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ABSTRACT

Cambrian palynomorphs include conventional acritarchs (organic-walled microfossils of unknown affin-
ity, often interpretable as phytoplankton cysts) but also spine-shaped forms sometimes interpreted as
animal body parts. Here, we examine new specimens of the problematic spine-shaped palynomorph
Corollasphaeridium Martin and reassess its taxonomic composition and biological affinities. The type
species C. wilcoxianum, known previously from Cambrian-Ordovician boundary intervals in western
Canada and north China, is reported here from the Nolichucky Shale Formation of the USA and the
Deadwood Formation of Canada and the USA, extending its biostratigraphical range back to the lower
upper Cambrian (Furongian) or middle Cambrian (Miaolingian). The new specimens of C. wilcoxianum
exhibit the diagnostic form of a trumpet-shaped conical body with 5-12 apical spines, a flaring and
infolded aperture rim, and an ornamentation of branched ridges. In contrast, specimens from the
lower Cambrian (Series 2, Stage 4) Forteau Formation of Canada are assigned to C. lissum sp. nov. In
common with lower Cambrian species from Australia and Siberia, C. lissum lacks the ridged ornamen-
tation of the type species, but shares a distinctive infolded aperture rim and is intermediate in shape,
supporting the reunification of all species under Corollasphaeridium. The morphology and size distribu-
tion of Corollasphaeridium are difficult to reconcile with a phytoplanktic cyst or animal identity and
instead support comparisons with the protective cases of protists such as amoebozoan tests and tin-
tinnid ciliate loricae. Therefore, we interpret Corollasphaeridium as a loricate protist, albeit without clear
synapomorphies with any extant group. The palaeoenvironmental and palaeogeographical distribution
of Corollasphaeridium suggests localisation in near-shore habitats, possibly limited to warm-water envi-
ronments (palaeo-tropics to subtropics). Our results further emphasise the hidden high-level taxonomic

KEYWORDS
Corollasphaeridium; acri-
tarch; tintinnid; lorica;
protist; planktic

diversity among ‘acritarchs’.

1. Introduction

The Ediacaran-Cambrian transition represents a pivotal interval
in Earth’s history marked by the establishment of Phanerozoic-
type animal-rich ecosystems. Some of the earliest proposed
animal body fossils are spine-shaped and spine-bearing (spin-
ose) organic microfossils recovered as palynomorphs and small
carbonaceous fossils (SCFs) (Butterfield and Harvey 2012;
Slater and Bohlin 2022). Cambrian examples include the form-
genus Ceratophyton which encompasses mainly simple,
unornamented spines and is widespread in assemblages of
early Cambrian age (Fatka and Konzalova 1995; Zang et al.
2007; Palacios et al. 2011). Rare examples of unnamed forms
have been reported from the late Ediacaran (Moczydtowska
et al. 2015; Willman and Slater 2021). However, accurately
ascribing phylogenetic affinity to these microfossils is a major
challenge because of the potential for convergent morpholo-
gies among animals, algae and protists, and the difficulty of

identifying disarticulated fragments in the absence of the
larger organismal context.

By definition, acritarchs are vesicular organic-walled micro-
fossils of unknown affinity (Evitt 1963). Although they repre-
sent an artificial, polyphyletic grouping of organisms with
diverse morphologies from disparate biological origins, per-
haps spanning much of the tree of life, the concept is of sub-
stantial practical value in the study of palynomorphs (Servais
et al. 1997). Many studies focus on the potential insights into
pre-Mesozoic phytoplankton: the acritarch record is widely
considered to contain a component signal of the planktic pri-
mary producers in Palaeozoic seas (Butterfield 1997; Servais
et al. 2008; Moczydtowska 2010; Martin and Servais 2020;
Harvey 2023). In particular, many of the ‘conventional’ acri-
tarchs (i.e. rounded vesicles with more or less complex spines)
from the Ordovician to Devonian have morphologies and also
palaeoecological and palaeogeographical distributions that
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are broadly comparable to those of dinoflagellate cysts (Martin
1993; Servais et al. 2004; Dale 2023).

However, continued scrutiny of individual acritarch taxa is
the only way to confidently ascribe phylogenetic affinities
and ecological roles, and in this way, several former acri-
tarchs have been formally transferred to other taxonomic
groups. Colbath and Grenfell (1995) identified certain acri-
tarchs as belonging to particular groups of green algae,
including the families Prasinophyceae, Botryococcaceae,
Hydrodictyaceae, and Zygnemataceae. For example, the iden-
tification of distinctive morphological characters of the wall,
both external and internal (ultrastructural), has allowed
Tasmanites to be assigned to the prasinophycean green
algae (Tappan 1980; Guy-Ohlson 1996), further supported by
organic geochemical comparisons with living forms (Talyzina
et al. 2000). Some other former acritarchs have been reattrib-
uted to ciliate protists, based on morphological comparison,
molecular sequencing and cyst wall composition (Gurdebeke
et al. 2018). In another case, the former acritarch Moyeria has
been assigned to the euglenids based on ultrastructural
details of wall ornamentation (Euglenozoa; Gray and Boucot
1989; Strother et al. 2020).

In contrast to these examples of reattribution among
groups of essentially vesicular unicellular protists, some acri-
tarchs have been recognised as fragments of metazoan (ani-
mal) cuticle in light of more extensive remains recovered via
gentle acid processing. In this way, the candidate Silurian
dinoflagellate Apylorus was recognised to be an ornamenta-
tion structure from the cuticle of a eurypterid arthropod (Le
Herisse et al. 2012), and the former Cambrian acritarch
Goniomorpha as the disarticulated pharyngeal teeth of a pri-
apulid worm (Shan et al. 2023).

Corollasphaeridium Martin (in Dean and Martin 1982) is a
Cambrian spinose organic-walled microfossil of disputed
affinity that has been classified amongst acritarchs. The
genus was first erected for material from the Cambrian-
Ordovician boundary interval in the Survey Peak Formation,
Wilcox Pass, Alberta, Canada, from five specimens assigned
to a single species, C. wilcoxianum Martin (in Dean and
Martin 1982). The limited available material appeared to
show a vesicular form with hollow processes, leading
to comparisons with co-occurring acritarchs including
Goniosphaeridium, from which C. wilcoxianum is distinguished
by an ornamentation on the processes (Martin in Dean and
Martin 1982). The discovery of material from coeval strata
from northern China (Xiaoyanggiao section, Jilin Province;
Yin in Chen et al. 1988) revealed specimens with an elongate
cylindrical form, open at one end and with processes at the
other, which were described as a separate species, C. normal-
isum Yin 1986. Through reference to the Chinese material
and an expanded sample from Wilcox Pass, Martin (1992)
recognised the two proposed species to be the same form
preserved in different aspects (lateral view and compressed
in transverse view), and therefore synonymised C. normali-
sum with C. wilcoxianum. With a main focus on the biostrati-
graphical significance of the acritarch assemblages, Martin
(1992) emended the diagnosis of the species C. wilcoxianum

(and by implication, the monotypic genus), but did not dis-
cuss its possible biological affinities.

Even once the true shape of Corollasphaeridium had
emerged, Martin (1992) maintained a classification in the
Acritarcha, which is a useful label for many palynomorphs of
uncertain affinity but should be reserved for vesicular forms
if the original concept of Evitt (1963) is to be followed
(Servais et al. 1997). Certainly, Corollasphaeridium sits uneasily
among forms that are widely taken to represent the resting
cysts of unicellular phytoplankton (e.g. Nowak et al. 2015),
and several workers have mooted alternative biological affin-
ities. Servais et al. (1997) noted similarities to a sub-recent
tintinnomorph lorica, i.e. the casing of a particular marine
protist. Others have made cursory comparisons to disarticu-
lated animal body parts such as the cuticular spines and
teeth of priapulid worms (e.g. Butterfield and Harvey 2012;
Grazhdankin et al. 2020), reminiscent of arguments more
recently made (on good grounds) for Goniomorpha (Shan
et al. 2023).

Aside from the type species C. wilcoxianum, two rather
older species have been reported from lower Cambrian strata
(Series 2, Stages 3 and 4) of the Stansbury and Arrowie basins
of South Australia (C. opimolumum and C. aliquolumum;
Gravestock et al. 2001; Zang et al. 2007). These differ from C.
wilcoxianum in lacking a longitudinal ornamentation and a
centrally positioned apical process, a distinction shared with
recently reported forms from the lower Cambrian Tommotian
(Terreneuvian, Stage 2) of the Chuskuna Formation, Siberian
Platform (Dantes et al. 2024). Dantes et al. (2024) proposed the
erection of a new genus Spicaticampaniformis to encompass
the Australian and Siberian material, and argued that both
genera represent animals, interpreting them as the intact
anterior ends of minute spiny-headed worms, specifically
acanthocephalans and priapulids, implying exceptional preser-
vation to a remarkable extent.

In addition to ongoing questions of taxonomic membership
and biological affinities, the record of Corollasphaeridium in
space and time has been notably patchy. It is not clear to what
extent this reflects a lack of study, poor preservation potential,
or a genuinely restricted distribution. From the reasonably
well-sampled Baltic region, Volkova (1989) reported
Corollasphaeridium sp. but did not figure any specimens, and
later considered the genus to be restricted to palaeocontinen-
tal Laurentia and North China (Volkova 1993, 43), as it other-
wise was at the time of publication. Therefore, the absence of
substantiated Corollasphaeridium from Baltica is not for a lack
of search effort. Elsewhere, the stratigraphic distribution (and
perhaps the species diversity) of Corollasphaeridium in the
upper Cambrian of North China is likely to be more extensive
than currently described: Shan (2023) reinvestigated the
Xiaoyanggqiao section and the additional Mugitougou section
and reported greater morphological variability than previously
known. A detailed redescription of this assemblage is currently
in progress.

