seen in sclerites with
one central ray; the orientations of the marginal rays are quite
irregular (notably two are parallel, aligned with the sclerite axis).
Internal moulds sometimes preserve a tall neck around the
foramina, showing the thickness of the wall (Figs 5B; 6N, X;
arrowed in last). No evidence for a toothed border around the
foramina. Some specimens preserve a fibrous microstructure,
generally parallel to the ray axes (Fig. 19A–C), although it is
more irregular around the proximal portions of the rays. Some
preserve pores through the wall (Fig. 19C, P, Q).
A few fragmentary sclerites with partially preserved external
surfaces co-occur with undoubted specimens of C. impar and
are therefore assigned to this species, although they are themselves too incompletely preserved to identify with confidence
(Figs 5O, 6U, 19A). These show rims around foramina on the
basal surface, often drawn out as a lobe distal to each foramen,
which is covered by rounded, hemispherical verruculae
(Figs 18F, G, 19B).

Remarks. Wotte & Sundberg (2017) reported the presence
of three chancelloriid taxa from the Combined Metals
Member. They attributed a figured 4 + 0 sclerite to Allonnia sp.; while their illustration is not clear enough to be
certain, its stratigraphic position suggests it could belong
to C. impar. A taxon they refer to as Chancelloria sp. 1 is
described as having 6 + 0 sclerites; their figured material
is very similar to specimens from our samples that are
actually spicules of a heteractinid sponge (to be described
elsewhere). Lastly, they noted the presence of a taxon they
describe as C. sp. 2 from many samples of the Combined
Metals Member that they say has 5 + 1 sclerites; while
the only figured specimens they attribute to this species
come from the Comet Shale Member and belong to
Archiasterella auriculata (and perhaps A. cometensis), it is
probable that their unfigured specimens from the Combined Metals Member are actually C. impar. We also suspect that some of the specimens they attribute to
Hyolithellus? sp. may actually be chancelloriid rays (cf.
Fig. 6O herein); they are in any case unlikely to represent
the phosphatic tubes of hyolithelminths as they are
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preserved as phosphatic internal moulds without original
shell material.
Skovsted (2006a) figured a 6 + 1 sclerite from the basal
Emigrant Formation at Split Mountain in Clayton Ridge,
Esmeralda County, western Nevada, that appears to
belong to Chancelloria impar; like some C. impar sclerites
from the Combined Metals Member, it has verruculose
rims surrounding the foramina of the marginal rays. It is
terminal Dyeran, equivalent in age to the upper part of
the Combined Metals Member (Sundberg & McCollum
2003b; Sundberg et al. 2011; Webster 2011a, d).
Sclerites of Chancelloria impar are bilaterally symmetrical, with marginal rays being much longer on one side of
the sclerite than the other. By comparison with C. eros
(Bengtson & Collins 2015) and C. australilonga (Yun
et al. 2019a) we assume that the larger rays pointed
adapically on the body and the smaller abapically; having
the largest rays directed adapically would also be functionally consistent with the primarily adapical orientation
of rays in articulated specimens of Allonnia (Bengtson &
Hou 2001; Janussen et al. 2002; Bengtson & Collins 2015;
Cong et al. 2018; Yun et al. 2018; Zhao et al. 2018) and
Archiasterella (Randell et al. 2005; Zhao et al. 2011; Hu
et al. 2013; Bengtson & Collins 2015). In C. eros, the
bilateral symmetry of the sclerites is established in part by
a gradient in marginal ray size, but primarily by a tendency for marginal rays to be curved in an adapical direction within the basal plane (Rigby 1978; Janussen et al.
2002; Bengtson & Collins 2015). In contrast, in C. impar
marginal rays do not show any evidence of curvature
within the basal plane (although in many cases the distal
parts of the rays are not preserved). A relatively strong
gradient in ray size, similar to that of C. impar, is also
found in C. australilonga (Yun et al. 2019a), C. bella
(Demidenko 2000), C. cruceana (Beresi & Rigby 2013),
C. pentacta (Rigby 1978), material attributed to C. eros by
Cuen et al. (2013), and material left as C. sp. by Elliott &
Martin (1987), but in all except C. australilonga and
C. bella this is accompanied by adapical curvature of
marginal rays. The gradient in ray size in C. lilioides is
much less than in C. impar; other differences are discussed below. Other nominal species of Chancelloria tend
to have marginal rays more nearly equal in size (and in
many species these rays are angled upwards away from
the basal plane) or else are too poorly known to assess
this feature. Some sclerites of Chancelloriella irregularis
show a gradient in marginal ray size similar to Chancelloria impar, but they have rounded rather than flat basal
surfaces, often a more irregular disposition of the marginal rays, and more frequently show higher numbers of
marginal rays (Moore et al. 2014).
The most similar to Chancelloria impar of previously
described chancelloriids are C. bella from the Parara

600

PAPERS IN PALAEONTOLOGY, VOLUME 7

Limestone of South Australia and co-occurring sclerites
attributed to Chancelloriella irregularis by Demidenko
(2000; in Gravestock et al. 2001); we do not consider the
latter to belong to C. irregularis (see above and Moore
et al. 2014), and it is possible they are part of the scleritome of Chancelloria bella. These sclerites have 5–9 marginal rays, which are much longer on one side of the
sclerite than the other, and the larger marginal rays are
oriented approximately parallel to the basal surface. This
material differs from C. impar, however, in that the smaller rays are set at an angle of 45–50° to the basal plane
(Demidenko 2000, although in some of the figured material all marginal rays seem to be basically horizontal), the
gradient in marginal ray size is more pronounced, and
many of the sclerites figured by Demidenko have quite
short central rays. Sclerites of C. australilonga from the
Emu Bay Shale are 6–7 + 1 and resemble those of C. impar in having marginal rays of varying sizes and showing
little adapical curvature; sclerites of C. australilonga
always have two large, subparallel adapical marginal rays,
with the remaining marginal rays being much smaller,
while in C. impar there is generally a single adapically
directed marginal ray that is larger than the others, and
when there are subparallel marginal rays they are small
and presumably abapically directed (e.g. Fig. 5T).
A few other features of Chancelloria impar have previously been recorded from some, but not all, other species
of Chancelloria and therefore may contain some phylogenetic signal, although additional species will need to be
better documented to assess how widespread these character states are. The presence of sclerites without central
rays as minor elements within Chancelloria scleritomes
has previously been documented from complete scleritomes of C. eros (Rigby 1978; Bengtson & Collins 2015)
and possibly an indeterminate species (Butterfield &
Nicholas 1996), as well as from disarticulated material of
C. maroccana (Sdzuy 1969), C. racemifundis (Bengtson
et al. 1990) and an assemblage from the Xinji Formation
of North China attributed to C. eros by Yun et al.
(2019b). Obliquely (rather than vertically) oriented articulatory facets surrounding the central ray are elsewhere
documented from C. ‘hispanica’ (Sdzuy, 1969, non Richter & Richter, 1940) and C. lilioides (see below). An
adapically curved central ray in some sclerites is known
from C. australilonga (Yun et al. 2019a), C. eros (Bengtson & Collins 2015), C. cf. eros (Kouchinsky et al. 2011),
C. obliqua (Gravestock et al. 2001), C. sp. (Devaere et al.
2019) and supposed ‘C.’ sardinica (Mostler 1985), as well
as C. lilioides (see below). A more abaxial placement of
the central ray was noted as being characteristic of Chancelloriella by Moore et al. (2014), but as this is also seen
in Chancelloria impar, C. lilioides, unidentified sclerites
from the Bastion Formation (Skovsted 2006b) and

possibly in the type suite of C. grosdilovi (Zhuravleva &
Korde 1955), it can no longer be regarded as diagnostic
for Chancelloriella.
Structures projecting from the basal surface distal to the
foramina were also described in Chancelloria tuberculata
(Vasil’eva & Sayutina 1988) although these are taller and
do not show verruculae in the figured specimen. Rather
similar lobes extending from the rim around the basal surface are described below from C. lilioides (Fig. 13B–I);
these can have a faintly developed rugosity, which might
represent very poorly preserved verruculae (Fig. 18J).
Chancelloria racemifundis was originally characterized as
having verruculose ridges between the foramina rather than
distal to them, with at most a low ridge encircling the
foramina (Bengtson et al. 1990; see also Wrona 2004; Topper et al. 2009), but some material subsequently ascribed to
this species has verruculose projections distal to the foramina similar to C. impar (Mehl 1998; Gravestock et al.
2001). A sclerite figured by Singh et al. (2015) from the
Parahio Formation has a ridge encircling the foramina,
developed into distal rims that appear to be verruculose,
and is therefore very similar to C. impar and possibly C. lilioides. Similar rims, which do not preserve verruculae, are
also present in an unidentified sclerite from the Emyaksin
Formation figured by Kouchinsky et al. (2015). Demidenko (2000) also documented the presence of verruculae
on basal facets, although these are not extended as rims, in
material she attributed to Chancelloriella irregularis.
Age and distribution. Upper Dyeran (Cambrian Stage 4)
of Nevada.

Chancelloria lilioides sp. nov.
Figures 13A–J, L, M, O; 14; 17H–J; 18J
?Figures 13K, N; 17A

?2017 Chancelloria sp. 2; Wotte & Sundberg, pp. 893–895
(pro parte) (non fig. 8.16–8.22).
LSID. urn:lsid:zoobank.org:act:4E19BC7B-962D-4CB9-BA2D1D055868197C

Derivation of name. In reference to a fancied resemblance
between sclerites with six marginal rays with a lobate rim
around their foramina and the flowers of the (paraphyletic) ‘lilioid’ monocots with six tepals and six stamens.
Holotype. UCMP 116328.1 (Figs 13E–G, 18J).
Paratypes. UCMP 116327.1,
(Fig. 13B–D, H, I).

