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Canada: unravelling bioturbation at the onset of the Cambrian Explosion. Fossils and
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The Chapel Island Formation is a 1000+ m-thick, mainly siliciclastic succession that
is well exposed in coastal cliffs of Burin Peninsula, southeastern Newfoundland, east-
ern Canada. This unit contains an outstanding record of late Ediacaran-early Cambrian
trace fossils with some intervals rich in small shelly fossils, and in 1992 the Fortune Head
section was ratified as Global Stratotype Section and Point for the Cambrian System.
This contribution represents the first study integrating sedimentologic and ichnologic
information for the whole formation and the first systematic monographic work, involv-
ing documentation of the trace fossils in classic sections at Fortune Head, Grand Bank
Head, and Little Dantzic Cove, as well as in less-explored sections at Fortune North,
Lewins Cove, and Point May. More than 1700 m of strata were logged, and fourteen
sedimentary facies composing five facies associations were described and interpreted
to be deposited in: (1) mud-flat, mixed-flat, sand-flat, and tide-dominated or -influ-
enced embayments (Facies Association A); (2) middle and lower shoreface (Facies
Association B); (3) offshore transition, upper offshore, and lower offshore (Facies
Association C); (4) shelf (stricto sensu) (Facies Association D); and (5) carbonate sub-
tidal and intertidal environments (Facies Association E). An extensive trace-fossil dat-
aset was gathered and provides records of bioturbation intensity (1596 data points on
vertical bioturbation, 1481 data points on bedding plane bioturbation) and of trace-fos-
sil metrics (3162 data points on burrow width, 1473 data points on burrow depth). A
comprehensive revision of the trace-fossil composition (3508 trace fossil specimens
recorded) allowed the description of twenty-eight ichnogenera and fifty-two ichno-
species, which consist of cf. Allocotichnus dyeri, Archaeonassa fossulata, Arenicolites aff.
A. carbonarius, Arenicolites isp., Bergaueria perata, B. cf. B. radiata, Circulichnis ligusti-
cus, C. montanus, Cochlichnus anguineus, C. luguanensis, Conichnus conicus, Cruziana
problematica, Curvolithus multiplex, C. simplex, Curvolithus isp., Dendroidichnites aft. D.
irregulare, Didymaulichnus miettensis, Dimorphichnus isp. A, Dimorphichnus isp. B, cf.
Dimorphichnus isp., ?Diplocraterion isp., Gordia marina, Gyrolithes gyratus, G. scintil-
lus, Halopoa imbricata, Helminthoidichnites tenuis, Helminthopsis abeli, H. hieroglyphica,
H. tenuis, Monomorphichnus bilinearis, M. lineatus, M. needleiunm, Monomorphichnus
isp., Palaeophycus annulatus, P. tubularis, Palaeophycus isp., Psammichnites gigas circu-
laris, P. cf. P. saltensis, Rosselia erecta, Rosselia isp., Rusophycus avalonensis, Rusophycus
dabardae isp. nov., Rusophycus isp., Saerichnites kutscheri comb. nov., Teichichnus rectus,
Torrowangea rosei, Treptichnus bifurcus, T. coronatum, T. pedum, T. pollardi, Trichichnus
linearis, and Trichichnus isp. The trace-fossil distribution and other ichnologic infor-
mation allow the identification of three palaeoecologic events in the succession: (1) an
Ediacaran matground ecology, dominated by simple horizontal trails associated with
microbially stabilized surfaces and limited vertical bioturbation; (2) a Fortunian mat-
ground/firmground ecology, with evidence of penetrative shallow-tier bioturbation and
a burst in trace-fossil diversity; and (3) a late Fortunian/Cambrian Age 2 mixground
ecology, with high bioturbation intensities and the development of a shallow mixed layer
and deeper transition layer with a structure similar to that of modern seafloors. Overall,
this study reinforces the status of the current Cambrian Global Stratotype Section and
Point and advocates for the need of comprehensive and multi-disciplinary approaches
to fully decipher the scale, tempo, and loci of the early evolution of animal life on Earth.
O Trace fossils; bioturbation; ichnotaxonomy; sedimentology; Ediacaran-Cambrian;
animal evolution.
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Introduction

The transition from the Ediacaran (635-538 Ma) to
the Cambrian (538-487 Ma) was a landmark moment
in the history of life. Prior to the Ediacaran, prokar-
yotes and simple eukaryotes represented the life on
ocean bottoms, whereas cyanobacterial phytoplank-
ton abounded in the water column (Knoll & Novak
2017; Butterfield 2018). Then, the appearance of the
Ediacara Biota (575-538 Ma), with macroscopic
organisms of unique body plans that included stem-
group bilaterians, represented a macroevolutionary
breakthrough (Narbonne 2005; Xiao & Laflamme
2009; Dunn & Liu 2019). Body fossil assemblages of
the Cambrian Explosion are commonly recorded from
ca. 520 Ma onward and contain annelids, arthropods,
brachiopods, echinoderms, hemichordates, molluscs,
and priapulids, among others (Valentine 1995; Erwin
& Valentine 2013; Mangano & Buatois 2014, 2021;
Briggs 2015; Erwin 2020). However, an interval of ca.
20 Ma exists between the end of the Ediacara Biota
and lagerstitten of the Cambrian Explosion. In this
interval, trace fossils are notably abundant (Jensen
1997; Mangano & Buatois 2014, 2020) alongside small
shelly fossils (Sepkoski & Knoll 1983; Devaere et al.
2021; Topper et al. 2022). Some of the trace fossils
depict complex infaunal behaviours that demonstrate
the presence of a coelom acting as a hydrostatic skele-
ton, an unequivocal attestation of triploblastic animal
life (Clark 1964; Valentine 1994; Erwin 1999).

From 1972 to 1992, a Working Group of the
Subcommission on Cambrian Stratigraphy actively
visited sections spanning the Precambrian-Cambrian
boundary interval in Africa, North America, Asia,
Australia, and Europe, with the aim of defining a type
section for the Cambrian (Cowie 1989, 1992). After con-
siderable discussion, the Cambrian Global Stratotype
Section and Point was placed at the first appearance
datum of the complex trace fossil Treptichnus pedum
(Seilacher) in the Chapel Island Formation at Fortune
Head, Burin Peninsula, southeastern Newfoundland,
eastern Canada (Brasier et al. 1994a). This unit is
a 1000+ m-thick succession mostly composed of

siliciclastic sedimentary rocks and subdivided into five
informal members based on lithology (Bengtson &
Fletcher 1983; Myrow 1987). This remarkable succes-
sion was also selected for its ease of access, its extensive
stratal continuity without major breaks, and its mono-
facial sedimentology across the Ediacaran-Cambrian
boundary interval (Brasier & Cowie 1989). Trace fos-
sils are pristine and abundant, demonstrating a general
increase in diversity as well as major changes in seafloor
colonisation through late Ediacaran to Cambrian Age
2 (Crimes & Anderson 1985; Narbonne et al. 1987;
Narbonne & Myrow 1988; Mcllroy & Logan 1999;
Gehling et al. 2001; Droser et al. 2002; Buatois et al.
2014; Herringshaw et al. 2017; Gougeon et al. 2018a,
2023,2025a; Laing et al. 2018,2019). Crimes & Anderson
(1985) provided the first and only taxonomic treatment
of trace fossils, describing twenty-one ichnogenera in
the Chapel Island Formation. However, over the last four
decades, ichnotaxonomy benefitted greatly from con-
tinuous methodologic and conceptual improvements.
Notably, ichnotaxobases provide a way to standardize
trace-fossil descriptions, which results in the identifi-
cation of taxonomically redundant junior synonyms
(Bromley 1990, 1996; Bertling et al. 2006, 2022; Buatois
& Mangano 2011; Rindsberg 2018). For instance,
Crimes & Anderson (1985) described Neonereites
uniserialis Seilacher and Taphrhelminthopsis circularis
Crimes, Legg, Marcos & Arboleya in the Chapel Island
Formation, two ichnospecies nowadays considered
junior synonyms of Nereites missouriensis (Weller) and
Psammichnites gigas circularis (Crimes, Legg, Marcos &
Arboleya), respectively, based on re-evaluations of type
materials (Uchman 1995; Mangano et al. 2022). These
approaches are necessary to fully decipher the scale
of the Cambrian Explosion, as taxonomic decisions
have major influences on macroevolutionary trends
(e.g. Buatois et al. 2016a, 2025a; Muioz et al. 2019;
Mangano et al. 2022).

In this study, the Cambrian type section at Fortune
Head was revisited alongside other sections hosting
records of the Chapel Island Formation at Fortune
North, Grand Bank Head, Lewins Cove, Little
Dantzic Cove, and Point May. The aims of this paper
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are fourfold: (1) to provide new datasets on ichnology
and sedimentology from the Chapel Island Formation;
(2) to review in detail the trace-fossil taxonomy of the
succession; (3) to describe and interpret sedimen-
tary facies; and (4) to articulate sedimentologic and
ichnologic datasets to further our understanding of
secular changes in bioturbation across the Ediacaran-
Cambrian boundary interval.

Geologic setting

Previous ichnologic and geologic work

Previous work before the mid-eighties was well sum-
marized by Myrow (1987) and covers the first explo-
ration of Fortune Bay by Dale (1927), the erection
of the Chapel Island Formation by Widmer (1950)
and Hutchinson (1962), and the renewed interest in
the seventies in relation to the first geologic map-
ping of Burin Peninsula (O’Brien et al. 1976, 1977).
However, emphasis was mostly placed on stratigraph-
ical and sedimentological aspects, and much has been
published since then due to the importance of this
formation.

Trace fossils of the Chapel Island Formation were
first mentioned succinctly in a short paper by Bengtson
& Fletcher (1981) that was prepared for the Second
International Symposium on the Cambrian System
(Taylor 1981). Bengtson & Fletcher (1983) later pro-
vided more details and recorded Harlaniella Sokolov
(at the time thought to be a trace fossil) in Member 1,
and Astropolithon Dawson (= Astropolichnus Crimes &
Anderson), Monomorphichnus Crimes and Neonereites
Seilacher within Member 2. Crimes & Anderson
(1985) provided the first descriptions of trace fossils
from both Chapel Island and Random formations.
They described twenty-one ichnogenera and thirty ich-
nospecies in the Chapel Island Formation, which led
them to evaluate ichnodiversity changes through time
at member scale. Although Bengtson & Fletcher (1983)
and Crimes & Anderson (1985) mostly focussed on
sections at Grand Bank Head and Little Dantzic Cove,
Narbonne et al. (1987) raised attention on the quality
of the Fortune Head section. These authors reviewed
the stratigraphical definition of members of the Chapel
Island Formation (following Myrow 1987) and defined
an ichnostratigraphical scheme depicting increased
trace-fossil diversity and complexity from upper
Ediacaran to lower Cambrian strata (following Crimes
1987). The publication by Narbonne et al. (1987) has
been widely cited and was instrumental in the defini-
tion of the Cambrian Global Stratotype Section and
Point at Fortune Head (Brasier et al. 1994a). As a com-
plement, Landing et al. (1988) published a field guide
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for the Precambrian—Cambrian Boundary Working
Group Meeting that took place in August 1987 in St
John's (Newfoundland, Canada). The field guide pro-
vides detailed sedimentological logs with notes on the
stratigraphical appearance of trace fossils, as well as
detailed maps. In addition to the field guide, Narbonne
& Myrow (1988) contributed with a paper focus-
sing on trace-fossil biozonation in the Chapel Island
Formation.

Following work focussed on more specific aspects
of Chapel Island Formation trace fossils. McIlroy &
Logan (1999) revisited the unit as part of a study com-
paring ichnofabric development in Newfoundland
and in other successions in North Wales and
Finnmark. Gehling et al. (2001) recorded Treptichnus
pedum 4.41 m below the Global Stratotype Section
and Point at Fortune Head, which was explained
by confidence intervals related to first appearance
datum. Droser et al. (2002) focussed on Member 2 at
Fortune Head and argued that the earliest Cambrian
was dominated by firmground conditions typified by
sharp-walled, passively filled burrows. Buatois et al.
(2014) noted that an Ediacaran-style ecology charac-
terised by simple horizontal grazing trails associated
with microbial mats persisted within the Fortunian at
Fortune Head, and Ediacaran body fossils were absent
despite favorable taphonomic conditions for their
preservation if they were present. Mochizuki et al.
(2014) visited Fortune Head as well as successions in
Meishucun (China) and Gobi-Altai (Mongolia) and
suggested that Planolites Nicholson increased in size
through Member 2. Tarhan & Droser (2014) gathered
a trace-fossil dataset from the basal 18 m of Member 2
at Fortune Head as well as from other Cambrian suc-
cessions worldwide and argued that a sediment mixed
layer was not developed at that time (see also Tarhan
et al. 2015). Herringshaw et al. (2017) advocated that
burrowing organisms of the Chapel Island Formation
became more efficient ecosystem engineers during
the Cambrian. Gougeon et al. (2018a) demonstrated
from polished samples that a sediment mixed layer
similar in overall structure to that of modern sea-
floors was established in the Chapel Island Formation
around the base of Cambrian Stage 2. Laing et al.
(2018) revised the taxonomy of Gyrolithes de Saporta
and erected a new ichnospecies, G. scintillus Laing,
Buatois, Mangano, Narbonne & Gougeon. Laing
et al. (2019) then characterised the autecology of
organisms at Fortune Head by comparing Fortunian
modes of life with those of the Ediacaran and early
to middle Cambrian. Gougeon et al. (2023) compared
ichnofabrics from four sections of the Chapel Island
Formation hosting the Ediacaran-Cambrian bound-
ary interval and evaluated the importance of outcrop
bias on trace-fossil datasets. Gougeon et al. (2025a)
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recently discriminated evolutionary from environ-
mental controls in the succession by designing four-
teen time-environment matrices, and identified three
ecological stages in shallow-marine waters that are
globally distributed. Gougeon et al. (2025b) published
detailed ichnologic and sedimentolgic datasets from
six sites hosting strata of the Chapel Island Formation.

In addition, studies on other aspects of the Chapel
Island Formation have been published since the
mid-eighties. Myrow & Hiscott (1991) described
sediment gravity flow deposits encountered within
Member 2 at Fortune Head and Grand Bank Head.
Narbonne et al. (1991) recorded ‘Kullingia delicata’
from basal Member 2 at Grand Bank Head which was
considered at the time as an impression of a pelagic
chondrophorine fossil, but Jensen et al. (2002a, 2018a)
later re-interpreted this structure as an inorganic
scratch circle. Brasier et al. (1992) evaluated the §"*C
and 6"0 isotope records of carbonates from upper
Member 3 and Member 4, considering that §'*O values
were flawed by thermal alteration, but §°C had reliable
values for worldwide carbon isotope excursion correla-
tion. Myrow (1992a, 1994) described and interpreted
a variety of pot and gutter casts encountered within
Member 2 that were created during storms. Myrow
(1992b) proposed a ‘tempestite facies model’ based on
Member 2 at Fortune Head characterised by sediment
bypass on the proximal shelf and deeper sand accumu-
lation, just above storm wave base. Myrow & Landing
(1992) developed a mixed carbonate-siliciclastic facies
model for upper Member 3 and Member 4, represented
by large-scale shoaling upward cycles of siliciclas-
tic mudstone and peritidal limestone deposited in an
oxygen-stratified basin. Strauss et al. (1992) attempted
a stable isotope geochemistry study from the entire
Chapel Island Formation and noted that isotopic fluctu-
ations were mostly controlled by changing depositional
environments. Myrow & Hiscott (1993) described the
different sedimentary facies of this unit and developed
depositional history and sequence stratigraphical
models based on a composite section. Rabu et al.
(1993, 1994) described the geology of Saint-Pierre-et-
Miquelon and recorded Members 3 to 5 strata at
Langlade (southern part of Miquelon), with small shelly
fossils similar to material found at Little Dantzic Cove.
Brasier et al. (1994a), Fahreeus (1994), and Landing
(1994) commented on the ratification of the Cambrian
Global Stratotype Section and Point at Fortune Head.
Hantsoo et al. (2018) performed a chemostratigraphical
analysis of the Chapel Island Formation and recorded
a positive 6"°C excursion starting at the Ediacaran-
Cambrian boundary point, later returning to stable
values at the top of Member 2. In addition, pyrite sulfur
showed a significant *S depletion at the Ediacaran-
Cambrian boundary point. Both variations in carbon
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and sulfur isotopes were interpreted as resulting from
increased ventilation and oxygenation of the seafloor in
concordance with increased bioturbation.

Bodly fossils

Although trace fossils are some of the most striking
biogenic remains of the Chapel Island Formation,
other fossils were recorded in the succession both in
Ediacaran and Cambrian strata. Greene & Williams
(1974) first mentioned that Epiphyton sp., possible
Volborthella Schmidt, hyolithids and other fossilized
remains were present in strata below the Random
Formation. Bengtson & Fletcher (1983) later described
small shelly fossils from southeastern Newfoundland
that defined two assemblages (Fig. 1): (1) an Aldanella
attleborensis assemblage from the Chapel Island
(Members 4 and 5) and Random formations; and (2)
a Coleoloides typicalis assemblage from the overlying
Bonavista and Brigus formations. At Little Dantzic
Cove, the Aldanella attleborensis assemblage is char-
acterised by Halkieria sp. (within the second lime-
stone bed of Member 4, or LS2 sensu Myrow 1987)
and Aldanella cf. A. attleborensis (Shaler & Foerste),
Fomitchella cf. E acinaciformis Missarzhevsky, Ginella
sp., Halkieria sp., Lapworthella sp., Latouchella sp.,
and other helcionellids and orthothecids (within the
third limestone bed of Member 4, or LS3 sensu Myrow
1987). Aldanella attleborensis is a dextrally coiled shell
of gastropod or hyolith affinity and is a candidate index
fossil for the base of Cambrian Stage 2 (Parkhaev &
Karlova 2011; Dzik & Mazurek 2013; Landing et al.
2013; Fig. 2G). Narbonne et al. (1987) expanded the
biozonation scheme of Bengtson & Fletcher (1983)
and focussed solely on data from the Chapel Island
Formation. Narbonne et al. (1987) described three
assemblages (Fig. 1): (1) a Sabellidites assemblage
ranging from top of Member 1 to middle of Member
2A, with the sole occurrence of Sabellidites cambrien-
sis Yanishevsky; (2) a Circotheca? sp. assemblage rang-
ing from top of Member 2B to the Member 3/Member
4 contact, with only the name bearer recovered; and
(3) an Aldanella attleborensis assemblage in Members
4 and 5, with molluscs (Aldanella attleborensis, Igorella
sp. aff. I ungulata Missarzhevsky, Latouchella sp.,
Watsonella crosbyi Grabau), phosphatic problematica
(Eccentrotheca kanesia Landing, Nowlan & Fletcher,
Torellella sp., Lapworthella ludvigseni Landing), hyo-
liths (Turcutheca Missarzhevsky, Laratheca impur?),
and other forms recovered. Sabellidites cambriensis is a
compressed ribbon-shaped film with transverse wrin-
kling of annelid affinity and was recently suggested as
an index fossil for the lowermost Cambrian (Ivantsov
1990; Moczydlowska et al. 2014; Ebbestad et al. 2022;
Fig. 2B). Watsonella crosbyiis a univalve conch looking
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Fig. 1. Summary of biozonation models for the Chapel Island Formation based on small shelly fossils and acritarchs. Bengtson & Fletcher
(1983) defined a second biozone with Coleoloides typicalis Walcott from the younger Bonavista and Brigus formations that became obsolete
as C. typicalis was later recorded stratigraphically lower, within Member 4 (Narbonne et al. 1987; Landing et al. 1989). Preliminary studies
on acritarchs (Downie 1982; Strauss et al. 1992) are not included but are discussed in the main text. Key: newly described taxa in purple;
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cambriensis Zone; ‘Lad.” Z., ‘Ladatheca’ cylindrica Zone; and leio. A., leiosphaerids Assemblage. Vertical extension of members not to scale.

like a ‘laterally compressed hood’ of molluscan affin-
ity and is a candidate index fossil for the base of the
Cambrian Stage 2 (Li et al. 2011; Devaere et al. 2013;
Landinget al. 2013; Jacquet et al. 2017). Narbonne et al.
(1987) also recorded the algal carbonaceous compres-
sion Tyrasotaenia sp. within Member 1 (Hofmann &
Chen 1981; Fig. 2A). Harlaniella podolica Sokolov and
Palaeopascichnus delicatus Palij were first described as
Ediacaran trace fossils in the succession (Narbonne et
al. 1987) and were later reconsidered as body fossils
(Jensen 2003). Harlaniella podolica is a rope-like tube

of possible algal affinity (Ivantsov 2013) that is recov-
ered at Grand Bank Head and Fortune Head (Fig. 2C).
Palaeopascichnus delicatus is composed of sausage-like
units on bedding surfaces and may have a protozoan
affinity (Seilacher et al. 2003; Antcliffe et al. 2011;
Kolesnikov et al. 2018; Hawco et al. 2021; Fig. 2D).
Both Harlaniella and Palaeopascichnus are found 0.2
m below the Global Stratotype Section and Point at
Fortune Head (Narbonne et al. 1987). Landing et al.
(1989) refined the biozonation scheme of Narbonne
et al. (1987) by describing twenty different types of
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Fig. 2. Body fossils from the Chapel Island Formation. Scale bars are 2 mm (G), 5 mm (I) and 1 cm (A-F, H). A, Tyrasotaenia sp. Point
May, Member 1 (Ediacaran). B, Sabellidites cambriensis Yanishevsky. Fortune Head, Member 1 (Ediacaran). C, Harlaniella podolica Sokolov.
Grand Bank Head, Member 1 (Ediacaran). D, Palaeopascichnus delicatus Palij (arrows) found 0.2 m below the Ediacaran-Cambrian bound-
ary point. Fortune Head, Member 2A (Ediacaran). E, ‘Ladatheca’ cylindrica (Grabau). Little Dantzic Cove, Member 4 (Cambrian Age 2). F,
Cluster of ‘Ladatheca’ cylindrica opercula. Little Dantzic Cove, Member 3 (Fortunian). G, Aldanella attleborensis (Shaler & Foerste). Little
Dantzic Cove, Member 4 (Cambrian Age 2). H, Hyoliths and other small shelly fossils accumulated in a limestone bed (LS3). Grand Bank

Head, Member 4 (Cambrian Age 2). I, Possible Platysolenites sp. Little Dantzic Cove, Member 4 (Cambrian Age 2).

body fossils from Fortune Head, Fortune North and
Little Dantzic Cove (Fig. 1). Landing et al. (1989)
erected a ‘Ladatheca’ cylindrica Zone (previously
referred as Circotheca? sp. assemblage in Narbonne et
al. 1987) and a Watsonella crosbyi Zone in Member 4
(previously partially referred as Aldanella attleboren-
sis assemblage in Narbonne et al. 1987). ‘Ladatheca’
cylindrica (Grabau) is an elongate tapering conch
with a calcareous operculum of polychaete affin-
ity (Landing 1993; Fig. 2E, F). Myrow & Conoglio
(1991) described Frutexites Maslov cryptobionts
in sheet cracks from the stromatolitic limestone
bed of Member 4 at Little Dantic Cove. Mcllroy et
al. (2001) recorded Platysolenites cooperi Mcllroy,

Green & Brasier from Members 3 and 4 at Little
Dantzic Cove (also mentioned in Landing et al. 1989),
which was interpreted as a straight agglutinated
tube of foraminiferan affinity (Fig. 2I). In a prelim-
inary study, Downie (1982) recovered the acritarchs
Protoleiosphaeridium Timofeyev, Granomarginata
squamacea Volkova, and Archaeodiscina umbonu-
lata Volkova from a unit near St Lawrence that is
coeval with the Rencontre and basal Chapel Island
formations (see also Conway Morris 1989). Downie
(1982) suggested a Cambrian age for this assemblage.
Later, Strauss et al. (1992) recovered acritarchs from
four samples of the Chapel Island Formation, but
only Granomarginata squamata from Member 5 was
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considered relevant as Cambrian index fossil. Palacios
et al. (2018) significantly expanded the dataset on
these microfossils and erected four biozones span-
ning the Chapel Island and Random formations, with
notably leiosphaerid acritarchs appearing in Member
1 and Granomarginata Naumova recovered from
Member 2 through Member 5 (Fig. 1).

Regional and stratigraphical framework

The Avalon terrane corresponds to Neoproterozoic-
Ordovician volcanic, plutonic, and clastic sedimen-
tary rocks that are today exposed from eastern North
America to southern Great Britain (Keppie et al. 2003;
Landing et al. 2022). During the late Neoproterozoic,
Avalonia formed an insular microcontinent or a com-
posite terrane that was the located at the periphery of
the northern margin of West Gondwana (Landing et al.
2022; Murphy et al. 2023). Avalonia developed along an
active plate margin, with widespread arc-related mag-
matism attributed to subduction beneath Amazonia,
West Africa, or Baltica (Williams 1979; Thompson
et al. 2007; Murphy et al. 2008, 2023). During the Early
Ordovician, Avalonia separated from Gondwana and
later accreted with Laurentia by the Late Ordovician
(Pollock et al. 2009; Keppie et al. 2021).

Rocks of the Avalon terrane are best exposed in its
type area in eastern Newfoundland (i.e. in the Avalon
Zone sensu O’'Brien et al. 1996) and can be recovered
from five distinctive regions (Mills et al. 2021): (1)
westernmost Connaigre Peninsula; (2) southwest-
ern Burin Peninsula; (3) central Eastport Area; (4)
eastern Bonavista Peninsula; and (5) easternmost
Avalon Peninsula. In Burin Peninsula, the Burin
Group represents a Proterozoic basement dated at
ca. 763 Ma and composed of submarine basalts and
ophiolites (Fig. 3A; Krogh et al. 1988; O'Driscoll et al.
2001; Murphy et al. 2008). The younger Connecting
Point Group consists of sandstone and mudstone of
deep-marine and deltaic origin and is dated at ca.
610-605 Ma (Fig. 3A; Knight & O’Brien 1988; Mills
et al. 2016). The Marystown Group exposed in Burin
Peninsula forms a large-scale anticline that is juxta-
posed geographically to the Burin Group (Sparkes
& Dunning 2014). It is composed of subaerial vol-
canic and sedimentary rocks dated at ca. 590-565
Ma (Fig. 3A; Strong et al. 1978; Skipton et al. 2013).
The Long Harbour Group overlays the Marystown
Group to the west and north in Burin Peninsula and
is composed of subaerial felsic volcanic rocks and
minor siliciclastic rocks constrained by dating at ca.
568-552 Ma (Fig. 3A; O’Brien et al. 1996; Sparkes
& Dunning 2014). However, to the east of Burin
Peninsula, the Marystown Group is overlain by the
Musgravetown Group, a succession of marine to
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terrestrial sedimentary rocks and minor bimodal vol-
canic rocks dated at ca. 605-569 Ma (Fig. 3A; Sparkes
& Dunning 2014; Mills & Sandeman 2021; Mills et
al. 2021).

An arc-to-platform transition took place from
the late Neoproterozoic to Cambrian in relation to
the development of strike-slip faults and a transform
regime (Murphy et al. 2019; van Staal et al. 2021).
Consequently, siliciclastic deposits unconforma-
bly accumulated on the Avalon terrane in a series of
newly opened pull-apart basins (Murphy & Nance
1989; Landing 1996a; Nance et al. 2002). Landing
(1996b) identified marginal, inner, and off platform
areas on the Avalon terrane, with deposits of Burin
Peninsula corresponding to marginal settings (see also
Landing et al. 2022). These deposits correspond to the
Rencontre, Chapel Island, and Random formations
(Landing 1996a, b; Landing et al. 2022). The Ediacaran
Rencontre Formation consists of conglomerate, sand-
stone, and mudstone deposited in braided stream, fan
delta, floodplain, and tidal and wave-influenced set-
tings, and represents the early filling stage of a fault-
bounded basin (Smith & Hiscott 1984). King (1982)
provided a 565 + 26 Ma dating on K-Ar isotopes from
the Rencontre Formation at Western Fortune Bay. The
Cambrian Stage 2 Random Formation is dominated
by cross-bedded quartzarenite sandstone and subor-
dinate heterolithic mudstone and sandstone deposited
in subtidal sandbars and tidal flats (Anderson 1981;
Hiscott 1982).

The Chapel Island Formation was primarily defined
on Chapel Island by Widmer (1950) as being more
than 500 m thick. Widmer (1950) identified a basal 18
m-thick interval of thin-bedded sandstone and mud-
stone in conformity with underlying strata, followed by
61 m of green mudstone with rare red sandstone and
mudstone intercalations. This green mudstone passes
into an 18 m-thick interval of red mudstone, then fol-
lowed by 427 m of green and grey-green sandstone
and mudstone (Widmer 1950, p. 195). Later, Bengtson
& Fletcher (1983) focussed on strata from Burin
Peninsula and considered the Chapel Island Formation
as a continuous succession 915 m thick. Bengtson
& Fletcher (1983) subdivided the formation into five
informal members (from base to top): (1) 400 m of red
and grey green mudstone and sandstone representing
Member 1; (2) 50 m of grey-green mudstone and sand-
stone representing Member 2; (3) 150 m of grey-green
mudstone with large calcite concretions, as well as a
basal 5 m-thick red mudstone representing Member
3; (4) 165 m of red, purple and green mudstone with
calcite concretions and white stromatolitic limestone
representing Member 4; and (5) 150 m of red and
grey-green sandy mudstone representing Member 5.
In his doctoral thesis, Myrow (1987) revisited sections
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Point Group; Gp. and G., Group; Ren. Fm., Rencontre Formation; CIF, Chapel Island Formation; Ran. Fm., Random Formation; Edia,
Ediacaran; M1 to M5, Members 1 to 5 of the Chapel Island Formation; f and m mudstone, fine and medium mudstone; Ls, limestone; vf/f,
m, ¢/vc sandstone, very fine-/fine-grained, medium-grained, coarse-/very coarse-grained sandstone; and Cg, conglomerate.
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from Burin Peninsula and clarified some discrepan-
cies with the scheme of Bengtson & Fletcher (1983).
Myrow (1987) noted that at Fortune Head, strata from
Member 3 sensu Bengtson & Fletcher (1983) above
the basal red mudstone were identical to strata from
Member 2; Myrow (1987) decided to place Member 3
sensu Bengtson & Fletcher (1983) into a Member 2B.
Therefore, Member 2 sensu Bengtson & Fletcher (1983)
became Member 2A (see also Narbonne et al. 1987).
Member 3 sensu Myrow (1987) represents a distinctive
package dominated by mudstone that is well exposed
at Little Dantzic Cove. Moreover, Myrow (1987) noted
that the definition of the contact between Member 1
and underlying red beds of the Rencontre Formation
was unclear. Myrow (1987) then followed the sug-
gestion of Potter (1949) and considered Member 1
to start at the first green interval thicker than 1 m at
Grand Bank Head. Myrow’s (1987) measurements on
member thicknesses at Grand Bank Head (Member 1),
Fortune Head (Members 1 and 2) and Little Dantzic
Cove (Members 3-5) correspond to: (1) 180 m of alter-
nating red and green sandstone and mudstone repre-
senting Member 1; (2) 430 m of grey-green mudstone
and sandstone with two intercalated red bed packages
representing Member 2 (265 m of Member 24, 165 m
of Member 2B); (3) 135 m of laminated mudstone rep-
resenting Member 3; (4) 85 m of red and green mud-
stone intercalated by three limestone beds representing
Member 4; and (5) 178 m of sandy mudstone and red
and green micaceous sandstone representing Member
5. Because there is no overlap between the highest strata
at Fortune Head and lowest strata at Little Dantzic
Cove, measured thicknesses of Members 2 and 3 rep-
resent minimum values for these members. Therefore,
the minimum thickness of the Chapel Island Formation
as measured by Myrow (1987) is 1008 m. Our measure-
ment of a total thickness of 843.8 m agrees closely with
Myrow (1987) after considering strata that were not
logged in our study but were added by Myrow (1987) in
his composite section (which correspond to about 160
m, see caption in Fig. 3B). A 530.02 + 1.07 Ma date was
recovered from a volcanic ash bed in New Brunswick
(Isachsen et al. 1994, later corrected by Schmitz 2012,
2020; see also Compston et al. 2008) that was suspected
by Landing (2004) to be coeval with the upper part of
Member 5. Recent zircon dating on an ash bed located
10 m below the previous one revealed an age of 532.3 +
0.3 Ma, while a third dating from a coeval section pro-
vided an age of 531.5 + 0.3 Ma (Hamilton et al. 2024).
However, the stratigraphical correlation of the New
Brunswick strata with the Chapel Island Formation in
southeastern Newfoundland as proposed by Landing
(2004) has not been agreed by the research commu-
nity (Barr et al. 2023). Therefore, the related dating
need to be treated with caution, and the stratigraphical
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subdivision of the Chapel Island Formation into a
lower Quaco Road Member and an upper Mystery
Lake Member as defined in New Brunswick (Landing
19964, 2004) will not be applied in this study.

Outcrop locations, accessibility, and
stratigraphical measurements

Outcrops of the Chapel Island Formation are in south-
eastern Newfoundland, eastern Canada (Fig. 4A).
Easily accessible sections are located at Burin Peninsula
and can be reached by car from Highway 220 which
defines an overall loop running parallel to the coast-
line (Fig. 4B). The type section of the Chapel Island
Formation is located on Chapel Island which is fac-
ing Burin Peninsula on the other side of Fortune Bay.
Similarly, other sections of this unit can be found on
Brunette and Sagona islands in Fortune Bay. Although
the three islands have been visited and logged previ-
ously by Myrow (1987), they were not added to our
study as their access is arduous, their stratal extension
limited, and covered intervals and faults are in places
common (Myrow 1987, figs 1.5, 1.6). Another section
included in previous studies (Bengtson & Fletcher
1983; Myrow 1987) is Duck Point, at the southern tip of
Burin Peninsula. This outcrop is also affected by abun-
dant faults and has problematic stratigraphical correla-
tions (Myrow 1987; Bengtson & Fletcher 1983; Brasier
et al. 1992). Finally, sections on the French island of
Langlade (southern part of Miquelon, 16 km offshore
from the southwestern tip of Burin Peninsula) have
difficult access and are of poor quality (Rabu et al. 1993,
1994). Therefore, they have not been included either in
this study.

For this study, six sections were visited in coastal
cliffs of Burin Peninsula. Fortune Head is the most
renowned section of the Chapel Island Formation as it
hosts the Cambrian Global Section and Point (Brasier
etal. 1994a). Itislocated on the west side in an ecological
reserve, 1.8 km west of the town of Fortune (Fig. 4B).
Access is easy thanks to a car trail departing from
Highway 220, and strata are conveniently attainable
along the shoreline. Beds dip toward the southwest,
therefore the outcrop extends from northeast (base) to
southwest (top) (Fig. 4C). Seven sedimentological logs
(FH-A to FH-G) were measured in Members 1 to 2B
and represent 451.1 m of strata in total (Fig. 4C; ‘Data 1’
file in Gougeon et al. 2025b).

Fortune North is located 400 m northwest of
Fortune and is therefore at an intermediate geo-
graphic position between the town of Fortune and
Fortune Head. At Fortune North, Member 2A is
difficult to access from the top of the cliff and walk-
ing trails are absent; only a small interval was vis-
ited for this study. Member 5 is more conveniently
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Fig. 4. Location maps of the six studied outcrops. Abbreviations: NL, Newfoundland; M1 to M5, Members 1 to 5 of the Chapel Island
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attainable thanks to a trail departing from a nearby
beach. Fortune North beds dip toward the east,
and the section is therefore oriented west (base) to
east (top) (Fig. 4D). The difference in dip between
Fortune Head and Fortune North results from an
anticline identified at the base of both sections. Two
sedimentological logs (FN-A, FN-B) were measured
in Members 2A, 2B and 5, representing 123.0 m
of strata in total (Fig. 4D; ‘Data 1’ file in Gougeon
et al. 2025b).

Grand Bank Head is located 500 m northwest of the
town of Grand Bank, with sedimentary rocks cropping
in cliffs of Grand Bank Cape (Fig. 4E). Members 1 to 2B
at Grand Bank Head are easily reached through a walk-
ing trail running around Grand Bank Cape. Members
4 and 5 are also easily accessed from a side road depart-
ing from Highway 220. Beds dip northwest, and the
section is therefore oriented from southeast (base) to
northwest (top) (Fig. 4E). Myrow (1987) separated
this section into Grand Bank Head (base) and Radio
Station (top), but although some intermediate inter-
vals are not revealed or accessible (Member 3 and basal
Member 4), both sections are in stratal continuity and
should then be considered altogether. Seven sedimen-
tological logs (GBH-A to GBH-G) were measured in
Members 1 to 5 and represent 393.5 m of strata in total
(Fig. 4E; ‘Data 1’ file in Gougeon et al. 2025b). GBH-E
may repeat partially with GBH-D (Fig. 4E), but a fault
renders stratigraphical correlations uncertain.

Lewin’s Cove is exposed on the east side of Burin
Peninsula, 1.1 km south of Lewin’s Cove town center
(Fig. 4B). Sections at Lewins Cove are located close to
Highway 220 (Fig. 4H) and are more easily accessed
at low tides. Beds are oriented south (base) to north
(top), and three sedimentological logs (LC-A to
LC-C) were measured in Members 1 to 2A, represent-
ing 123.9 m of strata in total (Fig. 4H; ‘Data 1’ file in
Gougeon et al. 2025b).

Little Dantzic Cove is located on the western shore
of Burin Peninsula, in between Fortune Head (north)
and Point May (south), and is not nearby Highway
220 as for the other sections (Fig. 4B). The most con-
venient way of access is by leaving the car at Pieduck
Point and hiking along the shoreline northward for
about 2 km. Beds are oriented north (base) to south
(top), and one continuous sedimentological log of
333.6 m encompassing Members 3 to 5 was measured
(Fig. 4G; ‘Data 1’ file in Gougeon et al. 2025b).

Finally, Point May starts on the beach northwest of
town. This outcrop extends from southeast (base) to
northwest (top) (Fig. 4F). Five sedimentological logs
(PM-A to PM-E) were measured in Members 1 to 2B,
representing 260.1 m of strata in total (Fig. 4F; ‘Data
I’ file in Gougeon et al. 2025b).
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Methodology

Six outcrops were selected based on information from
Myrow (1987), Narbonne et al. (1987), and Landing
et al. (1988). They were visited over thirteen weeks of
fieldwork during summers of 2016, 2017, 2019, and
2021. For each outcrop, sedimentological logs were
measured meter by meter using a Jacob staff. Attention
was placed on: (1) bed geometry; (2) bed thickness; (3)
bed grain size; (4) sandstone/mudstone ratio; and (5)
sedimentary structures. Twenty-five logs were drawn
at 1:40 on field notebooks (5 meters per page), rang-
ing from 6.7 to 334.1 m in thickness and representing
1708.2 m of strata in total (‘Data 1’ file in Gougeon
et al. 2025b). The stratigraphical position of these logs
can readily be correlated with the excellent work of
Myrow (1987), and the content of each log has been
double-checked accordingly. In addition, ten high-
resolution logs were recorded at 1:1.67 from Members
2A, 2B, 3, and 5, representing 11.08 m of strata in total
(‘Data 2’ file in Gougeon et al. 2025b). Outcrop qual-
ity was also assessed using the following criteria: (1)
outcrop accessibility; (2) vertical continuity; (3) lat-
eral extension of beds; (4) completeness; and (5) type
of exposure (see also Shillito & Davies 2020, 2021,
Gougeon et al. 2023, and Shillito & Gougeon 2023).
Ichnological datasets were gathered from all out-
crops whenever exposure was sufficient to provide
accurate observations. Exploration of a maximum of
bed bases, bed tops, and vertical exposures aided in
providing an extensive dataset. Ichnological dataset
focussed on: (1) bioturbation index (BI); (2) bedding
plane bioturbation index (BPBI); (3) burrow width;
(4) burrow depth; (5) ichnotaxonomic classifica-
tion; and (6) stratigraphical position of trace fossils.
Bioturbation index follows Taylor & Goldring (1993)
and can be summarized as: BI = 0 for no bioturbation
(0%); BI =1 for sparse bioturbation (1-5%); BI = 2
for low bioturbation (6-30%); BI = 3 for moderate
bioturbation (31-60%); BI = 4 for high bioturbation
(61-90%); BI = 5 for intense bioturbation (91-99%);
and BI = 6 for complete bioturbation (100%). The
record on bioturbation index values is typically biased
toward intervals displaying burrows, but intervals
lacking bioturbation (BI = 0) were also integrated
to the study as commonly as possible. Bioturbation
index values were best evaluated on intervals with
good vertical and lateral consistency in their overall
bioturbation intensity; for instance, these intervals are
commonly less than or a few cm thick in Member 2
but can be pluri-cm thick in Member 5 (compare
high-resolution datasets in ‘Data 2’ file of Gougeon
et al. 2025b). In intervals where weathering did not
allow a clear evaluation of vertical bioturbation,
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emphasis was placed on naturally polished surfaces
resulting from modern wave, storm, and tidal erosion
that revealed the ichnofabric (cf. Mcllroy & Logan
1999). Similarly, the use of water to wet surfaces by hand
on unpolished areas permitted better observations. A
total of 1596 individual bioturbation index values was
recorded from all studied sections (446 at Fortune
Head; 123 at Fortune North; 357 at Grand Bank Head;
53 at Lewin’s Cove; 324 at Little Dantzic Cove; and 293
at Point May) (Fig. 5). Bedding plane bioturbation
index follows Miller & Smail (1997) and can be sum-
marized as: BPBI = 1 for no bioturbation (0%); BPBI =2
for low bioturbation (1-10%); BPBI = 3 for low to
moderate bioturbation (11-40%); BPBI = 4 for mod-
erate to high bioturbation (41-60%); and BPBI = 5
for intense bioturbation (61-100%). Discrimination
of bedding plane bioturbation index recorded from
either a bed base or a top was also noted. As with
the bioturbation index, the record on bedding plane
bioturbation index values is biased toward surfaces
displaying burrows, but surfaces with no bioturbation
were also integrated to the datasets whenever pos-
sible. Burrow width and depth were recorded using
a caliper. Burrow depth was considered as the max-
imum vertical extension of an individual burrow
(cf. Droser & Bottjer 1988), without any attempt at
inferring a connection between a floating burrow
(sensu Droser et al. 2002) and an overlying sandstone
bed that could have filled the burrow and, hence,
would have been originally in contact. A total of 714
bedding plane bioturbation index values was recorded
from bed tops (259 at Fortune Head; 27 at Fortune
North; 69 at Grand Bank Head; 101 at Lewin’s Cove;
227 at Little Dantzic Cove; and 32 at Point May),
and 767 values for bed bases (357 at Fortune Head;
35 at Fortune North; 348 at Grand Bank Head; 3 at
Lewin’s Cove; 1 at Little Dantzic Cove; and 23 at Point
May) (Fig. 5). Trace-fossil taxonomy was standard-
ized using ichnotaxobases (Bromley 1996; Bertling et
al. 2006, 2022; Buatois & Mangano 2011; Rindsberg
2018) which consist of: (1) general form; (2) wall
and lining; (3) branching; (4) fill; and (5) presence/
absence of spreiten. The review of ichnospecies pre-
viously erected for each ichnogenus was done by: (1)
accessing all the literature available from commonly
cited papers on the ichnotaxon; (2) researching exten-
sively on Google Scholar to track additional papers
dealing with that ichnotaxon; (3) creating requests
to the Interlibrary Loan System at the University
of Saskatchewan (Canada) to get access to origi-
nal descriptions and publications outside the main-
stream journals; and (4) contacting colleagues
directly for additional literature. Sixty-four polished
samples and seventeen thin sections were prepared
to support observations from the field. Finally, all
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sedimentological and ichnological datasets were dou-
ble-checked with the aid of ca. 20,000 photographs that
were taken by all authors during the four field seasons.

Outcrop quality

Outcrops are of variable quality among localities and
within each section studied (Fig. 5) (see also Gougeon
et al. 2023). Fortune Head, Fortune North, and Grand
Bank Head (Members 2A and 5 for the latter) pos-
sess the best exposures, with vertical sections and bed
bases and tops fully accessible for investigation, as well
as extensive lateral continuity of beds. These outcrops
correspond to stepped sections sensu Shillito & Davies
(2020) and Shillito & Gougeon (2023). However, at
Grand Bank Head, Members 1 and 2B lack good bed
top exposures due to the peculiar orientation of beds.
In addition, Member 4 at Grand Bank Head is domi-
nated by mudstone which weathers heavily and erases
bed junctions; therefore, bed surface data are limited.
Lewin’s Cove is distinctive by its absence of bed base
exposure. In addition, lateral continuity of beds is
restricted to narrow exposures because of important
weathering from modern waves and tides, as well as
the negative impact of modern vegetation and root
systems from land. Beds are mostly subhorizontal,
and erosion abraded bed tops obliquely which proved
to be an asset in unravelling preservational varia-
tion in trace fossils (Gougeon et al. 2023). Members
4 and 5 at Little Dantzic Cove have good exposures
of vertical sections and bed tops, as well as good lat-
eral continuity of beds. However, bed base exposure
is lacking. In addition, Member 3 at Little Dantzic
Cove is dominated by bed top exposure, resulting
in a stepped plateau section sensu Shillito & Davies
(2021) and Shillito & Gougeon (2023). Finally, Point
May displays more commonly vertical sections than
bed top surfaces. This setting corresponds to a coastal
section sensu Shillito & Davies (2020) and Shillito &
Gougeon (2023). Bed bases are not exposed. In addi-
tion, Member 2B at Point May displays a strong met-
amorphic cleavage which impacts negatively on the
study of horizontal trace fossils (Gougeon et al. 2023).