Here we report new occurrences of Corollasphaeridium,
from material obtained from palynological residues from the
lower Cambrian Forteau Formation (Series 2, Stage 4;
Newfoundland, Canada), the middle to upper Cambrian



Deadwood Formation (Miaolingian, Guzhangian to Furongian,
Jiangshanian) of Saskatchewan, Canada and South Dakota,
USA, and the middle to upper Cambrian Nolichucky Shale
Formation (Miaolingian, Guzhangian to Furongian, Paibian) of
Tennessee, USA. The stratigraphic range of C. wilcoxianum is
older than formerly recognised, extending back through the
Furongian and possibly into the Miaolingian. The lower
Cambrian material is assigned to a new species and supports
the reinstatement of a unified genus-level classification. A
comparison with various extinct and extant groups suggests
that Corollasphaeridium represents loricate protists rather than
phytoplankton or the disarticulated remains of animals.

2. Geological setting, material and methods

This paper presents a compendium of results from palyno-
logical surveys of four Cambrian successions from Laurentia,
with initial sampling undertaken during the PhD and post-
doctoral work of Tom Harvey and Brian Pedder and contin-
ued through the PhD of Tom Green. The geological setting
of each sampled succession is summarised below, along with
an indication of relative sampling intensity.

The Forteau Formation of Newfoundland and southern
Labrador, Canada, is a mixed carbonate and siliciclastic suc-
cession with localised archaeocyathid reefs, and represents
marine deposition in nearshore to mid-shelf settings on east-
ern Laurentia during the late early Cambrian (Knight et al.
2017; Skovsted et al. 2017). On the evidence of trilobite bio-
stratigraphy, the formation lies in the middle part of the
Bonnia-Olenellus trilobite Biozone within the regional Dyeran/
Dyerian Stage of North America, which is considered correla-
tive with Cambrian Stage 4 although the base of this stage
is yet to be defined (Knight et al. 2017, Table 1; Geyer 2020;
Peng et al. 2020). We examined palynological preparations
from eleven samples of dark grey mudstones from the
Middle Shale Member from various localities in western
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Newfoundland and southern Labrador (detailed in Harvey
2023) and two new samples from the Upper Limestone
Member from a road cutting (locality label R432-6; 51°00'49”
N 56°36.05° W; n=31) and a nearby small quarry c¢. 1.3km
away (R432-7; 51°00.59' N 56°35.13' W; n=46) along Route
432 between Plum Point and Roddickton, Great Northern
Peninsula, Newfoundland (Figures 1 and 2a; locality details in
Knight et al. 2017). Sample R432-6 was collected from the
middle of a 40cm thick laminated black mudstone unit
located around 1m above the base of the roadside section
(Figure 2b; see Knight et al. 2017, fig. 8), where it is overlain
by 1m of interbedded calcareous, cross-laminated siltstone
and shale with Rusophycus, and then by 4 m of oolitic lime-
stones containing skeletal grains and Salterella (see Knight
et al. 2017, fig. 8). Sample R432-7 was collected from a 50 cm
thick laminated black mudstone unit in the quarry section
where it overlies a bioturbated siltstone and is overlain in
turn by an oolitic limestone with Salterella (Figure 2b; see
Knight et al. 2017, fig. 8). The R432 mudstone units appar-
ently represent two distinct but closely spaced stratigraphic
intervals within the Upper Limestone Member, with that in
the quarry section being the lower according to Knight et al.
(2017). The Upper Limestone Member represents deposition
in a prograding barrier shoal complex (Skovsted et al. 2017),
with the sampled black mudstones apparently recording
quiet-water deposition in a protected environment, distinct
from the open-shelf conditions prevailing in the underlying
Middle Shale Member characterised instead by grey, macro-
fossil-bearing mudstones.

The Deadwood Formation encompasses a geographically
extensive, largely siliciclastic succession known from the sub-
surface in the Western Canada Sedimentary Basin and out-
crop in contiguous regions of the northern USA; it records
deposition in the ‘inner detrital belt’ of an epicontinental sea
on the western Laurentian margin from the middle to late
Cambrian (Miaolingian to Furongian) and locally, into the
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Figure 1. Map of part of North America showing localities which have yielded new specimens of Corollasphaeridium. The Deadwood Formation was sampled in
the Black Hills, South Dakota and from drill core (RW: Ceepee Reward) in Saskatchewan. The Forteau Formation was sampled at R432-6 and R432-7 in northwestern
Newfoundland along Route 432 between Plum Point and Roddickton. The Nolichucky Shale Formation was sampled from Thorn Hill, Tennessee, USA. Source: Map
outlines of South Dakota, Newfoundland and Tennessee sourced and redrawn from Google Earth, 2025. Google Earth. 2025. [accessed 2024 Dec]. https://www.
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Figure 2. (a) Map of the Great Northern Peninsula of Newfoundland and southern Labrador detailing the sampling locations of R432-6 and R432-7.
(b) (i) Simplified stratigraphic log of the Forteau Formation from the DH-NF-1B drillcore at Savage Cove. Modified from Knight et al. (2017, fig. 2, p. 3). Expanded
sections show the location of samples (ii) R432-6 and (iii) R432-7. Logs modified from Knight et al. (2017, fig. 8, p. 27). Both samples derive from the Upper
Limestone Member and R432-6 overlies R432-7 however the exact relationship is unknown.

Ordovician (Stitt and Straatmann 1997; Hein and Nowlan
1998; Dixon 2008). We examined palynological preparations
from ten samples collected from outcrop in the Black Hills
region of South Dakota, USA (Figure 1), from a cliff exposure
overlooking the city of Deadwood (44°23'3.27"N, 103°
4326.71"W). In this vicinity, the succession consists of
¢. 130m of conglomerate, limestone, sandstone and mud-
stone (Darton and Paige 1925; Steece 1978). The ten samples
span a ¢. 50m interval from the base of the locally exposed
section up to the first thick sandstone unit with prominent
Skolithos (at around 160 feet in the log of Steece 1978).
A productive sample BP09-DW4 was identified in a medium-
grey/green shale situated between flat-pebble conglomer-
ates, occurring 44.1m below the base of the Skolithos
sandstone. We tentatively assign this sample horizon to the
Jiangshanian Stage of the Furongian Series based on
reported Taenicephalus Zone trilobites and lithology data
(green shales interbedded with flat-pebble conglomerates)
reported in Stitt and Straatmann (1997), in conjunction with
the measured section in Steece (1978) and trilobite zone cor-
relations to the international chronostratigraphy by Geyer
(2020).

Further samples processed for palynology from the
Deadwood Formation come from petroleum exploration drill
cores from Saskatchewan, Canada (Figure 1) that were previ-
ously sampled for small carbonaceous fossils (SCFs; see
Harvey et al. 2012). From 23 palynological spot samples from
across ten wells, a productive horizon was identified at
5401.3ft/1646.3 m in the Ceepee Reward (RW) borehole in
southwest Saskatchewan (locality number 4-28-38-24W3;
licence number 58E063: Dixon 2008; Harvey et al. 2012). The
succession here records deposition in a wave-dominated
lower shoreface to shelf environment (Dixon 2008; Buatois
and Mangano 2013). The stratigraphic level of the productive
horizon is minimally constrained by upper Cambrian brachio-
pods some sixty metres higher in the core, which indicates
the upper Steptoean to lower Sunwaptan regional stages

(Robson et al. 2003), i.e. not higher than the Jiangshanian
Stage of the Furongian Series. A maximum constraint is pro-
vided by middle Cambrian trilobites in the underlying Earlie
Formation representing the upper Wuliuan Stage of the
Miaolingian Series (Handkamer et al. 2023). Therefore, the
productive horizon most likely belongs to the upper middle
Cambrian (Drumian or Guzhangian Stage of the Miaolingian
Series) or lower upper Cambrian (Paibian Stage of the
Furongian Series).

The Nolichucky Shale Formation, Tennessee, USA (Figure
1), is a succession of grey-green to brown laminated shales
interbedded with limestones deposited on the eastern
Laurentian margin during the middle to late Cambrian
(Byerly et al. 1986; Weber 1988). From a survey of 44
sampled horizons from Thorn Hill, Tennessee (Pedder 2012;
Harvey and Pedder 2013), a productive horizon (sample
08BP-332/3) was identified in a moderately dark grey,
smooth-textured shale 176.70 m stratigraphically above the
base of the formation as locally exposed. Here this upper
portion of the formation represents the Upper Shale
Member, and records deposition in a shallow marine envi-
ronment with oolitic, thrombolitic and shelly shoals sepa-
rated by areas of shale deposition (Weber 1988). The
productive horizon at Thorn Hill falls within an interval
encompassing the Miaolingian-Furongian boundary accord-
ing to carbon-isotope stratigraphy and correlations to trilo-
bite-bearing sections nearby (Pedder 2012).

Samples were processed using standard palynological
techniques (e.g. Harvey and Pedder 2013). Approximately
30g of mudstone from each sampled horizon was crushed
using a pestle and mortar and pre-treated with hydrochloric
acid (HCl at 37 %) to remove carbonates. Treatment with HCl
was repeated. Samples were then treated with hydrofluoric
acid (HF at 40 %) to remove silicates and then further
treated with nitric acid (HNOs at 70 %) to remove pyrites
and precipitates. Heavy minerals were removed by separat-
ing into zinc chloride (ZnClz). The resultant residue was



sieved through a 10 um mesh, mounted on glass slides using
epoxy resin and photographed using transmitted light with
differential interference contrast for higher magnifications
(x40 and x100 objective lenses).

In addition to standard palynological processing, litho-
logically and stratigraphically equivalent samples from the
Deadwood Formation of Saskatchewan and the Forteau
Formation were subjected to a low-manipulation hydrofluoric
acid-extraction technique optimised for recovering small car-
bonaceous fossils (SCFs; described in Harvey and Butterfield
2008), to test for the presence of larger specimens or articu-
lated arrays.

Specimens from the Forteau Formation and Deadwood
Formation (Saskatchewan collection) are reposited at the
Geological Survey of Canada, Ottawa, Ontario, Canada, with
numbers GSC 144315 to GSC 144357 (see figure captions for
details). Specimens from the Nolichucky Shale Formation and
Deadwood Formation, South Dakota are reposited in the
Centre for Palynology, Department of Animal and Plant
Sciences, University of Sheffield, South Yorkshire, UK (Brian
Pedder 2012 PhD collection).