116328.4,

116328.5,

116328.7
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Type locality. One Wheel Canyon, Highland Range, Lincoln County, Nevada, USA; Susan Duster Limestone
Member, Pioche Formation (sample OW 34.0).
Additional material. Several hundred additional sclerites (including figured specimens UCMP 116301.1, 116301.7,
116305.1–116305.3, 116306.1, 116320.1, 116322.1–116322.5,
116328.2, 116328.3, 116328.6, 116328.8, 116329.1, 116330.1),
together with numerous fragmentary sclerites that probably
belong to this species, from Grassy Spring (GSp 55.6, GSp
55.9, possibly GSp 59.4) and Oak Spring Summit (OSS 53.05,
OSS 54.1, possibly OSS 55.1) in the Delamar Mountains; Hidden Valley (HV 52.7, HV 53.45, HV 54.0, HV 56.15; possibly
HV 54.7, HV 57.0) in the Burnt Springs Range; Ruin Wash
(possibly RW 63.9, RW 64.25) in the Chief Range; and Log
Cabin Mine–South (SB 36.5) and One Wheel Canyon (OW
34.0, OW 34.2, OW 34.3, OW 34.9) in the Highland Range,
Lincoln County, Nevada, USA; all from the Susan Duster
Limestone Member of the Pioche Formation. In addition, seven
possible sclerites (including figured specimens UCMP
116304.1–116304.3) from the Comet Shale Member of the
Pioche Formation from Hidden Valley (HV 25.8) and One
Wheel Canyon (OW 27.8).

Diagnosis. Species of Chancelloria with scleritome dominated by 6 + 1 sclerites, with occasional 4–5 + 1, 7 + 1,
and 3–4 + 0 sclerites. Marginal rays straight and oriented
parallel to the basal plane, generally with a weak gradient
in size. Central ray generally vertical or weakly curved,
but sometimes strongly curved, and in such specimens
the marginal rays show greater variation in size. A rim
surrounding the basal surface often developed into a series of lobes on the distal margins of each foramen.
Description. Sclerites nearly always 6 + 1 (495 of 506 specimens; Table 3). Diameter of preserved sclerites varies from 0.3
to 1.5 mm. Marginal rays generally horizontal or nearly so, in
the basal plane, only rarely oriented abaxially; in basal view
they radiate outwards in a star-like pattern. Marginal rays
generally straight, rarely showing any curvature; generally they
taper rapidly, so that their bases are relatively wide compared
to their length. Marginal rays generally subequal in size,
although often they are slightly larger on one side of the sclerite than the other, with a plane of bilateral symmetry passing
through the axes of the middle large and small rays; sometimes they vary in size without obvious symmetry. Central ray
usually vertically oriented, often longer than any of the marginal rays; its proximal part tends to be similar in size to
those of the marginal rays.
Occasional sclerites have a central ray strongly curved towards
one margin of the sclerite (Fig. 14E, H–J, L), presumably the
adapical side by comparison with Chancelloria eros (Bengtson &
Collins 2015) and C. australilonga (Yun et al. 2019a); the marginal rays show strong differences in size, with the adapical and
abapical rays the smallest, and the symmetrical pair on either
side of the adapical ray the largest. The central ray of these sclerites is much larger than any of the marginal rays.
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Basal facets flattened. Base of central ray sometimes placed
more abaxially than those of marginal rays (Fig. 14A), but not
markedly so. Diameter of central ray expands away from the
basal surface, such that the articulatory facets at the contacts
between the central and marginal rays dip at an oblique angle
(Figs 13K–M, 14F). Articulatory facets at the contacts between
adjacent marginal rays vertical, perpendicular to basal plane. All
articulatory facets expressed as straight lines in basal view. Some
isolated marginal rays that probably belong to this species show
a groove in the centre of the articulatory facet with the central
ray (Fig. 14P). Cross-section of rays subcircular.
Rare sclerites with 4 + 1 (Fig. 14N, O), 5 + 1 (Fig. 14H, I)
and 7 + 1 (Fig. 14L) configurations do not otherwise differ from
6 + 1 sclerites. Also infrequent are sclerites with 4 + 0
(Figs 13H, I; 14K, M) and 5 + 0 (Fig. 13J, O) configurations,
with all rays angled more or less steeply away from the basal
surface (and therefore lacking the principal ray of Archiasterella
sclerites). A single 3 + 0 sclerite may also belong to this species
but is too poorly preserved to be certain.
No evidence for toothed borders around foramina. Specimens
that preserve the sclerite exterior show that the basal surface is
raised as a plateau, which gently slopes inwards towards the
foramen of the central ray (Fig. 13B–I). Plateau extends to a
pronounced rim around the margins of the basal facets; often
this rim is developed as a series of distally directed lobes, one
associated with each marginal ray (Fig. 13E–I). Surface of plateau generally smooth, but has a low bumpiness that is particularly noted around the marginal rims, but it is not clear that this
is so regular as to form verruculae (Fig. 18J).

Remarks. Wotte & Sundberg (2017) listed their Chancelloria sp. 2 as occurring in the Susan Duster Limestone
Member, although they did not figure it from this unit;
while they state that this species has 5 + 1 sclerites, it
seems more likely that this refers to C. lilioides than to
Archiasterella uncinata.
Chancelloria lilioides resembles C. impar in a number
of features including the frequent presence of a 6 + 1
configuration, an often somewhat abaxially placed central
ray, and oblique articulatory facets surrounding the central ray. It differs from C. impar most notably in having a
much higher proportion of sclerites with six marginal rays
(97.8% vs 53.0% when all samples are combined) and in
having marginal rays generally more equal in size; on the
basis of these character states we are confident in regarding these as two distinct species.
The rim surrounding the foramina of the marginal rays
of Chancelloria lilioides is reminiscent of that of C. impar,
although it is not clearly verruculose (compare Fig. 18J
with Fig. 18F, G). When the lobes beside the foramina
are particularly strong they resemble those of C. tuberculata (Vasil’eva & Sayutina 1988), although they are neither so tall nor so vertically oriented. A similar ridge is
also developed in C. fragilis (Vasil’eva 1985, 1998) and
material placed in C. altaica by Ding et al. (1990),
although as all of the foramina are closely pressed
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together at the centre of the sclerite this ridge is almost
circular. The central plateau sloping in towards the foramen of the central ray is reminiscent of C. acervata (Vasil’eva & Sayutina 1988), although this species lacks the
lobate rim of C. lilioides.
While a 6 + 1 sclerite configuration has been described
from many nominal Chancelloria species (e.g. see discussion above on C. eros, C. maroccana, and C. impar),
C. lilioides is unusual in having a scleritome that consists
almost exclusively of 6 + 1 sclerites. (An analogous situation is offered by C. pentacta, which Rigby (1978) distinguished from other species by its having almost
exclusively 5 + 1 sclerites.) Among other species with
6 + 1 sclerites as their type material, C. cruceana has
much more elongate rays that are adapically curved
within the basal plane (Beresi & Rigby 2013). The same
applies to C. exilis, in which the single clearly figured
sclerite is of 6 + 1 configuration, although the description
suggests that other configurations were present too (Saito
1936). The only figured specimen of C. tuberculata is
6 + 1, but the projections distal to the foramina are taller
and more vertically oriented than are those of C. lilioides
(Vasil’eva & Sayutina 1988). According to Sdzuy (1969),
sclerites of C. ‘hispanica’ (Sdzuy, 1969, non Richter &
Richter, 1940) are always 6 + 1; this species is very poorly
characterized, but it seems that the marginal rays are
often curved abaxially away from the basal plane, a feature not seen in C. lilioides. One specimen from the Burgess Shale that Bengtson & Collins (2015) describe as
C. cf. eros has exclusively 6 + 1 sclerites, but the marginal
rays are very long and do not taper rapidly as do those of
C. lilioides.
The relatively rapid taper of the marginal rays of
Chancelloria lilioides is unusual, but is reminiscent of
specimens misattributed to ‘C.’ sardinica from the
Campo Pisano Formation (Mostler 1985; Elicki et al.
2003; Elicki & Pillola 2004), and of material from the
Ludwigsdorf Member of the Charlottenhof Formation
(Elicki & Schneider 1992) and the Lancara Formation

(Clausen & Alvaro
2006, C. sp. B). As many of these are
also 6 + 1 and of comparable age to C. lilioides, it is
possible that they are conspecific, although additional
material is required to better document these other
forms. The strong taper to the rays is also somewhat
reminiscent of C. simmetrica (Vasil’eva 1985, 1998); it is
not nearly as extreme as in C. coronacea or C. arida
(Duan 1984; Vasil’eva 1985).
Sclerites with a strongly curved central ray and a disturbed disposition of the marginal rays are unusual, but
as they are a minor component of assemblages dominated
by more typical sclerites we think they are probably rare
sclerites from the scleritome of Chancelloria lilioides; perhaps these correspond to sclerites of the apical tufts
described from several species of chancelloriid (Bengtson

& Collins 2015; Cong et al. 2018; Yun et al. 2018, 2019a;
Zhao et al. 2018).
The presence of a groove on the articulatory facets of
some isolated rays (Fig. 14P) is unusual, and of uncertain
significance; similar (if more strongly marked) grooves
are figured by Kouchinsky et al. (2015, fig. 34E, J, N).
Age and distribution. Lower Delamaran (interval around
the Cambrian Stage 4 – Wuliuan boundary) of Nevada.

Genus ARCHIASTERELLA Sdzuy, 1969

Type species (by original
pentactina Sdzuy, 1969.

designation). Archiasterella

Other included nominal species. Archiasterella? antiqua Sdzuy,
1969, A. auriculata Moore sp. nov., A. charma Moore et al.,
2014, A. cometensis Moore sp. nov., A. coriacea Bengtson & Collins, 2015, A. dhiraji Gilbert et al., 2016, A. elegans Demidenko
in Gravestock et al., 2001, A. fletchergryllus Randell et al., 2005,
A. hirundo Bengtson in Bengtson et al., 1990, A. palmiformis
Vasil’eva in Vasil’eva & Sayutina, 1988, A.? quadratina Lee, 1987,
A. quadriradiata Vasil’eva, 1998, A. robusta Vasil’eva, 1985, A.?
sardinica (Mostler, 1985), A.? tetractina Duan, 1984, A. tetraspina Vasil’eva & Sayutina, 1993, A. uncinata Moore sp. nov.