Sedimentary facies

Five facies associations subdivided into fourteen
sedimentary facies have been defined in this study.
Whereas facies associations correspond to broad
depositional environments, sedimentary facies
refer to subdivisions within these environments.
Sedimentary facies are characterised based on
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Fortune Head Fortune North Grand BankHead Lewin’s Cove Little Dantzic Cove  Point May
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Fig. 5. Block diagrams assessing outcrop quality, and circular diagrams evaluating proportions of bioturbation index values (BI), bed-
ding plane bioturbation index values observed on bed tops [BPBI (top)], and bedding plane bioturbation index values observed on
bed bases [BPBI (base)] recovered from the six studied outcrops. The lateral and vertical continuity of outcrops is expressed by lateral/
vertical extension of cubes. Red: horizontal surface with trace fossils; blue: vertical surface with trace fossils; yellow; oblique surface
with trace fossils; grey: no rock exposure. Overall, Fortune Head, Fortune North, and Grand Bank Head have common vertical sections
and bed base and top exposures that are laterally extensive. Lewin’s Cove has a restricted lateral exposure of beds, and bed top surfaces
are eroded obliquely because of modern waves and tides. Little Dantzic Cove lacks bed base exposure, and Member 3 reveals wide and
common bed tops. Point May displays mostly vertical sections, and bed tops are either restricted in area or are hampered by a meta-
morphic overprint. See main text, Shillito & Davies (2020, 2021), Gougeon et al. (2023), and Shillito & Gougeon (2023), for further
explanations.
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lithology, physical sedimentary structures, geom-
etry, bed contacts, and fossil content. Distribution
of sedimentary facies is based on logs provided in
the ‘Data 1’ file of Gougeon et al. (2025b). The sub-
division of tidal environments follows the scheme
by Dalrymple (2010), and that of wave-dominated
shallow-marine environments the scheme by
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sandstone is based on Wentworth (1922), for mud-
stone on Lazar et al. (2015), for heterolithic bedding
on Reineck & Wunderlich (1968), for gutter and
pot casts on Myrow (1992a), and for hummocky
cross-stratification on Cheel & Leckie (1993) (see
‘Data 1’ and ‘Data 2’ files in Gougeon et al. 2025b
for detailed logs, and Table 1 for a summary of sedi-

MacEachern

et

al.

(1999).

Terminology for

mentary facies description and interpretation).

Table 1. Summary of facies associations and sedimentary facies description and interpretation. Abbreviations: FA = facies association;
Subfac. = subfacies.

FA |Facies |Subfac. | Occurrence | Lithology Sedimentary Structures Depositional |Depositional
Processes environment
A |Al Members |Red and green, medium |Parallel lamination, current ripple Low energy, |Intertidal
1,2A mudstone, with thinly cross-lamination, starved current dominant mud-flat
laminated to very ripples, wavy and lenticular bedding, sediment
thin-bedded, very fine- to | phosphate pebbles, syneresis cracks, suspension
fine-grained sandstone, |injections structures, reticulated and fall-out related
5-35% sandstone wrinkled microbially induced sedimen- |to slack-water
tary structures, calcite concretions periods
A2 Members Red and green, thin- to | Massive, parallel lamination, current, Low to mod- |Intertidal
1,2A medium-bedded, very combined-flow and climbing ripple erate energy, |mixed-flat
fine- to medium-grained |cross-lamination, flaser, wavy and alternation of
sandstone, 35-75% lenticular bedding, asymmetricaland | episodic sand
sandstone near-symmetrical ripples, low-angle deposition
planar cross-bedding (rare), hummocky |(tidal currents)
cross-stratification-like structures (rare), |and suspen-
rhythmites (rare), flat and ovoid pebbles, | sion fall-out
tool marks, load casts, ball-and-pillows, |(slack-water
syneresis cracks, gas domes, pustular, periods)
reticulated and wrinkled microbially
induced sedimentary structures
A3 Members Red medium- to Massive, parallel lamination, current Moderate to Intertidal
1,2A thick-bedded, very fine- |ripple cross-lamination, low-angle high energy, |sand-flat to
to fine-grained sandstone, | planar cross-bedding (rare), sigmoidal |dominant sand |subtidal
75-90% sandstone cross-bedding (rare), hummocky deposition
cross-stratification-like structures (rare), | (tidal currents
rhythmites (rare), channel-like bases and tidal chan-
and large scouring, sandstone chips, nel discharges)
syneresis cracks
A4 Member 1 |Black, thinly laminated | Massive, parallel lamination, pin-striped | Low energy, | Tide-
medium mudstone, with |lamination, contorted beds, channel-like | dominant sed- |dominated or
thinly laminated to medi- |bases, flat and oval mudstone pebbles, |iment suspen- |-influenced
um-bedded, very fine- to |phosphate and pyrite pebbles, tool sion fall-out  |embayment
fine-grained sandstone, |marks, syneresis cracks, injection struc-
10-40% sandstone tures, gas domes, reticulated and wrin-
kled microbially induced sedimentary
structures
B |Bl Member 5 |Red and green, thick- to |Massive, amalgamation, hummocky and |High energy, |Middle
very thick-bedded, fine- |swaley cross-stratifications, low-angle  |dominant sand |shoreface
grained sandstone, >90% |planar cross-bedding (rare), symmet-  |deposition
sandstone rical ripple crests, granules/ phosphate | through oscil-
pebbles in conglomeratic beds and latory flows
lenses (storms)
B2 Members  |Red, grey and green, thin- | Massive, amalgamation, hummocky Moderateto  |Lower
2A, 2B, 5 to thick-bedded, fine- to | cross-stratification, parallel lamina- high energy, shoreface
medium-grained sand-  |tion, (low-angle) planar cross-bedding |dominant sand
stone, 70-90% sandstone | (rare), wave and combined-flow ripple |deposition
cross-lamination, symmetrical ripple through oscil-
crests, convolute bedding, phosphate latory flows
pebbles/granules/flat mudstone pebbles/ | (storms)
shell debris in conglomeratic beds and
lenses, tool and flute marks, pustular
microbially induced sedimentary struc-
tures, calcite concretions (rare)
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FA |Facies |Subfac. | Occurrence | Lithology Sedimentary Structures Depositional |Depositional
Processes environment
c |C1 Cla Members  |Brown and grey, very Massive, amalgamation (rare), parallel |Low to mod- |Offshore
2A,2B,3  |thin- to medium-bed- lamination, hummocky cross-stratifi-  |erate energy, |transition
ded, very fine- to medi- |cation, wave and combined-flow ripple |alternance of
um-grained sandstone cross-lamination (in Subfacies Cla), suspension
with silver-green medium |symmetrical and near-symmetrical fall-out and
mudstone, 40-70% ripple crests (in Subfacies Cla), normal |oscillatory
sandstone grading (in Subfacies C1b), tool marks, |flows (storms)
Cl1b Member 5 |Grey, very thin- to medi- flute and load casts, pustular microbi-  |transporting
um-bedded, very fine- to ally induced sedimentary structures (in |sand
fine-grained sandstone Subfacies Cla), isolated calcite concre-
with grey-green sandy tions (rare)
mudstone, 40-70%
sandstone
C2 C2a Members |Silver-green, medium Massive, parallel lamination, normal Low energy, |Upper
2A,2B mudstone, with thinly grading, starved wave and current alternance offshore
laminated to very ripples, wave and combined-flow of sediment
thin-bedded, very fine- to |ripple cross-lamination and (micro-) suspension
fine-grained sandstone, |hummocky cross-stratification (in fall-out and
20-40% sandstone Subfacies C2a), symmetrical ripple oscillatory
crests (in Subfacies C2a), current ripple |flows (distal
cross-lamination (in Subfacies C2b, storms) trans-
C2c¢), small- and large-scale scours (in  |porting sand
C2b Member 2B |Red, medium mudstone, Subfgaes C2b), gral.lules/ rounded peb- Low energy,
with thinly laminated to b,les mn Copglomeratlc beds and lenses |, jcernance
very thin-bedded, very (}n Subfac%es C2a), gutter and pot casts | ¢ codiment
fine- to fine-grained (in Subfacies C2a), tool marks,. ﬂ_ute. suspension
sandstone, 20-40% and load casts, scratch circles, injection |11 out and
sandstone structures (in Subfacies C2a), pustular, unidirectional
reticulated or subparallel microbi- flows (offshore
C2c Member 5 | Grey-green, §andy' ally induced sedimentary structures currents)
mudstone, with thinly | (i Subfacies C2a), isolated calcite transportin
laminated to very concretions 1 porting
thin-bedded, very fine- to san
fine-grained sandstone,
20-40% sandstone
C3 C3a Members | Green and silver-green, |Massive, normal grading, parallel Low energy, |Lower
2A,2B,3 medium mudstone, lamination, starved wave and current dominant offshore
with thinly to thickly ripples, wave and combined-flow ripple |sediment sus-
laminated, very fine- to | cross-lamination and micro-hummocky |pension fall-
fine-grained sandstone, | cross-stratification (in Subfacies C3a), out deposited
5-20% sandstone symmetrical and near-symmetrical between oscil-
ripple crests (in Subfacies C3a), cur- latory flows
rent ripple cross-lamination (rare, in (distal storms)
Subfacies C3b and C3c), phosphate transporting
pebbles (in Subfacies C3d), gutter and  |sand
- ot casts (in Subfacies C3a), small-scale
C3b Member 2B R?d’ mgdlum ml}dstone, Ecours (in( Subfacies C3d), iool marks, Low energy,
Wlth thlnclly to thfliCle scratch circles, flute and load casts, part- dorplnant
lgmmatg > gery dne— to ing lineation (rare), injection structures sedlmer}t
ne—goralne sandstone, (in Subfacies C3a), reticulated or wrin- | S1Spension
5-20% sandstone kled microbially induced sedimentary _fall'out depos-
C3c Member 4 |Red, purple, grey and structures (in Subfacies C3a), isolated 1tec.1 l?etwc'een
green, fine mudstone, calcite concretions unidirectional
with thinly to thickly flows (offshore
laminated, very fine- to currents) .
fine-grained sandstone, transporting
5-20% sandstone sand
C3d Member 5 |Grey-green, sandy mud-
stone, with thinly to
thickly laminated, very
fine- to fine-grained
sandstone, 5-20%
sandstone

(continued)
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Table 1. (Continued)
FA |Facies |Subfac. |Occurrence |Lithology Sedimentary Structures Depositional |Depositional
Processes environment
D |D1 Members | Green and grey-green, Massive sandstone, bioturbated or par- | Very low Shelf
2B,3 medium mudstone allel-laminated mudstone with normal |energy, domi-
(& = 3-70 um), with grading (rare), soft-sediment defor- nant sediment
rare thinly laminated, mation structures, phosphate nodules, |suspension
very fine- to fine- isolated and bedded calcite concretions, |fall-out
grained sandstone, <5% |small shelly fossils
sandstone
D2 Member 4 |Red, purple, grey and Bioturbated, massive or parallel-lami-
green, fine mudstone nated (rare) mudstone, phosphate and
(@ = 3-52 um), with pyrite pebbles, isolated and bedded
rare thinly laminated, calcite concretions, small shelly fossils
very fine- to fine-
grained sandstone, <5%
sandstone
D3 Member 5 |Grey-green, sandy mud- |Massive sandstone, bioturbated or paral-
stone (@ = 3-104 um),  |(lel-laminated sandy mudstone
with rare very fine- to
fine-grained sandstone
laminae, <5% sandstone
E |[E1 Member 4 | Micritic limestone, Oncoids, burrow mottling, small shelly |Low to mod- |Subtidal
wackestone and pack- fossils erate energy
stone lenses (waves and
tides)
E2 Member 4 | Micritic limestone, Oncoids, planar and columnar stromat- |Low to mod- |Intertidal
wackestone, and pack- olites, inversely graded calcite crystals, |erate energy,
stone lenses intraclasts/phosphatic clasts/volcanic alternance of
clasts in conglomerates, sheet cracks, moments of
tepee structures, desiccation cracks, quiescence
small shelly fossils and energetic
events (waves
and tides)

Facies Association A

Facies association A is recorded from Member 1
(Ediacaran) and Member 2A (Fortunian). It repre-
sents intertidal deposits encompassing the intertidal
mud-flat (Facies A1), the mixed-flat (Facies A2), and
sand-flat to subtidal settings (Facies A3). In addition,
tide-dominated or -influenced embayments formed
in nearshore areas (Facies A4).

Facies Al: Mudstone-dominated heterolithics with
wavy and lenticular bedding

Description. — Facies Al consists of red and green,
medium mudstone, with subordinate thinly lami-
nated to very thin-bedded, very fine- to fine-grained
sandstone (Fig. 6). Thin- and medium-bedded sand-
stone is rare. Sandstone makes up 5-35%. Sandstone
beds are typically 0.1-1 cm thick, and mudstone lay-
ers are 0.5-3 cm thick. Facies Al forms units 0.2-6.8
m thick and represents 44.0 m of strata in total.

Mudstone is massive or parallel laminated.
Sandstone displays parallel lamination and com-
mon starved current ripple cross-lamination.
Lenticular bedding is single or connected, with
thick or flat lenses. Wavy bedding has also been
noted. Syneresis cracks are common within mud-
stone intervals and can be wide (up to 1.8 cm) and
deep (up to 11.0 cm) in cross-section. Sandstone
bed tops display straight, arcuate, and circu-
lar syneresis cracks (‘Manchuriophycus’-type).
Phosphate pebble lenses are rare. Finally, reticu-
lated (i.e. ‘Kinneyia'-type) and wrinkled surfaces
suggestive of microbial stabilisation can be perva-
sive on bedforms, in places shaping large sinuous
ripples. A rare structure made of multiple circu-
lar elements has also been found associated with
microbially modified surfaces.

Ichnology. - Palaeophycus tubularis Hall, Palaeoph-
ycus isp., and Treptichnus pedum are present in
Facies Al.
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Fig. 6. Facies Al (intertidal mud-flat). Scale bars are 1 cm (A, C, D, F, G) and 2 cm (B, E). All photographs are from Member 1 (Ediacaran).
A, Green mudstone with subordinate thin sandstone laminae. Grand Bank Head. B, Red mudstone intercalated by wavy and lenticular
(arrows) sandstone. Lewins Cove. C, Injection structures (arrows) filled with fine-grained sandstone. Grand Bank Head. D, Starved current
ripples. Note the ripple cross-lamination (arrow). Grand Bank Head. E, Top view with ‘Kinneyia’ associated with large ripples. Lewin’s Cove.
F, Top view showing arcuate syneresis cracks. Lewins Cove. G, Top view with circular structure associated with a microbially modified

surface. Lewins Cove.

Distribution and equivalents. — Facies Al occurs in
Member 1 (Ediacaran) and Member 2A at Fortune
Head (3.6 m in total; FH-A 4.3-4.5, 6.1-6.7, FH-B
81.7-82.1, 91.1-91.5, FH-C 8.4-8.6, 18.5-19.7,
20.5-20.8, 21.7-22.0), Grand Bank Head (17.2 m
in total; GBH-A 5.3-6.0, 7.0-8.1, 10.6-11.2, 11.9-
14.1, 14.6-16.0, 17.8-18.9, 20.4-22.0, 25.8-26.3,
35.7-36.0, 41.5-42.5, 43.6-44.1, 45.2-46.0, 46.3-
47.4, 48.0-48.6, 60.0-60.5, 60.9-64.1), Lewin’s
Cove (22.4 m in total; LC-A 0.0-2.7, 10.0-13.4,
14.0-16.2, 16.8-18.5, 19.2-21.1, 29.1-29.4, LC-B

0.0-6.8, 14.0-17.2, 19.3-19.5), and Point May (0.8
m in total; PM-A 4.2-5.0). At Lewins Cove, poor
exposure quality precludes accurate observations.
Facies Al is commonly gradational and interca-
lated with Facies A2, which renders their delinea-
tion difficult in places.

Facies Al corresponds to Facies 1.2 of Myrow
(1987).

Interpretation. - The high mudstone/sandstone
ratio, and wavy and lenticular bedding argue for a
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mud-flat subenvironment (Klein 1977; Flemming &
Ziegler 1995; Hertweck et al. 2005; Dalrymple 2010;
Gao 2019). Facies Al represents the finer-grained
equivalent of Facies A2, and the vertical relation-
ship between the two facies can be best appreciated
at Grand Bank Head. Dominant mud deposition
resulted from prolonged slack-water periods and
gravitational settling of finer particles (Ashley 1990),
punctuated by episodic transport of sand through
unidirectional flows (Counts et al. 2016). Wavy
and lenticular bedding are typical of tidal areas
with high suspended sediment concentrations and
lesser current influence (Dalrymple 2010). Thinly
laminated sandstone and starved ripples highlight
low sand supply (Jenkins et al. 1983). ‘Kinneyia’ is
traditionally interpreted as a microbially modified
surface (Porada et al. 2008), although a polygenetic
origin has also been suggested (Davies et al. 2016).
Circular structures associated with microbially
modified surfaces developed through shrinkage of a
cohesive sediment (Pfliiger 1999; Neto de Carvalho
et al. 2016a). The presence of syneresis cracks is sug-
gestive of salinity fluctuations (Plummer & Gostin
1981).

Facies A2: Sandstone-dominated heterolithics with
flaser, wavy, and lenticular bedding

Description. — Facies A2 consists of red and green,
thin- to medium-bedded, very fine- to medi-
um-grained sandstone, intercalated with thin-bed-
ded medium mudstone (Fig. 7). Sandstone makes
up 35-75%. Sandstone beds are typically 5-30 cm
thick, and mudstone layers are 2-10 cm thick. Facies
A2 forms units 0.4-6.9 m thick and represents 59.7
m of strata in total.

Sandstone is massive, in places amalgamated, or
displays planar-lamination and current and com-
bined-flowripplecross-lamination. Low-angleplanar
cross-bedding and hummocky cross-stratification-
like structures are less common. Hummocky cross-
stratification-like structures consist of subparallel
undulating laminae that are difficult to trace later-
ally. They can pass vertically into combined-flow
ripple cross-lamination, and in places display
symmetrical and near-symmetrical rippled tops.
Flaser, wavy, and lenticular bedding are conspicu-
ous components. Flaser bedding is simple or wavy,
formed by discontinuous mudstone drapes devel-
oped within sandstone beds, or in between amalga-
mated sandstone intervals. Wavy bedding consists
of sharp-based, very thin- to thin-bedded sandstone

FOSSILS AND STRATA

alternating with mudstone, and in places displaying
pinch-and-swell morphologies. Lenticular bedding
is single or connected, with common thick lenses.

Very rare rhythmites are composed of repeated
bundles of horizontal dark thinly laminated mudstone
and red thickly laminated fine-grained sandstone.
Distinct mudstone laminae in rhythmites delineate up
to nine repeated bundles. Rhythmites made of mud-
stone and sandstone bundles are also present within
intervals dominated by climbing ripple cross-lamina-
tion (cf. Tessier et al. 1995, fig. 7). A common vertical
succession in thin- to medium-bedded sandstone is,
from base to top: (1) an erosive base followed by mas-
sive sandstone; (2) planar-lamination; and (3) current
ripple cross-lamination, in places with asymmetric
ripples on top.

Sandstone bed bases are commonly erosive,
with in places deeper erosive scours. Deep load-
ing features, commonly of ball-and-pillow type,
can deform underlying sandstone and mudstone
layers. Subparallel, straight to slightly curved tool
marks criss-cross on large surfaces. Flat, ovoid, and
rounded pebbles are also found at the base or within
sandstone beds. Large flat mudstone pebbles, up to
5.0 cm wide, and sandstone chips can mantle basal
surfaces, in common association with microbially
modified surfaces. Circular pits and domes can form
aggregates. Microbially modified surfaces are pus-
tular, wrinkled, or reticulated (i.e. ‘Kinneyia’-type),
and typically cover large surfaces. Sandstone bed
tops are flat or display straight to sinuous, in places
bifurcating, round-crested or flat-toped, near-sym-
metrical and symmetrical ripples. Sharp-crested
asymmetrical ripples and interference ripples have
also been noted.

On bed surfaces, syneresis cracks are irregular,
filled with very fine- to fine-grained sandstone and
can be thin and elongated, or short with a thick
median part. Rarely, they are polygonal, with elon-
gated, straight to slightly curved segments tapering
at each end, and filled with fine-grained sandstone.
In vertical section, very irregular and sinuous forms
may represent injection structures. Palaeocurrent
data recorded by Myrow (1987) and Myrow &
Hiscott (1993) from current ripples (n = 58) indicate
a bimodal flow with NE-SW orientation, showing a
stronger mode toward the SW. Palaeocurrent data
from ripple crests (n = 19) are polymodal, with a
weak NE-SW orientation.

Ichnology. -  Circulichnis  montanus  Vialov,
Helminthoidichnites tenuis Fitch, Palaeophycus isp.,
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Fig. 7. Facies A2 (intertidal mixed-flat). Scale bars are 1 cm (C-E, G-I) and 5 cm (A, B, F). All photographs are from Grand Bank Head,
Member 1 (Ediacaran). A, General view of green, very thin- to medium-bedded sandstone showing wavy bedding (wb), parallel lamination
(pl) capped by asymmetrical (ar) and near-symetrical (nsr) ripples; the bed above is massive (ma). B, General view of red and green, thin- to
medium-bedded sandstone intercalated with red mudstone, showing lateral pinching (pi) and erosive bases (eb). C, Combined-flow ripple
cross-lamination (cfr) in a sandstone bed. Note the erosive base (eb). D, Tidal rhythmites (tr) with distinctive dark thin mudstone laminae
delineating bundles. Note flat mudstone pebbles at the base. E, Common vertical succession with lower parallel lamination (pl) to upper
current ripple cross-lamination (cr) in a sandstone bed. Note mudstone draping on the lee side of some of the current ripples. F, Top view
with straight flat-topped symmetrical ripples (ft) and sinuous asymmetrical ripples (ar), oriented at different angles. Note that asymmetrical
ripples are covered by microbially modified surfaces (‘Kinneyia'-type). G, Base view with short and thick syneresis cracks. H, Base view with
sandstone chips associated with a microbially modified surface. I, Base view with subparallel tool marks.
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Psammichnites gigas circularis, Saerichnites kutscheri
comb. nov., and Treptichnus pedum are present in
Facies A2.

Distribution and equivalents. — Facies A2 occurs in
Member 1 (Ediacaran) and Member 2A (Fortunian)
at Fortune Head (21.1 m in total; FH-A 1.7-2.2,
3.8-4.3, 7.5-9.5, 11.2-12.1, FH-B 79.1-79.8, 80.8-
81.7, 82.1-84.2, 88.2-91.1, 91.5-92.1, FH-C 1.9-8.3,
8.6-9.6, 18.2-18.5, 19.7-20.5, 20.8-21.7, 22.0-22.6),
Grand Bank Head (34.9 m in total; GBH-A 5.0-5.3,
6.0-7.0, 8.1-10.6, 11.2-11.9, 16.0-17.8, 19.9-20.4,
22.0-25.8,26.3-30.2, 33.0-35.7, 36.0-41.5, 42.5-43.6,
44.1-45.2,46.0-46.3, 47.4-48.0, 48.6-54.5, 57.2-60.0,
60.5-60.9), Lewin’s Cove (2.8 m in total; LC-C 9.3-
10.2, 30.5-31.8, 38.9-39.5), and Point May (0.9 m in
total; PM-A 1.1-1.4, 2.4-3.0).

Facies A2 corresponds to Facies 1.1 of Myrow
(1987).

Interpretation. - The sandstone/mudstone ratio,
flaser, wavy and lenticular bedding, horizontal and
rippled rhythmites, and bimodal palaeocurrents are
consistent with a mixed-flat subenvironment (Klein
1977; Flemming & Ziegler 1995; Tessier et al. 1995;
Dalrymple 2010; Fan 2013; Gao 2019). Wavy bedding
develops where tractive sand deposition alternates
with mud settlement under the influence of current/
wave action and slack-water periods, respectively
(Bajard 1966; Reineck & Wunderlich 1968; Fan 2013;
Chen et al. 2015). Lenticular bedding demonstrates
energy fluctuations, with more quiescent water peri-
ods in the system. Tidal currents are inferred as the
dominant processes of bedload movement, repre-
sented by current- and climbing-ripple cross-lam-
ination and low-angle planar cross-bedding. The
common vertical division starting with erosive base,
massive deposition of sand followed by parallel lami-
nation and current-ripple cross-lamination is typical
of current decelerating flows (Banks 1973; Counts et
al. 2016). In tidal setting, rhythmites indicate cyclic
changes in tidal current velocities, with thicker
sandstone laminae representing deposition during
spring tides, and thinner mudstone laminae form-
ing during neap tides (Tessier et al. 1995; Mazumder
& Arima 2005; Dalrymple 2010; Choi 2011; Kvale
2012; Allport et al. 2022). Their rarity in the mixed-
flat system can be explained by low sediment sup-
ply, weak tidal currents, and deposition within an
unprotected area affected by storm waves and wind
tides (Dalrymple 2010; Fan 2013), the latter being
supported by the record of structures indicative
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of oscillatory flows (see below). Bimodal and sub-
ordinate polymodal palaeocurrent data have been
recorded from tidal flats elsewhere (e.g. Eriksson et
al. 1995; Fedo & Cooper 2001) and emphasize the
role of changing current directions from ebb to flood.
Polymodal currents may be the result of additional
controls on sediment transport by wind and channel
discharge (channels are evidenced in the genetically
related Facies A3, see below). The stronger SW mode
noted by Myrow (1987) and Myrow & Hiscott (1993)
demonstrates a time-velocity asymmetry in ebb and
flood currents (Klein 1970; de Raaf & Boersma 1971;
Nio & Yang 1991; Myrow & Hiscott 1993; Lee et al.
2004; Dalrymple 2010), with flood being the domi-
nant current (if the shoreline is directed to the SW, as
suggested by Myrow & Hiscott 1993).

Flat-topped ripples are formed by the scouring of
ripple crests during increased current velocity or dur-
ing tidal retreat at low tide, indicating periodic emer-
gence of the mixed flat (Tanner 1958; Klein 1963).
Another evidence of subaerial exposure are mudstone
intraclasts preserved at the base of sandstone beds,
which were primarily formed during desiccation
of the substrate, then incorporated to the flow and
transported during the next flooding event (Mathieu
1966; Gugliotta et al. 2018). On the contrary, syneresis
cracks formed under water where variations in salin-
ity are important (Plummer & Gostin 1981). In tidal
settings, salinity fluctuations result from the mixing of
freshwater coming from precipitation and channel dis-
charge with marine waters. The formation of syneresis
cracks may also be linked to cyanobacterial and micro-
bial binding of the seafloor (Pfliiger 1999; Bouougri &
Porada 2002; McMahon et al. 2017). Circular pits and
domes can be interpreted as fluid or gas escapement
structures trapped in microbial mats (Menon et al.
2016) or sand buildups (MacNaughton et al. 2019).
Ball-and-pillow structures result from reverse density
mechanisms applying on the sediment (Mills 1983).

Finally, the local presence of hummocky cross-strat-
ification-like structures and bedforms with near-sym-
metrical ripple crests demonstrates that high-energy
oscillatory flows took place. Open coast tidal flats can
alternate between tide-dominated in the summer and
wave-dominated in the winter, which permits the devel-
opment of hummocky cross-stratification in the middle
and outer parts of the flat (Yang & Chun 2001; Yang et
al. 2005, 2006, 2021; Fan 2013). In addition, climbing
ripple cross-lamination can be generated on tidal flats
by wave action (Yang et al. 2005, 2008). Combined
flows inferred from near-symmetrical rippled tops
(Yokokawa 1995; Yamaguchi & Sekiguchi 2010) can
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develop their asymmetry from the swash and backwash
in shallow waters (MacNaughton et al. 2019). However,
the paucity of evidence of storm and fair-weather waves
in Facies A2 limits comparison with modern open coast
tidal flats to small intervals.
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Description. — Facies A3 consists of red, medium- to
thick-bedded, very fine- to fine-grained sandstone,
intercalated with subordinate medium mudstone
(Fig. 8). Sandstone makes up 75-90%. Sandstone
beds are typically 20-50 cm thick, and mudstone

layers are 1-5 cm thick. Facies A3 forms units
0.8-4.0 m thick and represents 11.7 m of strata in
total.

Facies A3: Medium- to thick-bedded tabular to lentic-
ular sandstone

Fig. 8. Facies A3 (intertidal sand-flat/subtidal). Scale bars are 5 cm (B, D-F), 10 cm (C), and 100 cm (A). All photographs are from Fortune
Head, Member 2A (Fortunian). A, General view of tabular, medium- to thick-bedded sandstone. Stratigraphic top is indicated by the ‘T’. B,
Transition from low angle planar cross-bedding (pcb) to parallel lamination (pl) to current ripple cross-lamination (cr) in a sandstone bed.
C, Large-scale scour (i.e. channel, ‘ch’) with convoluted laminae (arrow). Note the overlying hummocky cross-stratification-like structure.
D, Sandstone bed displaying sigmoidal cross-bedding, with tangential orientation of laminae at their tops (arrows). E, Large flat mudstone
intraclasts covering a sandstone base. F, Base view of syneresis cracks.
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Sandstone is massive and commonly amalgam-
ates or shows parallel lamination, current ripple
cross-lamination, and more rarely (low angle) planar
cross-bedding, sigmoidal cross-bedding, and hum-
mocky cross-stratification-like structures. Very rare
horizontal rhythmites are composed of dark thin
mudstone laminae and green thick very fine-grained
sandstone laminae that develop up to five bundles.
Most sandstone beds are tabular with small vari-
ations in thickness and extend up to 12 m laterally.
Sandstone bed bases are sharp or irregular, strongly
erosional. Sandstone bed tops are mostly flat or
undulating. Mudstone is thinly laminated. Mudstone
commonly drapes individual sandstone laminae
within cross-bedded sandstone. Reticulated micro-
bially modified surfaces and sandstone chips are in
places noted. Syneresis cracks are very common and
are distinguished on bed surfaces by their sinuosity,
strong variation in width with tapering ends, and
poor branching development. Facies A3 also displays
scours at the base of medium- and thick-bedded sand-
stone forming lenticular geometries 1.5-2.0 m wide
and 0.3-0.4 m thick, in places with basal mudstone
intraclasts. These bodies are composed of undulating
thin sandstone laminae, in places draping the base of
the lense. Small-scale convolute bedding occurs.

Ichnology. - Trace fossils are absent in Facies A3.

Distribution and equivalents. — Facies A3 occurs in
Member 1 (Ediacaran) and Member 2A (Fortunian)
at Fortune Head (13.3 m in total; FH-A 2.2-3.8, 4.5—
6.1,6.7-7.5,9.5-11.2, FH-B 79.8-80.8, 84.2-88.2) and
Grand Bank Head (1.0 m in total; GBH-A 18.9-19.9).

Facies A3 corresponds to Facies 1.4 of Myrow (1987).

Interpretation. — The very high sandstone/mudstone
ratio, the presence of medium- and thick-bedded
sandstone, current-produced cross-stratification and
cross-lamination, rhythmites, syneresis cracks, and
large-scale scours with basal intraclasts argue for a
sand-flat subenvironment with local formation of
tidal channels (Klein 1977; Flemming & Ziegler 1995;
Hertweck et al. 2005; Dalrymple 2010; Gao 2019;
Sleveland et al. 2020). In addition, large planar and
sigmoidal cross-bedding indicates the rare develop-
ment of subtidal sand dunes (Desjardins et al. 2010a,
2012). Facies A3 corresponds to the sandier equiva-
lent of Facies A2. Current-ripple cross lamination
and planar cross-bedding demonstrate the influence
of unidirectional flows responsible for the migration
of ripples and dunes, respectively. In addition, pla-
nar-lamination within sandstone indicates an upper-
flow regime moving very fine- to fine-grained sand as
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flat beds (Driese et al. 1981; Ashley 1990). Mudstone
partings highlight periods of short-time quiescence,
with fine-grained particles highly concentrated in the
water column settling down and draping the seafloor
(Amos 1995; Gao 2019).

During ebb, scouring and gouging can erode pre-
viously deposited sediment, transporting sandstone
and mudstone clasts distally and resulting in the for-
mation of tidal channels (Goodwin & Anderson 1974;
Gehling 2000; Counts et al. 2016; Vaucher et al. 2020).
Fan (2013) noted that open-coast tidal flats may pos-
sess less channels and thinner sand-flat deposits than
sheltered tidal flats, which was probably the case in
the Chapel Island Formation. Open-coast tidal flats
are prone to be affected by storm-wave action (Yang
et al. 2005, 2021) which is suggested by hummocky
cross-stratification-like structures in Facies A3.

An alternative interpretation of tabular sandstone
beds of Facies A3 is the development of a sheet-
braided system (see also Shahkarami et al. 2020).
During pre-Devonian times, the absence of per-
vasive land vegetation favored the development of
sheet-braided systems with channel bodies of high
width-to-thickness ratios (MacNaughton et al. 1997;
Davies & Gibling 2010; Lowe & Arnott 2016; Went &
McMahon 2018; Ielpi et al. 2022). Davies & Gibling
(2010) summarized criteria for the recognition of
sheet-braided systems: (1) < 5% mudstone and > 95
% sandstone or coarser lithologies; (2) predominance
of ‘sheet-braided’ style where calculation of width/
thickness ratio depends of rock exposure; (3) rarity of
inclined or laterally impersistent beds; (4) abundance
of trough cross-bedding, planar lamination, massive
sandstone and pebble lags, common soft-sediment
deformation structures, but rarity of other structures;
and (5) common (sub)arkosic sandstone. Some of the
criteria fit the description of sandstone in Facies A3,
notably points (1), (2), and (3). Limitation of outcrop
exposure at Fortune Head precludes a clear evalua-
tion of lateral variation of sandstone bodies, as sheet-
braided channels can reach width/thickness ratios of
20:1 (Cotter 1977) to more than 1000:1 (Long 2004).
However, trough cross-bedding and pebble lags
were not observed in Facies A3. In addition, sheet-
braided systems tended to display coarser-grained
lithologies and to lack mudstone intraclasts in the
early Palaeozoic (Davies & Gibling 2010; Went &
McMahon 2018), which are features that are not con-
sistent with observations made in Facies A3. In Facies
A3, distinct narrow and deep channels are identified
as well as features typical of tidal influence (e.g. ryth-
mites, sigmoidal cross-bedding, mudstone draping)
which favor the former interpretation as sand-flat
with tidal channels.
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Fig. 9. Facies A4 (tide-dominated or -influenced embayment). Scale bars are 1 cm (B, C, E), 5 cm (D), and 1 m (A). All photographs are
from Member 1 (Ediacaran). A, General view of Facies A4 at the Member 1 (M1)/Member 2 (M2) contact at Fortune Head. B, Polished
surface showing alternation of dark grey and black, thinly laminated to thin-bedded sandstone and mudstone. Fortune Head. C, Polished
surface showing a typical pin-striped interval (ps) and injection structures (arrows). Point May. D, Pebbly conglomerate with a sandstone

matrix. Fortune Head. E, Pyrite nodule. Fortune Head.

Facies A4: Thinly laminated, pin-striped mudstone
with syneresis cracks

Description. - Facies A4 consists of dark grey to
black, parallel-laminated medium mudstone, interca-
lated with thinly laminated to medium-bedded, very
fine- to fine-grained sandstone (Fig. 9). Medium-
grained sandstone is uncommon. Sandstone makes
up 10-40%. Sandstone beds are typically 0.1-2 cm
thick, and mudstone layers are 0.1-1 cm thick. Facies
A4 forms units 3.1-4.6 m thick and represents 7.7 m
of strata in total.

Sandstone beds are commonly slightly contorted
and massive, in places amalgamated, or display paral-
lel lamination. A typical feature is the presence of pin-
striped intervals made of parallel, thinly laminated
black mudstone and quarzitic sandstone. Laterally,
sandstone beds can show important variations in
thickness, developing lenses and channel-like mor-
phologies. Flat and oval mudstone pebbles aggregate
in lenses within sandstone. Phosphate and pyrite peb-
bles have also been noted. Syneresis cracks are com-
mon on sandstone bed bases, with irregular straight
to curved shapes, tapering at their ends. In vertical

section, injection structures are squashed and very
tortuous, in places very deep (down to 7.0 cm), and
taper at their tops and bases.

Sandstone bed bases are either sharp or irregu-
larly erosive, and display gas domes, pustular micro-
bially modified surfaces, and subparallel, curved tool
marks. Sandstone bed tops are rarely exposed. An
important surface delineating the Member 1/Member
2 contact at Fortune Head displays irregular, sinuous
near-symmetrical ripples, whereas other areas on that
surface are less deformed, showing wrinkled, micro-
bially modified patches. Another surface at Point May
shows weathered, straight, round-crested symmet-
rical ripples. Carbonaceous algal filaments are also
common on bed surfaces.

Ichnology. - Archaeonassa fossulata Fenton &
Fenton, Circulichnis ligusticus Uchman & Rattazzi,
Palaeophycus isp., Torrowangea rosei Webby, and
Treptichnus indet. are present in Facies A4.

Distribution and equivalents. — Facies A4 occurs in
Member 1 (Ediacaran) at Fortune Head (3.1 m in
total; FH-A 12.4-15.5 m) and Point May (4.6 m; PM-A
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9.4-14.0). Myrow (1987) also recorded Facies A4 at

Grand Bank Head (ca. 50 m) and Lewin’s Cove (ca. 16

m) in areas that have not been accessed in this study.
Facies A4 corresponds to Facies 1.3 of Myrow (1987).

Interpretation. - The dominance of parallel-
laminated mudstone suggests low energy, with sus-
pended particles settling on the seafloor. Intercalated
thin sandstone laminae and very fine-grained
sandstone lacking erosive bases may have been
also deposited from suspension (Eriksson et al
1995). Pin-striped lamination is formed through
weak tidal currents with daily variations in flow
regimes (Reif & Slatt 1979; Chen et al. 2015). Small-
scale convolution may have resulted from over-
pressure on water-enriched sediments (Vernhet &
Reijmer 2010). The dark color of mudstone is typ-
ically interpreted as organic enrichment, either
resulting from water-column anoxia or high organic
production (Wignall & Myers 1988; Brenchley et al.
1993; Vernhet & Reijmer 2010; Jiang et al. 2011).
Vendotaenid algae and cyanobacterial and microbial
bindings may have been responsible for the enrich-
ment in organic material in Facies A4. Parallel-
laminated sandstone and the presence of pyrite
nodules indicate sulfur enrichment and anoxic con-
ditions (Baird & Brett 1986; Wignall & Hallam 1991;
Machhour et al. 1994; Smith & Bustin 1995).
Possible shallow- and marginal-marine deposi-
tional environments for this type of facies are a pro-
tected lagoon (Chafetz 1978; Vernhet & Reijmer 2010;
Jiang et al. 2011), the central basin of a wave-dom-
inated estuary (Dalrymple et al. 1992; Boyd 2010),
and a tide-dominated or -influenced embayment
(MacEachern & Gingras 2007; Durbano et al. 2015;
Dashtgard et al. 2021). Lagoons typically develop
where wave action is dominant, tidal influence is min-
imal to absent, and fluvial input is negligible (Boyd et
al. 1992), which are not characteristics of Facies A4.
Identification of estuaries relies in part on the narrow
lateral extension of the facies, and their predictability
in terms of proximal-distal trends (Dalrymple et al.
1992; Zaitlin et al. 1994; Dalrymple 2006; Desjardins et
al. 2012). In the Chapel Island Formation, Facies A4 is
recorded from Point May, Grand Bank Head, Fortune
Head, and Lewin’s Cove, spanning a lateral extension
of at least 50 km from SW to NE at Burin Peninsula.
In addition, none of the typical facies transitions that
characterise estuarine systems have been identified.
In the Chapel Island Formation, a tide-dominated or
-influenced embayment is regarded as the most con-
sistent depositional scenario with the sedimentologi-
cal features present in Facies A4, and with the vertical
facies transitions observed. Evidence of emersion (e.g.
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desiccation cracks) is absent. Moreover, this embay-
ment may have developed on an area sheltered from
wave and storm action, as demonstrated by the lack of
associated sedimentary structures. The distal part of a
restricted bay, as defined by MacEachern & Gingras
(2007), displays typical elements of Facies A4, with
common convolution, dark mud typical of anaerobic
and dysaerobic conditions, abundant syneresis cracks,
and a low sand content. Open bays are less sheltered,
possessing a higher sand content than restricted bays
because of storm action (MacEachern & Gingras
2007). Small channels could have developed on the
mud-dominated embayment and would have carried
sand and pebbles (cf. Frey et al. 1989).

Facies Association B

Facies association B occurs in Members 2A and 2B
(Fortunian) and Member 5 (Cambrian Stage 2). It rep-
resents shallow-marine shoreface subenvironments
deposited below the breaker zone and above fair-
weather wave base, encompassing the middle shoreface
(Facies B1) and the lower shoreface (Facies B2).

Facies B1: Thick- to very thick-bedded sandstone with
swaley cross-stratification

Description. — Facies Bl consists of red and green,
thick- to very thick-bedded, fine-grained micaceous
sandstone (Fig. 10). Sandstone makes up more than
90%. Sandstone beds are typically 0.5-5.7 m thick.
Mudstone partings are very rare. Facies Bl forms
units 1.7-19.2 m thick and represents 30.1 m of strata
in total.

Sandstone is massive or displays swaley cross-
stratification. Low-angle planar cross-bedding is rare.
Within each sandstone bed, concave-up subparallel
laminae form laminasets with common second-order
truncation surfaces typifying swaley cross-stratifica-
tion. Truncation of hummocks and difficulties in trac-
ing each bed laterally render detailed measurements
on swaley cross-stratification complicated. Sandstone
bed bases and tops are rarely accessible, but in places
display straight, round- and sharp-crested symmetri-
cal ripples. Conglomeratic intervals form discontinu-
ous and continuous thin beds made of granules and
purple phosphate pebbles, floating within the massive
sandstone matrix.

Ichnology. - Rosselia erecta (Torell) is present in Facies
B1.

Distribution and equivalents. — Facies Bl occurs in
Member 5 (Cambrian Age 2) at Fortune North (9.2 m
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Fig. 10. Facies B1 (middle shoreface). Scale bars are 5 cm (D), 10 cm (C), and 50 cm (A, B). All photographs are from Member 5 (Cambrian
Age 2). A, General view of Facies B1. Note low angle planar cross-bedding (arrow). Fortune North. B, Top view with typical preservation
of swaleys. Little Dantzic Cove. C, Swaley cross-stratification within a sandstone bed. Note second-order, concave-up truncation surfaces
(arrows). Fortune North. D, Horizontal, discontinuous and continuous thin conglomeratic beds made of granules. Little Dantzic Cove.

in total; FN-B 31.1-40.3) and Little Dantzic Cove
(20.9 m in total; LDC 291.4-310.6, 324.0-325.7).

Facies B1 corresponds to Subfacies 6.1B of Myrow
(1987).

Interpretation. — Swaley cross-stratification is typi-
cal of the middle shoreface (Leckie & Walker 1982;
Swift et al. 1987; Dalrymple & Choi 2007; Herbers
et al. 2016; Jelby et al. 2020; Dashtgard et al. 2021).
Swaley cross-stratification results from hummocky
cross-stratification amalgamation and truncation of
hummocks during storms (Kumar & Sanders 1976;
MacEachern & Pemberton 1992; Dumas & Arnott
2006). The upper shoreface is not represented in
Facies B1, as trough cross-bedding and medium- to
coarse-grained sandstone are absent (Clifton et al
1971; Dumas & Arnott 2006). Preservation of fair-
weather mudstone is hindered by erosion taking place
during sustained storms or by the absence of a win-
dow for fine-grained particle settlement (Leckie &
Walker 1982). Gravel and pebble lags are common
in storm deposits and result from the shoaling of
waves occasionally accumulating large clasts on hum-
mocky scour surfaces (Kumar & Sanders 1976; Dott

& Bourgeois 1982; Hunter & Clifton 1982; DeCelles
& Cavazza 1992; Simpson et al. 2002; Ghienne et al.
2007).