3. Results

A total of 92 specimens of Corollasphaeridium were recov-
ered from the four sampled successions. All specimens were
recovered as isolated individuals on strew slides prepared
using standard palynological methods, with none found
using the low-manipulation, handpicking technique.

From the Forteau Formation, 77 specimens were recov-
ered from the two samples of notably dark mudstone from
the Upper Limestone Member from the R432 localities
(Figure 2b), where they co-occur with sphaeromorphic acri-
tarchs, clusters of cells, fragmentary Wiwaxia sclerites and
priapulid cuticular elements. SCF processing additionally
yielded more intact Wiwaxia sclerites and more extensive cell
clusters. In contrast, no specimens of Corollasphaeridium
were found in the 11 studied samples from the underlying
Middle Shale Member, despite these yielding diverse palyno-
morphs, notably acanthomorphic acritarchs (reported in
Harvey 2023), and various metazoan SCFs (e.g. Harvey 2010).
The Forteau specimens of Corollasphaeridium exhibit a dis-
tinctive array of morphologies, with a cylindrical to an hour-
glass-shaped body, which flares towards an aperture (Figure
3, particularly d, w and x), an absence of longitudinal orna-
mentation, and 6 to 12 processes with the apical process
often being the longest and widest. The Forteau specimens
are assigned to a new species, C. lissum (see Systematic
Palaeontology).

From the Deadwood Formation, nine specimens were
recovered from the Black Hills section of South Dakota, USA
(Figure 4a, b, d, g and h) from one of the ten processed sam-
ples (BP09-DW4), co-occurring with abundant sphaeromor-
phic acritarchs, clustered cells, Granomarginata squamacea (a
pteromorph acritarch) and rare metazoan spines. A further
five Deadwood Formation specimens were recovered from
southwest Saskatchewan, Canada (Figure 4c, e, f and i), from
a single sample at a depth of 5401.3ft/1646.3 m in the
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Ceepee Reward borehole, where they co-occur with a sparse
assemblage of sphaeromorphic acritarchs, clustered cells, pri-
apulid cuticular elements and reticulate net-like palyno-
morphs (cf. Harvey et al. 2012). No specimens of
Corollasphaeridium were noted in palynological preparations
from 22 other spot-samples spanning 10 boreholes, nor in
any of the >90 SCF preparations from a previous study on
the Saskatchewan Cambrian succession (see Harvey et al.
2012). From the Nolichucky Shale Formation at Thorn Hill,
Tennessee, USA, a single fragmentary specimen was recov-
ered from sample 08BP-332/3 (Figure 4j), co-occurring with
various sphaeromorphic and acanthomorphic acritarchs;
Corollasphaeridium was not found in the remaining 43 sam-
ples from this section, though palynomorphs were present
throughout. Specimens of Corollasphaeridium from the
Deadwood and Nolichucky Shale formations exhibit consider-
able morphological variability but are referable to the type
species, C. wilcoxianum, based on the ornamentation of
ridges on both body and processes (see Systematic
Palaeontology).

4. Discussion

Our preliminary palynological sampling of the Deadwood
Formation of South Dakota and Saskatchewan, and our more
systematic surveys of the Nolichucky Shale and Forteau for-
mations, reveal patchily distributed and mostly sparse occur-
rences of Corollasphaeridium that nevertheless contribute
significant new information on the stratigraphical range, tax-
onomy and morphology of this enigmatic Cambrian
microfossil.

4.1. Corollasphaeridium wilcoxianum from the
Deadwood and Nolichucky Shale formations: a
revised stratigraphical range

Recovery of Corollasphaeridium wilcoxianum from the
Deadwood Formation (Saskatchewan and South Dakota)
adds to the previous western Laurentian occurrence from
the type locality at Wilcox Pass, Alberta, Canada (Martin
1992), while the specimen from the Nolichucky Shale
Formation extends the geographical range to eastern
Laurentia (Figure 1). Each new occurrence is notable for com-
ing from a substantially lower stratigraphical horizon than
previously reported for this species (Figure 5), which has
been considered indicative of the Cambrian-Ordovician
boundary interval at both Wilcox Pass (Dean and Martin
1982; Martin 1992; Ji and Barnes 1996) and the Xiaoyanggiao
section, Jilin Province, north China (Yin in Chen et al. 1988;
Wang et al. 2019; Shan 2023). At Wilcox Pass, Martin (1992)
proposed a succession of acritarch-based units (AU1 to AU6),
among which AU2 was designated the C. wilcoxianum Zone
with the lowest occurrence of this taxon marking the base. A
subsequent study of conodonts at Wilcox Pass confirmed
that AU2 straddles the Cambrian-Ordovician boundary (Ji
and Barnes 1996). Likewise, the range of C. wilcoxianum at
the Xiaoyangqgiao section, where it indexes Microflora
Assemblage 3, extends from the uppermost Cambrian
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(Furongian Series, uppermost Stage 10) into the Ordovician
(Wang et al. 2019). These sections are significant for charac-
terising the base of the Ordovician System; indeed, the
Xiaoyanggiao section has been designated an Auxiliary
Boundary Stratotype Section and Point (ASSP; Wang et al.
2021). However, the older occurrences of C. wilcoxianum in
the Deadwood and Nolichucky Shale formations (in each
case, upper Miaolingian or lower Furongian series), under-
mine the utility of this taxon as an index fossil for the
Cambrian-Ordovician boundary interval, suggesting instead
that C. wilcoxianum ranges through more than 10 Myr of
Cambrian time (Figure 5).

4.2. A new species of Corollasphaeridium from the
Forteau Formation

The specimens of Corollasphaeridium from the Forteau
Formation are the first occurrence from the lower Cambrian of
Laurentia. They lack the ornamentation diagnostic of C. wilcoxia-
num (Figure 3), but more closely resemble the other lower
Cambrian forms originally described as C. opimolumum and C.
aliqguolumum from South Australia (Gravestock et al. 2001) and
more recently transferred to a new genus, Spicaticampaniformis
based on new material from Siberia (Dantes et al. 2024). The
Forteau specimens exhibit features in combination that Dantes
et al. (2024) considered independently diagnostic of the two
genera: the lack of longitudinal structures matches the concept
of Spicaticampaniformis, but the presence of a pronounced
apical process and long, radially arranged processes do not, and
are instead shared with C. wilcoxianum. This combination of
characters undermines the proposed genus-level distinction.
Therefore, we assign the new Forteau Formation species to
Corollasphaeridium rather than Spicaticampaniformis, and sug-
gest that Spicaticampaniformis should be considered a junior
synonym of Corollasphaeridium (see Systematic Palaeontology
for details). Notably, the stratigraphic position of C. lissum sp.
nov. in the upper part of the lower Cambrian (Stage 4) is inter-
mediate between the older Australian and Siberian species and
the younger C. wilcoxianum (Figure 5).

4.3. Biological dffinity of Corollasphaeridium

As well as extending the known range of Corollasphaeridium
in space and time, and clarifying the taxonomic cohesion of
the genus, the new occurrences help constrain its possible
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affinities. Here we assess the various proposed biological
interpretations of Corollasphaeridium by reference to living
and extinct groups, and test for patterns in its palaeoenvir-
onmental range.

4.3.1. Corollasphaeridium is distinct from vesicular
acritarchs
Because the genus was first recorded in assemblages investi-
gated for acritarch research, early work on Corollasphaeridium
logically focussed on comparisons with coeval acritarchs. Evitt
(1963) originally intended the term acritarch to be restricted to
vesicular microfossils, and indeed the earliest-described speci-
mens of Corollasphaeridium are flattened at an angle that con-
ceals their aperture, so they appeared much like the genuinely
vesicular Goniosphaeridium but with unusually ornamented
processes (Martin in Dean and Martin 1982). Further compari-
sons to vesicular acritarchs were entertained even after the aper-
ture was recognised, with Yin (in Chen et al. 1988) comparing
the broad-based processes of Corollasphaeridium to those of
Rhiptoscherma improcera and noting the differences in process
ornamentation from those of Eliastra and Goniosphaeridium.
Several vesicular acritarchs share with C. wilcoxianum a lineated
ornament, notably certain netromorph acritarchs such as
Deusilites, Eupoikilofusa and Baiomeniscus (Manzano et al. 2025;
compare e.g. Eupoikilofusa filifera in Breuer et al. 2017, pl 9, fig.
1-2, 4). Furthermore, the presence of an aperture does not rule
out a vesicular form, because excystment structures or post-
mortem breakage can create an opening. For example, several
organic-walled microfossil taxa including Tasmanites and
Baltisphaeridium possess a raised rim surrounding a circular
opening (cyclopyle), which can be closed by an operculum
(Downie 1973). However, no Corollasphaeridium specimens have
been found with an operculum or operculum attachment struc-
tures. Corollasphaeridium also bears some resemblance to half of
a vesicle of a diacrodian acritarch, which are forms with a bipolar
distribution of processes (e.g. Raevskaya and Servais 2009, fig.
1). In particular, the process size, number and surface ornamen-
tation in Corollasphaeridium resemble those of upper Cambrian
diacrodian acritarchs such as Ladogella rommelaerei (e.g. Martin
in Dean and Martin 1982; Ghavidel-Syooki and Vecoli 2008, pl 2,
fig. 1) and the Ordovician species Arbusculidium filamentosum
(Vavrdova 1965) and Barakella felix (Cramer and Diez 1977, pl 5,
fig. 1-2, 11). However, Corollasphaeridium has never been found
as an enclosed vesicle exhibiting a bipolar spinose ornamenta-
tion, and ruptured diacrodian acritarchs do not exhibit a