Emended diagnosis. Chancelloriids with scleritomes composed of sclerites in which one marginal ray is oriented
vertically or recurved over the other rays, while the other
rays, at least the larger ones, are oriented approximately
horizontally in the basal plane. If any sclerites have a central ray entirely surrounded by marginal rays, these are at
most a very minor part of the scleritome.
Remarks. See Moore et al. (2014); we herein emend the
diagnosis to account for the occasional presence of sclerites in which the principal ray is encircled with other
rays in A. auriculata (see description below). We reiterate
that Archiasterella is distinguished from Allonnia based on
the orientations of the rays (one vertical principal ray and
other rays horizontal in the former vs all rays angled away
from the basal surface at similar angles in the latter); the
two genera cannot be distinguished on the basis of ray
number alone.
The holotype of Chancelloria sardinica Mostler, 1985
(pl. 5, fig. 8) seems likely to belong to Archiasterella
rather than Chancelloria, and consequently the species is
transferred with question. Several authors have suggested
that Aldanispinella should be placed in synonymy with
Archiasterella (Bengtson et al. 1990; Parkhaev & Demidenko 2010; Rozanov et al. 2010); this may be correct,
but at present all species ascribed to Aldanispinella are
too poorly understood to assess this.
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Stratigraphic range and distribution. Cambrian (Terreneuvian–Furongian); worldwide.

Archiasterella cometensis sp. nov.
Figures 8A, B, F, G; 10; 18I

2017 Allonnia sp.; Wotte & Sundberg, p. 893 (pro parte),
figs 8.9, 8.10 (non fig. 8.11).
LSID. urn:lsid:zoobank.org:act:E4A8EBAF-F34A-43CC-84EF58F85A9C003E

Derivation of name. From the Comet Shale Member.
Holotype. UCMP 116314.1 (Fig. 10E, F).
Paratypes. UCMP 116313.1, 116313.2, 116314.2 (Fig. 10A, B, I,
N).

Type locality. Klondike Gap, Chief Range, Lincoln
County, Nevada, USA; Comet Shale Member, Pioche Formation (sample KGC 54.6).
Additional material. Several hundred additional sclerites (including figured specimens UCMP 116299.1, 116300.1, 116319.1–
116319.3, 116326.1, 116326.2, 116339.1–116339.3, 116340.1),
together with numerous fragmentary sclerites that probably
belong to this species, from Grassy Spring (GSp 28.6; possibly GSp
32.0, ICS-10555) and Oak Spring Summit (OSS 30.05, OSS 30.3,
ICS-1289) in the Delamar Mountains; Hidden Valley (possibly
HV 25.1, HV 25.8, HV 32.8) in the Burnt Springs Range; Klondike
Gap (KGC 54.6) in the Chief Range; and Log Cabin Mine–South
(SB 5.3, ICS-1265) and One Wheel Canyon (OW 3.25) in the
Highland Range, Lincoln County, Nevada, USA; all from the
Comet Shale Member of the Pioche Formation. In addition, fewer
than ten sclerites (including figured specimens UCMP 116307.1,
116324.3) from the Combined Metals Member of the Pioche Formation from Hidden Valley (possibly HV 11.9) and One Wheel
Canyon (OW 1.92, possibly OW 2.5) and equivalent strata at Patterson Pass, Schell Creek Range (ICS-1099).

Diagnosis. Species of Archiasterella bearing sclerites with
four rays; principal ray and adapical horizontal ray in
contact with articulatory facets; principal ray long, subvertical proximally before curving slightly adapically distally; abapical horizontal rays straight rather than curved,
making an angle of c. 120° with each other; abapical margin of sclerite a smooth curve in basal view.
Description. Sclerites four rayed. Three rays approximately horizontal (parallel to the basal plane), or slightly angled away from
this plane (abaxially). Fourth (principal) ray oriented nearly vertically near the base, distally recurving over the horizontal rays.
The two abapically placed horizontal rays curved or angled
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adapically, forming an obtuse angle of c. 110–120°, rarely as little
as c. 80° (Fig. 10K); the third (adapical) horizontal ray straight,
oriented adapically; the sclerite as a whole therefore has a regular
bilateral symmetry. Adapical horizontal ray and principal ray
always in contact, each with an articulatory facet, the width of
which varies among specimens; the pair of abapical horizontal
rays consequently separated from each other. Rays can be over
1.2 mm in length; the principal ray often notably longer than
any of the horizontal rays, but not always so. Proximal regions
of all rays generally subequal in size, but sometimes that of the
principal ray larger. Cross-sections of rays subcircular. The
abapical margin of the principal ray is mostly in line with the
abapical margins of the abapical horizontal rays, so that the
abapical margin of the entire sclerite forms a continuous curve
(Figs 8A, 10D, F, G, K, R, S).
Foramina generally placed quite close to the junctions
between rays. Articulatory facets between rays generally
expressed as straight lines in basal view, although they can be
curved, with the concave side towards the larger ray (Fig. 10K).
Foramina lack toothed borders.
Five-rayed Archiasterella sclerites are present but very rare in
the Comet Shale; while all available specimens are extremely
poorly preserved, they seem to be otherwise similar to the fourrayed sclerites in all features, with all of the non-principal rays
nearly horizontal (Fig. 10P).
A few sclerites from the Combined Metals Member that are
assigned to this species preserve a phosphatized coating of the
external surface of the sclerite (Fig. 8A, B, F, G) showing that
the basal surface is surrounded by an elevated rim studded with
hemispherical verruculae (Fig. 18I); between foramina the surface makes a low, rounded ridge (Fig. 18I). The distal parts of
the ray are covered with closely set very low pill-shaped projections (Fig. 18I). Pores cross through the sclerite wall.

Remarks. Wotte & Sundberg (2017) figured 4 + 0 sclerites
from the Comet Shale Member that they attribute to Allonnia sp., considered similar to A. tetrathallis (Jiang in Luo
et al., 1982); their figures indicate that this material belongs
to Archiasterella cometensis instead; contrary to their statement, it is not possible to distinguish Allonnia and Archiasterella based on ray number alone (see Moore et al. 2014).
As Archiasterella uncinata is also characterized by four-rayed
sclerites, and given the sometimes rather subtle features that
distinguish different Archiasterella species, we give comparisons to other species for both A. cometensis and A. uncinata
together in the remarks for A. uncinata below.
Age and distribution. Upper Dyeran to lowermost Delamaran (Cambrian Stage 4) of Nevada.

Archiasterella uncinata sp. nov.
Figure 15

?2017 Allonnia sp.; Wotte & Sundberg, p. 893 (pro parte)
(non figs 8.9–8.11).
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?2017 Archiasterella cf. A. hirundo Bengtson; Wotte &
Sundberg, p. 895, fig. 8.23.
LSID. urn:lsid:zoobank.org:act:7982772E-4151-42D5-93B8557D0C0B8DEF

Derivation of name. From Latin uncinata, hooked, for the
form of the principal ray.
Holotype. UCMP 116322.6 (Fig. 15F, G, I).
Paratypes. UCMP 116321.1, 116322.7 (Fig. 15L, M, O).

Type locality. Oak Spring Summit, Delamar Mountains,
Lincoln County, Nevada, USA; Susan Duster Limestone
Member, Pioche Formation (sample OSS 54.1).
Additional material. Several hundred additional sclerites (including figured specimens UCMP 116305.4–116305.6, 116306.2,
116320.2, 116329.2, 116331.1, 116331.2) together with numerous
fragmentary sclerites that probably belong to this species, from
Grassy Spring (GSp 55.6, GSp 55.9, possibly GSp 59.4) and Oak
Spring Summit (OSS 53.05, OSS 54.1, possibly OSS 53.2) in the
Delamar Mountains; Hidden Valley (HV 52.7, HV 53.45, HV
56.15; possibly HV 54.0, HV 54.7, HV 57.65) in the Burnt
Springs Range; and Log Cabin Mine–South (SB 36.5) and One
Wheel Canyon (OW 34.0, OW 34.2, OW 34.3, OW 34.9) in the
Highland Range, Lincoln County, Nevada, USA; all from the
Susan Duster Limestone Member of the Pioche Formation.

Diagnosis. Species of Archiasterella bearing sclerites with
four (rarely three) rays; principal ray and adapical horizontal ray (where present) in contact with articulatory
facets; principal ray long, recurved, hook shaped; abapical
horizontal rays often curved rather than straight, making
an angle of c. 130° with each other; in basal view, the
abapical margin of the sclerite has a marked hump due to
the larger base of the principal ray.
Description. The most common sclerite form is four rayed.
Three rays approximately horizontal (parallel to basal plane).
Fourth (principal) ray usually angles obliquely in an abapical
direction, before gradually curving back around to recurve over
the rest of the sclerite in a hook shape (Fig. 15F, G, K; although
sometimes only the proximal, abapically directed portion is preserved); rarely this hook shape is not obvious. The two abapically placed horizontal rays are curved or angled adapically,
forming an obtuse angle of c. 120–130°, though this can be more
acute; the third (adapical) horizontal ray is straight, oriented
adapically; the sclerite as a whole therefore has a regular bilateral
symmetry. Adapical horizontal ray and principal ray always in
contact, forming articulatory facets the width of which varies
between specimens; the pair of abapical horizontal rays consequently separated from each other. Rays can be over 800 lm in
length. The base of the adapical horizontal ray is often notably

smaller than those of the others (e.g. Fig. 15H). Cross-section of
rays subcircular. In basal view, the abapical margin of the sclerite
has a strong hump due to the base of the principal ray
(Fig. 15A, H, I).
Foramina are centrally located within the basal facets rather
than being pressed close to the contacts between rays. Articulatory facets generally developed as straight lines in basal view. On
the outer surface of the sclerite, there are no grooves between
rays; there is some evidence for a central plateau surrounding
the foramina, the margin of which is marked by a sharp border
continuous across adjacent rays (Fig. 15A, B). Microstructure of
fibres oriented parallel to the ray axes. Foramina lack toothed
borders.
Rare Archiasterella sclerites from the same samples show a
3 + 0 configuration but are otherwise similar, particularly in
having a hook-shaped principal ray that curves abapically
(Fig. 15L, M, O).