Facies B2: Thin- to thick-bedded sandstone with
hummocky cross-stratification

Description. - Facies B2 consists of red, grey, and
green, thin- to thick-bedded, fine- to medium-grained
sandstone, in places with thin mudstone intervals
(Fig. 11). Coarse-grained sandstone is more uncom-
mon. Sandstone makes up 70-90%. Sandstone beds
are typically 2.0-100.0 cm thick, and mudstone layers
are 0.1-3.0 cm thick. Facies B2 forms units 0.1-14.8 m
thick and represents 139.2 m of strata in total.
Sandstone is massive or displays hummocky
cross-stratification, wave and combined-flow rip-
ple cross-lamination, parallel lamination, and con-
volute bedding. Low-angle planar cross-bedding
is rare. Sandstone beds are tabular and commonly
amalgamate. In places, planar cross-bedded sand-
stone pinches out to develop lenses. Hummocky
cross-stratification is isotropic with scour-and-drape
morphologies. A typical succession in beds having
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Fig. 11. Facies B2 (lower shoreface). Scale bars are 5 cm (D), 10 cm (B, F-H), 50 cm (C, E), and 100 cm (A). Stratigraphic tops are indicated
by the ‘T’ A, General view showing tabular sandstone of Facies B2. Grand Bank Head, Member 2A (Fortunian). B, Close-up from Figure
11A showing amalgamation of very thin- and thin-bedded sandstone. Note the irregular wavy bed tops (arrows). C, An interval dominated
by very thin- to medium-bedded sandstone, intercalated by mudstone. Fortune Head, Member 2A (Fortunian). D, Close-up from Figure
11C showing parallel-lamination (pl) followed by combined-flow ripple cross-lamination (cfr). E, General view with intercalated thin- and
medium-bedded sandstone, and mudstone (arrows). Grand Bank Head, Member 5 (Cambrian Age 2). F, Close-up from Figure 11E showing
a hummocky cross-stratification (hcs) capped by symmetrical ripples (arrow). G, Interval dominated by isotropic hummocky cross-strat-
ification (hcs) with low dip angles. Fortune Head, Member 2B (Fortunian). H, Soft-sediment deformation structure. Grand Bank Head,
Member 5 (Cambrian Age 2).
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hummocky cross-stratification is composed of: (1) an
erosive base; (2) planar-lamination; (3) hummocky
cross-stratification, with second-order truncation
surfaces; and (4) a rare interval on top, either massive
or displaying combined-flow ripple cross-lamination.
Hummocky cross-stratification has spacings between
hummocks of 1.8-4.4 m and height of 10-12 cm
from swale to hummock. In addition, combined-flow
ripple cross-lamination can develop directly over a
basal planar-laminated interval, without intercalation
of any hummocky interval. Locally, convolute bed-
ding forms ball-and-pillow structures or larger-scale
slumps. Conglomeratic beds and lenses are common,
made of purple phosphatic pebbles, granules, flat
mudstone pebbles, or shell debris. Calcite concretions
are locally present and can be repeated laterally. In
places, a white diagenetic mottling within sandstone
beds is visible in Member 5, resulting from local car-
bonate cementation. In contrast to burrow mottling,
this diagenetic mottling does not disrupt the sedi-
mentary fabric and can end abruptly in contact to
internal sandstone laminae. Sandstone bed bases are
typically sharp and erosive, with rare tool and flute
marks. Sandstone bed tops are flat, undulating, or
show straight, round- and sharp-crested symmetrical
ripples. Microbially modified surfaces are pustular
and form patches.

Ichnology. - Archaeonassa fossulata, Arenicolites isp.,
Circulichnis ligusticus, C. montanus, Cochlichnus
luguanensis Zhang, Curvolithus multiplex Fritsch,
C. simplex Buatois, Mangano, Mikuld§ & Maples,
Dendproidichnites aff. D. irregulare (Holub & Kozur),
Didymaulichnus miettensis Young, Dimorphichnus isp.
B, ?Diplocraterion isp., Gyrolithes gyratus (Hofmann),
G. scintillus, Helminthoidichnites tenuis, Helminthopsis
abeli Ksiazkiewicz, H. hieroglyphica Wetzel & Bromley,
H. tenuis Ksigzkiewicz, Monomorphichnus linea-
tus Crimes, Legg, Marcos & Arboleya, Palaeophycus
annulatus Badve, P tubularis, Palaeophycus isp.,
Psammichnites gigas circularis, Rosselia isp., Rusophycus
avalonensis Crimes & Anderson, Saerichnites kutscheri,
Teichichnus rectus Seilacher, Treptichnus coronatum
(Crimes & Anderson), T. pedum, and Treptichnus indet.
are present in Facies B2.

Distribution and equivalents. — Facies B2 occurs in
Members 2A and 2B (Fortunian) and Member 5
(Cambrian Age 2) at Fortune Head (21.2 m in total;
FH-C 13.7-14.8, 16.9-17.4, 22.6-23.1, 24.4-26.2, 44.6—
45.8, 66.0-66.3, 88.0-88.2, 88.8-89.5, 101.6-102.2,
102.5-103.3, 103.7-104.2, 108.2-108.6, 114.7-115.2,
117.9-119.7, 128.2-128.8, 131.0-132.2, 139.0-139.4,
146.5-147.3, 148.6-148.9, FH-E 5.6-6.0, 7.1-7.6, FH-F
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23.5-23.8, 37.4-39.2, 40.1-42.1, 51.2-52.2, 84.6-85.0,
FH-G 3.8-4.4), Fortune North (58.1 m in total; FN-A
7.2-8.5, 18.4-18.7, 19.6-19.8, FN-B 0.2-4.1, 6.2-13.2,
13.4-16.2, 16.6-26.4, 26.7-31.1, 40.5-48.2, 48.3-49.7,
53.2-55.1, 55.7-70.6, 71.0-71.6, 71.8-72.4, 75.0-75.4,
75.6-76.5), Grand Bank Head (40.4 m in total; GBH-C
5.9-9.2,9.5-10.8,11.0-11.3,42.2-42.8,49.1-49.3, 74.6—
75.3, 76.0-76.2, 87.6-87.7, 90.0-92.2, 107.6-107.9,
113.8-114.0, 115.8-117.0, 117.6-117.9, GBH-E 15.4-
15.6, GBH-G 7.5-21.0, 21.1-22.2, 22.4-29.5, 30.5-33.0,
33.1-36.2, 36.5-37.6, 38.4-39.3), Lewins Cove (0.2 m
in total; LC-C 24.8-25.0), Little Dantzic Cove (18.4 m
in total; LDC-257.8-258.2, 279.4-279.8, 280.0-291.4,
325.7-328.3, 329.1-332.7), and Point May (0.9 m in
total; PM-C 118.0-118.6, PM-E 6.5-6.8).

Facies B2 corresponds to the sandier part of
Subfacies 2.2B and Subfacies 6.1A of Myrow (1987).

Interpretation. - Amalgamated sandstone and the sed-
imentary structures argue for a lower shoreface dom-
inated by storms (MacEachern & Pemberton 1992;
Buatois & Mangano 2003a; Bann et al. 2004; Plint
2010; Dashtgard et al. 2012, 2021). On the shoreface,
sand is transported by shoaling waves (Plint 2010),
and strong and sustained storms allow the formation
of hummocky cross-stratification (Dott & Bourgeois
1982; Arora et al. 2018; Jelby et al. 2020). Amalgamated
hummocky cross-stratification is typical of the lower
shoreface (MacEachern & Pemberton 1992; Midtgaard
1996; Buatois & Mangano 2003a; Myrow et al. 2004;
Morsilli & Pomar 2012; Vaucher et al. 2017), and mud-
stone intervals result from background sedimenta-
tion in between storm events (Dashtgard et al. 2012;
Counts et al. 2016). The vertical succession in beds
having hummocky cross-stratification highlights initial
transport of sediment under high-energetic conditions
followed by a waning stage with development of hum-
mocks, until the progressive return to fair-weather con-
ditions allowing the formation of combined-flow ripple
cross-lamination (Dott & Bourgeois 1982; Walker et al.
1983; Morsilli & Pomar 2012; Jelby et al. 2020). Massive
intervals in hummocky cross-stratification represent
rapid settlement of suspended sediment (DeCelles &
Cavazza 1992). Combined-flow ripples are common
on the shoreface and result from ebb surges created
by storms superimposing on oscillatory flows gener-
ated by waves (Yokokawa 1995). Preservation of mud-
stone parting demonstrates that fair-weather deposits
were not always fully destroyed during storm events
(Myrow et al. 2006a). Ball-and-pillow structures and
large-scale slumps developed through liquefaction and
fluidization of sediment and were arguably triggered
by storm-wave activity (Dalrymple 1979; Molina et al.
1998; Chen & Lee 2013; Jelby et al. 2020). MacEachern



28 Romain Gougeon et al.

& Pemberton (1992) identified three types of wave-
dominated shorefaces, namely storm-influenced, mod-
erately storm-dominated, or strongly storm-dominated,
depending on the overall energy (see also Dashtgard et
al. 2012, 2021 and Wesolowski et al. 2018). With the
presence of both bedded and amalgamated sandstone
of storm origin and the common record of mudstone
partings, Facies B2 reflects more likely a moderately
or strongly storm-dominated shoreface. Notably, iden-
tification of a moderately storm-dominated shoreface
relies in part on the presence of lam-scram intervals,

Fig. 12. Facies C1 (offshore transition). Scale bars are 2 cm (E, F), 5 cm (B-D), and 50 cm (A). Stratigraphic tops are indicated by the ‘T” A,
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which in Facies B2 would be difficult to form due to
the evolutionary control on bioturbation (Gougeon
et al. 2025a).

Facies Association C

Facies association C is recorded from Member 2A
(Ediacaran), Members 2A, 2B, and 3 (Fortunian), and
Member 5 (Cambrian Stage 2). It represents offshore
subenvironments deposited below fair-weather wave
base and above storm-weather wave base, encompassing

- e

General view of Subfacies Cla showing tabular, very thin- to thin-bedded sandstone and common hummocky cross-stratification. Fortune
Head, Member 2B (Fortunian). B, Close-up on an isotropic hummocky cross-stratification in Subfacies Cla, with thickening of laminae
on the hummocky (right) and swale (left) intervals (i.e. accretionary morphology). Fortune Head, Member 2A (Fortunian). C, A complex
hummocky cross-stratification (hcs) in Subfacies Cla, with two combined-flow ripple cross-lamination intervals (cfr) intercalated. Fortune
Head, Member 2B (Fortunian). D, Subfacies C1b with massive and planar-laminated sandstone. Note the mottled top (mo) and distinctive
open burrows filled with sediment from above (arrows). Little Dantzic Cove, Member 5 (Cambrian Age 2). E, An intensely bioturbated
interval in Subfacies C1b, with bedding hardly preserved. Little Dantzic Cove, Member 5 (Cambrian Age 2). F, A rarely preserved hum-
mocky cross-stratification in Subfacies C1b. Little Dantzic Cove, Member 5 (Cambrian Age 2).
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the offshore transition (Facies C1), the upper offshore
(Facies C2), and the lower offshore (Facies C3).

Facies Cl1: Very thin- to medium-bedded sandstone
and mudstone

Description. — Facies C1 is composed of Subfacies Cla
and C1b. Subfacies Cla consists of brown and grey,
rarely red, very thin- to medium-bedded, very fine-
to medium-grained sandstone intercalated by sil-
ver-green medium mudstone (Fig. 12A-C). Subfacies
Cl1b is composed of grey very thin- to medium-bed-
ded, very fine- to fine-grained sandstone intercalated
by grey-green sandy mudstone (Fig. 12D-F). Coarse-
grained sandstone is uncommon. Sandstone makes
up 40-70%. Sandstone beds are typically 0.1-50.0
cm thick, and mudstone layers are 0.1-10.0 cm thick.
Facies C1 forms units 0.1-1.6 m thick and represents
67.8 m of strata in total.

Sandstone is massive or displays parallel lamina-
tion and hummocky cross-stratification. Sandstone
beds are mostly tabular and rarely pinch-and-
swell like in Facies C2 and C3. Amalgamation of
thin-bedded sandstone is also noted. Hummocky
cross-stratification is isotropic with low dip angles,
displaying scour-and-drape and accretionary mor-
phologies. A vertical succession in beds with hum-
mocky cross-stratification is typically composed of:
(1) an erosive base; (2) planar-lamination, rarely
with normal grading; (3) hummocky cross-stratifica-
tion, with second-order truncation surfaces; and (4)
a rare interval on top, either massive or displaying
combined-flow ripple cross-lamination. Hummocky
cross-stratification has spacings between hummocks
of 1.1-4.2 m and heights of 5-25 cm from swale to
hummock. Hummocky cross-stratification can also
form large-scale lenses. Hummocky cross-strat-
ification is better preserved and more common
in Subfacies Cla. Isolated calcite concretions are
very rare. In places, sandstone beds are carbonate
cemented. Sandstone bed bases are erosive, either
sharp or irregular, and display tool marks, flute casts,
and load casts.

In addition, wave and combined-flow ripple
cross-lamination is recorded in Subfacies Cla, as
well as sandstone bed tops showing straight, round-
and sharp-crested, symmetrical and near-symmet-
rical ripples. Pustular, patchy microbially modified
surfaces are rare in Subfacies Cla. Normal grad-
ing is more common in Subfacies C1b. Moreover, a
common sequence in sandstone of Subfacies Clb
is: (1) a sharp base, with or without scouring; (2) a
parallel-laminated interval; and (3) a diffuse top.
Current ripple cross-lamination is in places found in
close association to the parallel-laminated interval.
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Bioturbation can heavily obliterate the sedimentary
fabric in Subfacies C1b.

Ichnology. - «cf. Allocotichnus dyeri Osgood,
Archaeonassa fossulata, Arenicolites isp., Circulichnis
ligusticus, Cochlichnus anguineus Hitchcock, C.
luguanensis, Cruziana problematica (Schindewolf),
Curvolithus simplex, Dendroidichnites aff. D. irreg-
ulare, Didymaulichnus miettensis, Dimorphichnus
isp. A, cf. Dimorphichnus isp., Gyrolithes gyratus, G.
scintillus, Helminthoidichnites tenuis, Helminthopsis
hieroglyphica, H. tenuis, Monomorphichnus biline-
aris Crimes, M. lineatus, Palaeophycus annulatus, P.
tubularis, Palaeophycus isp., Psammichnites gigas cir-
cularis, Rusophycus dabardae isp. nov., Saerichnites
kutscheri, Teichichnus rectus, Torrowangea rosei,
Treptichnus bifurcus Miller, T. coronatum, T. pedum, T.
pollardi Buatois & Mangano, Treptichnus indet., and
Trichichnus linearis Frey are present in Facies CI.

Distribution and equivalents. - Facies C1 occurs in
Members 2A, 2B, and 3 (Fortunian), and Member
5 (Cambrian Age 2) at Fortune Head (39.5 m in
total; FH-B 38.8-39.1, 43.4-43.8, 44.8-45.1, 46.1-
46.4, 48.6-49.1, 61.5-61.9, 62.3-62.6, 69.5-70.0,
FH-C 15.3-15.8, 16.7-16.9, 17.4-18.2, 23.1-24.4,
44.2-44.6, 54.7-54.9, 65.9-66.0, 70.0-70.2, 75.5-
76.0, 82.8-84.1, 88.2-88.8, 89.5-90.0, 92.2-92.3,
93.1-93.4, 95.0-95.7, 101.4-101.6, 102.2-102.5,
103.3-103.7, 105.3-105.9, 110.5-111.4, 114.3-114.7,
116.1-116.3, 116.8-117.9, 123.8-125.1, 126.1-126.5,
126.8-127.1, 129.8-130.0, 138.3-139.0, 139.4-140.2,
142.9-143.5, 146.1-146.5, 147.8-148.6, 151.7-152.1,
153.5-153.7, FH-D 0.0-0.8, 1.9-2.7, FH-E 0.4-1.0,
2.5-3.9, 5.2-5.6, 6.3-7.1, 10.1-11.3, FH-F 2.8-3.0,
4.0-4.2, 9.4-9.6, 17.4-17.5, 18.0-19.1, 19.7-20.2,
21.8-22.2, 23.4-23.6, 23.8-24.2, 28.0-28.1, 28.9-
29.2, 34.5-34.7, 39.2-40.1, 47.0-47.3, 49.6-49.8,
50.3-51.2, 52.6-53.3, 54.7-55.0, 60.4-60.6, 61.3—
61.5, 64.8-65.0, 67.3-67.5, 71.2-71.8, 86.1-86.5,
FH-G 2.6-3.8,5.4-5.7,7.7-8.3,10.5-11.2, 12.5-12.7,
15.0-15.2, 16.9-17.8, 55.0-55.1, 55.5-56.2), Fortune
North (4.2 m in total; FN-A 5.7-6.3, 7.0-7.2, 9.7-
10.0, 15.4-15.5, 18.2-18.4, 23.1-23.5, 23.9-24.2,
24.7-24.8, 25.5-25.7, 39.0-39.4, 40.4-40.6, FN-B
13.2-13.4, 16.2-16.6, 26.4-26.7, 40.3-40.5, 48.2—
48.3), Grand Bank Head (11.8 m in total; GBH-B
10.7-11.0, 12.5-13.3, GBH-C 5.6-5.9, 18.0-18.2,
22.5-22.9, 29.5-30.0, 40.4-40.7, 41.6-42.2, 49.0-
49.1, 59.2-59.5, 62.1-62.3, 63.2-63.3, 66.2-66.8,
67.4-68.0, 74.1-74.6, 76.2-77.4, 87.0-87.6, 89.6—
90.0, 100.3-100.4, 103.0-103.3, 107.4-107.6, 112.3-
113.2, 113.5-113.8, 117.0-117.6, GBH-E 2.7-3.0,
5.3-5.5, 13.5-13.7, GBH-G 21.0-21.1, 22.2-22.4,
33.0-33.1, 36.2-36.5), Lewin’s Cove (2.5 m in total;
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LC-C 8.9-9.3,10.6-11.0, 12.1-12.2, 23.1-23.4, 35.2-
35.5, 36.4-37.2, 38.0-38.2), Little Dantzic Cove (5.5
m in total; LDC 66.5-66.6, 243.8-244.0, 244.6-245.0,
247.4-247.8, 248.8-249.1, 255.6-256.0, 257.4-257.8,
261.4-262.3, 271.1-271.6, 272.8-273.0, 273.8-273.9,
277.8-279.4), and Point May (4.3 m in total; PM-B
1.0-1.3, 7.2-7.4, 9.5-10.7, PM-C 9.0-9.3, 18.7-19.0,
123.5-123.9, 128.4-128.5, 130.5-130.7, 131.5-132.3,
PM-D 1.2-1.6, PM-E 3.0-3.1).

Subfacies Cla is found in Members 2A, 2B, and
3 (Fortunian), and Subfacies Clb in Member 5
(Cambrian Age 2). Subfacies Cla corresponds to the
finer-grained intervals of Subfacies 2.2B and the sand-
ier intervals of Facies 2.3 of Myrow (1987), whereas
Subfacies C1b represents the sandier intervals of
Facies 5.2 of Myrow (1987).

Interpretation. - The sandstone/mudstone ratio and
the prevalence of hummocky cross-stratification
are consistent with an offshore transition (Howard
& Reineck 1981; MacEachern et al. 1999; Buatois &
Maéngano 2003a; Bann et al. 2004; Eide et al. 2015;
Wesolowski et al. 2018). The offshore transition is
typified by an alternation in energy and processes,
with oscillatory and unidirectional flows domi-
nating during storms, and fine-grained suspended
particles settling on the seafloor during quiescent
moments (MacEachern & Pemberton 1992; Buatois
& Mangano 2003a; Bann et al. 2004; Wesolowski et
al. 2018). Hummocky cross-stratification is typically
developed during strong storms, hurricanes, or tsu-
namis (Dott & Bourgeois 1982; Hunter & Clifton
1982; Duke 1985). Notably, isotropic hummocky
cross-stratification develops under pure oscillatory
flows or with the addition of a very weak unidirec-
tional current (Arnott & Southard 1990; Dumas
et al. 2005; Dumas & Arnott 2006). Therefore, iso-
tropic hummocky cross-stratification is prevalent
on low-gradient shelves, where the development
of unidirectional currents is less important and
storm-induced oscillatory flows prevail (Jelby et al.
2020; Grundvég et al. 2021). Moreover, the sequence
observed in hummocky cross-stratification demon-
strates a deceleration in flow velocity, from basal
upper-flow regime with parallel-lamination grading
into the typical hummocky stratification, then fol-
lowed by lower flow-regime combined-flow ripple
cross-lamination resulting from the late stage of the
storm surge (Simpson & Eriksson 1990; Runkel 1994;
Myrow et al. 2006b). Thicker hummocky cross-strat-
ification develops from the stacking of several ero-
sive depositional storm events (Aigner 1982). In
Subfacies Cl1b, offshore transition with reduced
intensity and frequency of storms can display
higher bioturbation levels, as a result of long-term
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colonisation windows opened in a well oxygen-
ated environment (MacEachern & Pemberton 1992;
Wesolowski et al. 2018).

Subfacies Cla represents a typical storm-dom-
inated offshore transition, whereas subfacies Clb
relates more likely to a weakly storm-affected offshore
transition as described by Wesolowski et al. (2018).
In the Chapel Island Formation, early stages in ani-
mal evolutionary innovations would have played a
significant role in the low bioturbation intensities
observed in Subfacies Cla which are only recorded
from Member 2 (i.e. Fortunian), contrary to Subfacies
C1b which displays more thoroughly churned inter-
vals (Fig. 12E; Gougeon et al. 2018a) and which
is recorded from Member 5 (i.e. Cambrian Age 2)
(Gougeon et al. 2025a).

Facies C2: Mudstone with thinly laminated to very
thin-bedded sandstone

Description. - Facies C2 is composed of Subfacies
C2a, C2b, and C2c. Subfacies C2a consists of domi-
nant silver green, medium mudstone, intercalated
with brown and dark grey thinly laminated to very
thin-bedded, very fine- to fine-grained sandstone
(Fig. 13A-D). Subfacies C2b is composed of domi-
nant red medium mudstone, intercalated with green
thinly laminated to very thin-bedded, very fine- to
fine-grained sandstone (Fig. 13E, F). Subfacies C2c
is dominated by grey green sandy mudstone, inter-
calated with thinly laminated to very thin-bedded,
very fine- to fine-grained sandstone (Fig. 13G, H).
Medium- and coarse-grained sandstone is less com-
mon. Sandstone makes up 20-40%. Sandstone beds
are typically 0.05-5.0 cm thick, and mudstone layers
are 0.1-10.0 cm thick. Facies C2 forms units 0.1-4.1 m
thick and represents 231.3 m of strata in total.

Sandstone beds are massive or display parallel-
lamination and normal grading. Sandstone beds
are either laterally continuous with common pinch-
and-swell or discontinuous, in places developing
starved wave and current ripples. Sandstone beds are
in places calcite cemented and can also be quartz-
itic. Sandstone bed bases are erosive, either sharp
or irregular, and display tool marks, load casts, and
scratch circles (‘Kullingia’).

Subfacies C2a shows wave and combined-flow ripple
cross-lamination and (micro-) hummocky cross-strati-
fication. Wave ripple cross-lamination can follow a basal
planar-laminated interval. In Subfacies C2a, sandstone
bed tops are flat or show symmetrical ripples that are
typically round-crested, straight to sinuous, in places
bifurcating. Hummocky cross-stratification is isotropic
with scour-and-drape morphologies and commonly
forms large-scale lenses. A vertical succession in beds
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Fig. 13. Facies C2 (upper offshore). Scale bars are 2 cm (C, D, F), 5 cm (A, B, H), 10 cm (G), and 100 cm (E). A, General view of Subfacies C2a
showing tabular, thinly laminated to very thin-bedded sandstone. Note the sandstone bed with symmetrical rippled top (arrow). Fortune Head,
Member 2A (Fortunian). B, Lenticular isotropic hummocky cross-stratification in Subfacies C2a. Note the second-order truncation surface
(arrow). Fortune Head, Member 2A (Fortunian). C, Calcite concretion in Subfacies C2a showing combined-flow ripple cross-lamination, with
basal aggregation of undulated laminae displaying lateral deviation (right side) crosscut by a truncation surface (arrow) and capped by undulated
subparallel laminae. Fortune Head, Member 2A (Fortunian). D, Gutter cast in Subfacies C2a with basal parallel lamination (pl), small-scale
convolution (con), and hummocky cross-stratification (hcs) on top. Fortune Head, Member 2A (Fortunian). E, General view of Subfacies C2b.
Stratigraphic top is indicated by the “T". Fortune Head, Member 2B (Fortunian). F, Starved current ripple cross-lamination in Subfacies C2b
(arrow). Note that sandstone laminae and beds are calcite cemented. Grand Bank Head, Member 2B (Fortunian). G, General view of Subfacies
C2c. Little Dantzic Cove, Member 5 (Cambrian Age 2). H, Close-up from Figure 13G showing the common sequence with sharp erosive base (sb),
parallel lamination (pl), and burrow mottling (mo). Note the presence of distinctive burrows (bu). See also Figure 64 for further interpretation.
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with hummocky cross-stratification is composed of: (1)
an erosive base; (2) planar-lamination, with in places
normal grading; (3) hummocky cross-stratification,
with second-order truncation surfaces; and (4) a rare
interval on top, either apparently massive or display-
ing combined-flow ripple cross-lamination. Weak con-
volution within the hummocky interval (3) has been
noted. (Micro-) hummocky cross-stratification has
spacing between hummocks of 0.3-1.7 m and height
of 2-15 cm from swale to hummock. Distinction
between large combined-flow ripple cross-lamina-
tion and micro-hummocky cross-stratification can
be difficult. Isolated calcite concretions are common.
In places, granules and rounded pebbles form con-
glomeratic lenses and beds that can be normal graded
(especially in basal Member 2A). Microbially modified
surfaces are either pustular, reticulated (i.e. ‘Kinneyia-
type), or rarely made of subparallel linear elements
(i.e. Arumberia’-like), and can be patchy or covering
larger areas.

Gutter casts, pot casts, and injection structures are
conspicuous elements of Subfacies C2a, notably in the
lower half of Member 2A. Gutter casts are 3-24 cm wide,
3-19 cm deep, and are filled with fine-grained sandstone
and, to a lesser extent, with medium-grained sandstone
and granular to pebbly conglomerate. Gutter casts are
mostly horizontal, narrow to wide, straight to sinuous.
In cross-section, gutter casts are U- to V-shaped with
common wide upper openings and are either isolated
or connected to an overlying sandstone bed (see Myrow
1992a for a detailed description of gutter cast morphol-
ogies). Infill of gutter casts is massive, normally graded,
parallel-laminated, or hummocky cross-stratified. Wave
and climbing ripple cross-lamination has been noted in
the upper portion. On gutter cast bases and sides, tool
and flute marks are commonly aligned to the gutter ori-
entation. Myrow (1987, 1992a) noted that gutter casts
are mostly oriented NE-SW at Fortune Head (n = 90).
Pot casts are 3-17 cm wide, 1-4 cm deep, and form
short to tall pillars filled with fine-grained sandstone
and shale-chip conglomerate (Myrow 1992a), in places
displaying longitudinal circular markings on their walls.
Pot casts have semi-circular, flat, or widened bases in
cross-section. Injection structures are straight to very
irregular (ptygmatic) in vertical section and are filled
with very fine- to fine-grained sandstone. They are
typically connected to sandstone beds at their tops and
taper at their bases.

Subfacies C2b and C2c are notable for the preva-
lence of current ripple cross-lamination in sandstone.
In Subfacies C2c, intense burrow mottling commonly
disrupts or homogenizes sandstone and sandy mud-
stone intervals. In vertical sections, Subfacies C2c
shows small- and large-scale scours filled with cur-
rent-ripple cross-laminated sandstone. Sandstone
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bed soles and tops are rarely exposed in Subfacies
C2c. However, sandstone tops in vertical section are
commonly diffuse because of intense bioturbation.
In Subfacies C2c¢, a common vertical succession in
thin-bedded sandstone is: (1) a sharp base, with or
without scouring; (2) a parallel-laminated interval,
with in places normal grading; and (3) a diffuse top.

Palaeocurrent data recorded by Myrow (1992b)
from Member 2 (Subfacies C2a) argue for a NE-SW
orientation, with a strong unimodal orientation
toward the NE displayed by flute casts. Palaeocurrent
data from Member 5 (Subfacies C2c) are scarce as bed
soles and tops are poorly exposed, and do not show
any preferential orientation (Myrow 1987).

Ichnology. — Archaeonassa fossulata, Arenicolites aff. A.
carbonarius (Binney), Arenicolites isp., Bergaueria perata
Prantl, B. cf. B. radiata Alpert, Circulichnis montanus,
Cochlichnus luguanensis, Conichnus conicus Minnil,
Cruziana problematica, Curvolithus multiplex, C. sim-
plex, Curvolithus isp., Dendroidichnites aff. D. irregu-
lare, Didymaulichnus miettensis, Dimorphichnus isp. A,
Gordia marina Emmons, Gyrolithes gyratus, G. scintil-
lus, Helminthoidichnites tenuis, Helminthopsis abeli, H.
hieroglyphica, H. tenuis, Monomorphichnus bilinearis,
M. lineatus, M. needleiunm Wang, Palaeophycus annula-
tus, P. tubularis, Palaeophycus isp., Psammichnites gigas
circularis, Rusophycus dabardae, Saerichnites kutscheri,
Teichichnus rectus, Treptichnus bifurcus, T. coronatum,
T. pedum, T. pollardi, Treptichnus indet., Trichichnus
linearis, Trichichnus isp., and radial probing burrow are
present in Facies C2.

Distribution and equivalents. — Facies C2 occurs
in Member 2A (Ediacaran), Members 2A and 2B
(Fortunian), and Member 5 (Cambrian Age 2) at
Fortune Head (103.8 m in total; FH-A 16.0-16.1,18.6—
19.3, 21.2-21.8, 26.0-26.2, 29.6-29.7, FH-B 5.7-5.8,
17.6-18.3,21.0-21.1, 23.3-23.7, 25.6-25.7, 27.0-27.1,
28.0-28.9, 31.8-32.3, 33.2-33.8, 36.2-36.7, 38.6-38.8,
39.6-39.8, 40.1-40.3, 42.0-42.1, 42.5-42.8, 43.8-44.8,
45.1-46.1, 46.4-47.3, 47.7-47.9, 50.6-50.9, 51.5-51.9,
53.1-53.9, 54.4-54.6, 54.9-56.1, 56.6-57.7, 59.6-60.2,
60.5-61.5,61.9-62.4, 63.0-63.8, 65.6-66.1, 67.8-68.2,
68.9-69.5, 71.0-71.5, 72.0-72.2, 73.0-74.1, FH-C
13.3-13.7,15.1-15.3, 16.2-16.3, 26.2-27.7, 29.4-31.9,
45.8-46.6,47.5-47.8, 48.3-49.2, 53.0-53.5, 54.5-54.7,
55.7-56.0, 67.4-67.6, 69.5-70.0, 71.3-72.0, 72.5-72.7,
73.3-73.8,74.8-75.5, 76.0-76.2, 77.8-78.8, 82.4-82.8,
84.0-85.2,90.2-92.2,92.3-93.1, 95.7-96.7, 97.9-99.7,
100.7-100.8, 101.3-101.4, 104.9-105.3, 106.4-107.8,
109.9-110.5, 114.0-114.3, 115.8-116.1, 116.3-116.8,
120.3-120.7, 121.1-121.3, 123.2-123.8, 125.9-126.1,
127.1-127.6, 129.6-129.8, 130.7-131.0, 132.8-133.3,
134.4-134.8, 141.7-142.9, 143.5-143.9, 144.6-145.1,
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145.8-146.1, 147.3-147.8, 148.9-150.4, 150.9-151.7,
152.5-152.7, 152.9-153.1, FH-D 0.8-1.9, 2.7-6.0,
6.5-6.7, FH-E 0.0-0.4, 1.2-2.5, 4.6-5.2, 6.0-6.3, 7.6—
10.0, FH-F 1.7-2.0, 4.8-5.0, 5.6-6.1, 8.1-8.3, 9.0-9.4,
10.2-10.8,12.4-12.7, 14.2-14.5, 16.9-17 4, 20.2-21.8,
23.0-23.4,24.2-25.1, 26.3-28.0, 28.6-28.9, 29.7-30.3,
33.4-33.7,35.3-35.5, 43.7-47.0, 48.6-49.6, 49.8-50.3,
52.2-52.6, 53.3-54.7, 55.0-55.7, 57.0-57.1, 60.6-61.3,
62.0-62.6, 64.1-64.8, 67.0-67.3, 67.9-68.4, 73.3-74.3,
74.7-78.0, 80.3-80.4, 81.2-81.3, 82.8-83.5, 84.3-84.6,
85.0-85.6, 85.9-86.1, 86.8-87.0, 87.2-89.6, FH-G
1.2-2.6, 4.4-5.4, 6.2-6.8, 7.2-7.7, 8.8-9.8, 10.2-10.5,
11.6-12.5,13.7-15.0, 15.2-16.9, 18.7-19.0, 22.2-22.5,
50.9-55.0, 55.1-55.5, 56.8-57.7), Fortune North (15.9
m in total; FN-A 1.9-2.2, 3.1-3.8,9.2-9.7, 11.4-11.6,
13.3-15.4,16.4-18.2, 18.7-19.6, 19.2-21.8, 22.3-23.1,
23.5-23.9, 24.2-24.6, 24.8-25.5, 25.7-27.1, 27.8-
28.4, 29.4-30.0, 38.9-39.0, 40.2-40.4, 40.6-42.2),
Grand Bank Head (36.8 m in total; GBH-B 0.0-0.1,
1.7-2.2, 3.1-3.4, 5.3-54, 6.9-7.1, 10.5-10.7, GBH-C
4.2-5.6, 17.6-18.0, 21.2-22.5, 23.4-23.8, 25.2-26.3,
26.8-27.1,27.6-28.4, 29.1-29.5, 30.4-31.2, 32.6-36.1,
36.7-36.8, 38.0-38.2, 39.9-40.0, 44.0-44.3, 45.3-45.6,
47.0-48.0, 48.5-49.0, 57.5-59.2, 59.8-60.1, 61.8-62.1,
62.3-63.2, 63.7-64.3, 65.4-66.2, 66.8-67.4, 68.0-69.0,
73.6-74.1, 83.2-83.7, 86.8-87.0, 87.7-89.6, 92.6-93.8,
99.2-100.3, 102.8-103.0, 103.3-103.8, 105.0-107.4,
113.2-113.5, GBH-D 0.0-0.8, 33.8-33.9, 47.5-49.1,
GBH-E 1.1-2.7, 4.0-5.3, 7.5-8.1, 8.6-9.1, 9.5-9.6,
10.5-11.3, 14.4-14.5), Lewin’s Cove (20.6 m in total;
LC-B 22.0-23.0, 24.5-24.7, 25.3-25.8, 27.7-28.9,
29.4-29.5,32.2-33.4,43.4-43.6,45.2-45.5, LC-C 0.9-
1.9, 3.8-5.7, 8.4-8.9, 11.1-12.1, 12.2-15.8, 19.0-19.9,
20.5-22.6, 23.4-24.8, 25.0-25.2, 30.2-30.5, 31.8-32.5,
36.0-36.4, 37.2-38.0, 40.0-41.1), Little Dantzic Cove
(17.7 m in total; LDC 180.5-180.9, 188.8-189.1,
212.7-212.9, 224.4-224.6, 227.9-228.4, 228.8-229.1,
236.3-238.3, 242.1-242.2, 242.7-243.8, 244.0-244.5,
247.2-247 .4, 250.6-250.7, 253.0-253.4, 254.9-255.6,
256.6-257.4, 258.8-261.4, 262.3-263.4, 266.3-270.4,
270.8-271.1, 275.5-277.3), and Point May (36.5 m
in total; PM-A 25.8-26.5, 27.9-28.9, PM-B 3.6-3.7,
6.7-7.2, 7.9-8.3, 11.4-12.8, 15.3-15.9, 17.7-19.0,
21.7-23.0, PM-C 7.3-7.8, 8.7-9.0, 11.8-12.3, 14.3-
14.8, 15.5-16.2, 19.0-19.4, 22.7-22.8, 24.2-24.5,
25.4-25.9,27.2-27.9, 29.4-30.3, 32.3-33.0, 33.3-33 .4,
35.9-36.0, 43.0-43.3, 44.3-44.8, 47.6-48.2, 62.0-62.1,
69.2-69.4, 70.6-71.0, 73.8-74.8, 75.5-76.4, 78.0-78.9,
82.2-83.5, 116.4-116.5, 119.2-119.5, 119.9-122.8,
123.9-124.6, 128.2-128.4, 128.5-130.5, 130.7-131.5,
133.9-135.3, 137.6-138.2, 139.2-139.6, PM-D 6.4-
7.1, 8.9-9.1, 13.5-14.7, PM-E 0.8-3.0, 6.8-7.6, 13.3—
14.7,16.1-16.9).

Subfacies C2a is found in Member 2A (Ediacaran)
and Members 2A and 2B (Fortunian), Subfacies C2b
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in Member 2B (Fortunian), and Subfacies C2c¢ in
Member 5 (Cambrian Age 2). Subfacies C2a, C2b and
C2c correspond, in parts, to Facies 2.1/Subfacies 2.2A,
Facies 2.3, and Subfacies 5.1B/Facies 5.2 of Myrow
(1987), respectively.

Interpretation. — The sandstone/mudstone ratio and
the sedimentary structures indicate deposition in
an upper offshore (MacEachern & Pemberton 1992;
Bann et al. 2004; Buatois & Mangano 2011; Chen &
Lee 2013; Labaj & Pratt 2016; Vaucher et al. 2020).
Heterolithic bedding demonstrates rapid changes
in flow velocities, with sandstone deposited during
energetic events and mudstone mostly settling from
suspension fallout during quiescent moments. In
addition, some of the tabular, thinly to thickly lam-
inated sandstone may also have formed through
suspension fallout (Myrow 1992b). Scratch circles
(‘Kullingia’) are physical structures formed by the pas-
sive rotation of an anchored object on the substrate
(Jensen et al. 2002a, 2018a).

In Subfacies C2a, oscillatory flows generated by fair-
weather wave and storm-wave action are the dominant
processes in the upper offshore. Isotropic hummocky
cross-stratification can form during storms, tsuna-
mis, and hurricanes (Dott & Bourgeois 1982; Duke
1985; Arora et al. 2018), either from pure oscillatory
flows or combined flows resulting from the super-
imposition of a low-velocity unidirectional current
(Arnott & Southard 1990; Dumas et al. 2005; Dumas &
Arnott 2006). Isotropic hummocky cross-stratification
commonly prevails on low-gradient shelves having a
large proportion of their seafloor above storm wave
base (Jelby et al. 2020; Grundvag et al. 2021). Micro-
hummocky cross-stratification and lenticular hum-
mocky cross-stratification demonstrate limited sand
supply and distalward transport of sand relatively to
the main storm activity affecting the shoreface. Starved
wave ripples and symmetrical ripple crests indicate that
wave action developed during fair-weather conditions
or during the waning stage following storms (Dott
& Bourgeois 1982; Walker et al. 1983; Arnott 1993;
Basilici et al. 2012). Convolution within hummocky
cross-stratification results from liquefaction of sedi-
ment triggered by stress related to storm wave (Molina
et al. 1998; Jelby et al. 2020). In fact, gutter casts ori-
ented perpendicular to the shoreline (Myrow 1992a),
in addition to hummocky cross-stratification and com-
bined-flow ripple cross-lamination, indicate that sub-
sidiary unidirectional currents were present as well.
Considering the dominance of storm-wave action,
these currents may have been related to storm-gen-
erated offshore-directed flows (Myrow et al. 2002;
Pattison et al. 2007; Basilici et al. 2012; Grundvag ef al.
2021). Such currents can develop during storm surge,
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with coastal sea-level set-up causing major down-
welling of currents carrying sediment offshore along
the bottom seafloor (Leckie & Krystinik 1989; Cheel
& Leckie 1993). In addition, wave-modified turbid-
ity currents display basal normal grading followed by
hummocky cross-stratification and combined-flow
ripple cross-lamination similarly to some sandstone
beds of Subfacies C2a; they are interpreted as resulting
from excess-weight forces during storms that can carry
sediment offshore (Myrow & Southard 1996; Myrow et
al. 2002; Lamb et al. 2008). Across-shelf transport of
sediment through wave-modified turbidity currents are
potentially related to seasonal increased storm activity
and enhanced river discharge after rainfall (Pattison
et al. 2007). Normal graded beds with gravel conglom-
erate and coarse-grained sandstone at their bases,
albeit in low proportion and mostly restricted to the
base of Member 2A, suggest traction of sediment fol-
lowed by a waxing stage that is more typical of hyper-
pycnal flows, preferentially generated directly on the
shelf with the aid of storm-wave action (Mulder et
al. 2003; Pattison & Hoffman 2008; Bhattacharya &
MacEachern 2009; Jelby et al. 2020; Lin & Bhattacharya
2021; Zavala et al. 2021, 2024). Hyperpycnal flows gen-
erated by waves only require low-gradient slopes to
develop (Bhattacharya & MacEachern 2009), which
corroborates interpretations on isotropic hummocky
cross-stratification. Dewatering cracks (i.e. injec-
tions structures) as observed in basal Member 2A are
also commonly associated with hyperpycnal depos-
its, suggesting slight freshwater inputs in the system
(Bhattacharya & MacEachern 2009; Birgenheier et al.
2017).

Subfacies C2b and C2c display current ripple
cross-lamination, in addition to tool marks and
small- and large-scale scours (in Subfacies C2c),
which indicate dominance of unidirectional flows
in the upper offshore. Prevalence of unidirectional
currents over oscillatory flows can be related to the
presence of a moderate- to high-gradient shelf, where
shelf-crossing, gravity-driven currents are more
prone to develop (Jelby et al. 2020; Grundvag et al.
2021). Several mechanisms have been invoked to
explain current development below fair-weather wave
base. In addition to the offshore-directed, storm-re-
lated currents described above, geostrophic currents
are formed offshore during storms, triggered by wind
stress on the water surface (Swift et al. 1983, 1987;
Niedoroda et al. 1984, 1985). Geostrophic currents
are parallel to oblique to the shoreline (Swift et al.
1983; Plint 2010). Considering that palaeocurrent
datasets from Subfacies C2b and C2c are limited
(Myrow 1987), definitive conclusions on the origin
of these offshore currents are difficult. Nevertheless,
the more intense bioturbation both in Subfacies C2b
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(abundant Teichichnus) and Subfacies C2¢ (mottled
ichnofabrics) indicate that these currents were able to
provide good oxygen and nutrient levels, allowing the
endobenthos to thrive.

Myrow (1987) noted similarities between the com-
mon vertical succession of Subfacies C2c and the clas-
sic Bouma sequence of deep-marine turbidites, notably
with the presence of normal grading within paral-
lel-laminated intervals. Similarities between Bouma
sequences of turbidites and sequences in distal tempes-
tites have also been noted by other authors (e.g. Cheel
& Leckie 1993; Mulder et al. 2009). However, classic
Bouma sequences are typically more complex, notably
with the presence of a basal T division with normal
grading in coarser-grained lithologies and a T_division
with ripple cross-lamination (Middleton & Hampton
1973; Nichols 2009; Peakall et al. 2020). Wave-modified
turbidites, which tend to show similar vertical succes-
sions, display oscillatory-flow structures (small-scale
hummocky cross-stratification, combined-flow ripples;
Myrow et al. 2002) that are absent in Subfacies C2c.
However, the basal portion of wave-modified turbid-
ites, with an erosive base followed by normal grading
(Myrow et al. 2002), is similar to the common succes-
sion of Subfacies C2c. Hyperpycnal flows display both
inverse and normal grading, common climbing ripples,
and coarser-grained intervals evidencing sustained and
prolonged supply of sediment (Mulder & Alexander
2001; Mulder et al. 2003; Bhattacharya & MacEachern
2009; Zavala & Arcuri 2016) that are absent in Subfacies
C2c. Consequently, the parallel-laminated interval of
the common vertical succession is interpreted as being
deposited from sheet flows generated by storm-waves
(Clifton 1981; DeCelles & Cavazza 1992), whereas
the return to fair-weather conditions permitted re-
colonisation of the seafloor by organisms (MacEachern
& Pemberton 1992; Bann et al. 2004).