N

Figure 3. Corollasphaeridium lissum sp. nov. from the lower Cambrian (Series 2, Stage 4) Forteau Formation, Newfoundland. (a-0) R432-6 roadcut (51°00.49' N
56°36.05" W) and (p-am) R432-7 Quarry (51°00.59’ N 56°35.13' W) on Route 432 between Plum Point and Roddickton. Specimen labels are in the format: locality
name_k(kerogen) or oc(outcrop) (where applicable) _sample number (where applicable)_slide number(where applicable)_England Finder co-ordinates and pro-
ceeded by the repository number a. R432-6_01_po1_N28-4 (GSC144315), b. R432-6_01_po1_J25-4 (GSC144316), c. R432-6_01_po2_J24-1(GSC144317), d. R432-6_
01_p0o2_T11 (GSC144318), e. R432-6_01_po1_K33-1 (GSC144319), f. R432-6_01_po2_G22-3 (GSC144320), g. R432-6_01_po2_Y32-1 (GSC144321), h. R432-6_01_
po2_T29-1 (GSC144322), i. R432-6_01_po2_K29-2 (GSC144323), j. R432-6_01_po2_C43-4 (GSC144324), k. R432-6_01_po2_V47 (GSC144325), |. R432-6_01_po1_
L21-4 (GSC144326), m. R432-6_01_po1_J25-2 (GSC144327), n. R432-6_01_po1_T24-4 (GSC144328), 0. R432-6_01_po1_Q50 (GSC144329), p. R432-7_oc_p2_V32-1
(GSC144330), g. R432-7_K_C55-3 (GSC144331), r. R432-7_oc_p1_C51-4 (GSC144332), s. R432-7_oc_p1_H43-3(GSC144333), t. R432-7_oc_p1_D32-4 (GSC144334), u.
R432-7_K_P27-2 (GSC144335), v. R432-7_K_U37-4 (GSC144336), w. R432-7_oc_p2_C35-3 (GSC144337), x. R432-7_oc_p1_V49-4 (GSC144338), y. R432-7_oc_p2_T38-
2 (GSC144339), z. R432-7_K_W43-3 (GSC144340), aa. R432-7_oc_p2_R49-2 (GSC144341), ab. R432-7_oc_p1_E48-1 (GSC144342), ac. R432-7_oc_p1_N39-2
(GSC144343), ad. R432-7_oc_p2_M43-1 (GSC144344), ae. R432-67_oc_p1_041-1 (GSC144345), af. R432-7_K_F31-2_1 (GSC144346), ag. R432-7_K_R55-2
(GSC144347), ah. R432-7_K_Q48-4 (GSC144348), ai. R432-7_K_U57-4 (GSC144349), aj. R432-7_K_D31-3 (GSC144350), ak. R432-7_K_S45-1 (GSC144351), al. R432-7_
oc_p1_E51-2 (GSC144352), am. R432-7_K_(C58-3 (GSC144353).
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Figure 4. Corollasphaeridium wilcoxianum from the Deadwood Formation of South Dakota, USA (a, b, d, g, h), the Deadwood Formation of Saskatchewan, Canada
(¢, e, f, i) and the Nolichucky Shale Formation of Tennessee, USA (j). For Saskatchewan specimens labels are in the format: locality name + core number_box_depth
(cm below boxed top) _slide number_England Finder co-ordinates. For South Dakota specimens labels are in the format: Deadwood + relative distance from strati-
graphic base_slide number_slide making episode_England Finder co-ordinates. a. DW4-2-A_L36-2, b. DW4-2-A_S33-2, c. RW13-4-70_po3_H20-3 (GSC144354), d.
DW4-2-A_U42-3, e. RW13-4-70-p01-V45-2 (GSC144355), f. RW13-4-70-p01-J39-0 (GSC144356), g. DW4-2-A_023-2, h. DW4-2-A_N34-1, i. RW13-4-70_po3_015-1

(GSC144357), j. BEP-0195_K35-0.

comparable thickened collar on the antapical margin, which is a
prominent and diagnostic feature of Corollasphaeridium.
Therefore, although Corollasphaeridium might be considered an
acritarch in the loose sense of being an organic-walled microfos-
sil of unknown affinity, it is morphologically distinct from vesicu-
lar acritarchs that are routinely interpreted as phytoplankton
cells or cysts.

4.3.2. Corollasphaeridium is not a chitinozoan

The well-defined basal collar in Corollasphaeridium is broadly
comparable to the characteristic aperture region of another
Palaeozoic organic-walled microfossil group, the chitinozo-
ans. Chitinozoans are of unresolved affinity and have been
interpreted as metazoan egg sacks, fungi and protozoans
(Servais et al. 2013), but recent analyses point to chitinozo-
ans as an ontogenetic series of microorganisms based on
quantitative analysis of their variation in comparison to
metazoan eggs (Liang et al. 2019). Several chitinozoan taxa
have radially arranged processes (e.g. Ancyrochitina, Achab
et al. 2013, pl 2, fig. 16-17) or a longitudinal ornament (e.g.
Hercochitina, Achab et al. 2013, pl 1, fig. 1-3, 7-9) which
appears superficially similar to the ornamentation of

Corollasphaeridium. However, no chitinozoan taxa possess an
elongated apical process like Corollasphaeridium. Instead, chi-
tinozoans possess a flat surface with an aboral mucron or
peduncle at their apex (Paris et al. 1999), structures that
allow attachment of a series of chitinozoans in a catenary
chain (Nolvak 1993; Miller 1996). The absence of features in
Corollasphaeridium that are fundamental to chitinozoan
aggregation suggests that any similarities between the two
groups are superficial.

4.3.3. Corollasphaeridium is not a metazoan scalid, spine
or seta

The open based, spine-tipped form of Corollasphaeridium has
led to the suggestion that it represents the disarticulated
cuticular ornaments from the body of an ecdysozoan meta-
zoan, the group containing arthropods and other moulting
invertebrates (Butterfield and Harvey 2012; Grazhdankin et al.
2020).

In particular, Corollasphaeridium has been compared
to the cuticular projections which adorn the body and
pharynx of priapulid worms (Butterfield and Harvey 2012;
Grazhdankin et al. 2020). Priapulid body scalids and
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Figure 5. Cambrian timescale showing the occurrences of Corollasphaeridium
including new occurrences from the (5) Forteau, (6) Nolichucky Shale and
Deadwood ((7) Saskatchewan and (8) South Dakota) formations, with error bars
(stratigraphic uncertainty), presented herein (this paper), and published records
from Siberia: (1) Chuskuna Formation (Dantes et al. 2024), Australia: (2)
Wilkawillina Limestone, (3) Parara Limestone and (4) Minalton Formation
(Gravestock et al. 2001), Canada: (9) Survey Peak Formation (Wilcox Pass)
(Martin in Dean and Martin 1982) and North China: (10) Fengshan Formation
(Xiaoyanggiao section) (Yin in Chen et al. 1988). Timescale adapted from Peng
et al. (2020).

pharyngeal teeth are variously conical or tubular, often with
secondary spines and other fine-scale ornamentation related
to their roles in sensing, feeding and locomotion (Schmidt-
Rhaesa et al. 2012). Being formed of thicker cuticles than the
surrounding body wall, priapulid cuticular structures are
resistant to decay and readily disarticulate from the body
after death (or moulting) (Sansom 2016). Priapulid-derived
structures are a prominent component of many Cambrian
SCF assemblages, where they can be abundant (Butterfield
and Harvey 2012; Harvey et al. 2012; Slater et al. 2017) and
morphologically diverse (Wernstrom et al. 2023), and in
some cases are directly comparable to in situ remains pre-
served on Burgess Shale priapulid macrofossils (e.g. Ottoia
and Selkirkia; Smith et al. 2015). In addition to being recover-
able via hand-picking of gently macerated samples,
Cambrian priapulid teeth have also been identified on paly-
nology strew slides, with some having been formerly classi-
fied as the acritarch taxon ‘Goniomorpha’ (Shan et al. 2023).
In light of the emerging priapulid SCF record, an obvious
question is whether Corollasphaeridium represents a particu-
lar morphotype of cuticular structure from a priapulid (or a
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related type of animal). Indeed, Corollasphaeridium co-occurs
with known priapulid SCFs in the studied Deadwood and
Forteau formations (sometimes in the same sample), and in
the Goniomorpha-bearing succession at Xiaoyanggiao (Chen
et al. 1988). Furthermore, the size range of all specimens of
published Corollasphaeridium, including those in this study
(length 34-179um), is broadly encompassed by the size
range of priapulid pharyngeal teeth and scalids which range
from <10 pum in meiobenthic taxa (e.g. Schmidt-Rhaesa et al.
2013, fig. 2B) to >500 um in adult macrobenthic individuals
(e.g. Smith et al. 2015, fig. 4).

However, although Corollasphaeridium appears superfi-
cially similar to spinose priapulid cuticular elements, its con-
struction is fundamentally different. Criteria for recognising
priapulid teeth among SCFs have been proposed by Smith
et al. (2015) and Slater et al. (2018) based on extensive col-
lections from the Saskatchewan Deadwood Formation and
elsewhere, and include a robust arch (a thickened ridge sup-
porting the spines) connected to a cuticular pad (a basal
extension of cuticle) and associated spur (a thickened strut)
which attaches the structure to the body, often with a
central prong (lengthened medial spine) and sometimes
ancillary denticles extending from the arch. In contrast,
Corollasphaeridium lacks a bilaterally symmetrical denticulate
arch and instead its spinose processes arise coronally from
the central cylinder and surround the central process, not-
ably in a radial rather than bilateral arrangement. Modern
and fossil priapulid cuticle can also bear a reticulate micro-
texture representing an imprint of secretory epidermal cells
(Wang et al. 2020). This microtexture is commonly preserved
on cuticle extending from the base of SCFs of priapulid
cuticular structures (e.g. Smith et al. 2015, fig. 9, g, h, k, q),
but is not observed in any specimens of Corollasphaeridium.

Other cuticular structures in priapulids can be radial in
form, notably the flower-like sensory cuticular structures
known as flosculi (Moritz and Storch 1971; Storch 1991;
Lemberg 1999). Flosculi are known to preserve in phosphatic
cuticular plates in palaeoscolecids (extinct priapulid relatives;
Harvey et al. 2010). These superficially compare more closely
to Corollasphaeridium than priapulid pharyngeal teeth and
scalids due to their radial symmetry with ‘petals’ (e.g.
Kirsteuer and Rutzler 1973, fig 2). However, flosculi lack
a central process or raised ridge ornamentation and are sig-
nificantly smaller, at around 4pum (e.g. Kirsteuer and
Rutzler 1973, fig. 2.9), than the known size range of
Corollasphaeridium.