Remarks. Wotte & Sundberg (2017) figured one sclerite
from the Susan Duster Limestone Member that they
attributed to Archiasterella cf. hirundo; it clearly does not
belong to that species, given its slender rays and the articulatory facet between its principal and adapical horizontal
rays (see below). It could possibly be a broken sclerite of
A. uncinata, although we cannot exclude the possibility
that it represents a Chancelloria lilioides sclerite from
which internal moulds of three of the marginal rays are
missing. They also listed Allonnia sp. with 4 + 0 sclerites
as being present in the Susan Duster Limestone Member,
but as this material is not figured we cannot evaluate it.
Archiasterella uncinata resembles A. cometensis in bearing almost exclusively four-rayed sclerites; it differs from
the latter most notably in having the following character
states: (1) principal ray initially runs abapically before
recurving in a hook shape, rather than being subvertically
oriented (compare Fig. 15F, G, M, O with Fig. 10B, I, J,
M); (2) the abapical margin of the sclerite has a strong
hump from the abapical projection of the principal ray
rather than forming a smooth curve (compare Fig. 15A,
H, I, L with Figs 8A, 10D, K, R); (3) foramina are placed
further away from the contacts between adjacent rays
(compare Fig. 15A, H, I, L with Fig. 10K, N); (4) the
abapical horizontal rays are often curved rather than
nearly straight (Fig. 15A, B, K, N); (5) the presence of
occasional sclerites with a 3 + 0 configuration; and (6)
the apparent absence of bumps around the foramina and
scale-like projections on the outer surface of the rays,
although only one specimen of A. uncinata preserves this
outer surface (Fig. 15A, B). These differences are perhaps
rather subtle, but as we consistently observe them across
hundreds of sclerites, we are confident that these represent two different species, with different stratigraphic distributions. This also leads us to suspect that Archiasterella
species from other places should perhaps be more narrowly circumscribed than is often the case at present.
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Among nominal species previously described in Archiasterella, both A. cometensis and A. uncinata are easily
distinguished from the three-rayed A. charma; the fiverayed A. pentactina, A. fletchergryllus, A. palmiformis, and
A. robusta; the five or six-rayed A. antiqua; and the sixrayed A. elegans; while some of these species occasionally
bear four-rayed sclerites (Sdzuy 1969; Moore et al. 2014),
these are never more than a subsidiary part of their scleritomes. (Some of these species are described on the basis
of very little material, and given the range of variation
documented within a single chancelloriid species one
should be cautious about taking an overly typological
approach to isolated sclerites; for the time being, however, we think the only possible course of action is to
assume that the type suite of each nominal species is
more or less characteristic for that species.)
A number of other nominal species of Archiasterella are
characterized by four rays, and therefore must be discussed
in more detail. A. hirundo is the most familiar of these; it
has a broad, flat basal surface with the foramina spaced far
away from the junction of the rays; the principal ray is
recurved, but quite short compared to the other rays; the
upper surface bears a series of prominent scale-like projections; and there is an articulatory facet between the abapical pair of horizontal rays (Bengtson et al. 1990; Porter
2008; Moore et al. 2010). Both A. cometensis and A. uncinata differ from A. hirundo in all of these features: their
basal surfaces are much narrower; the principal ray is quite
long and either vertical (in A. cometensis) or strongly
hook-shaped (in A. uncinata); while the external surface is
rarely preserved, when present it is either smooth (A. uncinata) or bears much smaller and more densely spaced projections (A. cometensis); and there is an articulatory facet
between the principal ray and the adapical horizontal ray.
(As the rays of chancelloriid sclerites, like bubbles, always
meet in twos or threes but never fours, there are two topologically distinct forms possible for a 4 + 0 sclerite, and
these seem never to co-occur in a single species.) Bengtson
(in Bengtson et al. 1990) figured as A. cf. hirundo small
sclerites with a tall principal ray and the same topology as
A. cometensis and A. uncinata; we agree with Gilbert et al.
(2016) that these cannot be accommodated within
A. hirundo. Similarly, reported occurrences of A. hirundo
or A. cf. hirundo outside South Australia (Elicki 1994,
2011; Fernandez Remolar 2001a, b; Sarmiento et al. 2001;
Atnisha 2019) either do not show the characteristic features of this species and must be excluded or are too
poorly preserved to be identifiable. Devaere et al. (2019)
recently described sclerites from the Puerto Blanco Formation as A. hirundo; these resemble the type material in the
numerous scale-like projections and in the general appearance of the basal plane but differ in having a longer principal ray and an articulatory facet between the principal ray
and the adapical horizontal ray.
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Material more similar to Archiasterella cometensis and
A. uncinata has recently been described as A. dhiraji and
A. coriacea. Based on isolated sclerites from the Parahio
Formation of the Tethyan Himalaya, Gilbert et al. (2016)
distinguished A. dhiraji from other species by the topology of the rays, with an articulatory facet between the
principal and adapical horizontal ray, in contrast to
A. hirundo; for this reason, they also included in A. dhiraji sclerites from South Australia (A. cf. hirundo of
Bengtson et al. 1990) and the Forteau Formation of Newfoundland (Skovsted & Peel 2007). While this feature
clearly distinguishes A. dhiraji from A. hirundo, we do
not think all sclerites showing this topology should be
assigned to A. dhiraji, as shown by the presence in the
Pioche Formation of what we regard as two distinct species of Archiasterella, both of which share this topology.
This suggests that the wide stratigraphic and palaeogeographic ranges reported by Gilbert et al. (2016) for
A. dhiraji may require reconsideration. It seems that
A. cometensis differs from A. dhiraji most notably in having the following features: (1) a principal ray that is vertically oriented proximally, rather than extending abapically
before recurving adapically, as is generally the case in
A. dhiraji; (2) abapical horizontal rays that are straight
rather than curved; and (3) a generally more robust sclerite form. Archiasterella uncinata differs from A. dhiraji in
the usually much more strongly curved, hook-shaped
principal ray, in the hump on the abapical margin of the
sclerite due to the presence of the principal ray, and in
the occasional presence of 3 + 0 sclerites. These are again
rather subtle distinctions, with A. dhiraji in some ways
being intermediate in form between A. cometensis and
A. uncinata, and all three species show a range of variation, but given our large collections of sclerites from a
series of different localities we are confident in stating
that most of the sclerites figured by Gilbert et al. (2016)
fall outside the range of variation seen in either of the
Pioche Formation species. This demonstrates that the
populations showed original biological differences and in
the absence of evidence for conspecificity we prefer at
present to regard these as distinct species. While an individual isolated sclerite may not always be identifiable as
one species or another, we are confident that a larger
sample could be, again reinforcing the point that in most
cases only large samples of chancelloriid sclerites are suitable for systematic treatment. (For example, the very
wide, bow-shaped sclerites with curved abapical rays figured as A. quadratina by Lee et al. (1993), A. hirundo by
Sarmiento et al. (2001), and Archiasterella sp. by Zhu
et al. (2003) are reminiscent of A. uncinata, and the tall,
vertical principal rays of sclerites figured as A. ‘tetractina’
(= A. tetraspina) by Vasil’eva & Sayutina (1988; Botoman
material only), Archiasterella sp. by Dzik (1994), Archiasterella ex gr. A. tetraspina by Demidenko (in Gravestock

606

PAPERS IN PALAEONTOLOGY, VOLUME 7

et al. 2001), A. tetraspina by Rozanov et al. (2010), and
A. tetractina by Yang et al. (2015) are reminiscent of
A. cometensis, but all of these remain too poorly characterized to make any convincing assignment.)
Archiasterella coriacea was described on the basis of
flattened specimens from the Burgess Shale (Bengtson &
Collins 2015), and for this reason it is difficult to compare its sclerites with those preserved three dimensionally;
Bengtson & Collins (2015) made no attempt at such comparisons. With this caveat, however, it seems that the
abapical horizontal ray pair is more strongly angled
adapically in A. coriacea, making about a 90° angle with
each other, according to Bengtson & Collins (2015),
rather than an obtuse angle as in A. cometensis and
A. uncinata (and A. dhiraji); some specimens of A. coriacea suggest that the non-principal rays are angled abaxially rather than being almost horizontal as in both of the
new species. Thus we prefer to regard these species as distinct, although the possibility that some of these differences may be due to different orientations of the flattened
sclerites from the Burgess Shale necessarily limits our
confidence.
Other nominal species of Archiasterella founded on
four-rayed sclerites are less well characterized. Archiasterella tetractina does not unquestionably belong to this
genus; there is some suggestion that non-principal rays
are also tilted abaxially, and the abapical pair of marginal
rays can be oriented at nearly 180° from each other rather
than being directed adapically (Duan 1984). While material more confidently assignable to Archiasterella has
been placed in A. tetractina by subsequent authors (Xiao
& Duan 1992; Yang et al. 2015), there is no reason to
assume these are correctly assigned specifically; contrary
to the suggestion of Qian (1989), this species cannot be
regarded as a synonym of A. pentactina. According to its
original description by Lee (1987), all four rays of the
sclerites of A. quadratina lie in a single, horizontal plane;
if this is correct, these sclerites could not be accommodated in Archiasterella (Yun et al. (2019b) recently suggested that they could be part of a Chancelloria
scleritome) although the figures of the type material are
ambiguous and it is possible that this material is correctly
assigned generically. Subsequent usage of this name (Lee
et al. 1992, 1993; Lee 2006, 2008; Yang et al. 2015; Yun
et al. 2016) has not clarified its diagnosis; material identified as A. quadratina by Demidenko (in Gravestock et al.
2001) would appear to belong instead to A. hirundo. The
holotype of A. tetraspina (= A. tetractina Vasil’eva &
Sayutina, 1988 non Duan, 1984) has a very short principal
ray and apparently has the same ray topology as
A. hirundo (Vasil’eva & Sayutina 1988; Vasil’eva 1998);
other material placed in the species (Gravestock et al.
2001; Rozanov et al. 2010; Botoman material of Vasil’eva
& Sayutina 1988; Elkanospina? sp. of Missarzhevsky 1989

according to Vasil’eva 1998; Allonnia sp. aff. A. tetrathallis
of Brock & Cooper 1993 according to Demidenko in
Gravestock et al. 2001) has a longer principal ray and the
ray topology of Archiasterella dhiraji, A. cometensis and
A. uncinata, and therefore cannot be assigned to A. tetraspina; the material placed here by Yun et al. (2019b) is
difficult to evaluate in this regard. The type material of
A. quadriradiata has the same topology as A. cometensis
and A. uncinata but can be easily distinguished from both
because of its very robust sclerites with a short principal
ray (Vasil’eva 1998). The holotype of Chancelloria sardinica may also be a 4 + 0 Archiasterella sclerite but only
a rather diagrammatic line drawing has been published
(Mostler 1985).
Age and distribution. Lower Delamaran (interval around
the Cambrian Stage 4 – Wuliuan boundary) of Nevada.