Facies C3: Interlaminated mudstone and sandstone

Description. — Facies C3 is composed of Subfacies C3a,
C3b, C3c¢, and C3d. Subfacies C3a consists of dominant
green and silver green, medium mudstone, intercalated
with brown and dark grey, thinly to thickly laminated,
very fine- to fine-grained sandstone (Fig. 14A-G).
Subfacies C3b is composed of dominant red medium
mudstone, intercalated with green thinly to thickly
laminated, very fine- to medium-grained sandstone
(Fig. 14H). Subfacies C3c consists of red, purple, grey,
and green fine mudstone, intercalated with thinly lam-
inated to very thin-bedded, very fine- to fine-grained
sandstone (Fig. 141, J). Subfacies C3d is dominated by
grey green sandy mudstone, intercalated with dark grey
thinly to thickly laminated, very fine- to fine-grained
sandstone (Fig. 14K). Medium- and coarse-grained
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Fig. 14. Facies C3 (lower offshore). Scale bars are 1 cm (G), 2 cm (A-C, E, E H, ], K), and 10 cm (D, I). A, General view of Subfacies C3a showing
laterally extensive, thinly to thickly laminated sandstone. Stratigraphic top is indicated by the “T". Grand Bank Head, Member 2A (Fortunian).
B, Subfacies C3a showing pinch-and-swell (ps) within a thickly laminated sandstone, and an injection structure (is). Fortune Head, Member
2A (Fortunian). C, Subfacies C3a with closely spaced, cemented thin sandstone laminae, some developing blebby patterns. Note the erosive
base (arrow). Grand Bank Head, Member 2B (Fortunian). D, Top view with sinuous, in places bifurcating, round-crested symmetrical ripples
in Subfacies C3a. Fortune Head, Member 2A (Fortunian). E, Large pot cast with coarse-grained sandstone at the base, and longitudinal circular
markings on the wall. Grand Bank Head, Member 2A (Fortunian). F, Top view of a reticulated, microbially modified surface (‘Kinneyia-type)
in Subfacies C3a, covering a large area. Grand Bank Head, Member 2A (Fortunian). G, Top view of scratch circles (‘Kullingia’) in Subfacies
C3a. Fortune Head, Member 2A (Fortunian). H, General view of Subfacies C3b showing red medium mudstone. Fortune Head, Member 2B
(Fortunian). I, General view of Subfacies C3c¢ showing grey fine mudstone. Note closely spaced thin sandstone laminae (sl). Little Dantzic Cove,
Member 4 (Cambrian Age 2). J, Close-up on current ripple cross-lamination having thick fine mudstone draping in Subfacies C3c (arrows).
Note transition from green to red fine mudstone. Little Dantzic Cove, Member 4 (Cambrian Age 2). K, General view of Subfacies C3d, with a
common sequence of sharp erosive base, parallel lamination (pl), and burrow mottling (mo). Note the distinctive burrows filled from above
(arrows), and the thin sandstone laminae at the top. Little Dantzic Cove, Member 5 (Cambrian Age 2).
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sandstone is uncommon. Sandstone makes up 5-20%.
Sandstone beds are typically 0.05-2.0 cm thick, and
mudstone layers are 0.1-20.0 cm thick. Facies C3 forms
units 0.1-11.4 m thick and represents 408.0 m of strata
in total.

Sandstone is massive or displays normal grading
and parallel lamination. Thin sandstone laminae are
either faint or clearly distinctive and are commonly
laterally extensive. Thick sandstone laminae are tab-
ular or discontinuous laterally with pinch-and-swell
morphologies, in places with starved wave and cur-
rent ripples. Thick sandstone laminae can have diffuse
tops, with normal grading fading within the overly-
ing mudstone. Sandstone bed bases are erosive, either
sharp or irregular, and display tool marks, flute casts,
load casts, and scratch circles (‘Kullingia’). Sandstone
bed tops are flat or undulating, in places displaying
parting lineation. Pyritization of burrows is common,
and pyrite rosettes have been recorded at Point May.

Subfacies C3a shows rare wave and combined-flow
ripple cross-lamination and micro-hummocky
cross-stratification. Sandstone bed tops can have
symmetrical to near-symmetrical, straight to sinuous,
round- to sharp-crested ripples in Subfacies C3a.
Polishedslabsrevealthatmudstoneismassive, parallel-
laminated, or intensely bioturbated (Gougeon et al.
2018a). Microbially modified surfaces are wrinkled
or reticulated (i.e. ‘Kinneyia'-type), forming patches
or dominating larger surfaces. Pot casts, gutter casts,
and injection structures are common in Subfacies
C3a, in the lower half of Member 2A (see detailed
description in Facies C2). Thin sandstone laminae
in Subfacies C3a can form packages of horizontal
sheets, stacked on top of each other and separated
by very thin mudstone veneers, in places with irreg-
ular blebby patterns. Calcite concretions may form
along these laminated packages. Isolated calcite con-
cretions are conspicuous in mudstone intervals of
Subfacies C3a.

Subfacies C3b, C3c, and C3d display rare current-
ripple cross-lamination. Cementation of beds is locally
abundant in these subfacies. Subfacies C3c also hosts
calcite concretions in the lower half of Member 4. In
Subfacies C3c, Myrow (1987) and Myrow & Landing
(1992) noted that rare sandstone beds greater than 2 cm
thick demonstrate a transition from lower parallel
lamination to upper current ripple cross-lamination.
Subfacies C3d poorly exposes sandstone bed soles and
tops. In Subfacies C3d, small-scale scours visible in
cross-section and filled with current ripple cross-lam-
ination represent erosive equivalents to gutter casts of
Subfacies C3a. A vertical succession with sharp ero-
sive base, parallel-laminated sandstone topped by bio-
genic mottling is very rarely observed in Subfacies C3d.
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Purple phosphate pebbles have been noted in Subfacies
C3d.

Ichnology. — Archaeonassa fossulata, Arenicolites aff. A.
carbonarius, Bergaueria perata, Cochlichnus luguan-
ensis, Conichnus conicus, Cruziana problematica,
Curvolithus multiplex, C. simplex, Dendroidichnites aff.
D. irregulare, Gordia marina, Helminthoidichnites ten-
uis, Helminthopsis tenuis, Gyrolithes gyratus, G. scintillus,
Monomorphichnus bilinearis, M. lineatus, M. needlei-
unm, Monomorphichnus isp., Palaeophycus annulatus, P.
tubularis, Palaeophycus isp., Psammichnites gigas circula-
ris, Psammichnites cf. P. saltensis (Acenolaza & Durand),
Rusophycus isp., Saerichnites kutscheri, Teichichnus
rectus, Treptichnus bifurcus, T. coronatum, T. pedum,
Treptichnus indet., Trichichnus linearis, Trichichnus isp.,
and radial probing burrow are present in Facies C3.

Distribution and equivalents. — Facies C3 occurs in
Member 2A (Ediacaran), Members 2A, 2B, and 3
(Fortunian), and Members 4 and 5 (Cambrian Age 2)
at Fortune Head (140.4 m in total; FH-A 15.5-16.0,
16.1-18.6, 19.7-21.2, 21.8-26.0, 26.6-27.0, 27.4-
29.6, 29.7-31.7, 32.0-32.4, 33.2-34.1, FH-B 5.8-6.4,
6.8-8.3, 12.3-12.5, 13.0-17.6, 18.3-21.0, 21.9-22.1,
22.6-23.2, 23.7-23.8, 24.4-25.6, 25.7-26.3, 26.7-
27.0, 27.1-28.0, 28.9-30.1, 30.6-31.8, 32.6-33.2,
33.8-34.5, 36.7-38.6, 39.1-39.6, 39.8-40.1, 40.3-
40.6, 41.4-41.6, 41.9-42.0, 42.1-42.5, 43.2-43.4,
49.5-49.9, 50.2-50.6, 50.9-51.5, 51.9-53.1, 54.1-
54.4, 54.6-54.9, 56.1-56.6, 57.7-59.6, 60.2-60.5,
62.6-63.0, 63.8-64.1, 65.4-65.6, 66.1-67.8, 68.2—
68.9, 70.0-71.0, 71.5-72.0, 72.2-73.0, 74.1-75.2,
FH-C 12.6-13.3, 14.8-15.1, 15.8-16.2, 16.3-16.7,
38.1-43.6,46.6-47.5,47.8-48.3,49.7-50.2,51.2-51.8,
52.3-53.0,54.9-55.7,56.0-57.3,66.3-67.4, 67.6-69.5,
70.2-71.7, 72.0-72.6, 72.7-73.3, 73.8-74.8, 77.5-
77.8,78.8-82.4,96.7-97.9, 100.2-100.7, 100.8-101.3,
104.2-104.9, 105.9-106.4, 107.8-108.2, 109.0-109.9,
113.3-114.0, 115.2-115.8, 119.7-120.3, 120.7-121.1,
121.3-123.2, 125.1-125.9, 127.6-128.2, 128.8-129.6,
130.0-130.7, 132.2-132.8, 133.3-134.4, 140.2-141.7,
143.9-144.6, 145.1-145.8, 152.1-152.5, 153.1-153.5,
FH-D 6.0-6.5, FH-E 1.0-1.2, 3.9-4.6, FH-F 0.0-1.7,
2.0-2.8, 3.0-4.0, 4.2-4.8, 5.0-5.6, 6.1-8.1, 8.3-9.0,
9.6-10.2, 10.8-12.4, 12.7-14.2, 14.5-16.9, 17.5-18.0,
19.1-19.7, 22.2-23.0, 25.1-26.3, 28.1-28.6, 29.2-
29.7, 30.3-33.4, 33.7-34.5, 34.7-35.3, 35.5-37.4,
42.1-43.7, 47.3-48.6, 55.7-57.0, 57.1-57.7, 61.5-
62.0, 62.6-64.1, 65.0-67.0, 67.5-67.9, 68.4-69.6,
70.0-71.2, 71.9-73.3, 74.3-74.7, 78.0-80.3, 80.8-
81.2, 81.3-82.8, 83.5-84.3, 85.6-85.9, 86.5-86.8,
87.0-87.8, 89.6-89.8, FH-G 0.5-1.2,5.7-6.2, 6.8-7.2,
8.3-8.8, 9.8-10.2, 11.2-11.6, 12.7-13.7, 17.8-18.7,
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22.5-23.0, 56.2-56.8, 57.7-58.1), Fortune North
(12.5 m in total; FN-A 1.4-1.9, 2.2-3.1, 3.8-5.7,
8.5-9.2, 11.6-13.3, 15.5-16.4, 21.8-22.3, 27.1-27.8,
28.4-29.4, 38.4-38.9, 39.4-40.1, 42.2-44.7), Grand
Bank Head (86.0 m in total; GBH-B 0.4-1.7, 2.2-3.1,
3.4-5.3, 54-5.7, 6.6-6.9, 7.1-7.5, 10.1-10.5, 11.0-
11.8, 13.3-13.7, GBH-C 0.0-4.2, 9.2-9.5, 11.3-16.7,
17.0-17.6, 18.2-18.8, 22.9-23.4, 23.8-25.2, 26.3-
26.8, 27.1-27.6, 28.4-29.1, 30.0-30.4, 31.2-32.6,
36.1-36.7, 36.8-38.0, 38.2-39.9, 40.0-40.4, 40.7-
41.6, 42.8-44.0, 44.3-45.3, 45.6-47.0, 48.0-48.5,
54.2-55.5, 59.5-59.8, 61.2-61.7, 63.3-63.7, 64.3—
65.4, 69.0-70.4, 71.9-72.4, 75.3-76.0, 77.4-77.9,
82.9-83.2, 83.7-83.8, 86.4-86.8, 92.2-92.6, 117.9-
122.8, 133.3-133.4, 137.1-139.5, GBH-D 31.2-33.8,
33.9-43.0, 45.3-47.5, 49.1-50.8, 51.4-51.8, 52.6-
53.0, 55.4-57.9, GBH-E 3.2-4.0, 5.5-7.5, 8.1-8.6,
9.4-9.5, 9.8-10.5, 11.2-13.0, 13.3-13.5, 13.7-14.4,
14.6-15.4, 15.6-27.0, GBH-F 45.2-45.9), Lewin’s
Cove (23.6 m in total; LC-B 21.1-22.0, 23.0-24.5,
24.7-25.3, 25.8-26.0, 27.0-27.7, 28.9-29.4, 29.5-
31.3, 35.1-35.4, 37.4-39.5, 40.0-43.4, 43.6-44.2,
44.8-45.2, 45.5-47.5, LC-C 0.0-0.9, 1.9-2.7, 3.1-3.8,
5.7-6.4, 8.0-8.4, 10.2-10.6, 19.9-20.5, 22.6-23.1,
25.2-27.1, 35.5-36.0, 38.2-38.9, 39.5-40.0), Little
Dantzic Cove (53.5 m in total; LDC 0.5-0.7, 9.3-9.5,
24.2-24.8, 27.0-27.4, 28.7-30.0, 31.5-32.2, 33.4-
36.6, 39.4-39.6, 40.8-42.8, 44.9-45.8, 46.5-47.4,
50.1-53.1, 54.2-55.8, 60.2-60.7, 63.4-64.2, 71.0-
72.3, 72.8-75.1, 76.0-76.3, 77.1-77.5, 78.4-79.1,
81.3-82.0, 82.5-83.4, 83.8-84.1, 84.6-85.1, 85.4-
85.5, 85.9-86.3, 86.6-87.7, 88.9-89.5, 90.2-90.3,
90.7-91.7, 92.1-92.2, 92.9-93.0, 94.1-96.0, 96.7-
97.4, 98.3-98.6, 99.3-99.7, 100.4-102.0, 108.2-109.7,
131.2-132.2, 136.7-136.9, 160.6-160.7, 162.3-162.4,
166.5-167.3, 168.0-168.2, 170.1-171.2, 173.5-173.8,
175.0-175.1, 184.1-184.2, 187.5-188.8, 189.6-190.0,
197.9-198.4, 201.7-201.9, 202.3-202.4, 205.4-205.6,
206.7-206.9, 207.6-207.9, 211.4-212.7, 213.3-213.6,
215.2-215.3, 216.0-216.3, 216.9-218.1, 218.8-219.0,
221.0-221.2, 222.0-222.3, 224.9-225.2, 230.7-231.0,
232.7-233.5, 234.0-234.3, 235.3-235.4, 240.6-240.8,
241.3-242.1, 245.0-245.4, 245.8-246.1, 248.1-248.3,
248.7-248.8, 249.5-249.6, 250.2-250.6, 253.8-254.9,
258.6-258.8, 265.4-266.3, 272.0-272.2, 272.5-272.8,
274.5-274.7,275.1-275.5), and Point May (92.0 m in
total; PM-A 15.5-25.8, 26.5-27.9, 28.9-33.6, PM-B
0.0-1.0, 1.3-3.6, 3.7-6.7, 7.4-79, 8.3-9.5, 10.7-
11.4, 12.8-14.1, 15.0-15.3, 17.3-17.7, 20.9-21.7,
PM-C 3.0-3.5, 4.5-7.3, 7.8-8.7, 9.3-10.9, 11.4-11.8,
12.3-13.3, 13.6-14.3, 14.8-15.5, 16.2-18.7, 23.2-
24.2, 24.5-25.4, 25.9-26.9, 27.9-29.4, 30.3-32.3,
33.4-35.9, 36.0-37.9, 39.6-42.9, 43.7-44.3, 44.8-
47.6, 48.2-52.4, 57.6-62.0, 62.1-63.7, 68.1-69.2,
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69.4-70.6, 71.0-73.8, 74.8-75.5, 76.4-78.0, 78.9-
79.1, 81.6-82.2, 83.5-83.8, 114.9-116.4, 116.9-117.2,
117.6-118.0, 118.6-119.2, 119.5-119.9, 122.8-123 .4,
124.6-125.0, 127.8-128.2, 132.3-132.9, 135.3-137.6,
138.2-139.2, 139.6-140.0, PM-D 0.8-1.2, 6.0-6.4,
7.1-8.9, 9.1-10.1, 14.7-15.1, PM-E 0.0-0.8, 3.1-4.1,
6.1-6.5, 14.7-16.1, 19.5-20.0).

Subfacies C3a is found in Member 2A (Ediacaran)
and Members 2A, 2B, and 3 (Fortunian), Subfacies C3b
in Member 2B (Fortunian), Subfacies C3c in Member
4 (Cambrian Age 2), and Subfacies C3d in Member 5
(Cambrian Age 2). Subfacies C3a, C3b, and C3d cor-
respond respectively to the finer-grained intervals of
Facies 2.1/Subfacies 2.2A, Facies 2.3, and Subfacies
5.1A of Myrow (1987). Subfacies C3c corresponds to
the sandier intervals of Facies 4.1/4.2 of Myrow (1987).

Interpretation. — The dominant fine-grained sedi-
mentation associated with incipient thinly to thickly
laminated sandstone tempestites argues for deposi-
tion in a lower offshore (MacEachern & Pemberton
1992; Bann et al. 2004; Buatois & Mdangano 2011;
Dashtgard et al. 2012; Jelby et al. 2020). Suspension
fallout during quiescent moments is an important
process responsible for deposition of mudstone,
especially for parallel-laminated intervals (Pattison
et al. 2007). Additional processes have been invoked
for the deposition of mud on the shelf, notably
traction of flocculated fine mud behaving as larger
particles (Schieber et al. 2007; Schieber 2011;
Shchepetkina et al. 2018), hyperpycnal mud plumes
(Bhattacharya & MacEachern 2009; Schieber 2016),
or wave-enhanced sediment gravity flows (Wright
& Friedrichs 2006; Ichaso & Dalrymple 2009;
Macquaker et al. 2010; Plint 2014; Denommee et
al. 2016; Saleh et al. 2022). Identifying mud floc-
culation requires the use of a scanning electron
microscope, which is outside the scope of this study.
Hyperpycnal mud plumes and wave-enhanced sed-
iment gravity flows display more complex features
than that recorded in mudstone of Facies C3. Some
of the thin sandstone laminae may have been depos-
ited from suspension fallout after storms (Reineck
& Singh 1972; Dott & Bourgeois 1982). Crinkly
stacked sandstone laminae separated by thin mud-
stone veneers in Subfacies C3a result from microbial
stabilization of the seafloor (cf. Noftke et al. 2006).
In these intervals, microbes triggered the formation
of bedded concretions through early diagenetic pro-
cesses (Coleman 1993). Planar lamination records
traction deposition that conforms with tempestites
deposited from oscillatory sheet flows (DeCelles
& Cavazza 1992; Jelby et al. 2020). Pot casts are
formed by vertical vortices drilling the substrate
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through the grinding action of sand and larger
clasts (Myrow 1992a). Normal graded beds with
erosive bases are either deposited from simple wan-
ing flows and suspension fallout (Reineck & Singh
1972; Simpson et al. 2002; Desjardins et al. 2010a;
Grundvag et al. 2021), from storm-initiated turbid-
ity currents (Hayes 1967; Basilici et al. 2012; Jelby et
al. 2020), or from hyperpycnal flows (Mulder et al.
2003; Pattison 2005; Birgenheier et al. 2017).
Processes involved in the origin and deposition of
sand are different in Subfacies C3a and C3b/d. The
presence of symmetrical ripples and micro-hum-
mocky cross-stratification in Subfacies C3a demon-
strates that oscillatory flows were transporting sand,
most notably from the distalmost reach of storms
(Bann et al. 2004). Subfacies C3b/d only display rare
current ripples, indicating that unidirectional cur-
rents were involved in sand transportation. In the
lower offshore, unidirectional flows may have resulted
from geostrophic currents, rip currents, or the distal-
most reach of downwelling currents after storm surges
(Swift et al. 1983, 1987; Niedoroda et al. 1984, 1985;
Leckie & Krystinik 1989). Whereas rip currents have
more influence on the shoreface (Swift et al. 1987),
downwelling currents after storms can transport sed-
iment further offshore if shoaling from wave orbital
currents is not strong enough to keep the sand on the
shoreface (Niedoroda et al. 1984, 1985). The lack of
conclusive palaeocurrent datasets for Subfacies C3b
and C3d (Myrow 1987) hinders a full understanding
of sand deposition in these settings. However, palae-
ocurrents perpendicular to the shoreline in Subfacies
C3a (Myrow 1992a; Myrow & Hiscott 1993) indicate
that sand was carried through similar processes as
detailed for the upper offshore Subfacies C2a.
Subfacies C3c differs from Subfacies C3a/b/d by
its fine mudstone content and its stratal relationship
with Facies D2. Hence, Subfacies C3c is linked to the
development of a mud depocenter along the shoreline
with reduced sand inputs most likely provided through
wind-driven currents that are active during winters
(e.g. Lee & Chu 2001; see Facies D2 interpretation).
Subfacies C3c is better exposed in the upper part of
Member 4 at Little Dantzic Cove, characterised by the
distinct development of current ripple cross-lamination
(Fig. 14]) demonstrating a slight increase in energy
(in comparison to suspension fallout sedimentation of
Facies D2, which is dominantly recorded in Member 4).
This follows the suggestion of Myrow & Landing (1992)
that Member 4 depicts a progressive shallowing at Little
Dantzic Cove, although this conclusion is not based on
the same evidences (see Facies D2 interpretation). At
Grand Bank Head, Subfacies C3c is absent in Member
4, which suggests that this locality depicts deeper water
conditions unaffected by wind-driven currents.
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Finally, although red beds are more common in
continental deposits, they have also been recorded in
fully marine settings in relation to oxidation events
(Hu et al. 2012; Wetzel & Uchman 2018; Li et al. 2019;
Rasmussen & Muhling 2019). The formation of hema-
tite pigments necessitates a small initial organic matter
fraction coupled with a significant quantity of unsta-
ble ferruginous minerals or rock fragments (Blodgett
et al. 1993). Red beds of Subfacies C3b originated in a
marine environment, as demonstrated by their stratal
position and genetic relationship with Facies C1 and
C2 and their higher bioturbation intensities.

Facies Association D

Facies association D is recorded from Members
2A, 2B, and 3 (Fortunian), and Members 4 and 5
(Cambrian Stage 2). It represents shelf settings (stricto
sensu) deposited below storm-weather wave base and
is composed of Facies D1 (massive medium mud-
stone), Facies D2 (massive fine mudstone), and Facies
D3 (massive sandy mudstone).

Facies D1: Massive medium mudstone

Description. — Facies D1 consists of massive green and
grey green, medium mudstone, sparsely intercalated
with thinly laminated, very fine- to fine-grained sand-
stone (Figs 15A-C, 17A, B). Sandstone makes up less
than 5%. Sandstone laminae are typically 0.05-0.1 cm
thick, and mudstone layers are 0.2-9.2 m thick. Facies
D1 forms units 0.2-14.7 m thick and represents 120.0
m of strata in total.

Thin sandstone laminae are massive and typically
discontinuous laterally. Mudstone grains have & = 3-70
um (based on four thin sections). Medium mudstone is
the dominant lithology, but fine and coarse mudstones
are recorded to a lesser degree. Another thin section
(S1.LDC16) has @ = 4-96 pm, is heavily bioturbated
and poorly sorted. On polished samples (cf. supple-
mentary material in Gougeon et al. 2018a), mudstone
intervals are either biogenically mottled or planar lam-
inated, in places with normal grading. Within Member
2, soft-sediment deformation structures have been
noted. Carbonate concretions are conspicuous. These
large nodules, typically two to three times wider than
thick, are oriented parallel to the bedding and can host
small shelly fossils. Large purple phosphate nodules are
also preserved in clusters. In thin section, organic car-
bonaceous material is common, and burrows and algal
body fossils are typically pyritized.

Ichnology. - Bergaueria perata, Cochlichnus anguineus,
Gyrolithes gyratus, G. scintillus, Helminthoidichnites ten-
uis, Helminthopsis tenuis, Monomorphichnus bilinearis,
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Fig. 15. Facies D1 (A-C), Facies D2 (D-G), and Facies D3 (H, I) (shelf). Scale bars are 1 cm (G), 10 cm (B, I), 30 cm (F), 50 cm (H),
and 100 cm (A, C-E). A, General view of Facies D1 showing dominance of medium mudstone. Note calcite concretions (arrows). Little
Dantzic Cove, Member 3 (Fortunian). B, Soft-sediment deformation structure within mudstone of Facies D1. Fortune Head, Member
2A (Fortunian). C, Stratal relationship of Facies D1 with other facies. Stratigraphic top is indicated by the ‘T’. Fortune Head, Member 2A
(Fortunian). D, General view of Facies D2 showing dominance of fine mudstone. Note intercalation of LS2, bedded calcite nodules (cn),
bedded phosphate nodules (pn), and red intervals both below and above LS2. Little Dantzic Cove, Member 4 (Cambrian Age 2). E, Banded
alternance of green and red mudstone in Facies D2. Note disorganized calcite nodules (some are arrowed). Little Dantzic Cove, Member
4 (Cambrian Age 2). F, LS1, made of two beds of coalesced calcite nodules delineating the base of Member 4. Note other calcite nodules
(arrows). Little Dantzic Cove, Member 4 (Cambrian Age 2). G, Distinct calcite-cemented burrows recorded just above LS2. Little Dantzic
Cove, Member 4 (Cambrian Age 2). H, General view of Facies D3 showing dominance of sandy mudstone. Note black-colored cover on
the exposure. Little Dantzic Cove, Member 5 (Cambrian Age 2). I, Close-up on a clean sandy mudstone exposure of Facies D3, showing
vertical pyritized burrows (Trichichnus isp.) and sparse thin sandstone laminae (arrows). Little Dantzic Cove, Member 5 (Cambrian Age 2).
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Palaeophycus tubularis, Palaeophycusisp., Psammichnites
gigas circularis, Saerichnites kutscheri, Teichichnus rec-
tus, Torrowangea rosei, Treptichnus pedum, Treptichnus
indet., Trichichnus linearis, Trichichnus isp., and radial
probing burrow are present in Facies D1.

Distribution and equivalents. — Facies D1 occurs in
Members 2A, 2B, and 3 (Fortunian) at Fortune Head
(18.7 m in total; FH-A 19.3-19.7, 26.2-26.6, 27.0-
27.4, 31.7-32.0, 32.4-33.2, FH-B 6.4-6.8, 8.3-9.0,
11.1-12.3,12.5-13.0, 21.1-21.9, 22.1-22.6, 26.4-26.7,
30.1-30.6, 32.3-32.6, 40.6-41.4,41.6-41.9, 42.8-43.2,
47.3-47.7,47.9-48.6, 49.1-49.5, 49.9-50.2, 53.9-54.1,
64.1-65.4, FH-C 43.6-44.2, 49.2-49.7, 50.2-51.2,
51.8-52.3, 53.5-54.5, 57.3-57.6, 99.7-100.2, 108.6—
109.0, 126.5-126.8, FH-F 69.6-70.0, 80.4-80.8, FH-G
0.0-0.5), Grand Bank Head (18.6 m in total; GBH-B
0.1-0.4, 5.8-6.6, 7.5-8.0, GBH-C 10.8-11.0, 16.7-
17.0, 72.4-73.6, 124.1-133.3, 133.4-137.1, GBH-D
50.8-51.4,51.8-52.6, GBH-E 3.0-3.2,9.1-9.4,9.6-9.8,
13.0-13.3), Lewin’s Cove (2.3 m in total; LC-B 26.2—
27.0, 34.2-34.4, 35.4-35.8, 39.5-40.0, LC-C 2.7-3.1),
Little Dantzic Cove (66.6 m in total; 0.0-0.5, 0.7-9.3,
9.5-24.2, 24.8-27.0, 27.4-28.7, 30.0-31.5, 32.2-33.4,
36.6-39.4, 39.6-40.8, 42.8-44.9, 45.8-46.5, 47.4-50.1,
53.1-54.2, 55.8-60.2, 60.7-63.4, 64.2-66.5, 66.6-71.0,
72.3-72.8,75.1-76.0, 76.3-77.1, 77.5-78.4, 79.1-81.3,
82.0-82.5, 83.4-83.8, 84.1-84.6, 85.1-85.4, 85.5-85.9,
86.3-86.6, 87.7-88.9, 89.5-90.2, 90.3-90.7, 91.7-92.1,
92.2-92.9, 93.0-94.1, 96.0-96.7, 97.4-97.7), and
Point May (13.8 m in total; PM-B 14.1-14.6, 23.0-
24.2, PM-C 3.5-4.5, 10.9-11.4, 13.3-13.6, 22.3-22.7,
22.8-23.2,26.9-27.2, 33.0-33.3, 37.9-39.6, 43.3-43.7,
52.4-57.6,116.5-116.9, 117.2-117.6, PM-D 0.0-0.8).

Facies D1 corresponds to the finer-grained inter-
vals of Facies 2.4/3.1 of Myrow (1987).

Interpretation. — Thick mudstone intervals and the
stratigraphical position of Facies D1 indicate depo-
sition on a shelf (stricto sensu) below storm-weather
wave base (MacEachern et al. 1999; Buatois & Mangano
2011; Hutsky & Fielding 2016; Birgenheier et al. 2017).
Processes that can be invoked for mudstone transport
or deposition are suspension fallout, mud flocculation,
hyperpycnal mud plumes, or wave-enhanced sedi-
ment gravity flows (Schieber et al. 2007; Bhattacharya
& MacEachern 2009; Macquaker et al. 2010; Saleh et
al. 2022). Identification of mud floccules requires scan-
ning electron microscope imaging (e.g. Schieber et al.
2007, fig. 1), which is outside the scope of this study.
Hyperpycnal flows are typified by inverse and normal
grading, climbing ripples, and coarser-grained inter-
vals (Mulder & Alexander 2001; Mulder et al. 2003;
Bhattacharya & MacEachern 2009; Zavala & Arcuri
2016) that are overall not observed in Facies DI.
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Wave-enhanced sediment gravity flows are identified
based on a specific tripartite small-scale succession
(see Macquaker et al. 2010, fig. 2) which has not been
noted in polished samples from Facies D1. Therefore,
passive mud settlement from the water column possibly
related to repetitive changes in fluid viscosity (Al-Mufti
& Arnott 2023) is suggested as the main process of dep-
osition for mudstone of Facies D1, which permitted the
development of planar-lamination and normal grading.
Discontinuous thin sandstone laminae undisrupted by
burrows indicate sand starvation (Birgenheier et al
2017). Intensely bioturbated intervals represent fully
marine, well-oxygenated conditions (Savrda et al. 1991;
Savrda 2007; Wilson & Schieber 2015). In addition,
some laminated intervals may also have been oxygen-
ated, although at lower levels, allowing meiofauna to
thrive and feed in between clastic grains without dis-
rupting the sedimentary fabric (Schieber & Wilson
2021). Thick convoluted intervals were studied in detail
by Myrow (1987) and Myrow & Hiscott (1991) and
were interpreted as gravity-flow deposits (unifite and
raft-bearing beds). Carbonate concretions are early
diagenetic structures exposing the original depositional
fabric (Chafetz 1979; Marshall & Pirrie 2013), whose
formation can be initiated by microbial activity related
to organic material decay (Berner 1968; Grice et al.
2019). The common intercalation of lower offshore (i.e.
Facies C3) and shelf strata (i.e. Facies D1) in Member 3
demonstrates their genetic relationship.

Facies D2: Massive fine mudstone

Description. — Facies D2 consists of massive red, pur-
ple, grey, and green, fine mudstone, sparsely interca-
lated with thinly laminated, very fine- to fine-grained
sandstone (Figs 15D-G, 16, 17C). Sandstone beds are
typically 0.05-0.1 cm thick, and mudstone intervals
are 0.1-27.0 m thick. Sandstone makes up less than
2%. Facies D2 forms units 0.4-37.3 m thick and rep-
resents 112.3 m of strata in total.

Mudstone grains have & = 3-52 um (based on six
thin sections). Fine mudstone is the dominant lithology,
but medium mudstone is also recorded. Mudstone is
massive or heavily bioturbated (BI = 4-6) and displays
banded alternation in colors. Colored bands are laterally
pervasive and consistent in thickness, or patchy. In the
field, intense biomixing is striking at green-to-red inter-
faces, where the color contrast is the highest. Polished
samples reveal high bioturbation intensities in either
red, green, or grey mudstone. One polished sample
(S1.LDC28, collected 1.9 m below LS3 at Little Dantzic
Cove) also displays parallel lamination. Thin sandstone
laminae are commonly calcite cemented, typically
discontinuous laterally and forming local packages.
Phosphate and pyrite pebbles are isolated or in clusters.
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Fig. 16. Polished sample recovered 1.9 m below the base of LS3 at Little Dantzic Cove (sample S1.LDC28; stratigraphic level LDC 177.2).
Note red fine mudstone with distinct parallel lamination (some laminae are arrowed). Member 4 (Cambrian Age 2). Scale bar is 1 cm.

Bedding planes are poorly exposed. Grey and green
intervals display small shelly fossils, notably Aldanella
attleborensis, ‘Ladatheca’ cylindrica, and Watsonella
crosbyi (see also Landing et al. 1989 and Landing 1993).
Algal filaments are also commonly preserved.

Calcite concretions are either isolated, arranged
chaotically, or forming laterally extensive layers.
Concretions are structureless or display parallel lam-
ination. They are notably lacking in the upper half
of Member 4, both at Grand Bank Head and Little
Dantzic Cove. Concretions can coalesce and develop
laterally extensive beds of micritic limestone, 3-18 cm
thick, that vary greatly in thickness. At Little Dantzic
Cove, a thicker limestone bed defining the base of
Member 4 (i.e. LS1 of Myrow 1987) consists of: (1)
basal coalescent calcite nodules (6 cm thick); (2) ared
mudstone interval (3 cm thick); and (3) a homogene-
ous micritic limestone bed (6 cm thick).

Ichnology. — Conichnus conicus, Palaeophycus tubu-
laris, Palaeophycus isp., Psammichnites gigas circu-
laris, Teichichnus rectus, Trichichnus linearis, and
Trichichnus isp. are present in Facies D2.

Distribution and equivalents. — Facies D2 occurs in
Member 4 (Cambrian Stage 2) at Grand Bank Head
(41.5 m in total; GBH-F 0.0-37.3, 40.1-44.3) and
Little Dantzic Cove (70.8 m in total; LDC 97.9-98.3,
98.7-99.3, 99.7-100.4, 102.0-108.2, 109.7-131.2,
132.2-136.7, 136.9-145.1, 145.3-156.5, 158.5-160.6,
160.7-162.3, 162.4-166.5, 167.3-168.0, 168.2-170.1,
171.2-173.5,173.8-175.0, 175.1-178.7).

Myrow (1987) also recorded Facies D2 at Fortune
North (ca. 85 m) in an area that has not been accessed
in this study. Facies D2 corresponds to finer-grained
intervals of Facies 4.1/4.2 of Myrow (1987).

Interpretation. — A model was developed by Myrow
& Landing (1992) to explain the deposition of mud-
stone and limestone of Member 4. They argued that
grey mudstone was deposited in the distal portion of
a ramp under dysaerobic conditions, whereas green
and red mudstone were more typical of proximal aer-
obic settings (see also Brasier et al. 1992 and Landing
& Westrop 2004). An important line of evidence
for this model was the interpretation of bioturbated
intervals, which were thought to be more important
in red and green mudstone. Indeed, in the field, red
and green mudstone interfaces provide an impor-
tant color contrast that aids in spotting intense bio-
mixing. However, polished samples also demonstrate
elevated bioturbation intensities in grey mudstone
(Gougeon et al. 2018a, fig. 2d). Moreover, Myrow &
Landing (1992) emphasized different trends in car-
bonate, phosphate, and pyrite nodule occurrences,
with: (1) phosphate and pyrite nodules found in grey
mudstone, in intervals lacking carbonate nodules; (2)
small carbonate nodules found in red mudstone; and
(3) large carbonate nodules found in green mudstone.
However, from our observations, carbonate nodules
do not follow a preferential arrangement with regard
to the colored mudstone they are found in. Carbonate
nodules are, for instance, abundant in red mudstone
of upper Member 3 (LDC 94.5-97.7) and in the lower
half of Member 4 (GBH-F 9.6-12.2, LDC 134.9-
135.7, LDC 143.1-145.1), whereas they are absent in
other red intervals from the lower half of Member 4
(GBH-F 17.5-21.0, LDC 135.7-136.9). Red mudstone
from the upper half of Member 4 (i.e. in between LS2
and LS3) is lacking calcite concretions, both at Grand
Bank Head and Little Dantzic Cove. Phosphatic
nodules are recorded either from red, purple, grey,
or green mudstone, while pyritic nodules are found
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both in grey and green mudstone (Myrow & Landing
1992, fig. 2). Myrow & Landing (1992) further argued
that facies trends at Little Dantzic Cove depict a
progressive shallowing from distal dysaerobic grey/
green mudstone to more proximal aerobic red mud-
stone, with two peaks of coastal strata represented
by peritidal limestone of LS2 and LS3. However, red
mudstone is found just below and above LS2 (Fig. 15D;
Myrow & Landing 1992, fig. 2, and our dataset LDC
142.9-151.1) and LS3 (Myrow & Landing 1992, fig. 2,
and our dataset LDC 176.3-181.3) at Little Dantzic
Cove. Similarly, at Grand Bank Head, LS3 (GBH-F
43.1-45.8) is intercalated within red mudstone. The
absence of carbonate concretions in the upper half of
Member 4 at Little Dantzic Cove, Grand Bank Head,
and apparently at Fortune North (Myrow & Landing
1992, fig. 2), is problematic and does not agree with
the progressive shallowing sequence as suggested in
the archetypal model of Myrow & Landing (1992, fig.
8). Finally, red mudstone below LS3 can be heavily
bioturbated, but it also displays parallel lamination
(Fig. 16) that does not suggest aerobic conditions.

Using calcite nodules in a sedimentary model is
problematic as these are diagenetic features, not sed-
imentologic. In the Chapel Island Formation, calcite
nodules are recorded in lower shoreface (e.g. FN-B
1.4, FN-B 7.3), offshore transition (e.g. FH-F 18.1,
GBH-B 12.9), upper offshore (e.g. FH-A 26.1, FH-B
17.9), lower offshore (e.g. FH-A 30.1, FH-B 15.5),
and shelf (e.g. FH-A 33.1, FH-C 50.5) settings. In
addition, calcite concretions have been recorded in
continental, marginal-marine, and deep-marine envi-
ronments elsewhere (e.g. Blodgett et al. 1993; Allison
& Pye 1994; Marshall & Pirrie 2013; Gaines & Vorhies
2016). Similarly, bedding color can be diagenetic
(Blodgett et al. 1993; Hu et al. 2012). For instance,
red-colored mudstone is recorded from continental,
marginal-, shallow-, and deep-marine environments
(e.g. Blodgett et al. 1993; Sheldon 2005; Hu et al. 2006,
2012; Wetzel & Uchman 2018; Li et al. 2019). To sum-
marize, it is difficult to reconcile the conceptual model
of Myrow & Landing (1992) with direct observations
in the field and from polished samples.

In this study, we propose a different interpreta-
tion for the deposition of Facies D2 that is not based
on bed color nor on carbonate, phosphate, or pyrite
nodule arrangements. From field and polished sam-
ple observations, important elements to account for
are: (1) the dominance of fine mudstone; (2) the
intense bioturbation in some intervals; (3) the stratal
relationship with Subfacies C3c that shows thinly
laminated sandstone, planar-laminated sandstone,
and current ripple cross-laminated sandstone; and
(4) the stratal relationship with Facies E1 and E2
that have subtidal and intertidal origins. The most
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likely interpretation for Facies D2 is deposition
in a mud depocenter detached from its source (cf.
Lantzsch et al. 2009; Hanebuth et al. 2015). Mud
depocenters typically form below storm wave base
during highstands when the continental shelf is
widely inundated, with the main agent of sediment
transport being hyperpycnal plumes (Cattaneo et
al. 2003; Hanebuth et al. 2015). Wind-driven and
geostrophic currents can carry suspended parti-
cles along the shoreline (e.g. Foster & Carter 1997;
Cattaneo et al. 2003; Liu ef al. 2018), a phenome-
non aided by the lack of flocculation of fine-grained
particles (Liu et al. 2014). Therefore, mud can be
transported far from the fluvial source and be accu-
mulated along to the coast in an area of low energy
that can be no more than 10-20 m in water depth
(e.g. Lee & Chu 2001). These mud depocenters are
known as mud belts, shallow-water contourite drifts,
mud entrapments, or mud wedges (Hanebuth et al.
2015). In Member 4, the mud depocenter was prob-
ably detached, as sandstone is absent (i.e. Facies
D2) or limited to thin laminae (i.e. Subfacies C3c);
coarsening upward successions that are observed in
prodeltaic settings are also absent (Lantzsch et al.
2009; Hanebuth et al. 2015). Currents transporting
mud can provide nutrients and organic materials to
the euphotic zone, hence triggering proliferation of a
diverse and abundant benthic life (Oliver et al. 2011;
Cheriton et al. 2014) aiding in the development of a
sediment mixed layer (e.g. Park et al. 2000; Lesueur
et al. 2001; Cattaneo et al. 2003). Benthic life was
also thriving at the time of deposition of Facies D2,
as depicted by high bioturbation intensities and the
formation of thick mottled intervals (Gougeon et al.
2018a, 2025a).

A modern analogue to the mud depocenter of
Member 4 is the Huksan Mud Belt (also referred to
as Southeastern Yellow Sea Mud Belt) from the south-
western coast of South Korea (Park et al. 2000; Lee
2015). The Huksan Mud Belt is exclusively composed
of mud, spanning a geographic area of 20-50 km in
width and 200 km in length with water depths of
10-110 m, and is located far from any significant river
discharge (Lee & Chu 2001; Lee 2015). For compari-
son, Facies D2 (and more generally Member 4) has a
minimal extension of 40 km as it is recorded in Grand
Bank Head and Langlade (Saint-Pierre-et-Miquelon;
Rabu et al. 1993, 1994). The maximum Huksan Mud
Belt thickness reaches 50 m (Park et al. 2000; Lee 2015)
which is also comparable to the maximum thickness
of 37.2 m recorded for Facies D2. Sediment of the
Huksan Mud Belt is provided in part from the Korean
Keum river and carried by the wind-driven Korean
Coastal Current, but also from the Chinese Huanghe
or Changjiang rivers and transported offshore by the
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Fig. 17. Thin sections from Facies D1 (A, B), Facies D2 (C), and Facies D3 (D) (shelf). Scale bars are 200 um. All thin sections are from
Little Dantzic Cove. A, Typical medium mudstone of Facies D1. Grain & = 5-40 pm. Sample S1.LDC13, Member 3 (Fortunian). B, Thin
section from a bioturbated interval in Facies D1. Note poor grain sorting. Grain & = 4-96 um. Sample S1.LDC16, Member 3 (Fortunian).
C, Typical fine mudstone of Facies D2 recovered from a red interval. Grain @ = 3-24 pm. Sample S1.LDC25, Member 4 (Cambrian Age 2).
D, Typical sandy mudstone of Facies D3. Note poor grain sorting and similarities with Figure 17B. Grain @& = 3-104 pm. Sample S1.LDC30,

Member 5 (Cambrian Age 2).

Yellow Sea Warm Current, both currents being nota-
bly active during winters (Alexander et al. 1991; Park
et al. 2000; Lee & Chu 2001; Lim et al. 2007; Wang et
al. 2010; Lee 2015). The Huksan Mud Belt is generally
highly bioturbated especially in the southern part of
the belt, but some other areas remain mostly parallel-
laminated (Park et al. 2000; Lee & Chu 2001). Notably,
Park et al. (2000) recorded a well-developed sediment
mixed layer in many of the cores studied. Areas with
good preservation of laminated sedimentary fabric
result from higher sedimentation rates and possi-
ble anoxia precluding benthic colonisation (Leithold
1993; Cattaneo et al. 2003). In sedimentary cores, shell
lags were found in close association to bioturbated
intervals (Park et al. 2000; Lee & Chu 2001), but their
origin is unclear. Member 4 also possesses two shell
lags composed of small shelly fossils (as part of Facies
E1 and E2) that are intercalated within Facies D2.

Facies D3: Massive sandy mudstone

Description. — Facies D3 is composed of massive grey
green, sandy mudstone, rarely intercalated with dark
grey, thinly laminated, very fine- to fine-grained sand-
stone (Figs 15H, I, 17D). Sandstone makes up less
than 5%. Sandstone beds are typically 0.05-0.1 cm
thick, and sandy mudstone layers are 0.1-4.5 m thick.
Facies D3 forms units 0.1-4.5 m thick and represents
55.5 m of strata in total.

Mudstone grains are poorly sorted and have @ =
3-104 um (based on two thin sections). Sandy mud-
stone is the dominant lithology, but fine to coarse
mudstone is also recorded. Thin sandstone laminae
are massive, commonly calcite cemented, and are
discontinuous laterally. Rare naturally polished ver-
tical sections in the field show that sandy mudstone

is either parallel-laminated or heavily bioturbated,
which is confirmed on polished samples. However,
many vertical exposures in the field are covered and
do not allow further detailed analysis.

Ichnology. - Arenicolites isp., Curvolithus simplex,
Helminthopsis tenuis, Palaeophycus isp., Psammichnites
gigas circularis, Teichichnus rectus, Trichichnus line-
aris, and Trichichnus isp. are present in Facies D3.