Aside from comparisons of overall shape and ornamenta-
tion, the presence of a discrete basal rim in Corollasphaeridium
argues against an identity as a cuticular projection from
a priapulid, or indeed any other kind of ecdysozoan.
Corollasphaeridium exhibits a discrete aperture, which is sur-
rounded by a thickened rim (Yin in Chen et al. 1988; Martin
1992), and the new Forteau and Deadwood formation speci-
mens confirm that this rim is infolded for a short distance.
Such a feature is unknown amongst ecdysozoan projections,
including arthropodan spines and setae, which can sometimes
show a basal annulation (for example when mounted in a
raised ‘socket’ - see Garm and Watling 2013, fig. 6.3B) but are
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fundamentally an extension of the surrounding cuticle, rather
than a separate articulating part. Furthermore, no known
arthropodan setae possess comparable coronal arrangements
of spines or thickened longitudinal ridges, despite the broad
range of setal morphotypes documented from modern arthro-
pods (e.g. Garm and Watling 2013) and from disarticulated
Cambrian SCFs (e.g. Harvey and Butterfield 2022).

4.3.4. Corollasphaeridium is not a metazoan introvert or
lorica
Rather than being a disarticulated cuticular fragment, it may be
that Corollasphaeridium represents a larger part of a smaller-
bodied organism. Dantes et al. (2024) argued that C. wilcoxia-
num and Spicaticampaniformis (their proposed new name for
lower Cambrian species, but not retained here) represent the
spine-bearing head and introvert regions of metazoan worms
(respectively priapulids and acanthocephalans). They employed
a geometric-morphometric principal component analysis
to explore similarities to modern taxa. However, the study
did not identify any homologous structures shared by
Corollasphaeridium and the comparison worm taxa; for example,
there is no indication of a mouth opening in Corollasphaeridium.
As such it is likely that any anteriorly spinose organism would
plot similarly in the morphospace, based on a superficial similar-
ity in outline. In addition, the presence of a discrete basal rim,
commonly observed in Spicaticampaniformis (Dantes et al. 2024,
fig. 1-2, 9-10) is not consistent with the interpretation of
these taxa as the tooth-bearing introvert of a metazoan
worm, because the introvert is continuous with the rest of the
body cuticle. Furthermore, the orientation of spines in
Spicaticampaniformis and Corollasphaeridium is towards the
closed apex of the cone/bulb, in contrast to the posteriorly ori-
entated introvert spines in acanthocephalans (e.g. Brazova et al.
2014, fig. 2A-C) and priapulids (Schmidt-Rhaesa et al. 2022).
Instead, the structurally reinforced open collar and cylin-
drical shape of Corollasphaeridium invites comparison with
loricate animals, i.e. those with a cuticular casing around the
body, which occurs in two phyla of minute animals, the roti-
fers and loriciferan ecdysozoans. Loricate rotifers are unlike
Corollasphaeridium in having both anterior and posterior
openings, bilateral rather than radial symmetry and apertural
processes rather than posterior coronal processes (e.g.
Wallace et al. 2015). Closer comparisons exist amongst lorici-
ferans that have a cuticularised lorica into which the anterior
body can be withdrawn (Schmidt-Rhaesa et al. 2012).
Loriciferan loricae are represented in the Cambrian fossil
record as SCFs from the Deadwood Formation of
Saskatchewan, assigned to Eolorica deadwoodensis (Harvey
and Butterfield 2017). In common with some modern lorici-
ferans, E. deadwoodensis has a lorica with an approximately
circular cross section constructed from a number of longitu-
dinal strips (‘plicae’), 20 in this case (Harvey and Butterfield
2017). The aperture of the lorica in E. deadwoodensis is
hemmed with an invaginated rim bearing 1.5 um long fine
fimbriae on the inner surface (Harvey and Butterfield 2017).
Corollasphaeridium therefore resembles certain loriciferan lor-
icae in overall form, symmetry, longitudinal lineations (cf. C.
wilcoxianum) and in having a strengthened aperture. In size,

too, there is a close comparison: the loricae of E. deadwoo-
densis range from 120 to 215 um in length, and modern lori-
ciferans range in body size (head plus lorica) down to c
50 um in larval forms (Harvey and Butterfield 2017), encom-
passing the length range of C. wilcoxianum (50-179 um).
However, Corollasphaeridium exhibits several structural fea-
tures not seen in loriciferans, notably the prominent coronal
processes. Although certain larval stages of extant loriciferans
possess articulated posterior projections (‘toes’) and fine
posterodorsal setae with locomotory and sensory functions
respectively (Neves et al. 2016), these are unlike the open-
based processes of Corollasphaeridium. Furthermore, the
observed pattern of taphonomic disarticulation in Cambrian
loriciferan SCFs, with lorica plicae detaching from one
another longitudinally (see Harvey and Butterfield 2017, fig.
1c), is unlike Corollasphaeridium which instead maintains a
coherent aperture even in damaged specimens.

4.3.5. Corollasphaeridium is most likely to be a loricate
protist
Outside metazoans, various protists (i.e. eukaryotes excluding
multicellular fungi, plants and animals) construct a protective
casing around the cell. In some groups such as unilocular (sin-
gle-chambered) foraminiferans, the casing lacks a substantial
aperture (e.g. Mikhalevich and Debenay 2001) but several
groups possess a structurally analogous cup-like casing which
characterises various protists, where it is likewise termed a lor-
ica or test. Among extant protists, loricate forms are found
among testate amoebae (various orders including Amoebozoa,
Cercozoa and stramenopiles), choanoflagellates (Opisthokonta:
Choanoflagellata) and tintinnids (Ciliophora: Tintinnida).
Choanoflagellates in the family Salpingoecidae produce
a variety of organic theca morphologies from cups
to flasks (Leadbeater 1977; Dayel et al. 2011) although
none compare closely to the complex spinose morphology
of Corollasphaeridium. Neither is there evidence in
Corollasphaeridium for the microfibrillar construction that
characterises salpingoecidan thecae (cf. Carr et al. 2008, fig.
1). More comparable are certain testate amoebae, which
comprise unilocular shell-forming protists (Charman 2001)
and are found in a variety of terrestrial and aquatic (occa-
sionally marine) environments (Chardez 1965; Golemansky
and Davidova 2019). In modern species, tests can be sili-
ceous, calcareous, agglutinated or organic-walled (protein-
aceous) (Mitchell et al. 2008), and the latter are commonly
recovered as ‘non-pollen palynomorphs’ (NPPs) in modern
palynological studies (Andrews et al. 2021). The fossil record
of testate amoebae begins in the early Neoproterozoic, rep-
resented by organic-walled and mineralised vase-shaped
microfossils (VSMs; Porter and Knoll 2000). Corollasphaeridium
shows similarity to proteinaceous testate amoebae tests in
its thin-walled, apertured, smooth, cup-like appearance with
an internal space suitable for housing a cell. Several testate
amoebae, such as Centropyxis aculeatea and Difflugia corona
(Patterson et al. 2002, figs. 7, 8), exhibit radially arranged
conical processes arising from the aboral apex of their
test (Figure 6a) equivalent in position to those in
Corollasphaeridium, although they lack a central aboral
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Figure 6. Comparative images of modern loricate protists. (a) spinose test of the testate amoeba Difflugia corona redrawn from Silva-Briano et al. (2007, fig. 1, p.
226). (b) Twelve laboratory-cultured loricae from the marine tintinnid Favella ehrenbergii demonstrating a large degree of intraspecific variation. Redrawn from Kim
et al. (2010, fig. 1-12, p. 462). (c) Lorica of the tintinnid Rhizodomus tagatzi with branched aboral horn structure and inhabitant ciliate cell. (d) Details of the
branched aboral horn of Rhizodomus tagatzi. Images c and d are reproduced with the permission of Alessandro Sacca (Sacca et al. 2012, fig. 2 and 5, p. 220-221).

process. Other species e.g. Difflugia protaeiformis, possess a
central process but lack coronal processes (Patterson et al.
2002, fig. 8). Overall, modern amoebozoan tests range from
4 to 400 um (Payne et al. 2012), fully encompassing the 50-
179 um length range of Corollasphaeridium wilcoxianum.

One important distinction between amoebozoan tests and
Corollasphaeridium is the shape and position of the apertural
region. Most freshwater amoebozoan tests become con-
stricted towards their aperture (e.g. Andrews et al. 2021, fig.
2), and although several marine species have a trumpet-like
flared aperture more similar to that of Corollasphaeridium
(e.g. Chardezia caudata; Golemansky and Davidova 2019, fig.
2) it tends to be angled laterally (Golemansky 2008, fig. 12—
13), being adapted for an interstitial lifestyle adhering to
sand grains (Golemansky and Davidova 2019).