Archiasterella auriculata sp. nov.
Figures 8C–E, H–K; 11; 12; 17K, L, N, O; 18A–E, H; 19I–K

2017 Chancelloria sp. 2; Wotte & Sundberg, pp. 893–895
(pro parte), figs 8.16–8.22.
LSID. urn:lsid:zoobank.org:act:14AED3CF-9FD9-4157-9C52D7DF9C0FBAFD

Derivation of name. From Latin auriculata, ear-like, for
the oblique rays that look like a pair of tiny ears.
Holotype. UCMP 116314.4 (Fig. 11A–C).
Paratypes. UCMP 116313.3, 116313.5–116313.7,
116314.5, 116314.6 (Fig. 11D–I, K, L, P, Q, S).

116314.3,

Type locality. Klondike Gap, Chief Range, Lincoln
County, Nevada, USA; Comet Shale Member, Pioche Formation (sample KGC 54.6).
Additional material. Several hundred additional sclerites (including figured specimens UCMP 116298.1, 116299.2–116299.6,
116300.2, 116309.1, 116309.3, 116313.4, 116319.4–16319.6,
116326.3, 116340.2–116340.6) together with numerous fragmentary sclerites that probably belong to this species, from Grassy
Spring (GSp 28.6) and Oak Spring Summit (OSS 30.05, OSS
30.3, ICS-1289) in the Delamar Mountains; Hidden Valley (possibly HV 25.1) in the Burnt Springs Range; Klondike Gap (KGC
54.6) in the Chief Range; and Log Cabin Mine–South (SB 5.3,
ICS-1265) and One Wheel Canyon (OW 3.25) in the Highland
Range, Lincoln County, Nevada, USA; all from the Comet Shale
Member of the Pioche Formation. In addition, fewer than ten
sclerites (including figured specimens UCMP 116307.2,
116324.2) from the Combined Metals Member from Hidden
Valley (possibly HV 11.9) and One Wheel Canyon (OW 1.92)
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and equivalent strata at Patterson Pass, Schell Creek Range (ICS1099).

Diagnosis. Species of Archiasterella with a scleritome composed mostly of sclerites having six rays, with three rays
horizontal and two small, obliquely oriented rays adjacent
to the principal ray. Principal ray and adapical horizontal
ray in contact with articulatory facets; principal ray long,
subvertical proximally before curving slightly adapically
distally. Sometimes one or two additional rays fill in the
gap between the oblique rays so sclerites are formally
6 + 1 or 7 + 1.
Description. The predominant sclerite form has six rays,
arranged in a bilaterally symmetrical manner: one (the principal
ray) oriented subvertically, three horizontally, and two obliquely
(Fig. 11). One horizontal ray (the most adapically placed) is
straight and oriented adapically; immediately abapical to this are
the other two horizontal rays, both angled or curved adapically.
The two oblique rays are smaller than the other four (generally
much smaller), are bent upwards from the basal surface by an
angle of c. 30° (Fig. 11C, E, G, I, N, O), and are located on
either side of the principal ray, immediately adjacent to the
abapical pair of horizontal rays. The adapical horizontal ray
shares articulatory facets with the principal ray and both of the
abapical horizontal rays; each abapical horizontal ray shares
articulatory facets with the principal ray, the adapical horizontal
ray, and one oblique ray; each oblique ray shares articulatory
facets with the principal ray and one of the abapical horizontal
rays. The principal ray is bordered on five sides by articulatory
facets with each of the other rays, but its abapical margin is free
and does not contact any other rays, so the sclerites have a
6 + 0 formula. The morphology of these sclerites is therefore
very similar to that of Archiasterella cometensis (cf. Fig. 10), with
the only major difference being the presence of the oblique rays;
when these have become disarticulated from the internal mould,
the remaining portion can still be distinguished from sclerites of
A. cometensis by the presence of small notches due to the articulatory facets on either side of the principal ray (Fig. 11T, U,
arrowed), although these facets are often very small (in parallel
to the small size of the oblique rays). Rays can be 1 mm in
length. Cross-section of rays subcircular. The principal ray is
generally the largest (but see Fig. 12F), with the horizontal rays
smaller, and the oblique rays the smallest. The proximoabapical
edge of the principal ray is somewhat curved, so that the widest
part of the principal ray is somewhat abaxial to the basal facet;
the bases of the oblique rays can be nestled into this space
beneath the principal ray (Fig. 11B, G, S).
Rarely a seventh ray is present on the abapical margin of the
principal ray, which is then entirely encircled (Fig. 12), producing a sclerite that is formally 6 + 1. (Note that while the principal ray is thus counted as a central ray for descriptive purposes,
we do not assume homology with the central ray of Chancelloria;
see discussion below.) The seventh ray is oriented obliquely,
bent abaxially away from the basal surface; it can be similar in
size to the other oblique rays or smaller than them. When the
seventh ray is relatively large, it has clear articulatory facets
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developed along contacts with the other two oblique rays, but
these can be very poorly developed or possibly even absent when
it is small. Sometimes a sclerite that does not preserve the seventh ray demonstrates its former presence by having articulatory
facets on the oblique rays (Fig. 12J, arrowed) but given the frequently very small size of the seventh ray these may not always
be obvious, so some specimens might be missing the seventh ray
without this being evident. Nonetheless, we are confident that
most of the 6 + 0 sclerites did indeed lack a seventh ray, given
the very large number of specimens that preserve all other rays
articulated with no trace of a seventh, and its clear absence in
specimens that preserve the external surface (Fig. 8C, D, H–K).
Very rarely a sclerite can have one further tiny oblique ray so
that the sclerite is formally 7 + 1 (Fig. 12I).
Basal surfaces gently curve towards the foramina, which lack
toothed borders. Foramina near the contacts between adjacent
rays. Articulatory facets generally developed as straight lines in
basal view. Microstructure of fibres oriented parallel to the ray
axis; these can be quite disorganized on the proximal portion
itself (Fig. 19J, K).
Some specimens from the Combined Metals Member preserve
the external surface of the sclerite in detail (Fig. 8C–E, H, I).
The basal surface is expressed as a continuous raised platform;
this is developed as a raised ring-like rim around each foramen
on the margins of the basal surface, but towards the interior
these rims merge to form a continuous raised area (Figs 8J, K,
18H). On the abapical side of the basal surface, this rim can
extend as a horn-like spine abapical to the foramina of the principal ray and each of the oblique rays (Fig. 8K). The rim may
show either weak crenulations (Fig. 8J, K) or distinctly developed verruculae (Fig. 18H). The distal portion of each ray is
covered with very low pill-shaped projections arrayed in longitudinal files (Fig. 18A–E).

Remarks. Wotte & Sundberg (2017) described and figured
this taxon under the name Chancelloria sp. 2; while they
stated that it has 5 + 1 sclerites with approximate radial
symmetry, their figures clearly show the strongly developed bilateral symmetry and gap in horizontal rays on
one side of the sclerite characteristic of Archiasterella
auriculata (apart from possibly the specimen in their
fig. 8.21, which might be the 6 + 1 morphotype). A few
of their figured specimens (their figs 8.16, 8.20, 8.22)
could alternatively represent A. cometensis.
These sclerites are quite unusual and do not have obvious parallels in previously described chancelloriid assemblages. That the vertical ray is almost but not entirely
surrounded by other rays suggests that they are morphologically (though not necessarily phylogenetically) intermediate between Archiasterella and chancelloriids with a
central ray encircled by marginal rays (e.g. Chancelloria,
Chancelloriella and Ginospina). This is further underlined
by the presence of a few sclerites in which one or two
additional rays fill in this small gap around the principal
ray so that it is entirely encircled with other rays. As sclerites with and without these additional rays co-occur and
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are otherwise identical, we regard them as conspecific.
Placing some of these sclerites in Archiasterella and the
others in Chancelloria would be to treat these genera
typologically rather than biologically.
A few other nominal species of Archiasterella have sclerites with a similar number of rays. The type suite of
A. antiqua consists of 5 + 0 and 6 + 0 sclerites, as well as
possible 2 + 0, 4 + 0, and 7 + 0 sclerites; this intriguing
species remains poorly understood and it may not belong
in Archiasterella, as it is not clear that any of the rays are
vertically oriented, although the sclerites still show a clear
bilateral symmetry due to variation in the size and curvature of the rays (Sdzuy 1969). Perhaps similar to A. antiqua is Diffusasterella diffusa Demidenko in Gravestock
et al., 2001, which has 7 + 0 sclerites; although these
resemble Archiasterella sclerites due to their bilateral symmetry with all rays pointing towards one side of the sclerite, the equivalent to the principal ray is neither vertical
nor recurved over the others (although in this respect
perhaps not too distant from some specimens of
A. hirundo). Archiasterella elegans has 6 + 0 sclerites,
seemingly with all of the slender rays curved abaxially;
from the published figure it is difficult to judge how
strongly developed the principal ray is (Gravestock et al.
2001). A 6 + 0 Archiasterella sclerite with a strongly
developed principal ray and the other rays horizontal was
attributed to A. elegans by Yang et al. (2015), but apart
from the number of rays it shows no similarities to that
species. Similar six-rayed sclerites in which all of the nonprincipal rays are horizontal have sometimes been placed
in A. pentactina (Qian 1989; Rozanov et al. 2010).
Other poorly understood sclerites with ray formulas similar to that of Archiasterella auriculata have been placed in the
genus Aldanispinella Vasil’eva, 1998 (= Aldania Vasil’eva,
1985, non Moore, 1896), although this genus has sometimes
been placed in synonymy with Archiasterella (Bengtson et al.
1990; Parkhaev & Demidenko 2010; Rozanov et al. 2010).
According to Vasil’eva (1985), the type species, Aldanispinella flabellata (Vasil’eva, 1985), has 6–7 + 0 sclerites in
which the largest ray is oriented horizontally within the basal
plane, while some of the smaller rays are curved upwards
away from the basal plane. An additional specimen of A. flabellata figured by Vasil’eva (1998) is a 6 + 0 sclerite that perhaps could be similar to the typical form of Archiasterella
auriculata, with the large horizontal ray of Vasil’eva (1985)
corresponding to the adapical horizontal ray of A. auriculata,
but it is impossible to be certain. Aldanispinella sulugurica
(Vasil’eva in Vasil’eva & Sayutina, 1988) is also described as
having 6–7 + 0 sclerites, but with two larger rays, one of
which is subvertically oriented; figured sclerites (see also
Vasil’eva 1998) are incomplete and difficult to interpret.
Sclerites of A. nizhnelenensis Vasil’eva, 1998 (= Aldania sp.
of Vasil’eva & Sayutina 1988) have seven rays, with two
angled abaxially and five oriented horizontally.