Distribution and equivalents. — Facies D3 occurs in
Member 5 (Cambrian Age 2) at Grand Bank Head
(0.4 m in total; GBH-F 45.9-46.3) and Little Dantzic
Cove (55.1 m in total; 179.3-180.5, 181.0-184.1,
184.2-187.5, 189.1-189.6, 190.0-194.5, 196.5-197.9,
198.4-201.7, 201.9-202.3, 202.4-205.4, 205.6-206.7,
206.9-207.6, 207.9-211.4, 212.9-213.3, 213.6-215.2,
215.3-216.0, 216.3-216.9, 218.1-218.8, 219.0-221.0,
221.2-222.0, 222.3-224.4, 224.6-224.9, 225.2-227.9,
228.4-228.8, 229.1-230.7, 231.0-232.7, 233.5-234.0,
234.3-235.3, 235.4-236.3, 238.3-239.7, 240.0-240.6,
240.8-241.3, 242.2-242.7, 245.4-245.8, 246.1-247.3,
247.8-248.1, 248.3-248.7, 249.1-249.5, 249.6-250.2,
250.7-250.8, 253.4-253.8, 258.2-258.6, 263.4-265.4,
270.4-270.8,271.6-272.0, 273.9-274.5, 277.3-277.8).

Facies D3 corresponds to the finer-grained interval
of Subfacies 5.1A of Myrow (1987).

Interpretation. — Thick sandy mudstone intervals and
the stratigraphical position of Facies D3 argue for
shelf deposition (stricto sensu) below storm-weather
wave base (MacEachern et al. 1999; Aitken & Flint
1995). Thick sandy mudstone intervals may be related
to important biogenenic reworking of sand and mud
particles (e.g. Moslow & Pemberton 1988; McKay &
Longstaffe 2003; Bann et al. 2004), or from immature
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Fig. 18. Facies E1 (A-F) (subtidal) and Facies E2 (G-M) (intertidal). Scale bars are 1 cm (C,E,E I, L), 5cm (B, D, K, M), 10 cm (A, H, J), and
10 m (G). All photographs are from Little Dantzic Cove, Member 4 (Cambrian Age 2). A, General view of LS2. Note rare oncoid preserved
in cross-section (arrow). B, Units (1) to (3) of LS2. Note sharp contact between units (1) and (2). Unit (3) is only partially preserved (left
side). C, Close-up from Figure 18B showing small shelly fossil accumulation. D, Upper surface view of LS2 showing aggregation of oncoids.
E, Close-up from Figure 18D showing a disc-shaped oncoid with well-developed cortex and a mudstone clast as nucleus. F, Irregular lobate
oncoid from LS2. G, General top view of LS3. H, General cross-section view of LS3 with the five units preserved. I, Transition from units (1)
to (2) in LS3 showing inverse graded calcite crystals in unit (1) and clasts in basal part of unit (2). J, Transition from units (3) to (5) in LS3.
K, Close-up from Figure 18] showing prominent domal stromatolite of unit (4) (arrows). L, Small shelly fossil accumulation in unit (5) of
LS3. M, Top view of desiccation cracks in LS3.
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and poorly sorted sediment. Direct evidence in the field
(Fig. 64), on polished samples (Gougeon et al. 2018a),
and on thin sections (compare Fig. 17B and 17D) sug-
gest that intense bioturbation is the main contributor
to the development of sandy mudstone in Facies D3
(see also Gougeon et al. 2025a). Different mechanisms
are invoked for the transport of fine-grained sedi-
ments onto the shelf (see Facies C3 interpretation). In
Facies D3, passive suspension fallout is the most prob-
able mechanism considering the stratigraphical rela-
tionship of this facies with lower offshore deposits of
Subfacies C3d.

Facies Association E

Facies association E is recorded from Member 4
(Cambrian Stage 2). It corresponds to two limestone
beds deposited in shallow subtidal (Facies E1) and
intertidal (Facies E2) environments.

Facies E1: Medium-bedded limestone with oncoids

Description. — Facies E1 consists of a limestone bed
(LS2 of Myrow 1987) showing a moderate degree of
complexity (Figs 15D, 18A-F). LS2 is located 47.4 m
above the base of Member 4 at Little Dantzic Cove. LS2
is 24 cm thick, does not vary much in thickness, and
extends 23+ m laterally. LS2 consists of four units: (1)
a basal red homogeneous micritic limestone (10 cm
thick); (2) red wackestone with packstone lenses of
small shelly fossil bioclasts (9 cm thick); (3) a black
mudstone interval mineralized by iron and manga-
nese and displaying prominent oncoids (1 cm thick);
and (4) a red nodular micritic limestone (4 cm thick).
Myrow & Landing (1992) recorded burrow mottling
within micritic intervals (1) and (4). Small shelly fos-
sils from LS2 were identified by Landing ef al. (1989,
table 1) and are composed of Aldanella attleboren-
sis, ‘Allatheca’ degeeri (Holm), Anabarites korobovi
(Missarzhevsky), Archaeospira? avalonensis Landing,
Bemella? vonbitteri Landing, Coleoloides typicalis,
Fomitchella infundabiliformis Missarzhevsky, Halkieria
stonei Landing, Helcionella sp., ‘Ladatheca’ cylindrica,
Lapworthella ludvigseni, Maldeotaia bandalica Singh
& Shukla, and Watsonella crosbyi. Oncoids are of
low-relief, disc-shaped to more elongated, some hav-
ing irregular morphologies, and are densely aggre-
gated. Concentric layers of red mud form their cortex,
whereas the nucleus rarely exposes a mudstone clast
(see Alvaro & Mills 2024 for detailed oncoid descrip-
tion). Oncoids have @ = 1-7 cm and layers forming
the cortex are submillimetric in thickness.

Ichnology. - Individual trace fossils have not been
identified in Facies E1.
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Distribution and equivalents. - Facies E1 occurs in
Member 4 (Cambrian Age 2) at Little Dantzic Cove
(24 cm thick; LDC 145.1-145.3). Facies E1 corre-
sponds to Facies 4.3 (LS2) of Myrow (1987).

Interpretation. — The presence of large disc-shaped
oncoids and the stratigraphical position of Facies E1
suggest deposition in a marine shallow subtidal envi-
ronment (Peryt 1981; Olszewski 1996; Schaefer et al.
2001; Fliigel 2010; Alshuaibi et al. 2012; Riaz et al.
2020). Oncoids are coated grains formed by the bind-
ing of clastic particles thanks to algal mats or biofilms,
which secondarily trigger calcite precipitation (Aitken
1967; Dahanayake et al. 1985; Jones & Goodbody
1985; Garcia-Pichel et al. 2004; Fliigel 2010; Jones
2010). Oncoids are typically developed in continental
(e.g. Dean & Eggleston 1984; Smith & Mason 1991;
Verrecchia et al. 1997) and marine intertidal or subtidal
areas (e.g. Pratt 1979; Védrine et al. 2007; Alshuaibi et al.
2012). Considering the stratigraphical position of
Facies E1, a shallow marine environment is envisioned
(see also Alvaro & Mills 2024). Oncoids have also been
recorded in association with shells and bioturbated
intervals in open-marine settings within the photic
zone, above storm wave base (Massari & Dieni 1983;
Olszewski 1996; Beraldi-Campesi et al. 2018). Small
subspherical oncoids result from important rolling
and overturning in high-energy conditions, whereas
larger, lobate, and more irregular oncoids are formed in
low-energy environments allowing the development of
microbial meshwork (Védrine et al. 2007; Fliigel 2010).
Therefore, large, irregular, and disc-shaped oncoids
of Facies E1 are more typical of lower-energetic con-
ditions within the photic zone. Oncoid formation and
accumulation can be associated with transgressive
(Fiirsich et al. 1992; Védrine et al. 2007) or regressive
events (Jiang et al. 1998; Shi & Chen, 2006; Riaz et al.
2020). Fliigel (2010) noted that oncolitic wackestone
associated with whole fossils may represent regressive
conditions, an opinion suggested here for Facies E1
considering the bioclastic content and Member 4 dep-
ositional model.

At Grand Bank Head, a ca. 20 cm-thick limestone
bed, very irregular in thickness, is found within Member
4 (GBH-F 22.4-22.6). This bed consists of micritic
limestone and lacks oncoids and small shelly fossils
that would undoubtedly affiliate it to LS2. However, the
stratigraphical position of this bed delineates a lower
interval of Member 4 hosting calcite nodules and an
upper interval lacking nodules, an arrangement similar
to that of Member 4 at Little Dantzic Cove (see ‘Data 1’
file in Gougeon et al. 2025b). In addition, the thickness
of the bed at Grand Bank Head is comparable to that of
LS2 at Little Dantzic Cove, which suggests a potential
stratigraphical correlation between the two localities.
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Facies E2: Thick-bedded limestone with oncoids, des-
iccation cracks, and stromatolites

Description. — Facies E2 consists of a limestone bed
(LS3 of Myrow 1987) showing a high degree of com-
plexity (Fig. 18G-M). LS3 defines the top of Member
4 at Grand Bank Head and Little Dantzic Cove. LS3
is 60 cm thick, does not vary much in thickness, and
extends 80+ m laterally. LS3 is composed of five units:
(1) a basal pink green interval with inverse graded,
fine- to coarse-grained elongated calcite crystals in
a green to red mudstone matrix (5-8 cm thick); (2)
an interval with basal conglomerate capped by planar
stromatolites (7-15 cm thick); (3) a pink micritic lime-
stone with local wackestone of red and green mudstone
clasts and oncoids (5-25 cm thick); (4) an interval with
basal conglomerate capped by columnar stromatolites,
sheet cracks, and tepee structures (2-15 cm thick);
and (5) a pink white wackestone with packstone lenses
made of small shelly fossil bioclasts (6-15 cm thick).
Conglomerates of intervals (2) and (4) are composed of
limestone intraclasts, red mudstone clasts, phosphatic
clasts, rounded volcanic clasts, oncoids, and small shelly
fossils. Stromatolites of interval (4) consist of horizontal,
parallel mineralized laminae that develop domes and
distinct columns. The top of interval (5) displays large
polygonal desiccation cracks that extend into intervals
(3) and (4). Small shelly fossils from LS3 were identified
by Landing et al. (1989, table 1) and are composed of
Aldanella attleborensis, ‘Allatheca’ degeeri, Anabarella
plana Vostokova, Anabarites korobovi, Archaeospira?
avalonensis, Bemella? vonbitteri, Eccentrotheca kane-
sia, Fomitchella infundabiliformis, Halkieria stonei,
Helcionella sp., ‘Ladatheca’ cylindrica, Lapworthella
ludvigseni, Maldeotaia bandalica, Plinthokonion are-
thion Landing, Protohertzina anabarica Missarzhevsky,
and Watsonella crosbyi. Oncoids are similar in shape to
those described in Facies E1.

Ichnology. - Trace fossils are absent in Facies E2.

Distribution and equivalents. - Facies E2 occurs in
Member 4 (Cambrian Age 2) at Grand Bank Head (60
cm thick; GBH-F 44.6-45.2) and Little Dantzic Cove
(60 cm thick; LDC 178.7-179.3). Myrow (1987) also
recorded Facies E2 at Fortune North in an area that
has not been accessed in this study. Facies E2 corre-
sponds to Facies 4.3 (LS3) of Myrow (1987).

Interpretation. - The presence of stromatolites,
oncoids, sheet and desiccation cracks, and tepee struc-
tures argues for deposition in an intertidal environ-
ment (Awramik 1971; Halley 1975; Dravis 1983; Dill
et al. 1986; Feldman & McKenzie 1998; Fliigel 2010).
Stromatolites are formed by the trapping and binding
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of sediment by photozoan and heterozoan bacteria
and their in-situ calcification (Golubic & Focke 1978;
Awramik 1992; Grotzinger & James 2000; Jones 2010;
Pace et al. 2018). Oncoids are coated grains also made
by microbes, algae, and other encrusting organisms
(Fliigel 2010; Jones 2010). Although similar in shape,
oncoids are less abundant in LS3 than LS2, and are
associated with mudstone clasts. Their shape sug-
gests a formation in a lower-energetic environment
(Védrine et al. 2007) and their association with mud-
stone clasts implies subsequent transportation and
accumulation. Oncoids are easily transported on tidal
flats because of their light structure (Alshuaibi et al.
2012). Sheet cracks are planar to undulatory cracks,
parallel to bedding, and are interpreted as desicca-
tion structures that are commonly developed on tidal
flats (Fliigel 2010; Hoffman & Macdonald 2010; Cui
et al. 2019). Tepee structures are inverted, depressed
V-shaped structures in cross-section that originate
from desiccation (but see Pratt 2002), and are notably
recorded in supratidal and intertidal areas (Burri et
al. 1973; Assereto & Kendall 1977; Kendall & Warren
1987; Fliigel 2010). Desiccation cracks are formed
by the dewatering of mud during subaerial exposure
(Bajard 1966). Finally, mudstone intraclasts indicate
early lithification in shallow subtidal and tidal flats
and secondary transport close to their place of origi-
nation (Gevirtzman & Mount 1986; Jones 2010; Pratt
2010). The stratigraphical position of Facies E2 sug-
gests that a rapid regressive event took place between
mud depocenter deposits of Facies D2/Subfacies C3c
and intertidal limestone of Facies E2, which is compa-
rable to the interpretation of Facies E1.

Systematic palaeontology

The ichnotaxonomic analysis performed is in accord-
ance with common procedures in ichnology and is
standardized using ichnotaxobases (Bromley 1990,
1996; Bertling et al. 2006, 2022; Buatois & Mangano
2011). Overall, the revision of ichnotaxa done here
follows a conservative philosophy, keeping valid ichno-
species that provide distinctive morphological charac-
ters reflecting a function of behaviour and identifying
redundant ichnospecies that can be synonymized, but
giving less weight to superficial differences that could
be taphonomic (Bertling et al. 2006, 2022; Buatois &
Mangano 2011). The use of trace-fossil metrics (e.g.
width, depth, degree of curvature — but not ratios)
and the clustering of elements are generally consid-
ered poor ichnotaxobases and, therefore, have not
been considered to discriminate ichnospecies in this
study (see Bertling et al. 2006, 2022). New ichnospecies
that were erected in master and doctoral dissertations
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(i.e. Arenicolites skeltonensis Farrow, 1967, Diplocraterion
arkelli Farrow, 1967, D. statheri Farrow, 1967, Rosselia
motivus Bann, 1998, Teichichnus sinuosus Bann, 1998,
Arenicolites yunnanensis Li, 2014, and Cochlichnus
plegmaeidos Hogue, 2018) have no status with the
International Code of Zoological Nomenclature and
therefore are not discussed in detail. However, some of
these ichnospecies could be useful if formally erected
in peer-reviewed publications (e.g. Arenicolites skelt-
onensis, Teichichnus sinuosus). Synonymies of pre-
vious reports for each ichnospecies only focus on
papers dealing with Chapel Island Formation material.
Terminology on what is a burrow, a trail, or a track-
way follows Bromley (1996) and Buatois & Mangano
(2011). Terminology on individual elements compos-
ing trackways follows Trewin (1994).

Repository. — The material analysed in this work was
mostly investigated in the field, although samples
curated at the Geological Survey of Canada (GSC)
in Ottawa (Canada) were also added to the study, for
completeness.

Ichnogenus Allocotichnus Osgood, 1970

Discussion. - Allocotichnus is an asymmetric track-
way with imprints arranged en echelon (Osgood 1970)
included in the category of architectural design of
‘trackways and scratch imprints’ (Buatois et al. 2017).
Allocotichnus was first described from the Ordovician
Latonia Formation of eastern USA (Miller 1880;
Osgood 1970). Originally, Miller (1880) proposed the
ichnogenus Asaphoidichnus and erected two ichnospe-
cies based on imprint morphology: A. trifidus with trifid
imprints and merged ridges at their bases, and A. dyeri
with quadrifid imprints and unconnected ridges. Later,
Osgood (1970) re-examined type and newly collected
specimens and explored whether imprints of a pair are
dimorphic or not. Although Asaphoidichnus trifidus is
composed of similar imprints within pairs, this is not
the case for A. dyeri. Therefore, Osgood (1970) removed
Asaphoidichnus dyeri from Asaphoidichnus and placed
it within the new ichnogenera Allocotichnus. Two ich-
nospecies attributed to Allocotichnus have been erected:
A. dyeri (Miller, 1880) and A. palmatus Acefolaza
& Gutiérrez-Marco, 1999. The type ichnospecies,
Allocotichnus  dyeri, has subparallel, unconnected
ridges in each imprint (Miller 1880; Osgood 1970).
Allocotichnus palmatus has up to ten radiating ridges
per imprint (Acefiolaza & Gutiérrez-Marco 1999).
Allocotichnus shows similarities with Asaphoidichnus
Miller, 1880, Dimorphichnus Seilacher, 1955a,
Monomorphichnus Crimes, 1970, and Tasmanadia
Chapman, 1928. Asaphoidichnus is composed of two
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series of similar opposite imprints, whereas imprints
in Allocotichnus are asymmetric and arranged en ech-
elon (Osgood 1970). Dimorphichnus is an asymmetric
trackway with series of delicate elongated ridges and
short blunt imprints (Seilacher 1955a, 1990a). In con-
trast, Allocotichnus imprints are never composed of
elongated ridges, and imprints are arranged en echelon
and in pairs. Monomorphichnus consists of a series of
subparallel ridges of similar shape that may repeat lat-
erally (Crimes 1970). Contrary to Allocotichnus, scratch
imprints in Monomorphichnus are not dimorphic.
Finally, Tasmanadia is composed of elongate imprints
forming series with opposite symmetry, an organization
that is not observed in Allocotichnus (Chapman 1928;
Glaessner 1957; Durand & Acefiolaza 1990; Seilacher
et al. 2005).

Allocotichnus ranges from the Cambrian (this
study) to the Ordovician (Osgood 1970; Acefiolaza
& Gutiérrez-Marco 1999). Other recordings from the
Ordovician (Acefolaza & Acefiolaza 2002), Devonian
(Sutcliffe et al. 1999; Acker 2013) and Permian (Gand
et al. 2008) need re-evaluation. Trilobites have been
indicated as possible producers (Miller 1880; Osgood
1970). Allocotichnus is recorded in shallow-marine
environments (Osgood 1970; this study). In the
Chapel Island Formation, Allocotichnus has only been
documented recently (see synonym list below).

cf. Allocotichnus dyeri (Miller, 1880)

Figure 19A-C

2014  Allocotichnus dyeri (Miller); Buatois, Narbonne, Mangano,
Carmona & Myrow, p. 3, fig. la-g.

2014  Dimorphichnus Seilacher; Tarhan & Droser, p. 318, fig. 9G.

2016  Allocotichnus dyeri (Miller); Mdngano & Buatois, p. 93, fig.
3.11a, b.

2017  Allocotichnus dyeri (Miller); Buatois, Wisshak, Wilson &
Mangano, p. 112, fig. 6A.

2017  Allocotichnus dyeri (Miller); Landing et al, p. 51, fig. 19A,
C,D.

2018  Dimorphichnus Seilacher; Tarhan, p. 189, fig. 8G.

Material. - Two trackways from Member 2B
(Fortunian) in Fortune Head.

Description. - Trackway with one series of imprints
arranged en echelon. Preserved as negative epirelief.
Imprints are composed of 3 to 7 elongate to cres-
centic grooves. Each groove is subparallel to the
neighbouring ones, but grooves commonly have
shorter distances at one end of the imprint there-
fore creating a slight radial arrangement. Grooves
located in the medium position of the imprint are
longer than the other ones. Submillimetric, elon-
gate grooves that overlap with the main grooves
are locally observed. Imprints are positioned at a
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Fig. 19. cf. Allocotichnus dyeri (Miller). Scale bars are 1 cm. All photographs are negative epireliefs from Fortune Head, Member 2A
(Fortunian). A, Surface with the two trackways. Note the aligned pits (pi) of Treptichnus Miller affinity. B, Close-up from Figure 19A. Note
the presence of Cochlichnus luguanensis (Co), Helminthoidichnites tenuis (Hd) and aligned pits (pi) of Treptichnus affinity. C, Close-up from

Figure 19A showing elongated ridges (el). Note the presence of Helminthoidichnites tenuis (Hd).

regular distance from one-another forming a linear
arrangement. Maximum imprint width is 0.9-1.5
cm; distance between imprints is 0.6-1.8 cm; maxi-
mum number of imprints per trackway is 10; maxi-
mum trackway length is 9.7 cm.

Associated trace fossils. - cf. Allocotichnus dyeri co-oc-
curs with Cochlichnus anguineus, Helminthoidichnites
tenuis, and Helminthopsis tenuis.

Remarks. - Imprints aligned en echelon allow compar-
ison with Allocotichnus dyeri. However, the absence of

a second asymmetric track row and the high num-
ber of grooves per imprints precludes a more precise
identification. The type material of Allocotichnus dyeri
photographed by Osgood (1970, pl. 72, fig. 1) shows
that imprints are oriented obliquely from the trackway
axis. In the Chapel Island Formation, imprints are not
oblique but almost parallel, hence the distinct en eche-
lon arrangement. Paratype specimens of Allocotichnus
dyeri (Osgood 1970, pl. 72, fig. 2, pl. 73, fig. 7, pl. 74,
figs 6, 7) suggest that the higher the obliquity of paired
imprints, the lower the preservational quality of one
row of imprints, reaching a critical point where one
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row of imprints is undetectable. This critical point
was arguably reached in the Chapel Island Formation
specimens, resulting in the preservation of only one
row of imprints. Palacios (1989) also mentioned the
presence of ?Allocotichnus in the Cambrian of Spain,
but without providing an illustration.

Ichnogenus Archaeonassa Fenton & Fenton, 1937a

Discussion. — Archaeonassa is a horizontal trail with
lateral levees (Jensen 2003) included in the category
of architectural design of ‘simple horizontal trails’
(Buatois et al. 2017). Archaeonassa was first described
from the Cambrian Mt. Whyte Formation of west-
ern Canada (Fenton & Fenton 1937a; Yochelson &
Fedonkin 1997). Buckman (1994a) attempted a revi-
sion based on material from the Carboniferous of
Ireland. However, this work was subsequently con-
tested as the trace fossils studied may belong to other
ichnotaxa (Yochelson & Fedonkin 1997; Mangano
et al. 2002a; Melchor et al. 2003). Two ichnospecies
attributed to Archaeonassa have been erected: A.
fossulata Fenton & Fenton, 1937a and A. jamisoni
Hammersburg, Hasiotis & Robison, 2018. The type
ichnospecies, Archaeonassa fossulata, has an elongated
course with distinctive lateral levees (Fenton & Fenton
1937a; Yochelson & Fedonkin 1997). Archaeonassa
jamisoni is a short asymmetric structure with unclear
morphology, and its affinity to Archaeonassa is unsup-
ported (Mangano et al. 2022). Consequently, only the
type ichnospecies, Archaeonassa fossulata, is here
considered valid.

Archaeonassa shows similarities with Dendroidich-
nites Demathieu, Gand & Toutin-Morin, 1992, Nereites
MacLeay in Murchison, 1839, Protovirgularia M'Coy,
1850, Psammichnites Torell, 1870, and various ichno-
genera included in the category of simple horizontal
trails. Dendroidichnites is a trackway with elongate to
crescentic imprints forming two rows not organized
into series (Demathieu et al. 1992; Buatois et al. 1998a;
Minter & Braddy 2009). Rarely, Dendroidichnites can
develop levees associated with its lateral imprints,
which can be reminiscent of Archaeonassa (Fig. 29A,
B; see Dendroidichnites section, p. 75). Although lev-
ees in Archaeonassa can be continuous and regular or
segmented or more irregular, they do not display inci-
sive, nested, crescentic imprints. In addition, a detailed
analysis of the morphology of these ichnotaxa allows
to reconstruct two very different modes of formation
reflecting contrasting locomotion mechanisms and
disparate biological affinity (see Dendroidichnites sec-
tion, p. 75). Accordingly, we propose to exclude from
Archaeonassa those leveed trails that record the pres-
ence of associated imprints. Nereites is a horizontal trail
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that is more complex than Archaeonassa by displaying
a median backfilled tunnel surrounded by an even to
lobate zone of reworked sediment (Orr & Pickerill
1995; Uchman 1995; Mangano et al. 2000). The loss
of substrate stiffness may create lobate-like levees in
Archaeonassa that superficially resemble Nereites lobes
(Jensen 2003), but the regular reworked lobes of Nereites
differ from the discontinuous, sort of segmented levees
of Archaeonassa generated by simple wedging through
the sediment. Protovirgularia is a horizontal trail with a
median line and chevrons expanding laterally (Han &
Pickerill 1994a; Seilacher & Seilacher 1994; Mangano
et al. 1998; Knaust 2023). Some preservational variants
of Protovirgularia can develop lateral levees, but they
correspond to nested chevrons, a feature distinctive
from the smooth levees in Archaeonassa. Psammichnites
is a backfilled structure with a dorsal median furrow/
ridge (Mdangano et al. 2002a, 2022). Morphological
and behavioural similarities have been noted between
Archaeonassa and Psammichnites depending on
the position of the tracemaker within the sediment
(Hagadorn et al. 2000; Jensen 2003; Mcllroy & Brasier
2017; Mangano et al. 2022). Distinguishing between the
two may be difficult in some preservational variants,
such as collapsed Psammichnites. However, the more
complex infill of Psammichnites and the local presence
of a thin axial structure may help in separation from
Archaeonassa (Mangano et al. 2022). Simple horizontal
trails (i.e. Circulichnis Vialov, 1971, Gordia Emmons,
1844, Helminthoidichnites Fitch, 1850, and Helminthopsis
Heer, 1877) all lack distinctive lateral levees. However,
Hofmann et al. (2012) noted that Archaeonassa can
form compound trails with Helminthoidichnites and
Helminthopsis.

Archaeonassa ranges from the Ediacaran (e.g.
Sokolov 1973; Fedonkin 1990; Jensen 2003; Hofmann &
Mountjoy 2010; Buatois & Mangano 2016; Uchman &
Martyshyn 2020) to the Holocene (e.g. Abel 1935; Bajard
1966; Miller 1997; Matz et al. 2008; Baucon & Felletti
2013; Schatz et al. 2013). In the Ediacaran, inorganic
structures resulting from the surficial displacement of
microbial flocs can mimic Archaeonassa (Mariotti et al.
2016; Warren et al. 2020). However, pseudotraces pro-
duced by microbial flocs can be identified based on a
number of criteria (Warren et al. 2020) including: (1)
their morphology and orientation (i.e. microbial floc
pseudotraces are typically straight and subparallel to
one another due to onshore wind and wave action); and
(2) facies characterisation (i.e. microbial floc pseudo-
traces are more prone to form in lake margins, low-
energy intertidal or subtidal shallow marine settings
where physical transport processes can move them).
Potential producers of Archaeonassa are arthropods
(Moussa 1970; Metz 1987a; Lan et al. 2021), cnidarians
(Collins et al. 2000), gastropods (e.g. Fenton & Fenton
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Fig. 20. Archaeonassa fossulata Fenton & Fenton (A-F) and a problematic specimen (F). Scale bars are 1 cm (A, B, D, E), 2 cm (F), and 3 cm
(C). All photographs are negative epireliefs from Fortune Head. A, Two Ediacaran specimens. Member 1 (Ediacaran). B, Many short spec-
imens with distinct V-shaped median furrows (arrows). Member 2A (Fortunian). C, Long, curved, and meandering specimens. Member
2A (Fortunian). D, A discontinuous specimen on a wave-rippled bedform. Member 2A (Fortunian). E, Close-up from Figure 20C showing
transitions from wide (w) to narrow (n) median furrows. F, Complex specimen showing transition from bilobed trace fossil with incising
median furrow (morphology similar to Psammichnites, ‘Ps’) to a trail with bulging lateral levees and wider median furrow (morphology
close to Archaeonassa, ‘?Ar’). Note Archaeonassa fossulata (Ar) and Helminthopsis hieroglyphica (Hh) on the same surface. Member 2A

(Fortunian).

1931; Abel 1935; Lessertisseur 1955; Knox & Miller
1985; Miller 1997; Wang et al. 2024), holothurians
(Schatz et al. 2013), protists (Buchanan & Hedley 1960;
Matz et al. 2008), and several clades of worms (e.g. anne-
lids, flatworms; Lessertisseur 1955; Bajard 1966; Collins
et al. 2000; Martin 2009; Schatz et al. 2013; Wang et al.
2019). Further precisions on possible producers need

to be addressed on a case-by-case basis. Archaeonassa is
recorded in continental (e.g. Buatois & Mangano 2002,
2009; Melchor et al. 2003; Genise et al. 2010; Netto et al.
2012; Scott et al. 2012), marginal-marine (e.g. Fenton &
Fenton 1937a; Johnson et al. 1997; Stanley & Feldmann
1998; Baldwin et al. 2004; Demircan & Uchman
2016; Neto de Carvalho et al. 2016b), shallow-marine
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(e.g. Buatois & Mangano 2004a; Chen et al 2011;
Mangano et al. 2013; Carbone & Narbonne 2014;
Rodriguez-Tovar et al. 2014; Hanken et al. 2016), and
deep-marine (e.g. Ewing & Davis 1967; Heezen &
Hollister 1971; Lemche et al. 1976; Kitchell & Clark 1979;
Matz et al. 2008; Buatois & Mangano 2016) environ-
ments. Inthe ChapelIsland Formation, Archaeonassahas
only been recorded recently (Landing et al. 2017; Laing
et al. 2019).

Archaeonassa fossulata Fenton & Fenton, 1937a

Figure 20A-F

1985  Gordia sp. Crimes & Anderson, p. 316, fig. 5.8.
2019  Archaeonassa fossulata Fenton & Fenton; Laing, Mangano,
Buatois, Narbonne & Gougeon, p. 1626, fig. 2a.

Material. - About 180 specimens from Member 1
(Ediacaran) and Members 2A and 2B (Fortunian) in
Fortune Head, Grand Bank Head, and Lewin’s Cove.

Emended diagnosis. - Horizontal trail with a narrow to
wide, U- to V-shaped median furrow and two distinc-
tive, smooth lateral levees (modified from Yochelson
& Fedonkin 1997).

Description. — Horizontal trails with a median fur-
row and two distinctive lateral levees. Preserved as
negative epirelief. The course is straight, curving,
meandering to looping, in places cross-cutting other
specimens. The median furrow is smooth, either nar-
row and V-shaped, or flat, wide, and U-shaped; tran-
sition from V to U shapes is common. Lateral levees
are smooth forming a continuous rim but can change
in thickness and morphology. Width is 0.2-1.7 cm;
median furrow width is 0.05-0.4 cm; levees width is
0.05-0.3 cm; maximum length is 27.6 cm.

Associated trace fossils. — Archaeonassa fossulata occurs
together with Circulichnis ligusticus, Dendroidichnites
aft. D. irregulare, Gordia marina, Helminthoidichnites
tenuis, Helminthopsis hieroglyphica, H. tenuis, and
Palaeophycus tubularis.

Remarks. — The presence of a median furrow flanked
by distinctive smooth lateral levees allows place-
ment in Archaeonassa fossulata. The shape of the
median furrow (i.e. U- or V-shaped) merits fur-
ther discussion. Fenton & Fenton (1937a) described
Archaeonassa fossulata with a wide median furrow
and narrow lateral levees. Yochelson & Fedonkin
(1997) recorded a broader variety of forms on the
holotype slab and confirmed that V-shaped median
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furrows are also present (Fenton & Fenton 1937a,
pl. 1, fig. 1). V-shaped Archaeonassa are extensively
recorded in ancient (e.g. Yochelson & Fedonkin 1997;
Buatois & Mangano 2002; Mangano & Buatois 2003a;
Melchor et al. 2003; Mangano et al. 2005a; Demircan
& Uchman 2016) and modern settings (e.g. Knox &
Miller 1985; Miller 1997; Desai 2010). In that regard,
the diagnosis of Archaeonassa fossulata is emended to
include both U- and V-shaped furrows.

Similar forms from the Ediacaran and Cambrian
records have previously been mentioned as Aulichnites
sp. (Fedonkin 1990; Narbonne & Aitken 1990; Jenkins
1995), Gordia sp. (Lifdn 1984), Nereites sp. (Crimes
& Germs 1982), cf. Nereites (Jenkins 1995), and cf.
Palaeobullia isp. (Bryant & Pickerill 1990). All of these
reports display smooth furrows with lateral levees that
allow their assignments to Archaeonassa. In addition,
the type materials of Aulichnites Fenton & Fenton and
Palaeobullia Gotzinger & Becker are junior synonyms
of Psammichnites and Scolicia de Quatrefages, respec-
tively (Uchman 1995; Mangano et al. 2002a, 2022),
and their further use is not recommended.

Jensen (2003) noted morphological similarities
between Archaeonassa and Cambrian Psammichnites.
Archaeonassa represents the surficial movement ofa mol-
lusk-like animal pushing though the sediment surface,
whereas Psammichnites records its infaunal expression
involving packing of an active filling. Therefore, transi-
tional forms between Archaeonassa and Psammichnites
should not be uncommon and have been noted in the
Chapel Island Formation (Fig. 20F). Collapse of the
median area in Psammichnites may render taxonomic
decisions problematic, particularly in the case of shallow
tier P. gigas circularis characterised by an absence of a
clear active infill. In any case, the depth of the animal in
the sediment, mode of construction, and nature of the
sediment (i.e. grain size and consistency) play significant
roles on the fine morphologies of these ichnotaxa (Knox
& Miller 1985; Miller 1997; Jensen 2003).

In the Chapel Island Formation, some specimens
of Archaeonassa fossulata display discontinuous lev-
ees. This can be explained by their mode of construc-
tion and sediment properties. Classic Archaeonassa
results from the wedging action of the producer as
it moves through the sediment relatively close or at
the sediment surface. The interaction with sediment
having high tensile strength creates a rupture in
sediment cohesiveness and aids in the formation of
irregularities on levees, in places forming sediment
pads along the structure (Jensen 2003). The presence
of a pre-existing topography and lateral displace-
ment by wave action interacting with the trail in
production can explain some discontinuous forms
displaying irregular levees (Fig. 20D). Oblique striae
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have been observed in trace fossils referred to as
Archaeonassa (Demircan & Uchman 2016), but these
striae are incising the substrate and resulted from a
different mode of construction that is more typical of
Dendroidichnites (see above and in Dendroidichnites
section, p. 75).

Ichnogenus Arenicolites Salter, 1857

Discussion. - Arenicolitesis a vertical U-shaped burrow
without spreiten (Héntzschel 1975; Fillion & Pickerill
1990) included in the category of architectural design
of ‘vertical single U- and Y-shaped burrows” (Buatois
et al. 2017). Arenicolites was first described from
the Ediacaran Longmyndian Supergroup of west-
ern England (Salter 1856, 1857; Mcllroy et al. 2005).
Recent revision of the material collected by Salter
revealed that these structures were, in fact, pseu-
do-fossils (MclIlroy et al. 2005; Menon et al. 2016,
2017). Regardless, Richter (1924) selected Arenicolites
carbonarius (Binney) as type ichnospecies, a burrow
that displays the typical vertical U-shape morphology
(see also Hantzschel 1975).

Arenicolites ichnospecies have only been partially
reviewed so far (cf. Firsich 1974a; Chamberlain
1977; Buckman 1992; Hammersburg et al. 2018;
Oligmueller & Hasiotis 2024). The main difficulty is
to select appropriate ichnotaxobases that reflect var-
iations in behaviours, and not taphonomic artifacts
(Buckman 1992). Fursich (1974a) considered that
burrow depth and the presence of funnel shaped aper-
tures should not be used to discriminate ichnospecies
because their morphology and preservation depend
on erosion. To that, we add that the shape of the bur-
row in cross-section should not be used as well as it
can result from lateral compaction and tectonic pro-
cesses; the shape of the causative burrow in cross-sec-
tion is also not always easy to decipher (e.g. Mangano
et al. 2002b) (see also Matthew 1891, Buckman 1992).
For this review, we have distinguished Arenicolites
ichnospecies based on the overall morphology of
the causative burrow, the lining, and the presence of
branching. A ‘distance between openings/depth’ ratio
could potentially be used to discriminated ichnospe-
cies further (see Arenicolites brevis Matthew below),
but this requires a clear identification of the colonisa-
tion surface to avoid taphonomic bias and a revision
of type materials.

At least 40 ichnospecies attributed to Arenicolites
have been erected in the literature: A. compressus
(Sowerby, 1829); A. carbonarius (Binney, 1852); A.
didymus (Salter, 1856); A. sparsus Salter, 1857; A. sub-
compressus (Eichwald, 1860); A. gigas Torell, 1868; A.
spiralis Torell, 1869; A. lyelli (Torell, 1870); A.
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parallelus (Torell, 1870); A. antiquatus (Billings, 1872);
A. robustus Nicholson, 1873; A. kenta (de Tromelin &
Lebesconte, 1876); A. woodi Whitfield, 1882; A. brevis
Matthew, 1891; A. chemungensis Whitfield, 1904; A.
lunaeformis (Blanckenhorn, 1916); A. kahlaensis
Kolesch, 1922; A. zimmermanni Kolesch, 1922; A.
statheri Bather, 1925; A. communis Czarnocki, 1927; A.
obliquiforans Hundt, 1928; A. pfeifferi Hundt, 1928; A.
simplex Hundt, 1928; A. lymensis Coysh, 1931; A. grap-
tolithoformis Hundt, 1931; A. pascholdi Hundt, 1931;
A. franconicus Trusheim, 1934; A. solignaci Mathieu,
1949; A. fourmarieri Graulich, 1961; A. curvatus
Goldring, 1962; A. silvestris Ortolam, 1967; A. variabi-
lis Firsich, 1974a; A. naraensis Badve & Ghare, 1978;
A. yunnanensis Yang, 1990; A. hunanensis Zhang,
1991; A. phataensis Nayak, 2000; A. longistriatus
Rindsberg & Kopaska-Merkel, 2005; A. tenuis
Kulkarni, Borkar & Petare, 2008; A. tanhrilensis
Rajkumar, Khaidem, Soibam & Sanasam, 2012; and A.
helixus Rajkonwar, Tiwari & Patel, 2013. The type ich-
nospecies, Arenicolites carbonarius, formerly Arenicola
carbonaria, is a simple vertical U-shaped burrow with
subparallel limbs (Binney 1852, fig. 2). Rindsberg &
Kopaska-Merkel (2005) noted that the type material of
Arenicolites carbonarius is branched, which could be
an issue as it does not comply with the archetypal mor-
phology of Arenicolites. However, from the sandstone
block figured by Binney (1852, fig. 2), only one of the
three specimens or Arenicolites carbonarius illustrated
possesses a branching (the one to the right). Therefore,
after revision and publication of photographs of the
type material, we suggest that the holotype is referred
to either the left or middle specimens from that block,
in order to maintain the status of this ichnospecies.
Arenicolites compressus, formerly Serpula compressa, is
an elongated fossil with an elliptical cross-section and
a tapering end (Sowerby 1829, pl. 598, fig. 3). Its verti-
cal development is not demonstrated, and an affinity
to Solemyatuba subcompressa should also be envi-
sioned (but see Seilacher 1990b). Arenicolites didymus,
formerly Arenicola didyma, was described and illus-
trated as parallel oval structures on the rock surface
(Salter 1856, pl. 4, fig. 1), while A. sparsus was repre-
sented as simple pits and depressions of variable sizes
on the rock surface (Salter 1857, pl. 5, figs 1-4).
Mcllroy et al. (2005) first reviewed both types and
additional materials from that locality and interpreted
Arenicolites didymus and A. sparsus as the Ediacaran
body fossil Beltanelliformis minutae Mcllroy (see also
Callow et al. 2011). However, these were later re-inter-
preted as fluid escape structures, loading structures,
and sediment volcanoes associated with microbial
mats (Menon et al. 2016, 2017). Arenicolites subcom-
pressus, formerly Serpula subcompressa, is a simple
curved structure with elliptical cross-section oriented
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at various angles (Eichwald 1860, pl. 34, fig. 7). Its ver-
tical development is not demonstrated in the figured
specimen nor mentioned in the text by Eichwald
(1860), yet Seilacher (1990b) erected it as type ichno-
species of Solemyatuba Seilacher. This ichnospecies is
not retained as valid here. The material figured by
Eichwald (1860, pl. 34, fig. 7) is also highly reminiscent
of Oblongichnus solodukhoi Bel Haouz, Lagnaoui &
Silantiev. Arenicolites gigas is a horizontal trace fossil
that was later reassigned to Psammichnites gigas by
Torell (1870) (see also Mangano et al. 2022). Arenicolites
spiralis is a coiled structure that was only mentioned in
Torell (1869) (see also Linnarsson 1869) before being
formally described as Spiroscolex spiralis Torell. The
type material of Spiroscolex Torell from Sweden is a
nomen nudum potentially synonymous with Gyrolithes
(Jensen 1997), whereas Canadian material (e.g. Billings
1872) was affiliated to Helminthoidichnites spiralis
Walcott which is probably an algal body fossil
(Hofmann 1971; Walter et al. 1990; Sharma & Shukla
2009). Arenicolites lyelli and A. parallelus, formerly
Diplocraterion lyelli and D. parallelum, respectively, are
vertical U-shaped burrows with spreiten (Westergard
1931; Fiirsich 1974b) that were placed in synonymy
with Arenicolites by Matthew (1890). However, Fiirsich
(1974b) reviewed Diplocraterion Torell in depth and
considered D. parallelum valid, while D. lyelli was
referred as its junior synonym. Arenicolites antiquatus,
formerly Arthraria antiquata, is a dumb-bell-shaped
trace fossil (Billings 1872). Arthraria Billings was
placed in synonymy with Arenicolites by Matthew
(1899). Arthraria was later reviewed in detail by Fillion
& Pickerill (1984a) and is currently considered valid,
although its vertical development is unknown (see also
Buatois et al. 2017; Gougeon et al. 2025c). Arenicolites
robustus was neither described nor figured by
Nicholson (1873) and is therefore considered a nomen
nudum (Benton & Trewin 1978). Arenicolites kenta,
formerly Arenicola kenta, was described by de Tromelin
& Lebesconte (1876) as thin, elongated, horizontal
structures on the rock surface. Although Lebesconte
(1886) suggested relocation within the newly erected
ichnotaxa Montfortia rhedonensis Lebesconte and M.
filiformis Lebesconte, holotype and topotype materials
were recently restudied by Gougeon et al. (2018b) and
correspond to simple horizontal trails Helminthoid-
ichnites tenuis and Helminthopsis tenuis. Arenicolites
woodi is a simple vertical burrow with semi-lunate
openings and a rim at the top (Whitfield 1882, pl. 2,
figs 1-3). The U-shaped morphology is not demon-
strated, and James (1892) placed it in synonymy with
Skolithos Haldeman (see also Alpert 1974). Arenicolites
brevis is a shallow vertical U-shaped burrow (Matthew
1891, pl. 11, fig. 13). Although Fiirsich (1974b) placed
it in synonymy with Diplocraterion, the description
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does not mention spreiten and this is not apparent in
the figured material of Matthew (1891) either. This
ichnospecies is here tentatively placed in synonymy
with Arenicolites carbonarius, although it could be
retained as valid after revision of the type material if a
‘distance between opening/depth’ ratio is used as ichn-
otaxobase. Arenicolites chemungensis is a vertical
U-shaped burrow with a thick lining and fun-
nel-shaped apertures surrounded by raised rims
(Whitfield 1904, pl. 14, figs 1, 2). The presence of a
thick lining is considered an important ichnotaxobase
that is well illustrated by Whitfield (1904, pl. 14, fig. 1)
and, therefore, Arenicolites chemungensis is retained as
valid. Arenicolites lunaeformis, formerly Arenicoloides
luniformis, is a vertical U-shaped burrow with spreiten
(Kolesch 1922, fig. 4) and belongs to Diplocraterion
(Knox 1973; Hantzschel 1975; Pollard 1981; Buckman
1992). Arenicolites kahlaensis was only figured by
Kolesch (1922, fig. 15) as individual pits aggregated on
a bed surface (see also Knox 1973), which does not
provide enough morphological elements to retain it as
valid. Arenicolites zimmermanni was not figured by
Kolesch (1922) and should therefore be regarded as a
nomen nudum, although drawn specimens (Kolesch
1922, figs 7-13) suggest an affinity to Diplocraterion
(Knox 1973; Hantzschel 1975; Pollard 1981; Buckman
1992). Arenicolites statheri is a vertical U-shaped bur-
row with parallel limbs and a thin lining (Bather 1925;
Chamberlain 1977; Fiirsich 1974a). As drawn by
Bather (1925), this ichnospecies does not differ from
Arenicolites carbonarius and should be considered its
junior synonym; other specimens from the type local-
ity correspond to Diplocraterion (Héantzschel 1975;
Buckman 1992). Arenicolites communis is neither fig-
ured nor described (Czarnocki 1927) and is a nomen
nudum (S. Jensen, pers. comm., 2024). Arenicolites
obliquiforans is made of a simple oblique tube develop-
ing within the casting rock (Hundt 1928, p. 35) and
may be related to Palaeophycus tubularis. Arenicolites
pfeifferiis a U-shaped oblique burrow without spreiten
(Hundt 1928, p. 38, 39). As the oblique orientation
may be related to schistosity of the metamorphic rock
hosting the burrow (Hundt 1928) and therefore would
be a taphonomic artifact, we consider this ichnospe-
cies a junior synonym of Arenicolites carbonarius.
Arenicolites simplex does not display the vertical
U-shaped form typical of Arenicolites (Hundt 1928,
p. 33), and its exact ichnotaxonomic affiliation requires
restudy of the type material. Arenicolites lymensis is a
vertical U-shaped burrow with spreiten (Coysh 1931,
fig. 1) and corresponds to Diplocraterion (Fiirsich
1974b; Buckman 1992; Moghadam & Paul 2000).
Arenicolites graptolithoformis consists of two parallel,
subvertical and unconnected tubes with faint trans-
verse striations and was erected based on its superficial
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resemblance to graptolites (Hundt 1931, pp. 184, 185).
Although considered to be affiliated to Diplocraterion
(Buckman 1992) or Solemyatuba (Mangano et al.
2002b), the U-shaped morphology of Arenicolites is
not displayed and revision is needed (see also Fiirsich
1974a). Arenicolites pascholdi was only mentioned by
Hundt (1931, p. 185) without description or illustra-
tion, and is therefore a nomen nudum. Arenicolites
franconicus is an irregular, vertical to oblique burrow
with a terminal bulbous chamber (Trusheim 1934;
Schlirf 2006) that was relocated in Trusheimichnus
franconicus (Trusheim) after re-evaluation of the type
material (Schlirf 2006). Arenicolites solignaci is a hori-
zontal backfilled trace fossil (Mathieu 1949) that is
unrelated to Arenicolites and shows affinities to
Parataenidium and Protovirgularia. Arenicolites four-
marieri is a very irregular structure, oriented horizon-
tal to oblique from bedding and with an inconsistent
width (Graulich 1961, figs 1-3). Re-evaluation of this
structure is needed, but it seems to be inorganic.
Arenicolites curvatus is a vertical burrow with inclined
limbs and an elliptical cross-section (Goldring 1962;
Chamberlain 1977). Seilacher (1990b) considered
Arenicolites curvatus a synonym of Solemyatuba sub-
compressa, but issues related to the type material of the
latter (see above) render this interpretation problem-
atic. In this study, we provisionally retain Arenicolites
curvatus as valid, pending further revision of
Solemyatuba (but see Knaust 2019 for a different view).
Arenicolites silvestris was described by Ortolam (1967,
p. 538) as a simple vertical U-shaped burrow with a fill
mostly composed of mudstone, except in the upper
part of one limb which is composed of sandstone. The
type of passive infill in open burrows is considered a
weak ichnotaxobase (Bertling et al. 2022), and there-
fore this ichnospecies is placed in synonymy with
Arenicolites carbonarius. Arenicolites variabilis is
described as either narrow or wide, vertical or oblique,
in places with variable distance in between limbs, a lat-
eral deviation at its base, or even possessing spreiten
(Fiirsich 1974a). The holotype, however, is a simple
vertical U-shaped burrow displaying a shortening of
the distance between limbs toward the top (Firsich
1974a, figs 4e, 5b), a diagnostic feature also empha-
sized in the text. Therefore, we suggest to restrict
Arenicolites variabilis to forms showing a variable dis-
tance in between limbs (cf. Pickerill & Keppie 1981).
Arenicolites naraensis is a vertical U-shaped burrow
with subparallel limbs (Badve & Ghare 1978, pl. 3, figs
1, 2) that does not differ from A. carbonarius and
should be regarded as its junior synonym. Arenicolites
yunnanensis is a wide vertical U-shaped burrow with
limbs mostly inclined (Yang et al. 2004, pl. 2, fig. 1) and
may represent a junior synonym of A. curvatus. Zhang
(1991) described Arenicolites hunanensis as a simple,
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unlined, vertical U-shaped burrow with subparallel
limbs that is distinguished from other ichnospecies
based on morphometric parameters. As burrow width
and depth are not considered good ichnotaxobases for
Arenicolites, this ichnospecies is regarded as a junior
synonym of A. carbonarius. Arenicolites phataensis was
described by Nayak (2000) as a vertical U-shaped bur-
row with one funnel-shaped limb. The vertical expres-
sion is not demonstrated in the figured material and
the infill is unclear (Nayak 2000, pl. 1, fig. 1), and a
revision is needed. Arenicolites longistriatus is a sub-
horizontal burrow with longitudinal striae (Rindsberg
& Kopaska-Merkel 2005). Re-evaluation of the type
material by Lucas & Stimson (2013) revealed that the
U-shaped morphology is not expressed in the type and
other material from that locality, and that Arenicolites
longistriatus is a junior synonym of Palaeophycus stria-
tus Hall. Arenicolites tenuis is a vertical U-shaped bur-
row with parallel limbs (Kulkarni et al. 2008) and is a
junior synonym of A. carbonarius (but see Knaust
2019 for an alternative view). Rajkumar et al. (2012)
did not provide a reason to differentiate Arenicolites
tanhrilensis from other ichnospecies. The simple verti-
cal U-shaped morphology with parallel limbs as fig-
ured by Rajkumar et al. (2012, fig. 2a) suggests a
synonymy of Arenicolites tanhrilensis with A. car-
bonarius. Arenicolites helixus was described by
Rajkonwar et al. (2013) as having helically coiled limbs
with a basal branching. However, the figured specimen
(Rajkonwar et al. 2013, pl. 2, fig. ¢) shows a complex
infill of thick lamina oriented obliquely and delineated
by thin laminae of different lithology. This type of infill
is similar to tubular tidalites as described by Gingras &
Zonneveld (2015) in Arenicolites (see also Wetzel et al.
2014 and Rodriguez-Tovar et al. 2019) and fits well
with the interpreted tidal depositional setting (Singh
et al. 2010) (but see Knaust 2019 for an alternative
opinion). Therefore, this distinction is taphonomic,
not morphological, and should not be used as an ichn-
otaxobase. However, the presence of branching, which
is clearly visible in their photographed specimen
(Rajkonwar et al. 2013, pl. 2, fig. c), is diagnostic and
supports the validity of this ichnospecies (if we consid-
ered the holotype of A. carbonarius to be unbranched,
as suggested above). Consequently, five ichnospecies,
Arenicolites carbonarius, A. chemungensis, A. curvatus,
A. helixus, and A. variabilis, are provisionally retained
as valid in this study until revision of type materials.
Arenicolites shows similarities with Diplocraterion
Torell, 1870, Lapispira Lange, 1932, Skolithos Haldeman,
1840, Solemyatuba Seilacher, 1990b, Teichichnus
Seilacher, 1955b, and Tisoa de Serres, 1840. Arenicolites
is distinguished from Diplocraterion by the absence of
spreiten (Fiirsich 1974b). Lapispira is a vertical burrow
made of two limbs connected at their base but forming
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Fig. 21. Arenicolites aff. A. carbonarius (Binney) (A, B) and Arenicolites isp. (C). Scale bars are 1 cm (A, B) and 2 cm (C). A, Arenicolites aff.
A. carbonarius showing two parallel limbs connected at their base. Note the thinning of the burrow in its basal portion. Full relief, Point May,
Member 2A (Fortunian). B, Partially preserved Arenicolites aff. A. carbonarius. Full relief, Grand Bank Head, Member 2A (Fortunian). C,
Multiple Arenicolites isp. on a bed top composed of paired burrow openings. Full relief, Little Dantzic Cove, Member 5 (Cambrian Age 2).