A further group for comparison among loricate protists is
the tintinnids, microscopic planktic ciliates that construct and
occupy a vase-shaped lorica (Dolan 2010) composed either
of agglutinated particles or secreted hyaline proteinaceous
material (Kofoid and Campbell 1929). Certain extant tintin-
nids share with Corollasphaeridium a hollow tapering cylin-
drical shape with flared aperture and apical extension into a
spine, e.g. Cyttarocylis (e.g. Williams et al. 1994, fig 1) and
Favella (e.g. Kim et al. 2010, fig. 27-34). The notably bulbous
form of Corollasphaeridium opimolumum (Gravestock et al.
2001, plate IV 6: Dantes et al. 2024, fig. 1-2) also finds equiv-
alents among modern tintinnids (e.g. Reid and John 1978,
plate I, C-E). Hyaline loricae are highly variable in extant
populations because lorica formation is controlled by envi-
ronmental conditions (Agatha and Strider-Kypke 2012) and
each tintinnid taxon can produce multiple lorica forms over
a lifecycle (Laval-Peuto 1981, 1983). This variation in extant
forms (Figure 6b) is reminiscent of the wide variation among
co-occurring specimens of Corollasphaeridium (cf. Figure 2).
The combination of a flared apertural opening and invagi-
nated rim exhibited by Corollasphaeridium match TEM

images of extant tintinnids Cyttarocylis sp., showing an inner
rim and flaring outer rim on a lorica in cross section (Agatha
and Bartel 2022, fig. 1). Some tintinnid taxa show a clear
thickening of the lorica towards the aperture e.g. Xystonella
clavata (Agatha and Bartel 2022, fig. 15). Although previous
studies have called into question putative tintinnid fossils
where they have an infolded rim (Lipps et al. 2013) detailed
studies involving transmission electron microscopy prove an
infolded aperture in some extant taxa (Agatha and Bartel
2022, fig. 1). Tintinnid loricae possess a variety of surface
ornamentations ranging from folds and spiralled whorls to
longitudinal and spiralled thickened ridges, which in some
taxa, e.g. Rhabdonella spiralis (Agatha and Bartel 2022, fig.
7B), resemble the thickened longitudinal ridges of C
wilcoxianum.

A notable distinction between Corollasphaeridium and tin-
tinnids is the presence and absence, respectively, of coronal
spines. A possible spinose tintinnid represented by a single
specimen recovered from Holocene deposits of the Banda Sea,
Indonesia, labelled ARABNO-3 and interpreted as a
tintinnomorph lorica (Van Waveren 1993, 1994), exhibits a typ-
ical tintinnid-type lorica but with five aboral spines
(Van Waveren 1994, plate 1, fig. 4). Similarities with
Corollasphaeridium were noted by Servais et al. (1997). It is
unclear whether ARABNO-3 represents a real biological species
or a teratological individual since it is known from only a single
specimen, or even whether it is a tintinnid. Nevertheless, pro-
cess-bearing forms do occur among securely identified tintin-
nids. Rhizodomus tagatzi exhibits a ‘branched aboral horn’
where a primary horn on the apex of the test is surrounded by
two to five branched horns (Figure 6¢; Sacca et al. 2012).
Although this morphology differs from the regularly arranged
coronal spines in Corollasphaeridium, it demonstrates the abil-
ity of tintinnids to construct protruding aboral processes.

In addition to these comparisons in outline,
Corollasphaeridium exhibits comparable size variation to
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modern tintinnid loricae. Measurements compiled for 42 spe-
cies of tintinnid by Dolan (2010) indicate a 13 to 120 um
range in lorica oral diameter and 35 to 409 um range in lor-
ica length. C. wilcoxianum (including new Deadwood
Formation specimens) ranges from 20 to 100um in lorica
oral diameter and 50 to 179 um in lorica length whereas C.
lissum (Forteau Formation) ranges from 25 to 53 um in lorica
oral diameter and 35 to 92 um in lorica length. Modern tin-
tinnid size range in lorica oral diameter and lorica length
fully encompasses the range exhibited by Corollasphaeridium.

Corollasphaeridium satisfies the morphological criteria of
Dunthorn et al. (2015) for identifying tintinnids in the fossil
record based on lorica morphology, in having a posteriorly
tapered cylindrical body, a flared and continuous rim and a
wide unconstricted opening. Tintinnid ciliates have a well-
accepted fossil record ranging back to the Jurassic (Rust
1885) and they diversified in the Cretaceous (Eicher 1965);
possibly they include the calcareous calpionellids (Tappan
and Loeblich 1968; Remane 1985; Tappan 1993). By contrast,
molecular clock estimates of divergence date (Douzery et al.
2004; Parfrey et al. 2011) and fossil biomarker evidence
(Summons et al. 1988) support the origin of ciliates some-
time in the Neoproterozoic. The stratigraphically earliest
reports of tintinnomorph fossils come from the 1.6 Ga
Huangmailing Formation, China (Li and Zhang 2006; Li et al.
2009), but the specimens occur in high-grade metamorphic
granulites and leptites (Li and Zhang 2006; Li et al. 2009)
and are more parsimoniously interpreted as contaminants or
mineral shards (Lipps et al. 2013). Organic flask structures
with a rimmed aperture, medial constriction and rounded
bowl are also reported from the Tsangan Oloom Formation,
Mongolia from 715 to 635Ma and have been interpreted as
tintinnids (Bosak et al. 2011), but their heavily invaginated
collar which significantly restricts the test aperture is
unknown in modern tintinnids (Lipps et al. 2013). A further
candidate Proterozoic record comes from the Weng'an
Phosphate Member of the Doushantou Formation, China
(Ediacaran) (Li et al. 2007), although an interpretation of
these structures as degraded and deformed acritarchs was
considered more plausible by Dunthorn et al. (2010). In the
Palaeozoic, reported tintinnid-like cup structures ranging
from Ordovician to Carboniferous in age have been disputed
based either on composition or structure (Lipps et al. 2013).

Because Corollasphaeridium is separated in time from the
first unambiguous fossil tintinnids by over 300 Myr, any
resemblance  may well be convergently evolved.
Nevertheless, we regard tintinnids as the most useful group
for comparison, from among a (polyphyletic) suite of protist
groups that produce a cup-like protective casing of one sort
or another. Therefore, we support an interpretation of
Corollasphaeridium as a testate/loricate protist, though not
necessarily belonging to any extant group.

4.4. Autecology of Corollasphaeridium

Many Palaeozoic acritarchs have been reasonably interpreted
to represent phytoplankton cysts unless there is evidence to
the contrary (discussed in Servais et al. 1997).

Reinterpretation of Corollasphaeridium as a likely loricate pro-
tist suggests a contrasting, heterotrophic ecology for this
particular form, in common with all modern loricate protists.
Beyond this, the size and morphology of Corollasphaeridium
appear consistent with a heterotrophic planktic mode of life.
Although the presence of a lorica or test does not imply a
particular ecology — modern testate amoebae for instance
are generally benthic (Han et al. 2008) - the close resem-
blance to modern tintinnids is suggestive. Tintinnids are a
widely distributed component of the microzooplankton,
where they feed on nannoplankton (Dolan 2010). It has been
suggested that hyaline organic loricae act as a buoyancy aid
for tintinnids (Kofoid 1930), and elongated loricae with a
strongly developed posterior spine have been suggested as
an adaption to maintain swimming direction (Kofoid and
Campbell 1939).

The distinctive coronal spines of Corollasphaeridium may
also a reflect planktic ecology. Most modern tintinnids lack
such processes, and the functional significance of the ‘horns’
in Rhizodomus tagatzi are not known; its neritic, often
lagoonal or estuarine habitat is not unique among tintinnids
(Sacca et al. 2012; Sacca and Giuffre 2013). However, long
radiating processes in other comparative groups are often
inferred to have a role in flotation and/or defence against
predators in the planktic realm. In general, the presence of
spines increases hydrodynamic resistance to sinking in the
water column (Padisak et al. 2003). Spines can be expected
to increase drag and enhance prey capture in zooplankton
by increasing fluid motion around oral cilia (Emlet and
Strathman 1985). Spines can also be developed as a
response to predation pressure, including in phytoplankton
such as scenedesmacean green algae (e.g. Hessen and Van
Donk 1993) and zooplankton such as rotifers (Garza-Mourino
et al. 2005), because they increase effective body size.
Benthic organisms can also employ spines to deter predators
but the radial arrangement in Corollasphaeridium is well
suited to a three-dimensional planktic setting.

The distribution of processes in Corollasphaeridium is
most reminiscent of chitinozoans, which offer potential func-
tional comparisons despite their distinct affinities. For spin-
ose chitinozoan taxa, a variety of functions have been
suggested including flotation (Wrona 1980) and predation
defence (Laufeld 1974). Similarly, despite the lack of precise
modern analogues, we suggest that the spinose morphology
of Corollasphaeridium is likely to reflect adaptations to float-
ing and predation avoidance in a zooplanktic organism. The
presence of a lorica in itself suggests a response to predation
pressure, as tough outer casings help protect protists from
cell-piercing predators (Porter 2011).

4.5. Palaeoenvironmental and biogeographical
distribution of Corollasphaeridium

Corollasphaeridium occurrences remain rare and species of
the genus therefore have a patchy distribution in the fossil
record, so far limited to the Cambrian and lowermost
Ordovician. However, the new occurrences provide important
insights into its palaeoenvironmental and biogeographical



range. The type species, C. wilcoxianum, occurs in a shallow
but markedly offshore palaeo-depositional setting at its type
locality at Wilcox Pass, Alberta, Canada coming from the
Basal Silty Member of the Survey Peak Formation (Martin
1992; Ji and Barnes 1996). This succession forms part of the
carbonate platform belt of the Western Canada Sedimentary
Basin, which was deposited hundreds of kilometres from the
cratonic shoreline (Slind et al. 1994). The palaeoenvironment
in this facies belt was at times very shallow and even emer-
gent, given the epeiric sea setting, although the particular
member yielding Corollasphaeridium represents a deeper,

a.
PALAEOMAP reconstruction at 485 Ma
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carbonate-starved environment (Ji and Barnes 1996). This set-
ting contrasts with the new occurrence of Corollasphaeridium
from the more easterly part of the basin in Saskatchewan
(Deadwood Formation), where through much of the middle
to late Cambrian deposition was dominated by coarser silici-
clastics characterising the ‘inner detrital belt’ facies (Slind
et al. 1994). Here the Deadwood succession records depos-
ition in a wave-dominated setting (Buatois and Mangano
2013), with a diversity of metazoans and other organisms
recorded by co-occurring SCFs (Harvey et al. 2012), but a
paucity of typical Cambrian marine fossils such as trilobites,

@ Parara @ Wilkawillina

@Deadwood O Nolichucky @ Survey Peak © Fengshan

Figure 7. Reconstructions of Cambrian palaeogeography (PALEOMAP, Scotese and Wright 2018) at 524 Ma (a) and 485Ma (b), showing the distribution of
Corollasphaeridium bearing formations. (a) Composite plot of early Cambrian localities bearing any Corollasphaeridium species. Corollasphaeridium is restricted to
palaeotropical and palaeosubtropical latitudes in the early Cambrian. (b) Corollasphaeridium wilcoxianum is distributed broadly across Laurentia and North China in
the middle to late Cambrian but limited to the palaeotropics. Palaeogeographic maps were plotting in R using the rgplates package (Mdiller et al. 2018; Kocsis and

Raja 2023).
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echinoderms and hyoliths, implying a somewhat restricted
environment. The Deadwood Formation occurrence in South
Dakota is also interpreted as representing inner detrital belt
facies (Stitt and Straatmann 1997), though the presence of
limestones and trilobites suggest a less restricted part of the
basin. Overall, the presence of C. wilcoxianum from these
widely spaced and contrasting settings in the Western
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Canada Sedimentary Basin is consistent with a planktic ecol-
ogy and broad ecological tolerance, although a generalist
benthic ecology is also possible.