The presence of 6 + 1 sclerites in Archiasterella auriculata also invites comparison with Chancelloria and similar
species, with the most obvious point of comparison being
C. bella and Chancelloriella irregularis sensu Demidenko
(2000; in Gravestock et al. 2001), as these show much larger marginal rays on one side of the sclerite than the other,
as well as a tendency for the smaller rays to be obliquely
rather than horizontally oriented. Nevertheless, because the
vast majority of A. auriculata specimens have a gap on one
side of the principal ray, they are clearly distinct from the
specimens documented by Demidenko, and we conclude
that this species should be assigned to Archiasterella.
Devaere et al. (2019, fig. 10.21–10.29) figured 5 + 1
sclerites of Chancelloria sp. in which the two most abapical marginal rays are at a high angle to one another (almost 100°), resulting in an outline in basal view
reminiscent of that of a 6 + 0 Archiasterella sclerite as.
Nevertheless, the central ray is entirely enclosed by marginal rays and there is no reason to regard this similarity
as more than superficial.
Age and distribution. Upper Dyeran to lowermost Delamaran (Cambrian Stage 4) of Nevada.

Archiasterella cf. charma Moore et al., 2014
Figure 9A–C, E, F

?2006a Chancelloria sp.; Skovsted, pp. 493–494 (pro parte),
fig. 4E.
Material. Fewer than ten sclerites (including figured specimens
UCMP 116302.1, 116307.3, 116316.4, 116332.1, 116336.2), from
Hidden Valley (HV 11.7, possibly HV 11.9) in the Burnt Springs
Range; Ruin Wash (RW 14.78, ICS-10004) in the Chief Range;
and Log Cabin Mine (possibly LCC 42.0) in the Highland
Range, Lincoln County, Nevada, USA; all from the Combined
Metals Member of the Pioche Formation; also from equivalent
strata at Patterson Pass, Schell Creek Range (ICS-1099).
Description. Sclerites three rayed, with two rays approximately
horizontal (parallel to the basal plane), and the third oriented
nearly vertically, at least near the base (more distal portions generally not preserved). The two horizontal rays form an angle of c.
100–120° in basal view. The proximal portions of all rays are quite
robust and of subequal size. Basal margin of principal ray usually
quadrate in shape, with two sides being articulatory facets with
the horizontal rays and the other two sides parallel to the abapical
margins of the horizontal rays, such that the entire sclerite is
roughly V-shaped in basal view (Fig. 9A). On one three-rayed
sclerite the horizontal rays form a much more obtuse angle than
does the abapical edge of the principal ray, so that the sclerite is
more T-or Y-shaped in basal view (Fig. 9E); its assignment here is
consequently somewhat questionable. Sometimes the internal
mould of each ray exhibits one or two small protrusion near the
centre of the sclerite where the three rays meet (Fig. 9B, C).
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Remarks. These are rare sclerites in the samples from the
Combined Metals Member, where they co-occur with all
three of the other species known from this unit. While
Chancelloria impar can have 3 + 0 sclerites, those never
have a vertically oriented principal ray (Fig. 5Y, Z), and
sclerites of Archiasterella cf. charma are markedly more
robust than are those of A. cometensis and A. auriculata.
For all of these reasons, we consider that these sclerites
probably represent a fourth species from this member.
Three-rayed Archiasterella sclerites have rarely been
described. Archiasterella charma from the Meishucunian
of Yunnan is quite similar to the present material (Moore
et al. 2014), although the specimens from Nevada seems
to be characterized by a wider angle between the horizontal rays and we have not found sclerites with abapically
directed principal rays, which are common in the
Meishucunian material. Material from the Puerto Blanco
Formation of Sonora attributed to A. charma by Devaere
et al. (2019) would seem to fill the morphological gap
between specimens from Yunnan and Nevada, and may
suggest that all three populations are conspecific. Like the
sclerites described here, A. charma has small protrusions
of the internal mould of each ray at the centre of the sclerite, but these are also seen in Meishucunian A. cf. pentactina (Moore et al. 2014, fig. 3I) and thus are not
diagnostic. Given the small number of specimens from
the Pioche Formation at our disposal we cannot confidently determine whether or not these are conspecific
with A. charma and therefore leave this material in open
nomenclature as A. cf. charma.
Skovsted (2006a) figured a three-rayed sclerite from
the basal Emigrant Formation at Split Mountain; due to
its robust nature we suspect it may be conspecific with
the present material but remain uncertain.

Archiasterella spp. indet.
Figure 9D, G–J

Description. Many chancelloriid sclerites from the Comet Shale
Member, while probably belonging to Archiasterella, are too
incomplete to ascribe to either A. cometensis or A. auriculata.
One such specimen is the sclerite in Figure 9J, which shows that
the articulatory facets between the principal ray and the horizontal rays were oriented obliquely rather than vertically, similar to
the articulatory facets between the central ray and the marginal
rays in Chancelloria impar and C. lilioides.
Two other sclerites from the Comet Shale Member have unusual morphologies that do not fit into any of the other morphotypes described from this unit (Fig. 9G–I). One, although
evidently incomplete, preserves the remains of ten rays
(Fig. 9G). Three of these rays, arrayed in a row, are oriented
more or less vertically, perpendicular to the basal surface, while
the others are horizontal or obliquely oriented. At least one of
the vertical rays is entirely surrounded by other rays, but

609

another clearly has a free margin and in this respect resembles
the principal ray of an Archiasterella sclerite. The other sclerite is
quite coarsely preserved, but seems to have a 7 + 0 configuration (Fig. 9H, I); at least two of the rays are subvertical and two
subhorizontal; a very small ray is nestled between the two subvertical rays, while the remaining two rays are fragmentary.
Samples from levels in the Comet Shale Member above the
basal ribbon limestone rarely yielded complete chancelloriid sclerites, but isolated rays suggest the presence of Archiasterella sclerites larger than those preserved from the basal ribbon limestone
(Fig. 9D).

Remarks. The two unusual sclerites (Fig. 9G–I) may have
arisen through fusion of two or three separate protosclerites; see discussion below.

DISCUSSION
Comparison with the trilobite record from the Pioche
Formation
We report a consistent biostratigraphical pattern among
chancelloriids through the Dyeran–Delamaran boundary
in the Pioche–Caliente region that shows both similarities
and differences with that of trilobites. Chancelloria impar
is the dominant chancelloriid in the latest Dyeran Combined Metals Member, and in several sections it extends
to the uppermost carbonate bed within the unit, whereas
we have never found it in overlying units. Its LAD therefore is coeval (or very nearly so) with the extinction of
the olenelloids. The chancelloriid fauna of the Combined
Metals Member is not uniform, however, as some samples
yielded Archiasterella cometensis and A. auriculata, which
seem not to co-occur with C. impar (although they are
found in samples separated by only a few centimetres in
the Hidden Valley section); A. cf. charma is rare but can
occur with any of these other species. Similar major variations in the abundances of different species have been
noted for trilobites in the upper Combined Metals Member (Palmer 1998b; Hopkins & Webster 2009), but the
reasons for this variation remain obscure.
Samples from the ribbon limestone at the base of the
Comet Shale Member host a distinctive depauperate
fauna with only one species of trilobite (Eokochaspis
nodosa) but they consistently yielded large quantities of
sclerites of both Archiasterella cometensis and A. auriculata. While E. nodosa is not known from the Dyeran,
both of these chancelloriid species are known from the
Combined Metals Member and therefore range across the
Dyeran–Delamaran boundary, unlike any known trilobite
species. In fairness, however, one might note that an asyet undescribed ‘kochaspid’ trilobite similar to E. nodosa,
is known from the uppermost Combined Metals Member
(Webster 2011c); given the much smaller number of
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characters available from chancelloriids than from trilobites, chancelloriid ‘species’ are necessarily more broadly
circumscribed than those of trilobites and their systematic
resolution is consequently lower, so perhaps the evolutionary signals shown by the two groups may not be so
different.
Higher carbonate beds within the Comet Shale Member
yielded a succession of different trilobite species (Sundberg & McCollum 1997, 2000); we have recovered very
few complete chancelloriid sclerites from these beds, but
they include possible specimens of Archiasterella cometensis and Chancelloria lilioides. Samples from the Susan
Duster Limestone Member regularly yielded both A. uncinata and C. lilioides; both of these species are found
throughout the member and we do not see any biostratigraphical differentiation, in contrast to the successive
appearances of different trilobite species (Sundberg &
McCollum 2000, 2003a).
In general, chancelloriids show a similar pattern to that
seen in trilobites: the Dyeran–Delamaran boundary is
marked by a major faunal change (although only at the
specific level); the basal Comet Shale Member hosts a
fauna with a small number of species in great abundance;
with additional species successively appearing higher in
the Comet Shale Member and the Susan Duster Limestone Member. This suggests that the environmental or
evolutionary changes that affected trilobites were also
important for other animal groups, in contrast to some
previous suggestions based on lower-resolution datasets
(Rowell 1980; Lieberman 2003; Wotte & Sundberg 2017).
Ongoing systematic work on other shelly groups suggests
they also show major differences across the Dyeran–Delamaran boundary (JLM, unpub. data).