an overall helix shape (Lanés et al. 2007; de Gibert et
al. 2012). Skolithos is a simple vertical burrow with-
out pairing and basal connection (Alpert 1974; Schlirf
& Uchman 2005; Knaust et al. 2018). Solemyatuba
is a wide vertical U-shaped burrow with an elliptical
cross-section, commonly with a tube extending at its
base (Seilacher 1990b). However, the type material of
Solemyatuba, S. subcompressa, is not representative of
the ichnogenus as diagnosed by Seilacher (1990b) (see
comments above). Therefore, we suggest Solemyatuba
to be restricted to forms displaying the basal exten-
sion (i.e. S. ypsilon Seilacher), awaiting further revi-
sion of S. subcompressa. Wide and shallow Arenicolites
can be reminiscent of Teichichnus (e.g. Goldring 1962;
Bjerstedt 1987). However, Teichichnus always dis-
plays vertical spreiten, which is absent in Arenicolites.
Recently, Knaust (2019) included simple vertical
U-shaped burrows as part of the morphological range
of Tisoa. Although the holotype of Tisoa is lost, topo-
type material demonstrates that Tisoa is a deep vertical
U-shaped burrow with a low-amplitude helicoidal mor-
phology and faint spreiten (Wetzel & Blouet 2023), the
latter features being absent in Arenicolites.

Arenicolites ranges from the Cambrian (e.g.
Kennedy & Droser 2011; Hofmann et al. 2012;
Mangano & Buatois 2016, 2020; Korovnikov et al.
2019; Liu et al. 2022) to the Holocene (e.g. Bajard 1966;
Hertweck & Reineck 1966; Howard & Dérjes 1972;
Ekdale & Lewis 1991; Gingras et al. 2002; Dashtgard
2011). Arenicolites from the Ediacaran of Mongolia
(Oji et al. 2018) awaits further investigation as the
morphology of the illustrated specimen is not typi-
cal of Arenicolites, with a flat base forming 90° angles
with respect to vertical limbs (Oji et al. 2018, figs 5, 7).
In addition, the position of the Ediacaran-Cambrian
boundary in this area is highly debated (Smith et al.
2016a, 2017; Landing & Kruse 2017; Topper et al.
2022). Continental Arenicolites are produced by insect

larvae (Chamberlain 1975; McLachlan & Cantrell
1976; Wallace & Merritt 1980), whereas marine forms
are affiliated to amphipods (e.g. Seilacher 1953, 1967a;
Lessertisseur 1955; Bajard 1966; Gingras et al. 2002;
MacEachern et al. 2007), decapods (Farrow 1971),
enteropneusts (Lessertisseur 1955; Howard & Dérjes
1972), holothurians (Bromley 1996), and sipuncu-
lid (Baucon & Felletti 2013), polychaete (e.g. Fisher
& MacGinitie 1928; Bajard 1966; Seilacher 1967b;
Aller & Yingst 1978; Bromley 1996; Dashtgard 2011),
and priapulid worms (Turk et al. 2024a). Arenicolites
is found in continental (e.g. Chamberlain 1975;
Bromley & Asgaard 1991; Buatois & Mangano 2004b;
Fernandes & Carvalho 2006; Netto 2007; Gingras et al.
2016), marginal-marine (e.g. Howard & Dérjes 1972;
Hakes 1976; Kamola 1984; Eagar et al. 1985; Gingras
et al. 1999; Liu et al. 2022), shallow-marine (e.g. Frey
& Chowns 1972; Heinberg & Birkelund 1984; Dam
1990; MacEachern & Pemberton 1992; Droser et al.
1994; Schlirf 2000), and deep-marine (e.g. Jansa
1974; Crimes 1977; Pickerill & Keppie 1981; Savrda
et al. 1984; Buatois & Mangano 1992; Leszczynski
et al. 1996) environments. Arenicolites was previously
mentioned in the Chapel Island Formation (Crimes &
Anderson 1985; Narbonne et al. 1987; Landing et al.
1988; Droser et al. 2002; Herringshaw et al. 2017).

Arenicolites aff. A. carbonarius (Binney, 1852)

Figure 21A, B

? 1987 Arenicolites sp. Narbonne, Myrow, Landing & Anderson,
p. 1287, fig. 6H.
2002 ‘curved burrow’ Droser, Jensen, Gehling, Myrow &
Narbonne, p. 9, fig. 6F.

Material. - Five specimens from Members 2A and 2B
(Fortunian) in Fortune Head, Grand Bank Head, and
Point May.
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Description. - Simple, unlined, vertical U-shaped bur-
row. Preserved as full relief. Cross-section of limbs is
circular. Limbs are parallel in the most complete spec-
imen. In that specimen, the base forms a U shape with
angular corners; the burrow width of that base is also
thinner than the limbs. Infill is massive, composed of
fine-grained sandstone different from the mudstone
host rock. Width of burrow is 0.01-0.3 cm; maximum
depth is 1.1 cm; distance between limbs is 1.3 cm.

Associated trace fossils. — Arenicolites aff. A. carbonar-
ius co-occurs with Trichichnus linearis.

Remarks. - The simple vertical U-shaped morphol-
ogy with parallel limbs and absence of lining or
branching allow comparison with Arenicolites car-
bonarius. However, the lack of complete specimens
and their limited number do not permit definitive
conclusions, and hence these burrows are referred
to as Arenicolites aff. A. carbonarius. Curved burrows
with a vertical component (as in Fig. 21B) are com-
monly referred to Arenicolites in the literature, espe-
cially when recovered from cores (e.g. Chamberlain
1978; Virtasalo et al. 2006; Davison & MacEachern
2007; Gingras et al. 2016). The thinning of the bur-
row width in one specimen at its base (Fig. 21A)
certainly resulted from compaction after burial.
Arenicolites carbonarius has rarely been recorded in
the Cambrian: (1) Yin ef al. (1993) mentioned a lower
Cambrian specimen from China without illustration;
and (2) Hammersburg et al. (2018, fig. 6.4) figured
a middle Cambrian specimen that is Y-shaped with
a basal extension and is certainly of different affinity
than Arenicolites. Arenicolites isp. from the Cambrian
of Poland (Stachacz 2016, fig. 17A, B) does not show
an important vertical component and should be
regarded as Palaeophycus tubularis. In the Chapel
Island Formation, Narbonne et al. (1987, fig. 6H) fig-
ured Arenicolites sp. in vertical section that may rep-
resent a partially preserved specimen of Arenicolites
aff. A. carbonarius as described herein.

Arenicolites isp.
Figure 21C

Material. - Eleven specimens from Member 5
(Cambrian Age 2) in Little Dantzic Cove.

Description. - Simple pair of burrow openings. Preserved
as full relief (on bed tops). Cross section of burrow
opening is circular. Unlined, or showing a thin pyritized
lining. Infill is massive, composed of very fine- to fine
grained sandstone different from the sandy mudstone
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host rock. Width of burrow opening is 0.3-0.8 cm; dis-
tance between burrow openings is 0.6-2.6 cm.

Associated trace fossils. — Arenicolites isp. co-occurs
with Trichichnus linearis.

Remarks. — The pairing of burrow openings on bed
bases or tops is commonly referred to Arenicolites
in the literature (e.g. Crimes & Jiang 1986; Brasier
& Hewitt 1979). However, in the absence of vertical
expression, an ichnospecific assignation is not possi-
ble. In the Chapel Island Formation, paired burrow
openings were also recorded by Crimes & Anderson
(1985) as Arenicolites sp. from Member 2 at Grand
Bank Head without illustration.

Ichnogenus Bergaueria Prantl, 1945

Discussion. — Bergaueria is a cylindrical to hemispheri-
cal plug-shaped burrow (Prantl 1945; Pemberton et al.
1988) included in the category of architectural design
of ‘vertical plug-shaped burrows’ (Buatois et al. 2017).
Bergaueria was first described from the Ordovician
Letna Formation (‘Chrustenice Beds’) of central Czech
Republic (Prantl 1945). Pemberton et al. (1988) reviewed
the ichnotaxonomy of plug-shaped burrows and consid-
ered four ichnospecies attributed to Bergaueria valid: B.
perata Prantl, 1945; B. langi (Hallam, 1960); B. radiata
Alpert, 1973; and B. hemispherica Crimes, Legg, Marcos
& Arboleya, 1977. The type ichnospecies, Bergaueria
perata, is thinly lined or unlined, has a central knob or
depression, and can display concentric ridges (Prantl
1945; Pemberton et al. 1988; Pickerill 1989). Bergaueria
langi, formerly Kulindrichnus langi, has a very thick lin-
ing and is unornamented (Hallam 1960; Pemberton et
al. 1988). Bergaueria radiata has a thin lining and promi-
nent basal radial ridges surrounding a central depression
(Alpert 1973; Pemberton et al. 1988). Bergaueria hemi-
spherica has a thin lining, lacks a central depression, and
is unornamented (Crimes et al. 1977; Pemberton et al.
1988). Jensen (1997) considered it a preservational var-
iant of Bergaueria perata, but B. hemispherica could be
retained as valid if a width/depth ratio was used to dis-
criminate further ichnospecies of Bergaueria. Since the
review of Pemberton et al. (1988), at least ten Bergaueria
ichnospecies have been erected or re-described: B.
klieni (Geinitz, 1871); B. major Palij, 1976; B. prantli
Ksigzkiewicz, 1977; B. sucta Seilacher, 1990a; B. elliptica
Orlowski & Zylifiska, 1996; B. baltica Pacze$na, 1996; B.
corniculata Pacze$na, 1996; B. irregulara Paczesna, 1996;
B. phallica Seilacher-Drexler & Seilacher, 1999; B. thang-
jingi Singh & Kushwaha, 2008; and B. lagingi Zessin,
2009. Bergaueria klieni, formerly Tremospongia klieni,
is a simple vertical plug-shaped burrow with concentric
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ridges and a slight angle formed with the overlying
casting rock (Geinitz 1871; Niebuhr & Wilmsen 2016).
Although Niebuhr & Wilmsen (2016) advocated that
type materials of Bergaueria klieni and B. perata were
identical and therefore that B. klieni should be retained
as the senior synonym, we suggest here to maintain B.
perata as the valid ichnospecies for this form to com-
ply with nomenclatural stability. Bergaueria major is a
long vertical burrow without basal central depression
(Palij 1976; Paczesna 1996, 2010). While Pemberton et
al. (1988) placed it in synonymy with Bergaueria perata,
Pacze$na (1996, 2010) kept the use of this ichnospecies.
Bergaueria major could potentially be retained as valid
if a width/depth ratio was used to further discriminate
Bergaueria ichnospecies. Bergaueria prantli is irregular
with two basal, connected depressions (Ksigzkiewicz
1977; Uchman 1998). Although Pemberton et al. (1988)
placed it in synonymy with Bergaueria perata, other
authors disagreed (Pickerill 1989; Uchman 1998), and
we follow the latter opinion as the basal features are dis-
tinctive and not taphonomic. Bergaueria sucta has a very
high width/depth ratio, is closely overlapping and later-
ally repeated (Seilacher 1990a; Jensen 1997). Bergaueria
elliptica has an oval base with a longitudinal furrow
(Ortowski & Zylinska 1996). Its affinity to Bergaueria
is considered dubious (Uchman 1998; Demircan &
Uchman 2010). Bergaueria baltica has a flat base with
concentric ridges (Pacze$na 1996) and should be con-
sidered a junior synonym of B. hemispherica as they are
morphologically similar (cf. Crimes et al. 1977, pl. 6,
fig. ¢; Pemberton et al. 1988, fig. 8). Bergaueria cornicu-
lata is described as a conical burrow with smooth walls
(Paczes$na 1996). These morphological traits are typical
of Conichnus Ménnil rather than Bergaueria. Bergaueria
irregularia is a vertical-to- or oblique-to-horizontal
irregular cylindrical trace fossil with net-like sculptures
and concentric swellings (Paczesna 1996), and its affinity
to Bergaueria is dubious. Bergaueria phallica has a con-
striction ring close to the base of the burrow (Seilacher-
Drexler & Seilacher 1999). Bergaueria thangjingi was
described by Singh & Kushwaha (2008) as having radi-
ally arranged tubercles on its surface, which are not obvi-
ous from the figured material (Singh & Kushwara 2008,
pl. 1, fig. a). Revision of this ichnospecies is needed.
Bergaueria lagingi comprises conical structures with
very irregular sizes and shapes (Zessin 2009, figs 27-34).
Although Hoffmann & Grimmberger (2011) affiliated
these structures to Conichnus, we consider its biogenic-
ity dubious. In addition to these ichnospecies, Seilacher-
Drexler & Seilacher (1999, fig. 3) mentioned Bergaueria
conica without further description. From their drawing,
this conical burrow seems closer to Conichnus in overall
shape. However, the presence of a basal knob is not a diag-
nostic feature of Conichnus (see Conichnus section, p. 66)
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and may place this form closer to Conostichus
Lesquereux, although transversal and longitudinal
ridges of the latter are missing. Consequently, six ichno-
species, Bergaueria langi, B. phallica, B. perata, B. prantli,
B. radiata, and B. sucta, are considered valid here. The
ichnotaxonomic status of Bergaueria hemispherica and
B. major requires additional work, and their valid-
ity would depend on the use of a width/depth ratio as
ichnotaxobase.

Bergaueria shows similarities with Astropolichnus
Crimes & Anderson, 1985, Cheiichnus Jensen &
Bergstrom, 2000, Conichnus Ménnil, 1966, Conostichus
Lesquereux, 1876, and Piscichnus Feibel, 1987.
Astropolichnus is characterised by a ring-like structure
ornamented with prominent regular radial ridges sur-
roundingan axial cylinder (Crimes et al. 1977; Crimes &
Anderson 1985; Pemberton et al. 1988). Contrastingly,
radial ridges in Bergaueria are only recorded in B.
radiata and originate from the axial area (Alpert 1973).
Cheiichnus is a plug-shaped burrow that differs from
Bergaueria by the presence of scratch imprints (Jensen
& Bergstrom 2000). While Bergaueria is cylindrical to
hemispherical, Conichnus has a conical shape (Ménnil
1966; Pemberton et al. 1988). Conostichus differs
from Bergaueria by its conical shape and prominent
ornamentation made of transversal and longitudinal
ridges (Chamberlain 1971; Pemberton et al. 1988).
Piscichnus is a large simple dish-shaped burrow (Feibel
1987; Gregory 1991) that lacks the typical morphology
of Bergaueria.

Bergaueria - and more generally small plug-
shaped structures — can also be difficult to differen-
tiate from body fossils (Jensen 2003; Mcllroy et al.
2005; Mangano & Buatois 2020), gas or fluid escape
structures (Karcz et al. 1974; Dornbos et al. 2007;
Banerjee et al. 2010; Menon et al. 2016, 2017), spheri-
cal mineral concretions (Geyer & Uchman 1995), and
physical sedimentary structures (e.g. pot casts; Jensen
1997; Lerner & Lucas 2015; Knaust 2017).

Bergaueria ranges from the Ediacaran (Bekker
2013; Menon et al. 2013; Kolesnikov et al. 2015) to the
Holocene (e.g. Lessertisseur 1955; Ansell & Trueman
1968; Mangum 1970; Seilacher-Drexler & Seilacher
1999). Other Ediacaran occurrences (e.g. Crimes &
Germs 1982; Kumar et al. 1984; Tarhan et al. 2020) need
careful re-evaluation (Pickerill 1989; Jensen et al. 2006).
Bergaueria has been classically regarded as produced by
cnidarians (sea anemones, sea pens; Lessertisseur 1955;
Ansell & Trueman 1968; Mangum 1970; Seilacher-
Drexler & Seilacher 1999), but other tracemakers
are possible sponges (Dashtgard & Gingras 2012).
Bergaueria is recorded in marginal-marine (e.g. Crimes
et al. 1977; Narbonne 1984; Miller & Knox 1985; Mikulas
1993; Méangano & Buatois 2004a; Mata et al. 2012),
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Fig. 22. Bergaueria perata Prantl (A-F) and B. cf. B. radiata Alpert (G, H). Scale bars are 1 cm. All specimens are from Member 2A (Fortunian).
A, Smooth Bergaueria perata with a regular hemispherical shape and no basal feature. Full relief, Point May. B, Smooth Bergaueria perata
with a regular hemispherical shape and a possible basal depression (arrow). Full relief, Fortune Head. C, Bergaueria perata with a regular
cylindrical shape showing massive infill. Full relief, Fortune Head. D, Bergaueria perata with thick, parallel, concentric ridges filled with
medium-grained sandstone. Full relief, Fortune Head. E, Two Bergaueria perata with irregular shapes and ornamented with delicate con-
centric ridges. Full relief, Grand Bank Head. F, Two smooth Bergaueria perata with regular hemispherical shapes and basal knobs (arrows).
Positive hyporelief, Fortune Head. G, Smooth Bergaueria cf. B. radiata with a hemispherical shape and an irregular basal ornamentation
surrounding a central depression. Positive hyporelief, Fortune Head. H, Line drawing of Bergaueria cf. B. radiata shown in Figure 22G.

shallow-marine (e.g. Fiirsich 1974a; Orfowski 1989;
Pemberton & Magwood 1990; Mangano et al. 2005a;
Pacze$na 2010; Shitole et al. 2019; Cherif et al. 2022),
and deep-marine (e.g. Ksigzkiewicz 1977; Eagar et al.
1985; Uchman 1995; Tchoumatchenco & Uchman 2001;
Leszczyniski 2004; Buatois et al. 2009) environments.
Shone (1978) mentioned a continental occurrence that is
lacking description or photograph. In the Chapel Island
Formation, Bergaueria was first recorded by Crimes &
Anderson (1985) and has been regularly mentioned (e.g.
Narbonne et al. 1987; Herringshaw et al. 2017).

Bergaueria perata Prantl, 1945

Figure 22A-F

2017 Bergaueria isp. Landing et al., p. 45, fig. 17E.
? 2019 Bergaueria perata Prantl; Laing, Madngano, Buatois,
Narbonne & Gougeon, p. 1626, fig. 2p.

Material. - Seventeen specimens from Members 2A
and 2B (Fortunian) in Fortune Head, Fortune North,
Grand Bank Head, and Point May.

Description. — Simple cylindrical to hemispherical
plug-shaped burrows. Preserved as positive hypore-
lief and full relief. Burrows are circular in cross-sec-
tion, with or without a basal depression/knob. They
are solitary or in pair. Unlined to very-thinly lined;
walls are smooth or with concentric ridges. Infill is
massive, composed of very fine- to medium-grained
sandstone different from the mudstone to very fine-
grained sandstone host rock. Width is 0.3-1.2 cm;
depth is 0.2-1.6 cm; width/depth ratio is 0.8-1.5.

Associated trace fossils. - Bergaueria perata co-oc-
curs with Conichnus conicus, Palaeophycus isp., and
Trichichnus linearis.

Remarks. - The cylindrical to hemispherical mor-
phology allows comparison with Bergaueria perata.
Pemberton et al. (1988) considered the small depres-
sion to be diagnostic of Bergaueria perata, whereas
Prantl (1945) mentioned the presence of both knob
and depression. Specimens from the Chapel Island
Formation display both features. Buck & Goldring
(2003) considered the basal knob/depression to be
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the strongest evidence for a biogenic origin. In the
Chapel Island Formation, Bergauria perata is mostly
recorded from Member 2A; this part of the section
belongs to the Gutter Cast Facies of Myrow (1987,
p. 259) where large pot casts are very common.
Myrow (1987, p. 201) noted that the basal portion of
pot casts is commonly deeper on the outside, which
looks like the base of a wine bottle; this contrasts
with the structures describe here. Concentric ridges
in Bergaueria result from the peristaltic burrowing
mechanism of sea anemones, or simply from the
casting of their outer bodies (Shinn 1968; Mangum
1970; Chamberlain 1971). Whereas ridges are con-
centric and subparallel in biogenic structures such
as Bergaueria (Fig. 22D; Pickerill 1989; Pemberton
& Magwood 1990), they would be theoretically more
oblique and criss-crossing for pot casts as a conse-
quence of their mode of formation, with eddies
transporting sediment and marking the surface hel-
icoidally (Alexander 1932; Myrow 1992a). Similar
Cambrian trace fossils have been recorded under
the names Bergaueria isp. (Arai & McGugan 1968),
Bergaueria hemispherica (Pemberton & Magwood
1990; Hammersburg et al. 2018), Bergaueria per-
ata (Radwanski & Roniewicz 1963; Pemberton &
Magwood 1990; Orlowski & Zyliﬁska 1996; Jensen
1997; Singh et al. 2024a), and Bergaueria cf. B. perata
(Méangano & Buatois 2004a). Records of Cambrian
Bergaueria perata in association with microbially
stabilized surfaces in Hosgor & Yilmaz (2018) most
probably correspond to gas or fluid escape structures
(cf. Karcz et al. 1974).

Bergaueria cf. B. radiata Alpert, 1973
Figure 22G, H

Material. - Two specimens from Member 2A
(Fortunian) in Fortune Head.

Description. - Plug-shaped, unlined burrows with a
basal ornamentation. Preserved as positive hypore-
lief. Burrows are irregular and hemispherical in
shape, circular in cross-section. The basal ornamen-
tation consists of two or more, very irregular lobes.
A basal central depression is also observable in one
specimen. Infill is massive, composed of very fine- to
medium-grained sandstone different from the mud-
stone to very fine-grained sandstone host rock. Width
is 3.0-3.9 cm; depth is 1.3-1.8 cm; width/depth ratio
is 2.2-2.3.

Associated trace fossils. — Bergaueria cf. B. radiata does
not occur with other formally described ichnotaxa.
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Remarks. — The basal ornamentation allows compar-
ison with Bergaueria radiata. However, Alpert (1973)
described Bergaueria radiata with prominent basal
ridges regularly organized around a central depres-
sion (see also Pemberton et al. 1998 and Pemberton &
Magwood 1990). In the Chapel Island Formation, the
basal ornamentation is more disorganized, but a cen-
tral depression is visible. Therefore, Bergaueria cf. B.
radiata is more appropriate. This basal ornamentation
results from the contraction and enlargement of a physa
in burrowing anemones (Ansell & Trueman 1968;
Chamberlain 1971) and is considered as a strong evi-
dence for biogenicity (Pickens 1988; Buck & Goldring
2003). Bergaueria radiata is rare in the fossil record.

Ichnogenus Circulichnis Vialov, 1971

Discussion. - Circulichnis is a circular horizon-
tal trail (Vialov 1971; Uchman & Rattazzi 2019)
included in the category of architectural design
of ‘simple horizontal trails’ (Buatois et al. 2017).
Circulichnis was first described from the Triassic
Istyk series of southwestern Russia (Vialov 1971).
Keighley & Pickerill (1997) proposed to correct
the name Circulichnis for Circulichnus. However, in
their recent review of this ichnotaxon, Uchman &
Rattazzi (2019) considered this correction inade-
quate based on the International Code of Zoological
Nomenclature and recommended to keep the origi-
nal designation of Circulichnis. Uchman & Rattazzi
(2019) considered two Circulichnis ichnospecies
valid: C. montanus Vialov, 1971 and C. ligusticus
Uchman & Rattazzi, 2019. The type ichnospecies,
Circulichnis montanus, has a regular circular to
elliptical course (Vialov 1971; Uchman & Rattazzi
2019). Circulichnis ligusticus is circular with a wind-
ing irregular course (Uchman & Rattazzi 2019). To
the list of ichnospecies discussed in their review,
we should add Circulichnis zhanwaensis Hu, 1991.
Circulichnis zhanwaensis occurs as dense assem-
blages, but trace-fossil density is regarded as a weak
ichnotaxobase (Schlirf & Uchman 2005; Knaust et
al. 2018). Solitary Circulichnis zhanwaensis does not
show significant difference with C. montanus and is
regarded as its junior synonym. Recently, Fan et al.
(2021) resurrected Circulichnis sinensis Yang in Yang
et al., 1990. Circulichnis sinensis is a circular hori-
zontal structure with regular tangential branches
departing laterally (Yang et al. 2004; Fan et al.
2021). As noted by Fan ef al. (2021), the taxonomic
affinity of these trace fossils to either Circulichnis
or Treptichnus (cf. T. coronatum) is problematic.
Their detailed taphonomic analysis based on a large
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Fig. 23. Circulichnis ligusticus Uchman & Rattazzi (A, B), C. montanus Vialov (C-E), and a problematic circular trace fossil (F). Scale bars
are 0.5 (B) and 1 cm (A, C-F). A, Circulichnis ligusticus with a closed course. Negative epirelief, Fortune Head, Member 2A (Fortunian).
B, Circulichnis ligusticus with a short segment departing from the ring (arrow). Positive relief, collected on a loose slab in Fortune Head,
within a Member 2A (Fortunian) interval. C, Circulichnis montanus with a closed course. Negative hyporelief, Grand Bank Head, Member
2A (Fortunian). D, Circulichnis montanus with a closed course associated with undetermined burrows. Positive hyporelief, Grand Bank
Head, Member 1 (Ediacaran). E, Circulichnis montanus with an opened course. Note the presence of Cochlichnus anguineus (Co) and
Helminthoidichnites tenuis (Hd). Positive and negative epirelief, Grand Bank Head, Member 2B (Fortunian). F, Problematic trace fossil with
an almost circular course and a straight short segment. A faint segment extending from the main ring is observed (arrow). Positive epirelief,

Grand Bank Head, Member 2A (Fortunian).

number of specimens (Fan et al. 2021, figs 4, 5, 7,
8) and reconstruction of the tracemaker behav-
iour (Fan et al. 2021, fig. 8) suggest a discontinuous
mode of formation through repeated probing, which
therefore agrees with a Treptichnus affinity. In addi-
tion, Circulichnis leomonti Morgan, Juntunen, Scott
& Landreth, 2023 was recently erected as a circular
to ovoid ring made of connected, straight to curved
segments (Morgan et al. 2023). This diagnosis is
problematic as it suggests the burrow to be con-
structed discontinuously, which does not comply
with the revision of the type material of Circulichnis
by Uchman & Rattazzi (2019). Moreover, con-
sidering the irregular outlines of each burrow of
Circulichnis leomonti, their different infill from the
host rock, their large burrow width, the potential
presence of a median feature along the burrow (see
left side of holotype specimen in fig. 2, lower left
in Morgan et al. 2023), and the overlap of burrows
(‘double ring pattern’ of Morgan et al. 2023, p. 7),
there is a strong possibility that these burrows cor-
respond to scribbling Psammichnites gigas circula-
ris as recorded here (Fig. 45) and elsewhere (e.g.

Yang et al. 1982, pl. 2, fig. 1). Nevertheless, the poor
quality of preservation of the holotype slab and the
report of material from only one bed surface pre-
clude definitive conclusions and call for additional
material to support the case of Circulichnis leomonti.
Therefore, the two ichnospecies Circulichnis ligusti-
cus and C. montanus are here retained as valid.

Circulichnis  shows similarities with Gordia
Emmons, 1844. Gordia marina, the type ichnospe-
cies of Gordia, forms an a-shaped course with a dis-
tinct self-overcrossing (Keighley & Pickerill 1997).
However, the proposed ichnospecies Gordia arcuata
Ksigzkiewicz, 1977 is an arc-shaped horizontal trace
fossil which is problematic as no self-overcrossing
is apparent. As a consequence, unclosed circular
trails have been included by different authors either
in Circulichnis (e.g. McCann & Pickerill 1988; Feng
et al. 2017) or in Gordia (e.g. Fritz & Crimes 1985;
Crimes et al. 1992). We propose to keep Gordia for
circular trails displaying a distinct self overcrossing,
and to consider unclosed circular trails as preserva-
tional variant of Circulichnis montanus (see ‘Remarks’
below).
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Circulichnis ranges from the Ediacaran (e.g.
Zhang 1986; Gibson 1989; Narbonne & Aitken 1990;
Hagadorn & Waggoner 2000; Bekker 2013) to the
Holocene (e.g. Kitchell et al. 1978; Kitchell & Clark
1979; Young et al. 1985; Metz 1987a). Suggested
producers are arthropods (Metz 1987a) and anne-
lid worms (Pickerill & Keppie 1981; Young et al.
1985; Buatois et al. 1998a). Circulichnis is recorded
in continental (e.g. Metz 1987a; Buatois & Mangano
1993a, 1998; Keighley & Pickerill 1997; Buatois et
al. 1998a; Avanzini et al. 2011), marginal-marine
(e.g. Fillion & Pickerill 1984b, 1990; Pickerill et
al. 1984a; Davies et al. 2010), shallow-marine (e.g.
Maples & Suttner 1990; Zhao et al. 2015; Feng et al.
2017), and deep-marine (e.g. McCann & Pickerill
1988; Pickerill et al. 1988; Tunis & Uchman 1996a;
Tchoumatchenco & Uchman 1999; Buatois &
Mangano 2003b; Wetzel et al. 2007) environments.
In the Chapel Island Formation, Circulichnis has
never been identified before.

Circulichnis ligusticus Uchman & Rattazzi, 2019
Figure 23A, B

Material. - Four specimens from Member 1
(Ediacaran) and Members 2A and 2B (Fortunian) in
Fortune Head and Grand Bank Head.

Description. - Horizontal, unlined, circular to ellip-
tical trails or burrows with an irregular winding
course. Preserved as positive hyporelief and negative
epirelief. The ring is closed or left opened. Typically
unbranched, although rarely a short segment departs
from the ring. Infill is massive, composed of very fine-
to fine-grained sandstone similar to the host rock.
Width is 0.05-0.1 cm; internal diameter of the ring is
0.3-2.0 cm.

Associated trace fossils. — Circulichnis ligusticus co-occurs
with Archaeonassa fossulata, Helminthoidichnites tenuis,
Helminthopsis tenuis, and Palaeophycus tubularis.

Remarks. — The irregular course allows placing these
trace fossils in Circulichnis ligusticus. Circulichnis
ligusticus is also present in the Ediacaran Blueflower
Formation of northwestern Canada (‘knotted circular
trail’ in Narbonne & Aitken 1990, text-fig. 7D). In the
Chapel Island Formation, Circulichnis ligusticus can
display a short segment departing from the main ring
(Fig. 23B). A single branch in Circulichnis has also been
recorded elsewhere (Hakes 1976, pl. 11, fig. 2; Pickerill
& Keppie 1981, fig. 3a). This could be problematic as it is
reminiscent of Gordia marina. However, two ‘branches’
are required in Gordia marina to form an overall
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a-shaped course. Moreover, a branching entrance or
exit point is theoretically required in Circulichnis if the
producer accessed the ring more laterally (Keighley &
Pickerill 1997; Uchman & Rattazzi 2019). Problematic
circular trace fossils like Circulichnis ligusticus have been
found transitional with Helminthopsis hieroglyphica
(Fig. 41C). These more likely represent taphonomic var-
iants of treptichnids where the projections (i.e. probes)
are not clearly displayed (compare with Fig. 52H) (see
also Fan et al. 2021).

Circulichnis montanus Vialov, 1971
Figure 23C-E

Material. - Five specimens from Member 1 (Ediacaran)
and Members 2A and 2B (Fortunian) in Fortune Head
and Grand Bank Head.

Description. - Horizontal, unlined, unbranched, cir-
cular to elliptical trails or burrows with a regular
course. Preserved as positive and negative hyporelief
and epirelief. The ring is closed or left opened. Infill is
massive, composed of very fine- to fine-grained sand-
stone similar to the host rock. Trail width is 0.1-0.2
cm; internal diameter of the ring is 0.6-2.3 cm.

Associated trace fossils. - Circulichnis monta-
nus co-occurs with Cochlichnus anguineus and
Helminthoidichnites tenuis.

Remarks. - The regular course allows placing these
trace fossils in Circulichnis montanus. Circulichnis
montanus is also recorded from the Ediacaran of China
(Zhang 1986, pl. 4, fig. 10), Urals (Bekker 2013, pl. 1,
fig. 9), and USA (Gibson 1989, fig. 3.1; Hagadorn &
Waggoner 2000, fig. 3.4). Circulichnis figured in Gibson
(1989) forms an incomplete circle similarly to one of
the Chapel Island Formation specimens (Fig. 23E).
Gordia arcuata from the Stelkuz Formation of Canada
(Fritz & Crimes 1985, pl. 4, figs 4-6) may represent
additional Ediacaran material, although these speci-
mens never form complete circles and have only been
recovered from float samples. Helminthoidichnites isp.
from the Ediacaran Dzhezhim Formation of Russia
(Kolesnikov et al. 2023a, fig. 2h) is a semi-circular
horizontal trail that may also correspond to a partially
preserved Circulichnis montanus. The Ediacaran spec-
imen from the Chapel Island Formation (Fig. 23D)
is suggested to be of biogenic origin, as very similar
specimens have been described elsewhere (Fillion
& Pickerill 1990, pl. 2, figs 2, 3; Buatois et al. 1998a,
fig. 4.1). Finally, a problematic circular trace fossil
from the Chapel Island Formation displays an affin-
ity with Circulichnis montanus, although the course
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has a straight segment only on a short portion of the
ring (Fig. 23F). A faint lateral branch is also observ-
able, with bare relief, and its relationship to the ring
is unclear. This specimen is retained in Circulichnis
montanus with caution.

Previous reports mentioned Gordia arcuata in
the Chapel Island Formation (Narbonne et al. 1987;
Landing et al. 1988). Ksigzkiewicz (1977) erected
Gordia arcuata for partial arc-shaped loops displaying
a prominent apical segment representing the deeper
burrowing of the organism. As mentioned above, the
affiliation of these trace fossils to Gordia is problem-
atic, as self-overcrossing is not observed. Fillion &
Pickerill (1990) considered that incompletely looping
trails should be referred to Gordia isp. This approach
has been followed in the Chapel Island Formation
recently (Herringshaw et al. 2017; Landing et al. 2017;
Laing et al. 2019). In the literature, incompletely loop-
ing trails have been described as Gordia arcuata (Fritz
& Crimes 1985, figs 4.4-6; Walter et al. 1989, fig. 8G),
Gordia aff. G. arcuata (Crimes et al. 1992, fig. 2E;
Vidal et al. 1994a, fig. 3C), and Gordia cf. G. arcuata
(Weber & Brady 2004, fig. 10). However, an incom-
plete loop is also a feature that can be expressed in
partially preserved Circulichnis montanus. Here, we
suggest that the use of Gordia is restricted to trails dis-
playing a distinct a-shaped morphology. Arc-shaped
trails should be compared to Circulichnis montanus
(i.e. cf. C. montanus), and ring-like trails be affiliated
more confidently to C. montanus.

Ichnogenus Cochlichnus Hitchcock, 1858

Discussion. — Cochlichnus is a horizontal sinusoidal
trace fossil (Elliott 1985; Fillion & Pickerill 1990;
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Buatois & Mangano 1993a) included in the category
of architectural design of ‘simple horizontal trails’
(Buatois et al. 2017). Cochlichnus was first described
from the Jurassic Turners Falls Formation of north-
eastern USA (Hitchcock 1858; Goldstein et al. 2017).
In the original diagnosis by Hitchcock (1858), analogy
to a corkscrew led to taxonomic confusion (Gluszek
1995; Metz 1998). However, distinctive horizontal
sinusoidal trace fossils were also figured (Hitchcock
1858, pl. 26, fig. 6, pl. 28, fig. 1; see also Uchman
et al. 2004a). Although three ichnospecies are typi-
cally considered valid (see review below), Uchman
et al. (2004a) suggested that smooth Cochlichnus
could be discriminated at ichnospecific rank based on
different wavelength/amplitude ratios (i.e. A/2A; Fig.
24). Morphological variation in smooth Cochlichnus
has also been documented elsewhere (e.g. Crimes &
Anderson 1985; Hofmann et al. 1994; Buatois et al.
1997; Bordy et al. 2011; Won & Kong 2023). Uchman
et al. (2004a) argued that changes in ratio could high-
light differences in producers or changing substrates.
The difference of ratio could also result from changes
in speed by the tracemaker, as stretched forms
(i.e. high A/2A) are theoretically made by organisms
moving faster and more efficiently within the sub-
strate, and vice versa. Hence, the change of ratio would
then correspond to a change of behaviour. Uchman
et al. (2004a) recorded three peaks of Cochlichnus
morphotypes in their study of continental Oligocene
trace fossils from Switzerland: a peak for tight forms
(1 <A2A < 1.5), a peak for normal forms (2.5 < A/2A
< 3.0), and a peak for stretched forms (3.5 < A\/2A
< 4.0). However, their stretched forms are not easily
distinguishable from normal forms by the naked eye
(see Fig. 24), and this could be problematic when

«— tight variant ———

«— stretched variant

Cochlichnus anguineus

M2A=23-29

I\

<—— regular variant ——

Cochlichnus gracilis
NM2A=09-1.6

S~ S~ _—

Cochlichnus luguanensis
M2A=95-11.2

Fig. 24. Morphometric parameters of smooth Cochlichnus and distinction between the three valid ichnospecies. Course of Cochlichnus gracilis
based on Vialov (1979, pl. 2, fig. 11), of C. anguineus on Hitchcock (1858, pl. 27, fig. 1), and of C. luguanensis on Zhang (1991, pl. 1, fig. 2).
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discriminating smooth Cochlichnus ichnospecies
in the field. We suggest combining these two peaks
together, therefore creating a broader morphometric
range for normal forms. We then reserve the term
‘stretched forms’ for those Cochlichnus that are clearly
flatten, such as is the case of Cochlichnus luguanen-
sis. Consequently, three morphotypes of smooth
Cochlichnus can be related to previously erected ich-
nospecies (Fig. 24). Tight forms have Cochlichnus
gracilis Vialov as typical ichnospecies and have A/2A
< 2.0. Regular forms have Cochlichnus anguineus
as typical ichnospecies and have 2.0 < A\/2A < 4.0.
Stretched forms have Cochlichnus luguanensis as typ-
ical ichnospecies and have A/2A > 4.0. Morphometric
boundaries for each form were based on Uchman
et al. (2004a, fig. 3) and on our taxonomic revision
(see below).