Further afield, the other occurrences of C. wilcoxianum
exhibit a similar range of environments. In Tennessee, USA, the
palaeo-depositional setting is an epicratonic basin, with the
Nolichucky Shale Formation at Thorn Hill including ooidal
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Figure 8. Sea surface temperature estimates for (a) 525Ma and (b) 485.4Ma with the palaeo-rotated positions of Corollasphaeridium bearing formations.
Corollasphaeridium is restricted to warm, tropical, surface waters of ~20 to 35°C in both the early and late Cambrian, according to climate model simulations of
sea surface temperature. Climate simulations were performed using the HadCM3L model with pCO, values tuned to give similar global mean temperatures to the
long-term temperature reconstructions of Scotese et al. (2021). The simulations are identical to the “scotese_08" simulations described in Judd et al. (2024), and
are archived as simulation set “tfks” in the Providing Unified Model Access (PUMA) code archive.



grainstones indicating very shallow conditions (Glumac and
Walker 1998), whereas in north China, the taxon occurs in a
siliciclastic-dominated unit within a trilobite-bearing carbonate
platform succession laid down in an epeiric sea, with storm-
triggered redistribution of material suggesting a relatively
deep-water, downslope position (Wang et al. 2019).

The remaining three species of Corollasphaeridium are
known from various palaeo-depositional marine settings of
the early Cambrian. The stratigraphically lowermost record,
from Cambrian Stage 2 of Siberia (Dantes et al. 2024), comes
from a mixed carbonate and siliciclastic succession represent-
ing upper shoreface to offshore settings; the productive hori-
zons come from a shaley interval in the Chuskuna Formation,
associated with wave-rippled sandstone interbeds coarsening
upwards into a sandy prodelta deposit (Nagovitsin et al. 2015;
Grazhdankin et al. 2020). The South Australian records come
from several drillcore intervals in Cambrian Series 2 from the
Stansbury and Arrowie basins, from shaley units within mostly
carbonate-dominated successions recording shallow to mod-
erately deep-shelf or platform settings (Wilkawilina Limestone;
Parara Limestone) and the nearshore, likely somewhat
restricted Minlaton Formation (Zang et al. 2007; Jago et al.
2012). In each case, the occurrences will partly reflect the dis-
tribution of lithologies best suited to preservation and palyno-
logical processing (i.e. mudstones rather than carbonates or
sandstones). Notably, the new record from the Forteau
Formation (Stage 4 of Newfoundland) provides the opportun-
ity to assess the distribution of Corollasphaeridium in a basin
with widespread mudstone deposition. From among samples
representing nearshore inter-reef muds to offshore deep
basin, the productive horizons are limited to comparatively
thin (¢. 40 cm) mudstone units from within a sandstone and
ooidal grainstone-dominated part of the succession inter-
preted as a prograding barrier shoal complex (the Upper
Limestone Member; Skovsted et al. 2017). Co-occurring paly-
nomorphs are dominated by sphaeromorphs and clustered
cells without the acanthomorphic acritarchs or colonial green
algae that occur in the underlying Middle Shale Member (cf.
Harvey 2023), which represents open shelf conditions
(Skovsted et al. 2017). The presence of trilobite body and
trace fossils in the Upper Limestone Member in units that
both underlie and overlie the mudstones (Knight et al. 2017)
suggest that marine conditions prevailed, but the finely lami-
nated, notably dark mudstones yielding Corollasphaeridium
but no macrofossils suggest adaptation to a somewhat
restricted, potentially ecologically stressed environment
between ooid shoals.

The highly localised occurrence of Corollasphaeridium
lissum in the Forteau Formation contrasts with greater
ecological tolerance of C. wilcoxianum in the Western
Canada Sedimentary Basin, and also with the broader-scale
palaeogeographic distributions of C. wilcoxianum and the
other early Cambrian species (Figure 7). All records of
Corollasphaeridium are consistent with a sub-tropical (Forteau
Formation) and tropical distribution (Figure 7), occupying
waters ranging from ~20 to 35°C according to climate
model simulations of sea surface temperature (Judd et al.
2024) (Figure 8); the lack of substantiated reports from palae-
ocontinental Baltica, which is well sampled for palynology,
and which occupied a mid-latitudinal position, suggests a
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first-order palaeoclimatic control. A low-latitude distribution
for Corollasphaeridium was previously noted by Volkova
(1993) at a time when confirmed occurrences were limited to
Wilcox Pass, Canada, and Xiaoyanggiao, North China. Beyond
this, the shared species occurrences in South Australia and
Siberia in the lower Cambrian, and the widely distant palaeo-
geographic occurrences of C. wilcoxianum in Laurentia and
North China (Figure 7), point to considerable dispersal capa-
bilities in some Corollasphaeridium species. Extant tintinnids
exhibit distribution patterns ranging from localised in near-
shore environments to widely dispersed in the tropical
oceanic realm (Dolan and Pierce 2013); the different species
of Corollasphaeridium in the Cambrian likewise seem to have
developed a range of ecological strategies.

5. Conclusions

New specimens from the Forteau, Deadwood and Nolichucky
Shale formations of North America have expanded
the known temporal, spatial and morphological range
of the Cambrian-Ordovician organic-walled microfossil
Corollasphaeridium, more than doubling the occurrences of
C. wilcoxianum and extending its known range back to the
lower Furongian or upper Miaolingian, and revealing a new
lower Cambrian species, C. lissum sp. nov. Considered
together, a survey of the new and published specimens of
Corollasphaeridium reveals similarities to various testate and
loricate protists, particularly the planktic tintinnid ciliates,
which can exhibit similarly thickened apertures and aboral/
apical spines. However, Corollasphaeridium lacks definitive
tintinnid synapomorphies and is separated from unambigu-
ous Jurassic fossil tintinnids by more than 300 million years.
Previous studies into putative fossil tintinnids have warned
against ‘shoehorning’ Palaeozoic cup-shaped microfossils into
group Tintinnida which could obfuscate true evolutionary
relationships and risk inappropriate calibration of molecular
clocks (Dunthorn et al. 2015). Nevertheless, our analysis sup-
ports an affinity for Corollasphaeridium amongst loricate het-
erotrophic protists rather than phytoplankton or metazoans.
There is no longer a case for considering Corollasphaeridium
to be a vesicular acritarch, and we feel there is no value in
regarding it as an atypical acritarch. Although it does not yet
have a precise taxonomic position to be transferred to, we
suggest removing it from Acritarcha, and have amended its
diagnosis to remove terminology intended for acritarchs.
Whatever its biological affinity, the palaeoenvironmental and
palaesogeographical distribution of Corollasphaeridium indi-
cates localisation in nearshore habitats in the palaeotropics
and subtropics, with growing evidence for wide dispersal
within and between palaeocontinents for some species, per-
haps aided by an open-water planktic ecology.

6. Systematic palaeontology

Specimens from the Forteau Formation and Deadwood
Formation, Saskatchewan are reposited at the Geological
Survey of Canada, Ottawa, Ontario, Canada. Specimens from
the Nolichucky Shale Formation and Deadwood Formation,
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South Dakota are reposited in the Centre for Palynology,
Department of Animal and Plant Sciences, University of
Sheffield, South Yorkshire, UK.

Domain EUKARYOTA

Genus Corollasphaeridium wilcoxianum Martin in Dean and
Martin 1982, emend. Martin 1992 emend nov.

Junior synonym. Spicaticampaniformis Dantes et al. (2024),
fig. 1-15, p.388.

Type species. Corollasphaeridium wilcoxianum Martin in Dean
and Martin 1982, emend. Martin 1992 nov. emend.

Species attributed to the genus.

Corollasphaeridium wilcoxianum Martin in Dean and Martin
1982, emend. Martin 1992 nov. emend.

Corollasphaeridium opimolumum Zang in Gravestock et al.
2001 (referred to as Spicaticampaniformis in Dantes et al. 2024)
Corollasphaeridium aliquolumum Zang in Gravestock et al.
2001 (referred to as Spicaticampaniformis in Dantes et al. 2024)
Corollasphaeridium lissum sp. nov.

Emended diagnosis. A cylindrical to hourglass shaped lorica,
which flares towards an aperture. Aperture markedly thick-
ened and infolded. Distally the apex is adorned with multiple
processes that are hollow and open into the lorica.

Remarks. Previous diagnoses by Martin (in Dean and Martin
1982) and Yin (in Chen et al. 1988) were emended by Martin
(1992). Martin’s (1992) emendations made at the species (C.
wilcoxianum) level were also applicable at the genus level as
the genus was monospecific at the time of emendation:

Vesicle originally cylindrical, or almost so. Outline originally
elongate in lateral view and circular to slightly polygonal in
transverse view. One extremity (apical pole) of vesicle
progressively prolonged by a collarette that is always open
distally, relatively transparent, lacks an operculum, and has a
length approximately equal to that of central body. The other
extremity (antapical pole) carries six to ten simple, conical, hollow
processes whose internal cavity communicates with that of the
vesicle. Five to nine (generally five or six) processes arranged
more or less regularly around a more developed central process
that prolongs the longitudinal axis of the vesicle and may be as
long as the latter. The smallest processes carry two to four
longitudinal fibrils; the best developed processes carry four to
ten. The most strongly marked of these ridge-like thickenings
extend into the vesicle as far as the distal extremity of the
collarette, the opening of which is bordered by a thickening of
similar type. The principal fibrils of the vesicle, including those on
the collarette, may be secondarily anastomosed. The membrane,
excluding fibrils, is smooth and apparently single layered.