The Laurentian chancelloriid record
Chancelloriids have been reported from around 30 stratigraphic units in Laurentia (Fig. 20), although many
records require much better documentation. The oldest
chancelloriids described thus far from Laurentia are from
the Puerto Blanco Formation in central Sonora; Devaere
et al. (2019) documented the occurrence of several species, including two species of Allonnia, three species of
Archiasterella, and probably at least two species of Chancelloria, in a succession of assemblages that begin in the
Begadean (possibly Stage 2) and extend through the
Montezuman, and possibly into the Dyeran. Other Montezuman chancelloriids include articulated specimens
from the Poleta Formation of Indian Springs, Montezuma Range, Nevada (English & Babcock 2010), and
isolated sclerites from the Sekwi Formation of the
Mackenzie Mountains in the Northwest Territories (Voronova et al. 1987), although both require additional

documentation for taxonomic consideration. Articulated
chancelloriids from the lower Dyeran part of the Sekwi
Formation were described by Randell et al. (2005), and
include both the 5 + 0 Archiasterella fletchergryllus and a
6–7 + 1 Chancelloria sp. Sclerites from the mid-Dyeran
Browns Pond Formation of the Taconic allochthon in
New York range from 5–8 + 1 and 4–5 + 0 and were
reasonably interpreted by Landing & Bartowski (1996) as
representing a single species; the uncurved marginal rays,
broad range of ray numbers, and the sometimes marked
gradient in marginal ray size (Landing & Bartowski
1996, fig. 8.6) are reminiscent of C. impar. Chancelloriids
from other mid-Dyeran localities are relatively poorly
known, but they include additional examples of Chancelloria sclerites with uncurved marginal rays (Skovsted
2006b; Skovsted & Peel 2007, 2010; Knight et al. 2017), a
four-rayed Archiasterella (Skovsted & Peel 2007) and sclerites that resemble Eremactis, Allonnia and Archicladium
(Skovsted 2006b).
Chancelloriid sclerites from the latest Dyeran, comparable in age to the Combined Metals Member, have previously been reported from three other units in Laurentia.
Skovsted (2006a) figured two sclerites, probably representing Chancelloria impar and Archiasterella cf. charma,
as discussed above, from the basal Emigrant Formation of
Split Mountain in south-western Nevada, recording the
outer-shelf equivalent to the inner-shelf Pioche Formation. Landing et al. (2002) figured a sclerite of Chancelloria sp. that resembles C. impar in its relatively strong
gradient in marginal ray size from the ‘Anse Maranda formation’ of the Taconic allochthon at Ville Guay in
Quebec, and recorded the presence of 5–6 + 0 and 5–
7 + 1 sclerites. In contrast, the chancelloriids reported by
Peel et al. (2016) from the Ovatoryctocara granulata
assemblage of the Henson Gletscher Formation of North
Greenland show no particular similarities to those from
the Combined Metals Member; these include both Chancelloria sclerites without a strong gradient in marginal ray
size and sclerites Peel et al. attribute to various species of
Allonnia.
Delamaran chancelloriids have been described from
several localities, but previously published records that
are stratigraphically well constrained date to the Mexicella
mexicana and Glossopleura walcotti zones, and are therefore younger than those described herein. Most material
of Chancelloria from these zones, as well as from the
Topazan and Marjuman stages, is characterized by having
marginal rays with a notable gradient in size and that are
curved adapically within the basal plane; this includes not
only articulated specimens from the Burgess Shale (Walcott 1920; Bengtson & Collins 2015), Wheeler Formation
(Rigby 1978; Janussen et al. 2002) and El Gavilan Formation (Beresi et al. 2019) but also isolated sclerites from a
number of different units (Cooper et al. 1952; Elliott &
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Occurrences of chancelloriids in Laurentia; only records that may be evaluated based on published illustrations are
included. Stratigraphy after Palmer (1998a) and Peng et al. (2012); some records are relatively poorly constrained. Key: 1, Puerto
Blanco Formation, near Caborca, Sonora (Devaere et al. 2019); 2, Poleta Formation, Indian Springs, Montezuma Range, Nevada (English & Babcock 2010); 3, Sekwi Formation (traditional Nevadella Zone), Mackenzie Mountains, Northwest Territories (Voronova et al.
1987); 4, Maitlen Formation, north-western Washington (Hampton 1979); 5, Sekwi Formation (lower traditional Bonnia–Olenellus
Zone), Northwest Territories (Randell et al. 2005); 6, Browns Pond Formation, Taconic allochthon, New York (Landing & Bartowski
1996); 7, Forteau Formation, Newfoundland and Labrador (James & Klappa 1983; Skovsted & Peel 2007; Knight et al. 2017); 8, Kinzers Formation, Pennsylvania (Skovsted & Peel 2010); 9, Bastion Formation, North East Greenland (Skovsted 2006b); 10 Middle Granville Formation, Taconic allochthon, New York (Lochman 1956); 11, basal Emigrant Formation, Split Mountain, Nevada (Skovsted
2006a); 12, ‘Anse Maranda formation’, Taconic allochthon, Quebec (Landing et al. 2002); 13, Henson Gletscher Formation, North
Greenland (Peel et al. 2016); 14, Combined Metals Member, Pioche Formation, east-central Nevada (Wotte & Sundberg 2017; this
paper); 15, Comet Shale Member, Pioche Formation, east-central Nevada (Wotte & Sundberg 2017; this paper); 16, Susan Duster
Limestone Member, Pioche Formation, east-central Nevada (Wotte & Sundberg 2017; this paper); 17, Ledger Formation, Pennsylvania
(Walcott 1920; Stose & Jonas 1933); 18, El Gavilan Formation, (Mexicella mexicana Zone), Sonora (Cuen et al. 2013; Cuen-Romero
et al. 2016); 19, Ross Lake Shale Member, Cathedral Formation, British Columbia (Walcott 1917); 20, Mount Cap Formation,
Mackenzie Mountains, Northwest Territories (Butterfield & Nicholas 1996); 21, Arrojos Formation, Sonora (Cooper et al. 1952);
22, Cadiz Formation, Marble Mountains, California (Mason 1935); 23, Bright Angel Shale, Grand Canyon, Arizona (Elliott & Martin
1987); 24, Burgess Shale Formation, British Columbia (Walcott 1920; Johnston et al. 2009; Bengtson & Collins 2015); 25, Stephen Formation, Stanley Glacier, British Columbia (Caron et al. 2010); 26, El Gavilan Formation (Ehmaniella Zone), Sonora (Beresi et al.
2019); 27, Wheeler Formation, House Range, Utah (Rigby 1978; Gunther & Gunther 1981; Janussen et al. 2002; Kloss et al. 2009;
Robison et al. 2015; Foster & Gaines 2016); 28, Marjum Formation, House Range, Utah (Robison 1964); 29, Conasauga Formation,
Georgia (Walcott 1920; age after Schwimmer 1989); 30, Bonneterre Formation, south-eastern Missouri (Lochman 1940); 31, Riley Formation, Texas (Palmer 1954; Cloud & Palmer 1959; Barnes & Bell 1977; King & Chafetz 1983); 32, Collier Shale, Ouachita Mountains,
Arkansas (Hohensee & Stitt 1989).

FIG. 20.
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Martin 1987; possibly Walcott 1917; Mason 1935; Butterfield & Nicholas 1996; Cuen et al. 2013). These would
seem to record a species (C. eros) or group of related species that can be distinguished from C. lilioides and
Dyeran forms such as C. impar by having curved marginal rays; uncurved marginal rays are apparently documented from the Marjuman in the type specimens of
C. drusilla (Walcott 1920) and C. aurora (Lochman
1940), but both seem to have nearly radially symmetrical
sclerites based on published illustrations.
Archiasterella and Allonnia are less commonly reported
from the Delamaran and younger ages. Apart from the
material described herein, the only records of Archiasterella are the articulated A. coriacea from the Burgess
Shale (Bengtson & Collins 2015) and possible sclerites
from the El Gavilan Formation (Beresi et al. 2019). Allonnia is known from the articulated A. tintinopsis, with
three-rayed sclerites, from the Burgess Shale (Bengtson &
Collins 2015) and isolated sclerites from other units, with
three-rayed specimens known from the El Gavilan Formation (Beresi et al. 2019) and from the Stephen Formation
at Stanley Glacier (Caron et al. 2010) and other probable
examples, with unclear ray numbers, from Sonora (Cuen
et al. 2013) and Pennsylvania (Walcott 1920; as Chancelloria yorkensis).
The youngest figured chancelloriid from Laurentia is a
single four-rayed sclerite of uncertain affinity from the
Steptoean Collier Shale of Arkansas (Hohensee & Stitt
1989). Additional Steptoean chancelloriids have also been
reported but not figured from the Milpillas Formation of
Sonora (Almazan-Vazquez 1989) and the Rabbitkettle
Formation of the Mackenzie Mountains (Pratt 2002).
In summary, we can note a number of features of the
Laurentian chancelloriid record: Chancelloria is the most
widespread genus throughout its stratigraphic range;
Archiasterella and Allonnia are less widespread but can be
very abundant where they do occur (as in the Comet
Shale Member). Apart from one record of Eremactis, no
other genera of chancelloriids or allied animals are
recorded. While much further taxonomic work will be
needed to sort out finer biostratigraphical patterns, it
already seems that different sclerite forms within Chancelloria show different stratigraphical distributions; in particular, sclerites with uncurved marginal rays (with sclerites
ranging from radially to bilaterally symmetrical depending
on ray size) predominate through the basal Delamaran
(including both C. impar and C. lilioides as described
herein) but from the mid-Delamaran onwards they are
largely replaced by species with strongly curved marginal
rays (as in C. eros).
While Terreunivan chancelloriids are widely distributed
elsewhere in the world (as reviewed in Moore et al.
2014), the oldest Laurentian chancelloriids thus far
described come from near the Stage 2–3 boundary,

presumably a result of the poor record of suitable facies
in the Terreneuvian of Laurentia. In contrast, Laurentia
offers a particularly extensive record of the later part of
chancelloriid history; outside Laurentia, Drumian and
younger records are very few in number and generally
remain poorly preserved or described (Mostler & MoslehYazdi 1976; Mehl 1998; Zhu et al. 2003; Porter 2004a;
Bassett-Butt 2016; Hong et al. 2016; Novozhilova & Korovnikov 2019). Further study of the apparent decline in
chancelloriids through the later part of the Cambrian is
required, in both Laurentia and other palaeocontinents,
to disentangle the relative importance of a genuine biological decline in the group (cf. Kloss et al. 2009; Hong
et al. 2016; possibly due to different substrates or new
predators) and a taphonomic decline in the frequencies of
phosphatized small shelly fossil assemblages and Burgess
Shale-type deposits (cf. Porter 2004b).