Fillion & Pickerill (1990), Buatois & Mangano
(1993a), and Stanley & Pickerill (1998) discussed the
ichnotaxonomy of Cochlichnus, concluding that three
ichnospecies were valid: C. anguineus Hitchcock,
1858; C. antarcticus Tasch, 1968; and C. annulatus
Orlowski, 1989. The type ichnospecies, Cochlichnus
anguineus, is smooth with A/2A = 2.3-2.9 (Hitchcock
1858, pl. 27, fig. 1). Cochlichnus antarcticus has lat-
eral marks (Tasch 1968; Fillion & Pickerill 1990).
Cochlichnus annulatus has an annulated outer wall
(Orlowski 1989; Buatois & Mangano 1993a). Eight
additional ichnospecies attributed to Cochlichnus
have been erected in the literature, which are dis-
cussed here: C. gracilis Vialov, 1979; C. lagartensis
Muniz, 1980; C. sousensis Muniz, 1985; C. luguanensis
Zhang, 1991; C. xinhuaensis Zhang, 1991; C. ciliensis
Zhang & Wang, 1996; Cochilichnus (sic) hanyangensis
Yang, Zhang & Yang, 2004; and C. karlae Zessin, 2009.
Cochlichnus gracilis is smooth with \/2A = 0.9-1.6
(Vialov 1979, pl. 2, fig. 11). Cochlichnus lagartensis is a
sinusoidal horizontal structure with rare sharp angles
preserved exclusively in ripple troughs (Muniz 1980;
Corréa & Fernandes 2002; Barreto et al. 2014). Corréa
& Fernandes (2002) correctly re-interpreted the type
material as a syneresis crack. Cochlichnus ciliensis
(AM2A = 3.3), C. karlae (\/2A = 3.7), and C. sousen-
sis (\/2A = 2.7-3.0) are all smooth sinusoidal trails
(Muniz 1985; Zhang & Wang 1996; Zessin 2009) with
A/2A fitting the morphometric limits of their senior
synonym C. anguineus. Cochlichnus luguanensis is
described by Zhang (1991) as having large length and
width. The figured specimen (Zhang 1991, pl. 1, fig. 2)
is smooth and shows A/2A = 9.5-11.2. Cochlichnus
xinhuaensis is distinguished by Zhang (1991) by its
high width, wavelength, and amplitude, displaying two
surficial furrows. Re-evaluation of the type material is
needed, as it is unclear if the surficial furrows are real
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morphological features or if they resulted from the
collapse of the structure. Cochlichnus hanyangensis is
a poorly preserved horizontal structure that possibly
represents a sinusoidal burrow (Yang et al. 2004, pl. 9,
figs 5, 6). However, the photographed specimens do
not allow measurements on A/2A, and an in-depth
revision of the material is needed. Consequently, five
ichnospecies, Cochlichnus anguineus, C. annulatus, C.
antarcticus, C. gracilis, and C. luguanensis, are here
retained as valid.

Cochlichnus shows different degrees of similarities
with Belorhaphe Fuchs, 1895, Cosmorhaphe Fuchs,
1895, Cymataulus Rindsberg, 1994, Helminthopsis
Heer, 1877, Protopaleodictyon Ksigzkiewicz, 1970,
Psammichnites Torell, 1870, Sinusichnus de Gibert,
1996, and Undichna Anderson, 1976. Belorhaphe is an
unbranched horizontal graphoglyptid trace fossil with
angular turns (Hakes 1976; Seilacher 1977; Buatois
& Mangano 1993a), this latter feature being absent
in Cochlichnus. Cosmorhaphe is also an unbranched
graphoglyptid burrow with two orders of meander:
the first order displays large meanders whereas the
second order is sinusoidal, similarly to Cochlichnus
(Seilacher 1977; Fan et al. 2018). Protopaleodictyon, in
particular P. incomposum Ksigzkiewicz, is a branched
graphoglyptid burrow with two orders of meanders:
the second order is sinusoidal similarly to Cochlichnus,
but with lateral branches departing at each sine
(Seilacher 1977). Only very fragmentary specimens of
Cosmorhaphe and Protopaleodictyon may be in prin-
ciple confused with Cochlichnus. Rindsberg (1994)
introduced Cymataulus for horizontal sinusoidal bur-
rows. Most authors (e.g. Pickerill & Narbonne 1995;
Buatois et al. 1997; Stanley & Pickerill 1998; de Gibert
et al. 2000; Melchor et al. 2003; Gaigalas & Uchman
2004) agreed to retain both trails and burrows within
Cochlichnus because their differentiation is not always
possible. Helminthopsis is a simple horizontal trace
fossil with irregular meanders (Wetzel & Bromley
1996), and the absence of a regular sinusoidal course
allows distinction from Cochlichnus. The dorsal sinu-
soidal funnel of some Psammichnites can be reminis-
cent of Cochlichnus (Goldring & Jensen 1996; McIlroy
& Heys 1997). For example, Crimes et al. (1977)
referred to as Cochlichnus sinusoidal trails that in
one case intergrades with the central component of
Psammichnites (their Taphrhelminthopsis circularis)
and are, therefore, partially preserved Psammichnites
(Mangano et al. 2022). Psammichnites is, however, a
more complex structure with an internal backfill and
two dorsal lobes formed on the sediment surface that
are visible on more complete specimens. Sinusichnus
is a horizontal sinusoidal burrow that, unlike
Cochlichnus, also displays common branching and
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short shafts (de Gibert 1996; de Gibert et al. 1999a).
Undichna, in particular U. unisulca de Gibert, Buatois,
Fregenal-Martinez, Mangano, Ortega, Poyato-Ariza
& Wenz, is a slightly asymmetrical sinusoidal trace
fossil that differs from Cochlichnus by its sharp inci-
sion of the substrate (de Gibert et al. 1999b).
Cochlichnus ranges from the Cambrian (e.g.
Orlowski 1989; Fillion & Pickerill 1990; Hofmann et
al. 1994; Goldring & Jensen 1996; Buatois & Mangano
2003b; Shahkarami et al. 2017a) to the Holocene (e.g.
Rode & Staar 1961; Sandstedt et al. 1961; Chamberlain
1975; Metz 1987b; Jensen 1996; Martin 2009). Reports
from the Ediacaran can be dismissed as follow: (1)
Cochlichnus serpens Webby (a junior synonym of C.
anguineus according to our revision of smooth forms;
see also Fillion & Pickerill 1990) recorded by Webby
(1970, fig. 16) as Ediacaran is now thought to occur in
Cambrian strata (Walter et al. 1989); (2) Cochlichnus
sp. 2 recorded by Palij et al. (1979, 1983, pl. 54, fig. 6)
is irregular, and the sinusoidal course is not clearly
demonstrated (cf. Jensen et al. 2006); (3) Cochlichnus
isp. recorded by Cope (1982, pl. 2, fig. 3) does not show

FOSSILS AND STRATA

the regular sinusoidal course of Cochlichnus (Runnegar
1992; Jensen et al. 2006; Liu & Mcllroy 2015); (4) C.
serpens recorded by Aitken (1989, fig. 6F), although
of debatable Ediacaran or Cambrian age (cf. Runnegar
1992; MacNaughton et al. 2000; Carbone & Narbonne
2014), is irregular with angularities along its course; (5)
C. anguineus recorded by Kulkarni & Borkar (1996, figs
2-5) is preserved in ripple troughs and is a sinusoidal
syneresis crack (Seilacher et al. 2005); (6) C. anguineus
recorded by Kulkarni & Borkar (1997a) is not sinusoi-
dal and should be affiliated to filamentous body fossils;
(7) C. serpens recorded by MacNaughton & Narbonne
(1999), although considered Ediacaran at the time, was
recorded from strata that are now regarded as Cambrian
(Carbone & Narbonne 2014); and (8) Cochlichnus isp.
recorded by Jensen et al. (2006, fig. 2E) is irregular with
angularities along its course. Cochlichnus is recorded in
continental (e.g. Elliott 1985; Gluszek 1995; Metz 2000;
Melchor et al. 2003; Lerner et al. 2007; de Gibert & Saez
2009), marginal-marine (e.g. Hakes 1976; Narbonne
1984; Eagar et al. 1985; Greb & Archer 1995; Braddy
& Briggs 2002; Lucas & Lerner 2005), shallow-marine

Fig. 25. Cochlichnus anguineus Hitchcock (D, E) and C. luguanensis Zhang (A-C, E). Scale bars are 1 cm. A, Straight Cochlichnus luguanensis
(M/2A = 6.0-8.2) associated with a microbially stabilized surface. Positive epirelief, Fortune Head, Member 2A (Fortunian). B, Cochlichnus
luguanensis (\/2A = 4.6-8.3) with a sharp bend along its course (arrow). Positive epirelief, Fortune Head, Member 2A (Fortunian). C,
Cochlichnus luguanensis (\/2A = 4.4-6.2) displaying a pyritized infill that grades into a full relief, preserved on bed top. Note the change
in amplitude along the course. Positive epirelief/full relief, Fortune Head, Member 2B (Fortunian). D, Two Cochlichnus anguineus (\/2A
= 2.1-3.2) showing secondary successive branching (arrow). Negative epirelief, Grand Bank Head, Member 2B (Fortunian). E, Surface
with multiple specimens of Cochlichnus anguineus (Ca) and C. luguanensis (Cl) associated with Helminthoidichnites tenuis (Hd) and pits of
uncertain affinity. Note the transition from positive to negative epirelief in one specimen (upper left arrow). Positive and negative epirelief,
Grand Bank Head, Member 2A (Fortunian).
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(e.g. Hakes 1976; Dam 1990; Rindsberg 1994; Stanley &
Pickerill 1998; de Gibert & Ekdale 2002; Shahkarami et
al. 2017a), and deep-marine (e.g. McCann & Pickerill
1988; Tunis & Uchman 1996b; Uchman 1998; Buatois
& Mangano 2003b, 2012b; Bayet-Goll et al. 2014) envi-
ronments. In continental environments, potential pro-
ducers are both arthropods (insect larvae; Metz 1987b)
and nematode worms (Rode & Staar 1961; Sandstedt
et al. 1961; Gray & Lissmann 1964; Chamberlain 1975;
Jensen 1996), but only the latter are candidates in the
case of marine environments (Cullen 1973; Balinski et
al. 2013). Cochlichnus was first recorded in the Chapel
Island Formation by Crimes & Anderson (1985) and
has been regularly mentioned since then (see synonym
lists below).

Cochlichnus anguineus Hitchcock, 1858

Figure 25D, E

1985  Cochlichnus sp. Crimes & Anderson, p. 318, fig. 6.1.

Material. - Twelve specimens from Members 2A,
2B, and 3 (Fortunian) in Fortune Head, Grand Bank
Head, and Little Dantzic Cove.

Description. - Smooth, unlined, unbranched horizon-
tal burrows or trails with a sinusoidal course and 2.0
< M2A < 4.0. Preserved as positive hyporelief, posi-
tive and negative epirelief, and full relief. The course
is straight to curved. Transition from negative to posi-
tive epirelief on a single course occurs. The amplitude
of sines is typically constant or can vary along a sin-
gle course. Secondary successive branching has been
observed. Infill is massive, composed of very fine- to
fine-grained sandstone similar to the host rock; in
rare cases, infill is pyritized. Trace fossil width is 0.1
cm; maximum length is 12.5 cm; number of sines is
1%-19; A/2A = 2.1-3.6.

Associated trace fossils. - Cochlichnus anguineus co-oc-
curs with Circulichnis montanus, Cochlichnus luguan-
ensis, Helminthoidichnites tenuis, Helminthopsis tenuis,
and Palaeophycus tubularis. Cochlichnus anguineus
can be transitional with C. luguanensis.

Remarks. — The smooth outline and A/2A = 2.1-3.6
allow placement in Cochlichnus anguineus. Cochlichnus
anguineus is less common in the Chapel Island
Formation than C. luguanensis. Sines of Cochlichnus
anguineus in this unit never curve as tightly as in C.
gracilis, although A\/2A gets close to 2 in some spec-
imens. The ‘bell-curve’ morphology in Cochlichnus
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anguineus is a consequence of locomotion through
stiffer sediment involving increased frictional resist-
ance (Elliott 1985). This morphology is typical of
nematodes, as observed experimentally by Sandstedt
et al. (1961, fig. 1). Reverse movement in nematodes
leads to secondary successive branching (Sandstedt et
al. 1961), a feature also observed in the Chapel Island
Formation (Fig. 25D). Secondary successive branch-
ing is typically interpreted as produced for feeding
purposes. However, Sandstedt et al. (1961) noted
that modern nematodes produce similar trails solely
for locomotory purposes (i.e. without feeding behav-
iour associated). Accordingly, secondary successive
branching in Cochlichnus may suggest the need to
re-use a previously opened trail to increase movement
performance and to limit energetic costs associated
with locomotion.

Crimes & Anderson (1985, figs 6.1, 6.2) also noted
two morphologies in Cochlichnus from the Chapel
Island Formation (they draw them distinctively), and
their specimen fig. 6.1 fits within the morphometric
limits of C. anguineus (\/2A = 2.5-3.8). Cochlichnus
in Narbonne et al. (1987), Landing et al. (1988), and
Herringshaw et al. (2017) are only mentioned without
illustration, and their affinity is unknown.

Cochlichnus luguanensis Zhang, 1991

Figure 25A-C, E

1985  Cochlichnus sp. Crimes & Anderson, p. 318, fig. 6.2.

2014  Cochlichnus anguineus Hitchcock; Buatois, Narbonne,
Maingano, Carmona & Myrow, p. 3, fig. 1a, b.

2016  Cochlichnus anguineus Hitchcock; Méngano & Buatois,
p. 93, fig. 3.11c.

2017  Cochlichnus anguineus Hitchcock; Landing et al., p. 45,
fig. 17D.

2019  Cochlichnus anguineus Hitchcock; Laing, Madngano,
Buatois, Narbonne & Gougeon, p. 1626, fig. 2e.

Material. - 69 specimens from Members 2A and 2B
(Fortunian) in Fortune Head and Grand Bank Head.

Description. — Smooth, unlined, unbranched hori-
zontal burrows or trails with a sinusoidal course
and A/2A > 4.0. Preserved as positive and negative
hyporelief, positive and negative epirelief, and full
relief. Transition from negative to positive epirelief on
a single course occurs. The course is typically straight,
in places curved and rarely developing sharp bends.
In rare cases, the course disappears along regular and
specific intervals, in between the low and high points
of a sine. The amplitude of sines is mostly constant
or can vary along a single course. A small depression
can end a course. Secondary successive branching has
been observed. Infill is massive, composed of very
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fine- to fine-grained sandstone similar to the host
rock; in rare cases, infill is pyritized. Trace fossil width
is 0.05-0.1 cm; maximum length is 7.3 cm; number of
sines is 1%4-5%; A\/2A = 4.6-16.0.

Associated trace fossils. — Cochlichnus luguanensis
co-occurs with Archaeonassa fossulata, Cochlichnus
anguineus, Curvolithus simplex, Helminthopsis tenuis,
Monomorphichnus lineatus, Palaeophycus tubularis,
Saerichnites kutscheri, Treptichnus coronatum, and T.
pedum. Cochlichnus luguanensis can be transitional
with C. anguineus.

Remarks. - The smooth outline and A/2A = 4.6-16.0
allow placement in Cochlichnus luguanensis. In the
Chapel Island Formation, Cochlichnus luguanensis
is more common than C. anguineus. The high wave-
length/amplitude ratio demonstrates relatively low
friction with the sediment resulting in efficient move-
ment. Therefore, transitional specimens between
Cochlichnus luguanensis and C. anguineus point to a
change in locomotion behaviour and increased speed
in the former. The association with microbially sta-
bilized surfaces (Fig. 25A) suggests that Cochlichnus
represents a grazing strategy, and the question is left
opened on whether the food resource was mostly
bacteria (i.e. bacteriotrophs) or other type of organic
matter. The depression at the end of some Cochlichnus
specimens shows that the tracemaker was able to
change vertical position within the sediment, suggest-
ing that these structures could be made infaunally.

The disappearance of certain intervals along
the course has been noted in specimens from the
Carboniferous of Germany (Uchman & Geyer 2020),
the Cambrian of Norway (Hogstrom et al. 2013), the
Cambrian of northwestern Canada (R. MacNaughton,
pers. comm., 2022), and was also figured in the
Chapel Island Formation (Laing et al., 2019, fig. 2e).
Hogstrom et al. (2013) and Uchman & Geyer (2020)
interpreted these forms to be slightly helical. In the
Chapel Island Formation, the material is mostly sinu-
soidal in aspect, and should not be mistaken with
Cambrian Helicolithus Hantzschel (Mcllroy & Brasier
2017, fig. 4c), which are less stretched and clearly dis-
play a vertical component.

Cochlichnus luguanensis has been commonly
recorded in the Cambrian (e.g. Webby 1970, fig.
16C-F; Hofmann et al. 1994, fig. 5J; Goldring &
Jensen 1996, fig. 2b, upper specimen; Seilacher et al.
2005, fig. 8B; Shahkarami et al. 20174, fig. 2.1). In the
Chapel Island Formation, previous reports by Crimes
& Anderson (1985, fig. 6.2, A\/2A = 7.7-8.2), Buatois
et al. (2014, fig. 1a, \/2A = 5.8), Mangano & Buatois
(2016, fig. 3.11c, A\/2A = 5.8), Landing et al. (2017, fig.
17D, M/2A = 4.9-6.3), and Laing et al. (2019, fig. 2e,
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A/2A = 6-8.3) can be relocated within Cochlichnus
luguanensis as well.

Ichnogenus Conichnus Minnil, 1966

Discussion. — Conichnus is a conical unornamented
plug-shaped burrow (Ménnil 1966; Frey & Howard
1981; Pemberton et al. 1988) included in the cate-
gory of architectural design of ‘vertical plug-shaped
burrows’ (Buatois et al. 2017). Conichnus was first
described from the Ordovician Kahula Formation
of northern Estonia (Mannil 1966; Vinn et al. 2015).
Four ichnospecies attributed to Conichnus have been
described in the literature: C. conicus Ménnil, 1966;
C. papillus (Ménnil, 1966); C. conosinus Nielsen,
Hansen & Simonsen, 1996; and C. wudangensis Chen,
Wang, Bai, Nie & Wang, 2005. The type ichnospecies,
Conichnus conicus, has a conical shape with a rounded
base (Méannil 1966; Pemberton et al. 1988; Vinn et al.
2015). Conichnus papillus, formerly Amphorichnus
papillus, has an amphora shape with a distinct basal
protuberance (Minnil 1966; Pemberton et al. 1988;
Vinn et al. 2015). Frey & Howard (1981) placed
Amphorichnus Ménnil in synonymy with Conichnus.
However, Vinn et al. (2015) re-studied material from
the type locality and considered the amphora shape
and distinct termination to be significant at ichno-
genus rank (see also Ershova et al. 2006). Conichnus
conosinus is composed of a basal cone topped by a
very wide opening (Nielsen et al. 1996). Conichnus
wudangensis is a vertical funnel-shaped burrow with a
central tube (Chen et al. 2005, pl. I, figs 1b, 8) that may
represent a preservational variant of Rosselia socia-
lis. In addition, Swift et al. (1987, p. 433) mentioned
Conichnus concentricus, but without providing further
detail or photograph. This may have resulted from a
typo, the authors possibly referring to Cylindrichnus
concentricus Toots. Consequently, two ichnospecies,
Conichnus conicus and C. conosinus, are here consid-
ered valid.

Conichnus shows similarities with Bergaueria
Prantl, 1945, Conostichus Lesquereux, 1876, and
Cornulatichnus Carroll & Trewin, 1995. Contrary to
the conical morphology of Conichnus, Bergaueria is
cylindrical to hemispherical (Prantl 1945; Pemberton
et al. 1988). Conostichus is a conical plug-shaped bur-
row with regular transversal and longitudinal ridges
(Chamberlain 1971; Pemberton et al. 1988), whereas
Conichnus is typically smooth or rarely with concen-
tric ridges. Cornulatichnus is a vertical conical burrow
with a blade-like termination (Carroll & Trewin 1995)
which is absent in Conichnus.

Conichnus can resemble body fossils of sponges
(Klug & Hoffmann 2018). However, Klug & Hoffmann
(2018) considered that sponges can be differentiated
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Fig. 26. Conichnus conicus Mannil. Scale bars are 1 cm. All specimens are full reliefs. A, Specimen with a concave upper surface. Fortune
Head, Member 2A (Fortunian). B, Specimen with a flat upper surface. Note Gyrolithes scintillus (Gy). Fortune Head, Member 2A (Fortunian).
C, Specimen with concentric ridges on the wall. Fortune Head, Member 2A (Fortunian).

by their distinct skeleton, their different orientation
after death, and their gradual fading with the cast-
ing sedimentary rock. Conical structures can also be
formed by physical processes, with the fluidization
of sediment resulting in collapsing (e.g. Plint 1983;
Jensen & Miller 1990; Pemberton et al. 1992; Knaust &
Langbein 1995; Dionne & Pérez Alberti 2000; Buck &
Goldring 2003). Although the distinction is not always
easy to resolve, the cone-in-cone morphology of phys-
ical structures widens upward, whereas cone-in-cone
Conichnus tend to have a relatively steady width (Buck
& Goldring 2003).

Conichnus ranges from the Ediacaran (Jensen &
Runnegar 2005; Darroch et al. 2016, 2021; Cribb et
al. 2019) to the Holocene (e.g. Shinn 1968; Schifer
1972; Halley & Evans 1983; Gingras et al. 2008;
Ayranci et al. 2014). Convincing Ediacaran occur-
rences (e.g. Darroch et al. 2021) are all from the
Nama Group. In any case, extreme care is needed
when evaluating these forms, as conical physical sed-
imentary structures have also been recorded from
Precambrian strata (Dionne & Pérez Alberti 2000).
Producers are burrowing cnidarians (actinarians and
ceriantharians; Shinn 1968; Schifer 1972; Halley &
Evans 1983; Bromley 1996; Gingras et al. 2008) and
possible holothurians (Weissbrod & Barthel 1998).
Conichnus is recorded in marginal-marine (e.g.
Curran & Frey 1977; Hiscott et al. 1984; Savrda et al.
1998; Weissbrod & Barthel 1998; Savrda 2003; Mata
et al. 2012) and shallow-marine (e.g. MacEachern
& Pemberton 1992; Pemberton et al. 1992; Nielsen
et al. 1996; Bann et al. 2004; Mayoral et al. 2013;
Vinn et al. 2015) environments. A report from con-
tinental settings (Keighley & Pickerill 1997) is con-
troversial and awaits documentation of additional
material. In the Chapel Island Formation, Conichnus
was first recorded by Narbonne ef al. (1987) and has
been regularly mentioned since then (see synonym
list below).

Conichnus conicus Miannil, 1966

Figure 26A-C

1987  Conichnus conicus Ménnil; Narbonne, Myrow, Landing &
Anderson, p. 1287, fig. 6].

2017  Conichnus conicus Mannil; Landing et al., p. 45, fig. 17E.

2019  Conichnus conicus Minnil; Laing, Mangano, Buatois,
Narbonne & Gougeon, p. 1626, fig. 2q.

Material. - Seventeen specimens from Members 2A
and 2B (Fortunian) and Member 4 (Cambrian Age 2)
in Fortune Head, Fortune North, Grand Bank Head,
Little Dantzic Cove, and Point May.

Emended diagnosis. - Conical plug-shaped burrow
with rounded base; smooth or displaying rare con-
centric ridges (modified from Pemberton et al. 1988).

Description. - Simple conical plug-shaped burrows.
Preserved as full relief. Burrows are regular cones,
circular in cross-section, with a rounded base. The
upper part of the cone can be flat or concave. Their
orientation is mostly vertical, and rarely slightly
inclined. They are solitary or in pair. One spec-
imen displays a poorly developed cone-in-cone
morphology. Unlined to very thinly lined; walls are
smooth or made of concentric ridges. Infill is mas-
sive, composed of mudstone or very fine- to fine-
grained sandstone different from the mudstone to
medium-grained sandstone host rock. Collapsing of
sediment is absent. Rare specimens are preserved in
calcite concretions. Widest part of each cone is 0.3-
10.0 cm; depth is 0.3-10.5 cm; width/depth ratio is
0.5-2.8.

Associated trace fossils. — Conichnus conicus co-oc-
curs with Bergaueria perata, Gyrolithes scintil-
lus, Palaeophycus tubularis, Palaeophycus isp., and
Trichichnus linearis.



68 Romain Gougeon et al.

Remarks. - The conical morphology allows placing
the specimens studied in Conichnus conicus. Many
Phanerozoic reports of Conichnus conicus display
a cone-in-cone morphology (e.g. Buck & Goldring
2003; Savrda 2003; Abad et al. 2006; Desai & Saklani
2015), depicting a readjustment of the tracemaker to
the sediment-water interface while keeping pace with
the aggrading substrate. These differ mainly from
inorganic cones by the absence of sediment collapse
and absence of wider opening at the top (Curran &
Frey 1977; Buck & Goldring 2003). In the Chapel
Island Formation, a cone-in-cone morphology is
poorly developed in a single specimen, arguing for an
equilibrium structure. Collapsing has also not been
observed in any specimen. Specimens of the Chapel
Island Formation display simple, distinct conical
geometries with sharp boundaries that strongly point
toward a biogenic origin. Additionally, some of the
specimens from this unit display a very thin lining,
which could depict mucus secretion from an organ-
ism resting in its burrow.

Some Chapel Island Formation specimens display
concentric ridges on their walls (Fig. 26C), which
are features not diagnostic of Conichnus as reviewed
by Pemberton et al. (1988). The ridges are biogenic
and do not result from the intersection with sand-
stone laminae or thin beds, as Conichnus is preserved
within massive mudstone intervals (e.g. Fig. 26C).
Conostichus is a close relative to these forms, as it
possesses a conical shape and transversal ridges, but
longitudinal ridges are also diagnostic (Chamberlain
1971; Pemberton et al. 1988). We consider that the
absence of longitudinal ridges in the Chapel Island
Formation specimens does not support comparison
with Conostichus. Consequently, we emend the diag-
nosis of Conichnus conicus to accommodate the rare
record of concentric ridges. These ridges may depict
the re-adjustment of the organism within its burrow
in relation to changes in sedimentation rates.

Pemberton et al. (1988) gave a width/depth ratio
of 0.26-0.67 for Conichnus conicus. This ratio is con-
sistent with other reports (e.g. Savrda 2003; Mayoral
et al. 2013; Vinn et al. 2015) and some of the Chapel
Island Formation material, especially from Member
4. Conical burrows from Member 4 have typically
larger dimensions, which would imply that a very
large organism was living in the cone, well beyond the
sizes of other trace-making organisms of the section.
Large Cambrian conical burrows are not unusual
(Hiscott et al. 1984; Hoffmann & Grimmberger 2011;
Mata et al. 2012). In the Chapel Island Formation,
the width/depth ratio is of 0.5-2.8, which is overall
greater than the values recorded by Pemberton et al.
(1988). Pemberton et al. (1988) did not suggest the
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possibility of discriminating further ichnospecies of
smooth Conichnus based on variable ratios, neither
did other authors. Some other Cambrian reports of
Conichnus conicus (Paczesna 2010; Hammersburg et
al. 2018) are doubtful as they do not display a clear
conical morphology.

Ichnogenus Cruziana d’Orbigny, 1842

Discussion. - Cruziana is a horizontal bilobed burrow
with scratch imprints (d’Orbigny 1842; Seilacher 1970;
Keighley & Pickerill 1996) included in the category
of architectural design of ‘bilobate trails and paired
grooves (Buatois et al. 2017). Cruziana was first
described from the Ordovician Anzaldo Formation
of central Bolivia (d'Orbigny 1842, 1846; Egenhoft et
al. 2007). Although early interpretations suggested a
bivalve (Say in Dekay 1824; d'Orbigny 1842), a crusta-
cean (Pictet 1854), a plant (de Tromelin & Lebesconte
1876; Lebesconte 1883; de Saporta & Marion 1881; de
Saporta 1882, 1884, 1887; Delgado 1886; Schimper
1890), or a sponge (Lebesconte 1886) origin, Nathorst
(1881, 1886) convincingly demonstrated that similar
structures were made by arthropod scratching the
sediment surface (see also Dawson 1864, 1890, James
1885, Bureau 1886, and Maillard 1887). Cruziana is
an iconic trace fossil that is very common in shallow-
marine Palaeozoic rocks and gave its name to a classic
Seilacherian ichnofacies (Seilacher 1967a).

As a result of its high diversity and distinctive
‘fingerprints’ (sensu Seilacher 1970), Crimes (1968,
1969, 1975a, 1981) and Seilacher (1960, 1970, 1990a,
1992, 1993, 1994, 1996, 2007) suggested that ichno-
species of Cruziana could be useful as biostratigraph-
ical markers in strata lacking body fossils (see also
Héntzschel 1975; Acefiolaza & Durand 1978; Ekdale
et al. 1984; Zonneveld et al. 2002; MacNaughton 2007;
Buatois & Mangano 2011; Memoria et al. 2023). This
approach was originally designed for Gondwana and
peri-Gondwana terranes and worked particularly
well in some strata of late Cambrian—Ordovician age
(e.g. Baldwin 1978; Blaise & Bouyx 1980; Pickerill &
Fillion 1983; Wycisk et al. 1990; Mangano et al. 1996a,
2001; Acefolaza & Milana 2005; Singh et al. 2019;
Meischner et al. 2020; Elicki & Magnus 2021), having
been refined in subsequent studies (Cooper 1984;
Egenhoft et al. 2007; Hofmann et al. 2012). Focus
in other palaeocontinents, such as Baltica (Knaust
2004; Jensen et al. 2011) and Laurentia (Magwood &
Pemberton 1990; Gibb et al. 2017), have challenged
some of the tenants of this ichnostratigraphy (but
see also Seilacher 1994). However, limited number
of studies and, in some cases, poor preservation of
specimens or a small sample size lacking sufficient
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morphological variability (i.e. non-representative
sampling) call for the need of additional, detailed
investigations.

Another debate focussed on the position of forma-
tion of Cruziana, either at the sediment-water inter-
face (Radwanski & Roniewicz 1963, 1972; Cowie &
Spencer 1970; Crimes 1970, 1975b; Baldwin 1977a;
Crimes et al. 1977; Gutschick & Rodriguez 1977), or
at a sand-mud interface below a thin veneer of sedi-
ment (Seilacher 1955a, 1970, 1982, 1983, 1985, 1990a,
1994, 1996; Birkenmajer & Bruton 1971; Goldring
1985). The question was reviewed by Mdangano et al.
(1996a) and, although uncontroversial evidence is not
always available, interpretations should be based on a
case-by-case basis (see also Sadlok 2014 and Kesidis
et al. 2019a).

Taxonomic controversies revolved around
the validity of Rusophycus Hall and Isopodichnus
Bornemann. Although Seilacher (1955a) first treated
Cruziana and Rusophycus separately, he later decided
to synonymize both ichnogenera from 1970 onward.
This approach led to some confusion in the com-
munity, as most ichnologists dealt with Cruziana
and Rusophycus separately, acknowledging clear
morphological and behavioural differences (e.g.
Lessertisseur 1955; Radwanski & Roniewicz 1963;
Crimes 1970; Osgood 1970; Birkenmajer & Bruton
1971; Hintzschel 1975; Alpert 1976a; Bergstrom
1976; Bromley & Asgaard 1979; Pickerill & Fillion
1983; Durand 1985). In this study, we agree with
Keighley & Pickerill (1996) and separate Cruziana
from Rusophycus based on a length/width ratio, with
Cruziana ratio being greater than 2. We also add that
Rusophycus displays, in places, morphological ele-
ments at their anterior end, posterior end, or in axial
position, representing casts of skeletal body parts of
their tracemaker. The other taxonomic issue con-
cerns Isopodichnus, which has been retained as valid
by some authors based on: (1) its intermediate sta-
tus between Cruziana and Rusophycus, as it can dis-
play both coffee-bean and bilobed elongated shapes
along the same specimen; (2) its smaller size; (3)
its continental facies dependence; (4) its extension
into the post-Palaeozoic; and (5) its non-trilobitic
origin (Seilacher 1953, 1970, 1985; Bromley &
Asgaard 1972, 1979; Bergstrom 1976; Trewin 1976;
Hakes 1985; Pollard 1985; Manca 1986; Fillion &
Pickerill 1990; Keighley & Pickerill 1996; Zonneveld
et al. 2002). All these arguments are not taxonom-
ically sound (Bromley 1996; Bertling et al. 2006,
2022; Buatois & Mangano 2011), and Isopodichnus is
therefore synonymized with either Cruziana or
Rusophycus depending on the overall morphology of
the trace fossil.
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At least 119 ichnospecies attributed to Cruziana
have been either mentioned, described, or erected
in the literature (pers. data, see also Gougeon 2023).
Although synonymy of ichnospecies (Kolb & Wolf
1979) or description of ichnosubspecies (Seilacher
1996; Méangano & Buatois 2003a) have been sug-
gested, it emerges that significant work is awaiting
to clarify Cruziana ichnotaxonomy and determine
its valid ichnospecies. Many of the forms erected
by Seilacher (1970, 1990a) representing a station-
ary position of the tracemaker [e.g. Cruziana carleyi
James, C. leifeirikssoni (Bergstrom), C. pudica (Hall),
or C. polonica Seilacher] are regarded as Rusophycus
by most other authors. For this work, only Cruziana
problematica, an ichnospecies that was recovered in
the Chapel Island Formation, is discussed in more
detail below.

Cruziana shows similarities with Didymaulichnus
Young, 1972, Dimorphichnus Seilacher, 1955a,
Diplichnites Dawson, 1873, Diplopodichnus Brady,
1947, Gyrochorte Heer, 1865, and Rusophycus Hall,
1852. Didymaulichnus is a problematic ichnotaxon
currently under revision. The typical morphology, as
seen in Didymaulichnus miettensis, is quite distinct;
this ichnospecies comprises smooth forms with
two ventral lobes and lateral bevels (Young 1972).
Specimens of Didymaulichnus displaying scratch
imprints [e.g. type material of D. Iyelli (Rouault) and
D. nankervisi Bradshaw] should be relocated else-
where (Jensen 1997) and may belong in Cruziana.
Dimorphichnus and Diplichnites are trackways with
two series of imprints that are not organized into
two lobes as in Cruziana (Seilacher 1955a; Keighley
& Pickerill 1998). Diplopodichnus is composed of
two ridges in positive hyporelief or grooves in neg-
ative epirelief that are distinguished from Cruziana
by their distinct spacing and lack of scratch imprints
(Keighley & Pickerill 1996; Buatois et al. 1998b).
Gyrochorte is a bilobed trace fossil that, unlike
Cruziana, is preserved as positive epirelief or neg-
ative hyporelief (Heinberg 1970, 1973; Wetzel et al.
2020). Finally, Rusophycus is a short, bilobed burrow
with scratch imprints that has a coffee bean mor-
phology (Fillion & Pickerill 1990) and can display
morphological skeletal features defining anterior,
posterior, or axial elements.

Cruziana ranges from the Cambrian (e.g.
Radwanski & Roniewicz 1963; Crimes et al. 1977,
Magwood & Pemberton 1990; Seilacher 1990a;
MacNaughton & Narbonne 1999; Kesidis et al. 2019a)
to the Cretaceous (Buatois et al. 2000; Oligmueller
& Hasiotis 2024). Muiiiz et al. (2015) also recorded
Cruziana-like trace fossils made by fish from a mod-
ern estuary. However, these have sharp outlines with
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Fig. 27. Cruziana problematica (Schindewolf). Scale bars are 1 cm. All photographs are positive hyporeliefs. A, Straight specimen (mor-
photype A). Grand Bank Head, Member 2A (Fortunian). B, Loosely meandering specimen (morphotype A). Fortune Head, Member 2B
(Fortunian). C, Straight specimen showing bulging (arrows) (morphotype A). Note that the specimen is broken (bottom right), and that
the sharp terminations allow the observation of the squarish cross-section in the field. Fortune Head, Member 2A (Fortunian). D, Two flat
specimens showing overlapping and angular turns (morphotype B). Note that the surface is not clearly smooth, and bulging suggests possi-

ble resting of the tracemaker (arrow). Grand Bank Head, Member 2A (Fortunian).

flat lobes, and are either smooth or with delicate
longitudinal striae (Muiiz et al. 2015, fig. 4B-D)
which differs from typical Cruziana. Cruziana is
recorded in continental (e.g. Bromley & Asgaard
1972; Trewin 1976; Pollard 1985; Pickerill 1992;
Schlirf et al. 2001; Minter & Lucas 2009), marginal-
marine (e.g. Baldwin 1977b; Narbonne 1984; Legg
1985; Fillion & Pickerill 1990; Mangano et al. 2002b,
2021), shallow-marine (e.g. Radwanski & Roniewicz
1963; Seilacher 1964; Crimes 1968; Zonneveld et al.
2002; Stachacz et al. 2015; Heward et al. 2018), and
deep-marine (Pickerill et al. 1988; Pickerill 1995)
environments. Producers are arthropods, including
branchiopods in continental settings (e.g. Seilacher
1960; Bromley & Asgaard 1972; Pollard 1985; Gand
et al. 2008; Minter & Lucas 2009; Sadlok 2014)
and trilobites (e.g. Birkenmajer & Bruton 1971;
Bergstrom 1973; Seilacher 1985; Fortey & Seilacher
1997; Fortey & Owens 1999; Mangano et al. 2021)
and aglaspidids (Fischer 1978) in marine environ-
ments. More unusual tracemakers that were sug-
gested include gastropods (Linck 1942; Seilacher
1960) and polychaete worms (Schindewolf 1928;
Seilacher 1960). Cruziana has never been recorded
in the Chapel Island Formation before.

Cruziana problematica (Schindewolf, 1921)
Figure 27A-D

Material. - Eight specimens of morphotype A from
Member 2A (Fortunian) in Grand Bank Head; five
specimens of morphotype B from Members 2A and
2B (Fortunian) in Fortune Head and Grand Bank
Head.

Description. — Horizontal bilobed trail locally dis-
playing faint transverse striae. Preserved as posi-
tive hyporelief. The course is straight, winding, to
curved at deep angles. Terminations are not sharp,
and the lobes progressively disappear within the host
rock. Morphotype A has raised lobes with a narrow,
shallow, incising median furrow and steep, deep,
well-defined margins. Morphotype B is flat with a dis-
continuous median furrow and well-defined margins.
In places, corrugations or bulging form at irregular
intervals along the lobes. Cross-section is squarish in
morphotype A. Overcrossing and secondary succes-
sive branching have been observed. Infill is massive,
composed of very fine- to fine-grained sandstone sim-
ilar to the host rock for morphotype A, and different
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from the mudstone host rock for morphotype B.
Morphotype A has width of 0.1-0.2 cm and maxi-
mum length of 3.1 cm. Morphotype B has width of
0.4-0.6 cm and maximum length of 15.2 cm.

Associated trace fossils. - Morphotype A co-occurs
with Palaeophycus tubularis; morphotype B co-
occurs with Curvolithus simplex, Palaeophycus tubula-
ris, Psammichnites gigas circularis, Rusophycus avalon-
ensis, Treptichnus coronatum, and Treptichnus indet.

Remarks. — Schindewolf (1921) first erected Ichnium
problematicum Schindewolf for horizontal trace fos-
sils 3-8 mm wide, up to 40 cm long, made of two
lobes with oblique striae, and with a smooth median
furrow. Later, Schindewolf (1928) reassigned this
material to Isopodichnus Bornemann and provided
illustrations. Isopodichnus, however, is now consid-
ered a junior synonym of Cruziana (see ‘Discussion’
above, p. 69). Schindewolf (1928) included both cof-
fee-bean shaped and elongated bilobed structures
within Isopodichnus (i.e. Rusophycus and Cruziana in
modern ichnotaxonomy, respectively). Schindewolf
(1928, p. 28) emphasized the presence of a narrow
median furrow and steep lateral margins in a spec-
imen, which corresponds to morphotype A in the
Chapel Island Formation. A flat specimen similar to
morphotype B in the Chapel Island Formation was
also figured (Schindewolf, 1928, fig. 8, left speci-
men), although its margins are more irregular due
to striae terminating at different positions laterally.
Flat specimens with irregular lateral margins have
commonly been recorded in Cruziana problematica
(e.g. Bromley & Asgaard 1979, fig. 16A; Pickerill 1992,
fig. 2B; Bromley 1996, fig. 8.13; Minter & Lucas 2009,
fig. 3A, B; Fillmore et al. 2017, fig. 26). Certain reports
of Cruziana problematica with more oblique striae
and wider median furrow (e.g. Fillion & Pickerill
1990, pl. 3, fig. 4) may be, however, more closely affil-
iated with C. bagnolensis Moriére, 1878. The sharp
margins in morphotype B may be a taphonomic arti-
fact as striae are not distinct. Both morphotypes from
the Chapel Island Formation are included confidently
within Cruziana problematica.

There is, however, a debate regarding the valid-
ity of Cruziana problematica in relation to C. tenella
(Linnarsson, 1871). Material from the type locality of
Cruziana tenella, formerly Fraena tenella Linnarsson,
is composed of narrow horizontal trace fossils with
a shallow incising median furrows, sharp and steep
margins, and faint striae on lobes (Linnarsson 1871,
pl. 1, fig. 5; Jensen 1997, figs 31, 32; Kesidis et al.
2019a, figs 1-4). Therefore, this material has a mor-
phology close to morphotype A in the Chapel Island
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Formation. Jensen (1997) regarded Cruziana prob-
lematica as a more stable ichnospecies than C. tenella
despite the seniority of the latter and, therefore, sug-
gested that it could be retained as valid for nomenclat-
ural stability, an opinion followed by Mangano et al.
(2002b). Nevertheless, Jensen (1997) still resurrected
Cruziana tenella because of the issues related with
the former placement of Cruziana problematica in
Isopodichnus by Schindewolf (1928) (see ‘Discussion’
above for a treatment of the issues with Isopodichnus,
p. 69). The similarity of Cruziana tenella with C.
acadica Dawson, 1864 was also noted by Keighley &
Pickerill (1996) and would merit further exploration,
as C. acadica was erected before C. tenella. Cruziana
problematica was and still is a regularly cited ichno-
taxon in the literature (e.g. Bromley & Asgaard 1972;
Fillion & Pickerill 1990; Keighley & Pickerill 1996;
Schlirfet al. 2001; Mikula$ & Lehotsky 2002; Mangano
et al. 2005a; Minter & Lucas 2009; Hofmann et al.
2012; Lima & Netto 2012; Shahkarami et al. 2017a;
Hammersburg et al. 2018; Elicki & Altumi 2019;
Kaur et al. 2021; Singh et al. 2024b). However, since
the revision of the type material by Jensen (1997),
Cruziana tenella has also been commonly used in
the literature (e.g. MacNaughton & Narbonne 1999;
Sadlok 2010; Pandey et al. 2014; Rodriguez-Tovar et
al. 2014; Gibb et al. 2017; Kesidis et al. 2019a; Metz
2022). In this study, we follow the suggestion of
Mangano et al. (2002b) and apply the name Cruziana
problematica for both morphotypes recovered in the
Chapel Island Formation. However, future revision
of the type material published in Schindewolf (1921,
1928) may relocate part of this material in Cruziana
tenella (i.e. material similar to morphotype A in the
Chapel Island Formation) considering its recent
rise in use.

Bilobated, horizontal, continuous, smooth struc-
tures without lateral bevels are commonly assigned
to Didymaulichnus lyelli. This ichnospecies is exten-
sively recorded, ranging from the Cambrian (Walter
et al. 1989; Mangano & Buatois 2016; Buatois et al.
2017) to the Cretaceous (Vossler et al. 1989), and is
present in continental (Acefiolaza & Buatois 1991,
1993; Trewin & McNamara 1995; Buatois & Mangano
2002), marginal-marine (Hakes 1977; Bradshaw 1981;
Fillion & Pickerill 1990), shallow-marine (El-Khayal &
Romano 1988; Vossler et al. 1989; Walter et al. 1989;
Kumpulainen et al. 2006), and deep-marine (Han &
Pickerill 1994b) environments. However, the mor-
phology of recorded Didymaulichnus lyelli is highly
variable and is represented by: (1) very flat speci-
mens with sharp edges and an incising median furrow
(Buatois & Mangano 2002; da Silva et al. 2003); (2)
specimens with more relief and steeper lobes (Hakes



72 Romain Gougeon et al.

1977; Bradshaw 1981; Walter et al. 1989; Acefolaza &
Buatois 1993; Kumpulainen et al. 2006); (3) very short
specimens with ‘lobes’ of variable width (Neef 2004);
(4) trace fossils with very wide median furrow (Walter
et al. 1989; Buatois et al. 2017); or (5) specimens with
unclear transverse scratch imprints (Bradshaw 1981;
Vossler et al. 1989). This variety of forms demonstrates
that the morphological boundaries of Didymaulichnus
lyelli are poorly defined. The type material may actually
represent a taphonomic variant of Cruziana (Durand
1985), and this ichnotaxon needs revision.