The language of the original genus diagnosis, and more
recent emendations, reflects the use of an interpretive frame-
work of vesicular acritarchs. For example, Yin's (in Chen et al.
1988) reference to a lack of operculum refers to the cylinder
being permanently open.

The new emended diagnosis herein uses language more
appropriate to protists (lorica rather than vesicle), and
removes the distinction of ‘longitudinal fibrils" (herein
referred to as ridges) on the cylinder and processes as this
feature is currently restricted to C. wilcoxianum (see below).

Corollasphaeridium was first erected for material from the
uppermost Cambrian and lowermost Ordovician Wilcox Pass,
Alberta, Canada with material assigned to C. wilcoxianum
Martin (in Dean and Martin 1982). The limited available
specimens showed a vesicular acanthomorphic acritarch dis-
tinguished from co-occurring Goniosphaeridium by ornamen-
tation of the processes (Martin in Dean and Martin 1982).
Discovery of coeval specimens in the Xiaoyangqgiao section,
north China (Yin in Chen et al. 1988) revealed specimens
with an elongate cylindrical form, open at one end and with
processes at the other, which were described as a separate
species, C. normalisum Yin 1986. Martin (1992) synonymised
C. normalisum with C. wilcoxianum and emended the diagno-
sis of the species (and by implication, the monotypic genus).
Two species were also identified from the lower Cambrian of
Australia and added to the genus: C. opimolumum and C. ali-
quolumum (Gravestock et al. 2001).

Dantes et al. (2024) published new lower Cambrian speci-
mens from Siberia which they identified to be congeneric
with Australian lower Cambrian species described as
Corollasphaeridium  opimolumum and C. aliquolumum
(Gravestock et al. 2001). They assigned all of these taxa to
their new genus Spicaticampaniformis and suggested that
the absence of a central apical outgrowth (spine), lack of lon-
gitudinal ridge ornamentation and smaller spines distin-
guished Spicaticampaniformis from Corollasphaeridium. We
note that the open, bulb-cone shaped form, discrete basal
rim and multi-spinose ornamentation of Spicaticampaniformis
are shared with other species of Corollasphaeridium.
However, we note that C. lissum sp. nov. (see below) shares
the absence of a longitudinal ornamentation with species
moved to Spicaticampaniformis, whereas its radial arrange-
ment of processes and central apical process are shared with
C. wilcoxianum. Because C. lissum sp. nov. represents a mor-
phological intermediate between early Cambrian forms and
later Cambrian C. wilcoxianum, as well as lying stratigraphic-
ally between the two sets of occurrences, it weakens support

for a genus-level distinction. We therefore consider
Spicaticampaniformis to be a junior synonym of
Corollasphaeridium.

Corollasphaeridium wilcoxianum. Martin in Dean and
Martin 1982, emend. Martin 1992 nov. emend.
Figure 4a-j

Synonymy.

1982 Corollasphaeridium wilcoxianum gen. et sp. nov. Martin
in Dean and Martin 1982 (p. 136, PI. 1, figs. 15, 16.)

1986 Corollasphaeridium normalisum sp. nov. Yin in Chen
et al. 1988 (p. 337, Pl 88, figs. 1, 2, 4, 6, 9, 15;
Textfig. 123.)

1986 Corollasphaeridium wilcoxianum Yin in Chen et al. 1988
(p. 338, PL. 88, figs. 12, 14.)

1992 Corollasphaeridium wilcoxianum Martin 1992 (p. 25, PI.
6, figs. 2-4, 8, 10-16.)

2019 Corollasphaeridium wilcoxianum Wang et al. 2019 (fig. 8,
a—C)



Original diagnosis. Martin in Dean and Martin 1982, emend.
Martin 1992. As for the genus and reproduced above.
Emended diagnosis. Corollasphaeridium in which the lorica
exhibits an ornamentation of thickened longitudinal ridges
which extend from the collar to the tip of the processes.
Branching of the ridges to form a polygonal network at the
base of the processes. Strongly developed central process
surrounded by elongate radially arranged processes which
are typically smaller than the central process.

Description. The most complete specimens in our new col-
lections preserve a narrow cylindrical body with a pro-
nounced trumpet-like flared shape towards the aperture
(Figure 4b and e). The aperture is rimmed with a thickened
collar (Figure 4a, e and h). The edge of the rim is infolded
into the cylinder by 2.0 to 4.7 um (n=28). An enlarged spine
projects from the apex of the cylinder surrounded by 4 to 9
regularly arranged smaller spines. Thickened ridges ornament
the spines and branch to form a polygonal network at the
base of the processes, then continue onto the cylinder down
to the collar (Figure 4e). The cylinder wall is relatively thin
whereas the spines appear darker and thickened.

New material. Fourteen specimens from the Deadwood
Formation (five from Saskatchewan and nine from South
Dakota) (Figure 4). Specimens from Saskatchewan come from
drillcore sample RW13-4-70 from Ceepee Reward (well site
101/4-28-38-24W3, licence number: 58E063), core number 13,
box number 4, 70cm from boxed core top (5401.3ft/1646.3
m), constrained to the Drumian to Paibian interval (upper
middle to lower upper Cambrian). Specimens from the
Deadwood Formation of South Dakota come from outcrop
sample BP09-DW4 from the section above Deadwood town,
44.1 m below the base of the sandstone marker, likely in the
Taenicephalus trilobite Zone, lJiangshanian Stage of the
Furongian Series. One specimen from the Upper Shale
Member of the Nolichucky Shale Formation, Tennessee, USA
(sample 08BP-332/;, 176.70 m stratigraphically above the base
of the formation as exposed at Thorn Hill), in an interval con-
taining the Miaolingian to Furongian boundary (see section
Geological setting, materials and methods for full locality
details).

Dimensions (minimum (mean) maximum). In specimens
complete enough to be measured:

Overall aperture diameter of 7 specimens: 21 (54.6) 101 um
(Standard deviation: 22.8).

Overall length of 4 specimens: 50 (128.6) 179 um (Standard
deviation: 53.1).

Remarks. Material from the Deadwood and Nolichucky Shale
formations reveals further morphological details of the char-
acteristic collar structure of Corollasphaeridium. New speci-
mens show that the collar structure is infolded a short
distance (Figure 3a, e and g). The longitudinal ridge orna-
ment continues onto the infolded collar.

Corollasphaeridium lissum sp. nov.
Figure 3a—am and w.

Holotype. R432-7_oc_p2_(C35-3, GSC144337,
Formation, Newfoundland. Figure 2w.

Forteau
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Diagnosis. A species of Corollasphaeridium with a smooth
lorica wall. Radially arranged short triangular processes (<1/4
of the total length) with a broad base surrounding a larger
central process.

Description. The most complete specimens consist of a cylin-
drical to hourglass body which flares towards its aperture.
The aperture is markedly thickened in well preserved speci-
mens and may be invaginated inside the cylinder by a dis-
tance of 0.6 to 49um (Figure 3a, e, and u—-x). The apex is
adorned by a central process which is often the largest and
widest process. The central process is surrounded by 5-12,
coronally arranged, additional processes. Wall thickness
appears variable as some specimens are a dark brown colour
whilst others from the same sample are translucent yellow.
New material. Seventy-seven specimens from the lower
Cambrian (Stage 4) Forteau Formation (Upper Limestone
Member), Newfoundland, Canada (31 from R432-6 and 46
from R423-7) (Figure 3). Corollasphaeridium-bearing samples
were collected from the middle of a 40cm thick laminated
black mudstone unit located around 1 m above the base of a
roadside section (Knight et al. 2017, fig. 8) (R432-6: 51°00.49'
N 56°36.05" W) and a 50cm thick laminated black mudstone
unit, 4m from the base of the section in a small quarry
(Knight et al. 2017, fig. 8) (R432-7: 51°00.59' N 56°35.13' W)
along Route 432 between Plum Point and Roddickton, Great
Northern Peninsula, Newfoundland (Figure 1).

Dimensions (minimum (mean) maximum). In specimens
complete enough to be measured:

Overall aperture diameter of 13 specimens: 21 (37.9)

53 um (Standard deviation: 8.2). Overall length of 21 speci-
mens: 34 (62.1) 92 um (Standard deviation: 16.2).
Remarks. Corollasphaeridium lissum is distinguished from C
wilcoxianum by a lack of ornamentation of longitudinal
ridges and by its shorter, stout processes, and from C. opimo-
lumum and C. aliquolumum by the regular arrangement of
processes around a central process. The processes in C. lis-
sum are proportionately shorter and broader than those of C.
aliguolumum. The lorica shape of C. opimolumum is markedly
expanded in the apical portion in comparison to C. lissum. C.
normalisum of Yin (in Chen et al. 1988) is recognised as a
junior synonym of C. wilcoxianum preserved in lateral view
(see Martin 1992).

A thickened collar structure is a significant feature in the
best-preserved specimens of C. lissum sp. nov. (Figure 3u-x).
The collar is markedly thickened in relation to the cylindrical
body and folded in a short distance inside the cavity, a char-
acter shared with C. wilcoxianum. The hourglass proportions
of the body are also distinctive in the new specimens (Figure
3c-d and t-z) and differ from the generally cylindrical to flar-
ing shape of C. wilcoxianum.

Corollasphaeridium lissum in the Forteau Formation exhib-
its high interspecific variability. This is particularly significant
when considering its relatively limited stratigraphic and geo-
graphic distribution. Some specimens are short and wide
whilst others are elongate. Aspect ratio (width/length) in
specimens complete enough for measurements to be made
ranges from 0.37 to 1.07.
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Derivation of name. Derived from the Latin lisso for smooth,
alluding to its smooth lorica surface and lack of ornamenta-
tion and the gender-neutral suffix um.
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