Morphogenetic control of sclerite form in chancelloriids
One could suppose two end-member models for sclerite
morphogenesis in chancelloriids: in the first, rays are
interchangeable and not differentiated from one another,
and the general sclerite form is the result of simple morphogenetic rules being applied to a cluster of rays; under
this model, it would not be possible to homologize rays
of different sclerites or species. In the second model, each
ray is an independently specified unit, with the overall
sclerite form being the sum of all its rays; in this model,
it might be possible to homologize individual rays of sclerites of different species. Moore et al. (2014) emphasized
the first model, noting that the topology of rays within
sclerites are rather like a cluster of so many bubbles, and
that in early chancelloriids, such as Chancelloriella, the
different rays do seem essentially equivalent to one
another, with the rays oriented so as to maximize their
spacing. This was considered consistent with the hypothesis that chancelloriid sclerites arose through the agglomeration of what were initially independent single rays, as in
the sclerites of Cambrothyra, Eremactis and Nidelric, with
sclerite clusters of Cambrothyra (Cao 2000; Qian et al.
2000; Steiner et al. 2004; Moore et al. 2010) offering a
plausible precursor for the more integrated sclerites of
chancelloriids sensu stricto.
Nevertheless, many later chancelloriid sclerites show
morphologies that require more complex models of morphogenesis, in which the different rays are not equivalent
to one another. (This was already present in sclerites of
Ginospina, otherwise broadly similar to Chancelloriella, in
which the central ray is low and button-like while the
marginal rays are long and spine-like (Missarzhevsky
1989; Dzik 1994).) This differentiation of rays is most
strongly seen in sclerites of Archiasterella, in which the
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principal ray is vertical or recurved without being
required to be so through enclosure by marginal rays,
and in which the horizontal rays are generally restricted
to the adapical margins of the principal ray rather than
being more spread out so as to better fill space. Furthermore, in several species of Archiasterella different horizontal rays are not morphologically equivalent to one
another: this can be seen in abapical and adapical pairs of
horizontal rays, distinct in size and form, in some fiverayed sclerites (Randell et al. 2005; Moore et al. 2014),
and it is most marked in A. auriculata, in which two
abapical rays are much smaller than the three adapical
horizontal rays and are oriented obliquely rather than
horizontally.
Aspects of both of these end-member models may be
illustrated by three specimens described herein that have
unusual forms suggesting they may be the result of fusion
of the primordia of two or three distinct sclerites. The
sclerite shown in Figure 5X appears to have an unusual
11 (?) + 2 form, with two of the largest marginal rays
oriented parallel to each other (towards the top of the
page in Fig. 5X) rather than approximately radially as in
most Chancelloria sclerites. This sclerite could be
explained as arising through the fusion of two sclerite primordia Chancelloria impar (of which many more typical
sclerites are found in the same sample), each with its own
central ray, and with each having its largest associated
marginal ray oriented in the adapical direction (Fig. 21A).
The sclerite in Figure 9H and I could be the result of the
fusion of two 4 + 0 sclerite primordia, presumably of
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Archiasterella cometensis (as there are abundant typical
sclerites of this species in the same sample), with the two
subvertical rays being the principal rays of each sclerite
primordium (Fig. 21B). The sclerite in Figure 9G has
three subvertical rays and could be the result of the
fusion of three sclerite primordia, perhaps of A. auriculata (Fig. 21C; typical sclerites of this species also occur
in this sample). Previously published examples of what
may also be fused sclerite primordia include one specimen of Chancelloriella irregularis figured by Parkhaev &
Demidenko (2010, pl. 3, fig. 5; they assigned it to Chancelloria simmetrica) and, more speculatively, the holotype
of Aldanispinella nizhnelenensis (Vasil’eva 1998, pl. 20,
figs 15, 16; also figured in Vasil’eva & Sayutina 1988,
pl. 30, fig. 8) and an indeterminate chancelloriid figured
by Shabanov et al. (1987, pl. 33, fig. 10).
These ‘double’ sclerites show that at least some rays
have their own distinctive morphogenetic identities,
rather than being equivalent and interchangeable: a vertically oriented central ray (in Chancelloria) or principal
ray (in Archiasterella) is retained from each sclerite primordium. Similarly, the two largest marginal rays in the
sclerite shown in Figure 5X are parallel to each other,
suggesting that the morphogenetic pattern of each sclerite
primordium leads to each having its largest marginal ray
oriented adapically. (This is in contrast to the radial orientation of marginal rays in most Chancelloria sclerites,
which could be explained simply as an arrangement to fill
space.) Nevertheless, because each of these ‘double’ sclerites forms an integrated whole without gaps, there must

Diagrams showing our suggested interpretations of three specimens (bottom row) that may have formed through fusion of
primordia of two or three separate sclerites (top row); grey and white colours used to distinguish the different sclerite primordia but
has no further significance. A, formation of specimen in Figure 5X from two sclerite primordia of Chancelloria impar. B, formation of
specimen in Figure 9H–I from two sclerite primordia of Archiasterella cometensis. C, formation of specimen in Figure 9G from three
sclerite primordia of Archiasterella auriculata.

FIG. 21.
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be some sort of regulatory interaction between adjacent
rays; each ray is not an entirely independent unit to be
assembled into a complete sclerite like a puzzle piece.
Given the individual specification of rays in at least
some chancelloriid sclerites, it may be possible to meaningfully discuss potential homologies of rays between
sclerites of different taxa. In his original description of
the genus Archiasterella, Sdzuy (1969) noted that the
principal ray of A. pentactina is morphologically a marginal ray (horizontal ray in his terminology), but topographically and probably functionally a central ray
(vertical ray in his terminology). As with the central ray
of Chancelloria, it is the only ray to contact all the others;
if it were to become entirely surrounded by marginal
rays, it would become a true central ray, and Sdzuy suggested that the central ray of Chancelloria arose from a
marginal ray in this manner. We have shown precisely
this transition occurring within different sclerites of
A. auriculata: most are 6 + 0, with the abapical margin
of the principal ray free from contact with other rays
(Fig. 11), but a few specimens have one or more additional rays so that the sclerite becomes 6 + 1 or 7 + 1
(Fig. 12). This could support the homology of the central
ray of Chancelloria sclerites and the principal ray of
Archiasterella sclerites, although the earlier appearance in
the fossil record of sclerites with central rays (Moore
et al. 2014) suggests that Archiasterella-type sclerites may
have evolved from Chancelloria-like sclerites through loss
of some marginal rays, rather than the other way around,
as Sdzuy (1969) supposed.

Recommendations for future taxonomic work on isolated
chancelloriid sclerites
We outlined above the approach we used in attempting
to distinguish different species from our collections of
isolated sclerites, and we suggest that it may be productive to apply similar methods to other collections of
chancelloriid sclerites. Our main recommendation is that
taxonomic work on chancelloriid sclerites should consider
the range of morphotypes present within samples, and
compare this with range of variation both with that seen
in other samples and with known complete scleritomes.
Many previous treatments have instead selected particular
sclerites and treated them individually, but this is inappropriate, both because there is variation among the sclerites produced by a single chancelloriid species (so that a
typological approach will lead to an overestimation of the
number of species) and because similar sclerites can be
produced by different species (so that a single isolated
sclerite is often not determinable). Because each chancelloriid species produces a limited and consistent set of
sclerite morphologies, however, the range of variation

seen in a relatively large collection of sclerites will offer
valuable additional characters for taxonomic treatment.
This may allow the recognition of species from assemblages of sclerites even when a single sclerite is not determinable.
The use of explicit statistical tests to compare the distribution of sclerite morphotypes in different samples
offers a powerful way to compare different sclerite assemblages and test hypotheses of conspecificity. Higher numbers of sclerites within particular samples allow stronger
statistical tests, and thus may allow more closely similar
species to be distinguished. We do not, however, prescribe a fixed number of sclerites as being necessary for a
meaningful comparison between samples. The chi-square
tests we employed in this paper allow comparison of samples of different sizes; it is often offered as a guideline
that this test should only be used if most expected counts
are greater than five (Hammer & Harper 2006), although
the mathematical basis for a firm rule are unclear
(Cochran 1952). The more important point is that these
and similar statistics can reject or fail to reject the
hypotheses that two assemblages are sampling the same
statistical distribution of sclerite types, and therefore can
only find the minimum number of populations required
to explain the available data, not the actual number of
species: they can identify significant differences between
samples, but cannot show that two samples record the
same species. The number of sclerites necessary to distinguish between two different species increases as the two
species become increasingly similar.
Finally, we wish to reemphasize the importance of
qualitative characters as well, such as the relative sizes
and orientations of the rays, the topology and overall
form of the sclerite, and the external ornamentation.
These seem to be relatively consistent within a single species (even when the number of rays is variable), and often
differ between species (particularly when large numbers
of sclerites are considered rather than just one or two).

CONCLUSIONS
While isolated chancelloriid sclerites are one of the most
common groups in Cambrian shelly faunas, they have
rarely attracted detailed study, in part due to the widespread prejudice that they are not taxonomically tractable
and therefore without biostratigraphical import. Our
study suggests otherwise: by examining large assemblages
of sclerites, we have been able to confidently distinguish
six different species. For the most part, we see a consistent biostratigraphical signal from a series of nine sections
spanning a modern distance of nearly 50 km: Chancelloria
impar Moore sp. nov. is restricted to the Combined
Metals Member of the Pioche Formation, in which it is
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the dominant species in almost all samples. Archiasterella
cometensis Moore sp. nov. and A. auriculata Moore sp.
nov. are abundant in samples from near the base of the
Comet Shale Member, although both species make their
first appearances in occasional samples of the underlying
Combined Metals Member. C. lilioides Moore sp. nov.
and A. uncinata Moore sp. nov. succeed these species in
the Susan Duster Limestone Member, with questionable
occurrences of C. lilioides in the upper Comet Shale
Member. Sclerites ascribed to A. cf. charma are a subsidiary component of samples from the Combined Metals
Member. Comparing this pattern to that seen among
trilobites, there is thus likewise a major change at the
Dyeran–Delamaran boundary (between the Combined
Metals Member and the Comet Shale Member), with the
disappearance of the dominant Dyeran taxa (C. impar
and olenelloid trilobites). Two species of chancelloriid
range across the Dyeran–Delamaran boundary, while no
trilobites are as yet known to do so. We suggest that continued study of large samples of chancelloriid sclerites
from Cambrian strata will yield further insight into their
evolutionary history and allow comparisons with other,
currently better-studied groups.
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