In the Chapel Island Formation, Crimes
& Anderson (1985) recorded two forms as
Didymaulichnus isp.: a flattened form with incis-
ing median furrow similar to what is called
Didymaulichnus lyelli in the literature (Crimes &
Anderson 1985, fig. 5.6), and a form made of two
rounded, connected strings (only drawn; Crimes &
Anderson 1985, fig. 6.3). This latter morphology is
intriguing as it passes into a unilobed burrow, which
has been observed in morphotype B of Cruziana
problematica as described herein. Herringshaw et
al. (2017) also recorded Didymaulichnus isp. from
Member s 2A and 2B without providing illustration.

Similar forms to morphotype A have been recorded
in the literature as Cruziana problematica (Fillion &
Pickerill 1990; Keighley & Pickerill 1996; Mangano
et al. 2002b; Shahkarami et al. 2017a, b), Cruziana
tenella (Jensen 1997; Sadlock 2010; Kesidis et al. 2019a;
Novis et al. 2022), Didymaulichnus (Eagar et al. 1985),
Isopodichnus isp. (Bergstrom 1976), and Planolites
cf. P serpens Alpert (Fedonkin 1990). Transverse
striations are commonly recorded (Jensen 1997;
Shahkarami et al. 2017a), which warrant an affinity
to Cruziana. In the Chapel Island Formation, these
are lacking, but it is commonly assumed that smaller
specimens of Cruziana may not preserve striae due
to the size of sediment grains impacting taphonomy
(Bromley & Asgaard 1979; Jensen et al. 2005; Sadlock
2010; Schatz et al. 2011). Kesidis et al. (2019a) con-
sidered that Cruziana tenella from the type locality
recorded repeated resting stages by the tracemaker,
i.e. the continuous alignment of Rusophycus burrows.
In the Chapel Island Formation, large corrugations on
some specimens may represent similar resting behav-
iours (Fig. 27C), but lobes are typically connected and
favor continuous locomotion.

Ichnogenus Curvolithus Fritsch, 1908

Discussion. — Curvolithus is a subhorizontal trail with
a trilobed dorsal surface displaying a vertical undu-
latory component in its course (Buatois et al. 1998¢;
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Seilacher 2007) and is included in the category of
architectural design of ‘trilobate flattened trails
(Buatois et al. 2017). Curvolithus was first described
from the Ordovician Kosov Formation of central
Czech Republic (Fritsch 1908; Buatois et al. 1998¢).
Buatois et al. (1998c) reviewed the ichnotaxonomy of
Curvolithus and considered two ichnospecies valid:
C. multiplex Fritsch, 1908 and C. simplex Buatois,
Mangano, Mikulas & Maples, 1998c. The type ich-
nospecies, Curvolithus multiplex, has a quadrilobed
ventral surface (Fritsch 1908; Buatois et al. 1998c).
Curvolithus simplex has a uni- to trilobed ventral sur-
face (Buatois et al. 1998¢).

Curvolithus shows similarities with Psammichnites
Torell, 1870, Treptichnus Miller, 1889, and Trisulcus
Hitchcock, 1865. Psammichnites is a subhorizontal
trail with a median dorsal structure and a flat uni- to
trilobed ventral surface like Curvolithus (Mangano
et al. 2002a). However, Psammichnites also displays
a distinctive backfilling. In addition, Psammichnites
typically represents long structures with a meander-
ing course, whereas Curvolithus is typically short and
straight (Buatois et al. 1998c; Mangano et al. 2002a).
Treptichnus triplex consists of repeated trilobed
segments (Palij 1976; Buatois & Mangano 1993b).
Taken alone, these segments may be reminiscent
of Curvolithus (e.g. Jensen & Grant 1998; Wilson
et al. 2012), but branching is absent in Curvolithus.
Trisulcus is composed of three thin grooves separated
by two wide ridges on bed top (Hitchcock 1865; Getty
& Goldstein 2022). Contrary to Curvolithus, Trisulcus
is a surficial trail that also displays, in places, short lat-
eral imprints (Getty & Goldstein 2022).

Curvolithus ranges from the Cambrian (e.g.
Banks 1970; Walter et al. 1989; Bryant & Pickerill
1990; Systra & Jensen 2006; Hogstrom et al. 2013;
Shahkarami et al. 2017a) to the Miocene (Keij
1965). A report of an alleged incipient Curvolithus
(Lawfield & Pickerill 2006) is an epifaunal trail and
therefore is unrelated to full relief, clearly endich-
nial structures belonging to Curvolithus. Potential
producers are gastropods (e.g. Heinberg 1973;
Alpert 1976b; Hakes 1976; Fiirsich & Heinberg 1983;
Heinberg & Birkelund 1984), holothurians (Lockley
et al. 1987), and worms (annelids, flatworms, and
nemerteans; Lockley et al. 1987; Seilacher et al. 2005;
Seilacher 2007; Knaust 2010). Curvolithus is typi-
cally recorded from marginal-marine (e.g. Keij 1965;
Hakes 1985; Martino 1989; Maples & Suttner 1990;
Greb & Chesnut 1994; Mangano & Buatois 2004b)
and shallow-marine (e.g. Chamberlain 1971; Walter
et al. 1989; Rindsberg 1994; Stanley & Pickerill 1998;
Mangano et al. 2002b; Krobicki & Uchman 2003)
environments. Seilacher & Mrinjek (2011) also
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Fig. 28. Curvolithus multiplex Fritsch (A, B), Curvolithus simplex Buatois, Mdngano, Mikuld$ & Maples (C-E), and Curvolithus isp. (F). Scale
bars are 1 cm. A, B, Curvolithus multiplex with discontinuous grooves separating the median (m) and lateral (1) lobes. Positive hyporelief,
Grand Bank Head, Member 2A (Fortunian, D) and Member 5 (Cambrian Age 2, E). C, Flattened Curvolithus simplex with a trilobed dorsal
surface and a unilobed ventral surface. Full relief, Lewin’s Cove, Member 2A (Fortunian). D, Curvolithus simplex showing vertical undula-
tion, with appearance and disappearance of the specimen along its course (arrows). Note the simple horizontal trails on the same surface.
Full relief observed on bed top, Fortune Head, Member 2B (Fortunian). E, Curvolithus simplex with a trilobed dorsal surface (left side) and
a bilobed ventral surface (middle). Note that the dorsal surface grades into a unilobed surface (right side). Full relief, Grand Bank Head,
Member 2B (Fortunian). F, Curvolithus isp. with distinct longitudinal striae along a lateral lobe (arrow). Positive hyporelief, Fortune Head,

Member 2B (Fortunian).

mentioned a possible deep-marine occurence. In
the Chapel Island Formation, Curvolithus was first
recorded by Crimes & Anderson (1985) and has been
commonly mentioned since then (e.g. Narbonne et
al. 1987; Herringshaw et al. 2017).

Curvolithus multiplex Fritsch, 1908
Figure 28A, B
Material. - Three specimens from Members 2A and

2B (Fortunian) and Member 5 (Cambrian Age 2) in
Fortune Head and Grand Bank Head.

Description. — Smooth, unlined, unbranched, sub-
horizontal trails with a quadrilobed ventral surface.
Preserved as positive hyporelief. The course is straight
to curving. The trail is ovoid to flattened in cross-sec-
tion. Ventral median lobes bulge or are at the same
level with respect to lateral lobes. Infill is massive,
composed of very fine-grained sandstone similar to
the host rock, or different where encased in mudstone.
Width is 0.5-1.1 cm; maximum length is 13.5 cm.

Associated trace fossils. — Curvolithus multiplex co-oc-
curs with Curvolithus simplex, Didymaulichnus miet-
tensis, Palaeophycus tubularis, and Treptichnus pedum.
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Remarks. — Mangano et al. (2002b) described a speci-
men of Curvolithus multiplex with a quadrilobed ventral
surface lacking a dorsal expression. These authors noted
that the quadrilobed ventral surface is very distinctive of
Curvolithus multiplex, and we agree with this opinion.
Curvolithus multiplex is uncommon from the trace-fos-
sil record (cf. synonym list in Buatois et al. 1998¢c) and
has not been recorded from the Cambrian before. In the
Chapel Island Formation, grooves separating the lobes
are typically faint and can disappear along the course:
other reports in the literature display either distinctive
ridges and quadra-lobation (Buatois et al. 1998c, fig. 6;
Maples & Suttner 1990, figs 10.1, 10.3; Muszer 2020, fig.
4B), or discontinuous ridges if the preservation is partial
(Mangano et al. 2002b, fig. 30).

Curvolithus simplex Buatois, Mangano,
Mikulas & Maples, 1998¢

Figure 28C-E

Material. - About 55 specimens from Members 2A and
2B (Fortunian) and Member 5 (Cambrian Age 2) in
Fortune Head, Grand Bank Head, and Lewin’s Cove.

Description. - Smooth, unlined, unbranched horizon-
tal trails with a trilobed dorsal surface and a uni- to
trilobed ventral surface. Preserved as positive hypore-
lief, positive and negative epirelief, and full relief.
The course is typically short, straight to curved, and
can display a vertical undulatory component on well
exposed slabs. The width is constant along the trail.
The trail is ovoid to flattened in cross-section. The dor-
sal surface has a wider median lobe, and the three dor-
sal lobes can grade into a unilobed surface. The ventral
surface can display transitions from uni- to bi- and tri-
lobed surfaces. The ventral median lobe can bulge with
respect to lateral lobes. Trails are isolated or aggre-
gated, in places significantly overlapping. Infill is mas-
sive, composed of very fine- to fine-grained sandstone
similar to the host rock, or different where encased in
mudstone or fine-grained sandstone. Width is 0.5-1.3
cm; maximum length is 20.7 cm.

Associated trace fossils. — Curvolithus simplex co-oc-
curs with Cruziana problematica, Curvolithus multi-
plex, Helminthoidichnites tenuis, Helminthopsis tenuis,
Monomorphichnus lineatus, Palaeophycus tubularis,
Psammichnites gigas circularis, Rusophycus avalonensis,
Treptichnus bifurcus, T. pedum, and Trichichnus linearis.

Remarks. - The trilobed dorsal surface and uni-,
bi-, or trilobed ventral surface allow placing these
trace fossils in Curvolithus simplex. Short specimens
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displaying a tendency to change vertical level within
the sediment are also typical (Buatois et al. 1998c;
Mangano et al. 2002b; Seilacher 2007). Where only
a bilobed ventral surface is visible, Curvolithus
shares similarities with Psammichnites (cf. Jensen &
Palacios 2016; Mangano et al. 2022), as well as with
Cruziana problematica (both morphotypes A and
B) as described in this study. Uchman (1995) stated
that Palaeozoic Taphrhelminthopsis Sacco are most
likely washed-out casts of Curvolithus or Cruziana.
However, re-evaluation of lower Palaeozoic occur-
rences of Taphrhelminthopsis indicates that these
are instead preservational variants of Psammichnites
(Mangano et al. 2022). In the Chapel Island
Formation, Psammichnites is typically unilobed
on its ventral surface (see Psammichnites section,
p. 111). Consequently, if material is showing a
bilobed ventral surface, only specimens also demon-
strating a distinct trilobed dorsal surface are included
in Curvolithus simplex. Moreover, as trilobed ventral
surfaces are not demonstrated in Psammichnites
from the Chapel Island Formation, specimens dis-
playing that feature and lacking exposure of their
dorsal surface are included in Curvolithus simplex
as well.

Curvolithus sp. was described by Crimes &
Anderson (1985) from Member 2A without fig-
ured specimens. Their description emphasized the
presence of a trilobed ventral surface, which corre-
sponds to Curvolithus simplex as described herein.
Additional Curvolithus and Curvolithus sp. materials
were mentioned in the Chapel Island Formation with-
out illustration (e.g. Narbonne et al. 1987; Landing
et al. 1988; Herringshaw et al. 2017), and their affinity
is unknown.

Curvolithus isp.
Figure 28F

Material. - Two specimens from Member 2B
(Fortunian) in Fortune Head.

Description. — Smooth, unlined, unbranched, sub-
horizontal trails with a trilobed ventral surface, and
longitudinal striae along lateral lobes. Preserved as
positive hyporelief. The median lobe is in places wider
than lateral lobes, and slightly depressed relatively to
lateral lobes. Longitudinal striae are clear on lateral
lobes of one specimen and are only faint on the other
specimen. The two specimens are overlapping. Infill
is massive, composed of very fine-grained sandstone
different from the mudstone host rock. Width is 1.0-
1.2 cm; maximum length is 3.5 cm.
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Associated trace fossils. — Curvolithus isp. does not
occur with other formally described ichnotaxa.

Remarks. — These specimens display a trilobed ventral
surface, which is a feature typical of Curvolithus in the
Chapel Island Formation (see Remarks in Curvolithus
simplex section above). However, diagnoses of previ-
ously erected Curvolithus ichnospecies do not men-
tion longitudinal striae. Striae may have resulted from
the marking of body parts of the producer during
locomotion. With the record of only two specimens
in the Chapel Island Formation and in the absence
of dorsal exposure, the erection of a new Curvolithus
ichnospecies is not envisioned.

Ichnogenus Dendroidichnites Demathieu,
Gand & Toutin-Morin, 1992

Discussion. — Dendroidichnites is a trackway with two
symmetric rows of oblique, incisive, elongate to cres-
centic imprints not organized into series (Demathieu et
al. 1992; Buatois et al. 1998a; Minter & Braddy 2009)
included in the category of architectural design of
‘trackways and scratch imprints’ (Buatois et al. 2017).
Dendroidichnites was first described from the Permian
Motte Formation of southeastern France (Demathieu
et al. 1992). The complicated taxonomic status of
Dendroidichnites, Mirandaichnium Aceiolaza, and
Permichnium Guthorl was summarized by Buatois
et al. (1998a) and Minter & Braddy (2009), who con-
sidered Dendroidichnites valid based on its lack of
V-shaped series (see also Kozur & Lemone 1995).
Further difficulties arose with the description of inter-
gradational specimens of Diplichnites, Diplopodichnus,
and Dendroidichnites, which resulted from variations
in substrate cohesiveness (Braddy 1998; Bertling et al.
2006; Minter et al. 2007; Minter & Braddy 2009). Minter
et al. (2007) recommended retaining each ichnotaxon
valid where they occur in isolation, an approach that
has been followed by subsequent authors (e.g. Minter &
Braddy 2009; Lucas & Lerner 2010; Buatois ef al. 2017).
Two ichnospecies attributed to Dendroidichnites have
previously been described in the literature: D. irregulare
(Holub & Kozur, 1981) and D. elegans Demathieu, Gand
& Toutin-Morin, 1992. Dendroidichnites elegans, origi-
nally designated as type ichnospecies, consists of sym-
metric crescentic imprints separated by a median area
with or without longitudinal striae (Demathieu et al.
1992). However, the type material of Dendroidichnites
irregulare (Holub & Kozur 1981, pl. 12, fig. 1), formerly
Mirandaichnium irregulare, is undistinguishable from
D. elegans (Buatois et al. 1998a). Consequently, Buatois
et al. (1998a) considered Dendroidichnites irregulare as
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the type ichnospecies of Dendroidichnites, a decision
endorsed here. Therefore, only Dendroidichnites irregu-
lare is considered valid in this study.

Dendroidichnites shows similarities with Archae-
onassa Fenton & Fenton, 1937a, Diplichnites Dawson,
1873, Diplopodichnus Brady, 1947, Mirandaichnium
Acenolaza, 1978, Protichnites Owen, 1852, and
Protovirgularia M'Coy, 1850. Archaeonassa is a horizon-
tal trail with lateral levees (Jensen 2003). Although levees
in Archaeonassa are typically smooth and continuous,
their collapse can in places result in irregularities that are
reminiscent of imprints in Dendroidichnites. However,
the latter incise the substrate sharply and are regularly
repeated and nested, normally not associated with lat-
eral lobes (but see below), and with a mode of con-
struction that is fundamentally different (wedging of a
glide-crawling organism in Archaeonassa versus displac-
ing sediment using legs in Dendroidichnites) (see also
Archaeonassa section, p. 49). Unlike the nested crescen-
tic imprints of Dendroidichnites, imprints in Diplichnites
are simple, but also form a trackway with two parallel
rows (Keighley & Pickerill 1998). Diplopodichnus con-
sists of two to three parallel grooves/ridges without
displaying imprints as in Dendroidichnites (Brady 1947;
Buatois et al. 1998b). Mirandaichnium is a trackway
composed of two rows of imprints forming series of
eight imprints, whereas Dendroidichnites is not organ-
ized into series (Acefnolaza & Buatois 1993; Buatois et
al. 1998c). Protichnites is a trackway with a central part
made of one or many grooves and lateral rows of short
oblique imprints that are not crescentic (Keighley &
Pickerill 1998). Protovirgularia is a horizontal trail with
a median line and chevrons extending laterally (M'Coy
1850; Han & Pickerill 1994a; Mangano et al. 2002b;
Carmona et al. 2010; Lopez Cabrera ef al. 2019; Knaust
2023). In Dendroidichnites, converging imprints from
each row can mimic the median line of Protovirgularia
(e.g. Buatois et al. 1998a). However, Carmona et al.
(2010) noted that staggered imprints and curling of their
lateral ends were more typical of Dendroidichnites.

Dendroidichnites superficially resembles some
aspects of abiogenic chevron grooves. Chevron
grooves are U- to V-shaped imprints produced by
tools moving on or above a cohesive substrate (Craig
& Walton 1962; Allen 1982) and are distinguished by
their straighter course, broader size range, preserva-
tion on bed soles, presence of other current-made
structures on the same surface, and absence of trace
fossils on the same surface (Benton 1982a; Lucas et al.
2005a; Minter & Braddy 2009).

Dendroidichnites is recorded from the Cambrian
(this study) to the Holocene (Davis et al. 2007).
Producers are arthropods (isopods, myriapods and
possible dragonfly nymphs, hymenopterans, and
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Fig. 29. Dendroidichnites aff. D. irregulare (Holub & Kozur). Scale bars are 1 cm. A, Specimen with widely spaced (left) and nested imprints
(right). Note transition from leveed (left) to flat morphology (right). Negative epirelief, Fortune Head, Member 2A (Fortunian). B,
Asymmetric specimen with levees on both sides, but incisive imprints are present on the upper side only. Note lateral ends of imprints bent
perpendicular to the trackway axis (arrows). Negative epirelief, Little Dantzic Cove, Member 5 (Cambrian Age 2). C, Specimen with reg-
ularly spaced nested imprints. Negative epirelief, Little Dantzic Cove, Member 5 (Cambrian Age 2). D, Close-up from Figure 29C showing
incisive, paired crescentic imprints and a median part reduced to a simple line (arrow).

pygocephalomorphs; Gibbard & Stuart 1974; Buatois
et al. 1998a; Davis et al. 2007; Melchor & Cardonatto
2014). Dendroidichnites is most exclusively recorded
in continental (e.g. Demathieu et al. 1992; Ronchi
& Santi 2003; Minter & Braddy 2009; Marchetti et
al. 2015; Fillmore et al. 2017; Pedernera et al. 2021)
settings. Marginal-marine (Buatois et al. 1998a) and
shallow-marine (this study) occurrences are less com-
mon. Dendroidichnites has never been recorded in the
Chapel Island Formation before.

Dendroidichnites aft. D. irregulare
(Holub & Kozur, 1981)

Figure 29A-D

Material. - Six specimens from Member 2A
(Fortunian) and Member 5 (Cambrian Age 2) in
Fortune Head and Little Dantzic Cove.

Description. — Mostly symmetric trackways with two
rows of paired imprints that tend to converge in their
median part. The course is curved or slightly sinuous.
The median part is typically wide (deep or flat) but can
also be reduced to a simple axial line. Imprints are inci-
sive, oblique to the trackway axis, elongate to crescentic,

and nested to more widely spaced. In leveed specimens,
imprint morphology can be highly crescentic with
lateral endings oriented perpendicular to the track-
way axis. Organization of imprints in series is absent.
Development of levees associated to imprints as well as
transition from leveed-to-flat morphology have been
noted. Such transition is associated with a narrowing
of the trackway width. Trackway width is 0.8-2.2 cmy
median furrow width is 0.05-0.7 cm; imprints length is
0.5-1.3 cm; maximum trackway length is 13.8 cm.

Associated trace fossils. — Dendroidichnites aff. D. irregu-
lare co-occurs with Archaeonassa fossulata, Circulichnis
ligusticus, Helminthoidichnites tenuis, Helminthopsis hier-
oglyphica, H. tenuis, and Psammichnites gigas circularis.

Remarks. - The presence of two rows of crescen-
tic imprints allows placement in Dendroidichnites.
However, levees have not been described previously
in Dendroidichnites irregulare, which does not permit
a complete agreement with an affiliation to this ichno-
species (i.e. Dendroidichnites aff. D. irregulare). Leveed
imprints develop from the passing of the body of a leg-
ged animal through a soft substrate, fairly enhanced
in water content but still allowing plastic deformation.
Hence, leveed-to-flat transition most likely results from
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a change in substrate stiffness, from soft to firm, pos-
sibly related to local microbial stabilization. Levees are
typical of Archaeonassa. Demircan & Uchman (2016)
described Archaeonassa with levees and oblique striae
that they suggested to be made from body appendages
of an arthropod. Striae in Demircan & Uchman (2016)
are shorter and straighter than crescentic forms typically
recorded in Dendroidichnites, but they are incising the
substrate and their mode of formation as interpreted
by the authors is similar. Therefore, we suggest these
forms to be morphologically and functionally closer to
Dendproidichnites than Archaeonassa. This conclusion is
supported by the report of modern leveed trails with
imprints made by appendages of amphipods and iso-
pods that in places display nested imprints with crescen-
tic morphologies (Uchman & Pervesler 2006, fig. 4B, C).

Ichnogenus Didymaulichnus Young, 1972

Discussion. - Didymaulichnus is a smooth horizontal
trail with two raised ventral lobes and a median furrow
(Young 1972) included in the category of architectural
design of ‘bilobate trails and paired grooves (Buatois
et al. 2017). Didymaulichnus was first described from
the Cambrian part of the Miette Group of western
Canada (Young 1972; Buatois & Mangano 2016). The
type ichnospecies, however, was designated from the
Ordovician Armorican Sandstone Formation of west-
ern France, and was first described under the ichno-
genus name Fraena Rouault (Young 1972). Fraena
covers a broad variety of trace fossils that comprise uni-
lobed smooth trails, bilobed smooth trails, and bilobed
trails with striae (Rouault 1850; Lebesconte 1883;
Durand 1985). The ichnogenus Fraena has rarely been
used to designate smooth unilobed trails (de Tromelin
& Lebesconte 1876; Durand 1985). Other forms have
been relocated in Cruziana and Didymaulichnus. After
Young (1972) erected Didymaulichnus, Durand (1985)
designated a lectotype from Rouaults collection as no
holotype was defined. There is, however, an important
debate surrounding the validity of Didymaulichnus and
its distinction from Cruziana (Fillion & Pickerill 1990;
Jensen 1997; Jensen et al. 2005; Sadlock 2010; Schatz et
al. 2011). Three arguments merit discussion: (1) the type
ichnospecies, Didymaulichnus lyelli, is associated with
horizontal bilobed trace fossils with scratch imprints of
Cruziana affinity (Durand 1985); (2) partially preserved
marginal ridges can be seen on the type material which
are typical of some Cruziana ichnospecies (Durand
1985); and (3) sediment grain-size can affect the pres-
ervation of scratch imprints and could in places ren-
ders the distinction of Cruziana from Didymaulichnus
difficult (Jensen et al. 2005; Schatz et al. 2011). These
observations suggest that Didymaulichnus could be
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a junior synonym of Cruziana, and that an in-depth
revision of Didymaulichnus is necessary to resolve this
problem (D. Muiioz, pers. comm., 2022). In turn, Dzik
(2005) rejected the standard taxonomy of trace fossils
and referred Didymaulichnus to Mattaia Dzik, conflat-
ing ichnotaxonomic and biological classifications. This
approach has been contested in the literature and is
rejected here as trace fossils should not be treated in the
same fashion as body fossils (Bertling et al. 2006, 2022;
Buatois & Mangano 2011; Buatois 2018).
Atleasttenichnospeciesattributed to Didymaulichnus
have been described: D. lyelli (Rouault, 1850); D. rou-
aulti (Lebesconte, 1883); D. furnai (Lange, 1942); D.
miettensis Young, 1972; D. tirasensis Palij, 1974; D. nan-
kervisi Bradshaw, 1981; D. alternatus Pickerill, Romano
& Meléndez, 1984b; D. meanderiformis Fedonkin,
1985; D. dailyi (Hofmann & Patel, 1989); and D.
nerodenkoi Grytsenko, 2016. The type ichnospecies,
Didymaulichnus lyelli, formerly Fraena lyelli, is smooth
with two simple lobes (Rouault 1850; Jensen & Mens
2001) and is currently under revision. Didymaulichnus
rouaulti, formerly Cruziana rouaulti, has narrow mar-
ginal grooves/ridges (Pickerill et al. 1984b), and its
affinity to either Didymaulichnus or Cruziana has to be
re-evaluated. Didymaulichnus furnai, formerly Fraena
furnai, is smooth and bilobed (Lange 1942) and is con-
sidered a junior synonym of D. lyelli (Fernandes et al.
2002; Sedorko et al. 2013). Didymaulichnus miettensis is
adistinctive form displaying lateral bevels (Young 1972).
Didymaulichnus tirasensis consists of repeated and over-
lapping bilobed segments (Palij 1974; Jensen & Mens
2001). Didymaulichnus alternatus has a variable depth
along its course (Pickerill et al. 1984b). Didymaulichnus
meanderiformis is smooth, bilobed and meander-
ing (Fedonkin 1990). Although it was compared to
Taphrhelminthoida Ksigzkiewicz (Hofmann & Patel
1989; Acefolaza & Buatois 1993), the latter was placed
in synonymy with Scolicia (Uchman 1995). Palaeozoic
forms have, however, a different affinity (Mangano et
al. 2022). Accordingly, re-evaluation of the type mate-
rial of Didymaulichnus meanderiformis is needed to
explore its potential relationship to Psammichnites. Barr
et al. (2023) recently proposed the new combination
Didymaulichnus dailyi (formerly Taphrhelminthoida
dailyi) for similar forms. We suggest retaining provi-
sionally Didymaulichnus meanderiformis for these trails,
awaiting re-evaluation of the type material. According to
Bradshaw (1981), Didymaulichnus nankervisi has regu-
lar transverse scratch imprints on its lobes, and Pickerill
et al. (1984b) considered this ichnospecies a preserva-
tional variant of Cruziana. Didymaulichnus neroden-
koi is a horizontal structure with a median furrow and
irregular lateral levees (Grytsenko 2016). The toponomy
of this ichnospecies was not provided by Grytsenko
(2016), and its affinity to Didymaulichnus is doubtful.
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Consequently, four ichnospecies, Didymaulichnus alter-
natus, D. lyelli, D. miettensis, and D. tirasensis, are pro-
visionally retained as valid, awaiting re-evaluation of D.
lyelli and D. meanderiformis.

Didymaulichnus shows similarities with Cruziana
d’'Orbigny, 1842, Didymaulyponomos Bradshaw,
1981, Diplopodichnus Brady, 1947, Gyrochorte Heer,
1865, and Psammichnites Torell, 1870. Cruziana is
a bilobed trail with scratch imprints (Crimes 1968,
1970, 1975a; Fillion & Pickerill 1990; Keighley &
Pickerill 1996; Fortey & Seilacher 1997). As men-
tioned above, its relationship to Didymaulichnus
needs to be re-evaluated on a case-by-case basis.
Didymaulyponomos is a passively filled horizon-
tal burrow with a ventral median groove and, in
places, a beaded appearance on the ventral sur-
face (Bradshaw 1981; Trewin & McNamara 1995).
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Didymaulyponomos is typically preserved as negative
epireliefs, making difficult to observe its fine mor-
phology. However, the apparent absence of scratch
imprints and general bilobated morphology makes
it difficult to be distinguish from Didymaulichnus,
and re-evaluation is needed. Diplopodichnus has two
well-spaced furrows in negative epirelief or two well-
spaced ridges and a wide central depression in pos-
itive hyporelief (Keighley & Pickerill 1996; Buatois
et al. 1998b). The wide spacing between furrows is
distinctive from Didymaulichnus. Gyrochorte is a
smooth bilobed trail preserved in positive epirelief
(Heinberg 1970, 1973), whereas Didymaulichnus is
bilobed in positive hyporelief. Although the dor-
sal surface of Didymaulichnus is poorly known,
cross-sections in Dzik (2005) suggest it was made
of two lobes separated by a median furrow, which

Fig. 30. Didymaulichnus miettensis Young. Scale bars are 1 cm. All photographs are positive hyporeliefs. A, Two specimens crossing each
other. Note the variable distance between the lobes in the bottom specimen. Fortune North, Member 5 (Cambrian Age 2). B, Specimen
with an incising median furrow, two well-spaced lobes and lateral bevels. Fortune North, Member 5 (Cambrian Age 2). C, Two specimens
in cross-section: the left specimen only displays two parallel ridges, whereas right specimen has more depth and preserves lateral bevels.
Grand Bank Head, Member 5 (Cambrian Age 2). D, A flattened specimen with closely spaced lobes and wide lateral bevels (arrows). Grand
Bank Head, Member 5 (Cambrian Age 2). E, Lowermost specimen in the succession with distinct median ridges and, in places, faint bulging
reminiscent of lateral bevels (arrows). Compare with specimens Figure 30C (left) and 30D. Fortune Head, Member 2A (Fortunian).
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could make it close to Gyrochorte and Psammichnites.
Gyrochorte, however, typically displays a negative
relief in sandstone soles, and Psammichnites exhib-
its a complex backfill and additional morphological
elements such as an axial ridge/groove (Mangano et
al. 2002a). Finally, as noted by Seilacher et al. (2005),
neighbouring simple horizontal trails oriented in
parallel may be mistaken for Didymaulichnus (e.g.
Bordonaro et al. 1992).

According to our taxonomic revision, convinc-
ing examples of Didymaulichnus have been recorded
from the Cambrian (e.g. Jiang et al. 1982; Paljj et al.
1983; Walter et al. 1989; Goldring & Jensen 1996;
Jensen & Mens 2001; Dzik 2005) and the Ordovician
(Pickerill et al. 1984b). Notably, simple bilobed forms
need re-evaluation as some of these may display
faint scratch imprints (e.g. Garcia-Ramos 1976, pl. 3,
fig. f; El-Khayal & Romano 1988, fig. 5h; Vossler et al.
1989, fig. 2.1; Han & Pickerill 1994b, fig. 4F) that
would allow their placement in Cruziana. In addi-
tion, Didymaulichnus has been mentioned in the
Precambrian (Poiré et al. 1984; Grytsenko 2016;
Kolesnikov & Bobkov 2019; Kolesnikov et al. 2023b).
The morphology of these forms is typically very irreg-
ular, in many cases with unclear bilateral symmetry
and absence of well-developed lobes. These structures
are most likely related to shrinkage of microbial mats
(Porada & Bouougri 2008; Buatois & Mangano 2016;
see also Seilacher et al. 2005 and Jensen et al. 2006).
Didymaulichnus has been attributed to arthropod
producers (Collette et al. 2010), mollusks (Glaessner
1969; Young 1972), and priapulid worms (Dzik 2005,
2007). Didymaulichnus is recorded in marginal-ma-
rine (Collette et al. 2010) and shallow-marine (Young
1972; Pickerill et al. 1984b; Crimes & Jiang 1986;
Walter et al. 1989; this study) environments. Crimes
& Anderson (1985) first described and illustrated
Didymaulichnus in the Chapel Island Formation, but
subsequent reports were rare (Landing et al. 1988;
Gehling et al. 2001).

Didymaulichnus miettensis Young, 1972

Figure 30A-E

1985  Didymaulichnus miettensis Young; Crimes & Anderson,
p. 316, fig. 5.5.

Material. - About sixty specimens from Member
2A (Fortunian) and Member 5 (Cambrian Age 2) in
Fortune Head, Fortune North, and Grand Bank Head.

Description. - Horizontal, unlined, unbranched trails
with two deep and sharp ventral ridges separated by
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a median furrow, and two lateral bevels. Preserved as
positive hyporelief. The course is straight to slightly
curving. Trails are either isolated or overlapping in
dense associations. The median furrow can form a
V shape in cross-section. The two ventral ridges are
distinctly spaced or close together; these ridges are
thin and sharp with clear outlines. Lateral bevels are
deep and account for most of the height of the trail.
Rarely, bevels are flattened or absent. Infill is massive,
composed of very fine- to medium-grained sandstone
similar from the host rock, or different from the mud-
stone host rock. Trail width is 0.2-1.4 cm; lobe width
is 0.05-0.1 cm; distance between lobes is 0.1-0.3 cm;
bevel width is 0-0.4 cm; maximum length is 34.0 cm.

Associated trace fossils. - Didymaulichnus miettensis
co-occurs with Curvolithus multiplex, Palaeophycus
tubularis, and Psammichnites gigas circularis.

Remarks. - The two ventral ridges and distinctive
lateral bevels allow placing these trace fossils in
Didymaulichnus miettensis. Didymaulichnus mietten-
sis has only been found in the Cambrian, with record-
ings in Australia (Glaessner 1969; Walter et al. 1989),
Canada (Young 1972; Fritz & Crimes 1985), China
(Jiang et al. 1982; Sun 1985; Crimes & Jiang 1986),
Iran (Shahkarami et al. 2017a), Mongolia (Goldring
& Jensen 1996), Russia (Dzik 2005, 2007), and USA
(Jensen et al. 2002b). The worldwide distribution of
this ichnospecies has been highlighted by Jensen et
al. (2013). Young (1972) noted that bevels can dis-
appear along the course. This observation makes the
revision of Didymaulichnus miettensis difficult when
bevels are only mentioned in the text and are not
clearly displayed in figures (e.g. Fritz & Crimes 1985).
In the absence of bevels, these trace fossils do not dif-
fer fundamentally from Didymaulichnus lyelli, which
is problematic. Lateral bevels are in places absent in
Chapel Island Formation specimens. In these rare
cases, it is still possible to identify the ventral ridges
of Didymaulichnus miettensis because they are per-
fectly parallel, incise the sediment surface sharply
(Fig. 30C, E), and are therefore comparable to the
ventral ridges of more complete specimens possess-
ing bevels. Subphyllochorda isp. in Hofmann & Patel
(1989, fig. 2d) consists of two narrow ventral lobes
and wide flat lateral bevels, which fits the diagnosis
of Didymaulichnus miettensis. This form is similar to
a specimen of Didymaulichnus miettensis found in
the Chapel Island Formation (Fig. 30D). Similarly,
Scolicia isp. in Palij et al. (1983, pl. 63, fig. 1) has two
narrow median ridges and two distinct, deep and
wide lateral bevels and belongs to Didymaulichnus
miettensis.
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In the Chapel Island Formation, the two ventral
lobes are reduced to narrow ridges, which is unusual
when compared to the wide lobes recorded in the
type material (Young 1972) and elsewhere (e.g. Walter
et al. 1979; Crimes & Jiang 1986; Dzik 2005), but is
comparable to lobes observed in Didymaulichnus tira-
sensis (Palij 1974, fig. 1). Crimes & Anderson (1985)
included Chapel Island Formation specimens within
Didymaulichnus miettensis. We concur with their
decision and do not consider the ratio ‘width of the
median lobes/total width’ as relevant to erect a new
ichnospecies. In the Chapel Island Formation, Crimes
& Anderson (1985) only recorded Didymaulichnus
miettensis from Member 5. This ichnotaxon is indeed
more abundant in that part of the succession, but it
is also found in Member 2A (Fig. 30E) where facies
and environmental conditions are appropriate for its
formation and preservation (i.e. in thicker sandstone
beds representing higher-energetic conditions). With
their narrow median lobes and wide lateral bevels,
Didymaulichnus miettensis from the Chapel Island
Formation match the morphology of trails produced
by euthycarcinoid arthropods as recorded from
the Cambrian of eastern Canada and USA (Collette
et al. 2010).

Ichnogenus Dimorphichnus Seilacher, 1955a

Discussion. — Dimorphichnus is an asymmetric track-
way with two types of series, one made of delicate
elongated ridges (i.e. rakers) and the other made of
short blunt imprints (i.e. pushers) (Seilacher 1955a).
It is included in the category of architectural design of
‘trackways and scratch imprints’ (Buatois et al. 2017).
Dimorphichnus was first described from the Cambrian
Jutana Formation of northeastern Pakistan (Seilacher
1955a). Confusion arose when Crimes (1970) defined
Monomorphichnus, a similar trace fossil displaying
only rakers. Seilacher (1985, 1990a, 2007) consid-
ered the absence of pushers in Monomorphichnus as
a taphonomic artifact (i.e. his ‘undertrack deficiency’)
and placed it in synonymy with Dimorphichnus.
However, Monomorphichnus has been repeatedly
described in the literature, and we suggest maintain-
ing this ichnotaxon for nomenclatural stability until
further revision (see also Monomorphichnus section,
p. 102).

At least nine Dimorphichnus ichnospecies have
been erected: D. obliquus Seilacher, 1955a; D. bontem-
pii Borrello, 1966; D. hunanensis Zhang & Wang in
Zhang et al., 1986; D. quadrifidus Seilacher, 1990a; D.
ebianensis Shen & Zeng in Shen et al., 1990; D. retic-
ularis Shen & Zeng in Shen et al., 1990; D. ctenidos
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Gamez-Vintaned, 1995; D. suoxiyuensis Zhang &
Wang, 1996; and D. juchemi Zessin, 2008. The type ich-
nospecies, Dimorphichnus obliquus, has rakers form-
ing bundles of two ridges (Seilacher 1955a; Hofmann
et al. 2012). Borrello (1966) described Dimorphichnus
bontempii as a single series of curved, subparallel, stag-
gered ridges. The figured specimen (Borrello 1966, pl.
20, fig. 2) does not display the typical morphology of
Dimorphichnus, with the second series of asymmetric
imprints lacking, and Dimorphichnus bontempii may
be better relocated within Monomorphichnus after
revision of the type material. Zhang & Wang (1996)
described Dimorphichnus hunanensis as two series
of scratch imprints, the pushers having a tadpole
shape whereas the rakers are curved, parallel to each
other and can be split along their course (Zhang et al.
1986; Zhang & Wang 1996). Zhang & Wang (1996)
did not clearly specify on which ground this ichno-
species was distinctive from others, and the photo-
graphs available (Zhang et al. 1986, pl. 1, figs 12-14;
Zhang & Wang 1996, pl. 1, fig. 11) display closer
similarities to Cruziana than to Dimorphichnus (see
also Zhang et al. 1986, fig. 6.1, 6.2). Dimorphichnus
quadrifidus has rakers forming bundles of four ridges
(Seilacher 1990a). Dimorphichnus ebianensis has sub-
parallel ridges/wrinkles (Shen et al. 1990, pl. 1, fig.
4). Its affinity to Dimorphichnus is dubious, and the
photographed specimen is reminiscent of a partially
preserved Cruziana. Dimorphichnus reticularis has
oblique ridges oriented in V shapes and arranged onto
two lobes (Shen et al. 1990, pl. 1, fig. 5). It should be
relocated within Cruziana. Dimorphichnus ctenidos
has large fusiform rakers with delicate subridges, and
disorganized pushers (Gamez-Vintaned 1995). Zhang
& Wang (1996) described Dimorphichnus suoxiyuen-
sis as two series of scratch imprints, the pushers being
reduced to dots, whereas the rakers are thin and elon-
gated. It is difficult, however, to observe those features
on the figured specimens (Zhang & Wang 1996, pl.
2, figs 6, 7), and re-evaluation of the type material is
required. The holotype of Dimorphichnus juchemi has
three subparallel ridges arranged in bundles repeated
laterally (Zessin 2008, figs 9-11). The second asym-
metric series of imprints typical of Dimorphichnus is
absent, and therefore this material cannot be retained
as an ichnospecies of Dimorphichnus. Consequently,
only three ichnospecies, Dimorphichnus ctenidos, D.
obliquus, and D. quadrifidus, are here considered valid.
Dimorphichnus suoxiyuensis awaits re-evaluation
of its type material.

Dimorphichnus shows similarities with Allocotichnus
Osgood, 1970, Diplichnites Dawson, 1873, and
Monomorphichnus Crimes, 1970. Allocotichnus is an
asymmetric trackway with paired imprints arranged
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en echelon that do not display the rakers and push-
ers arrangement of Dimorphichnus (Osgood 1970).
Diplichnites is a trackway with two parallel series of
imprints (Keighley & Pickerill 1998), and confusion
with Dimorphichnus exists where imprints of each series
are asymmetric (e.g. Pickerill et al. 1987; Such et al. 2007;
Parcha & Singh 2010). Monomorphichnus has only a
series of elongated rakers, whereas Dimorphichnus pos-
sesses two series of asymmetric imprints (Crimes 1970).

Dimorphichnus ranges from the Cambrian (e.g.
Seilacher 1955a; Radwanski & Roniewicz 1963;
Crimes 1970; Gamez-Vintaned 1995; Hofmann et
al. 2012; Jago & Gatehouse 2014) to the Ordovician
(e.g. Baldwin 1977b; Pickerill 1977; Fillion & Pickerill
1990; Mangano et al. 2005a). Pickerill et al. (1987, fig.
4a) described and illustrated a potential occurrence
in the Silurian, although the figure caption refers to
Diplichnites and indeed the trace fossil looks like a
trackway without lateral repetition of series. Wang
(1992, pl. 1, fig. 10) described a specimen from the
Devonian, but the illustration is too poor to con-
firm that occurrence. Feng et al. (2019, fig. 7a-c, f)
described material from the Triassic that is mostly
made of elongated imprints, and the formation of
asymmetric series is not demonstrated. Potential
producers are arthropods, particularly trilobites or
trilobitomorphs (e.g. Seilacher 1955a; Martinsson
1965; Osgood 1970; Bergstrom 1973; Baldwin 1978;
Mikuld$ 1995). Dimorphichnus is recorded in margin-
al-marine (e.g. Fillion & Pickerill 1990; Mikulas 1995;
Ghienne et al. 2010; Mangano et al. 2013, 2014; Jago &
Gatehouse 2014) and shallow-marine (e.g. Radwanski
& Roniewicz 1963; Crimes 1970; Pickerill & Peel 1990;
Gamez-Vintaned 1995; MacNaughton & Narbonne
1999; Such et al. 2007) environments. Dimorphichnus
has previously been mentioned in the Chapel Island
Formation (e.g. Narbonne et al. 1987; Landing et al.
1988; Hantsoo et al. 2018).

Dimorphichnus isp. A
Figure 31A, B

Material. - Two specimens from Members 2A and 2B
(Fortunian) in Fortune Head and Grand Bank Head.

Description. — Horizontal scratch imprints made of
two types of series: (1) deep, punctuate imprints; and
(2) subparallel elongated ridges. Preserved as positive
hyporelief. Punctuate imprints are clustered together
in groups of 8-15 imprints. Elongated ridges form
either one series or two series in parallel. Punctuate
imprints and elongated ridges incise the surface
sharply. Dimension of the punctuate imprint cluster
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is 0.7-5.0 cm wide; individual punctuate imprint is
0.05-0.3 cm. Width of elongated ridges series is 0.4-
9.5 cm; individual elongated ridge width is 0.01-0.5
cm; maximum elongated ridge length is 7.0 cm; num-
ber of elongated ridges per series is 4-10. Maximum
distance covered is 25.4 cm.

Associated trace fossils. — Dimorphichnus isp. A
co-occurs with Palaeophycus tubularis.

Remarks. - Two asymmetric series made of elongated
ridges and deep punctuate imprints allow comparison
with Dimorphichnus suoxiyuensis. However, because
the type material of Dimorphichnus suoxiyuensis needs
to be re-evaluated (see above), we refer to specimens
from the Chapel Island Formation as Dimorphichnus
isp. A. Elongated ridges imply the sidling of the trace-
maker, and the sharp punctuate imprints indicate the
vertical contact of the tips of the producer’s limbs with
the sediment. To form punctuate imprint aggregates,
the producer used either a small set of limbs repeat-
edly, or a large set of limbs all at once. Contrary to the
Chapel Island Formation material, pusher imprints in
Dimorphichnus obliquus and D. quadrifidus are form-
ing a series and have an elongated to tapered shape. A
similar morphology to the Chapel Island Formation
material has been recorded by Fillion & Pickerill (1990,
pl. 6, fig. 9) as Dimorphichnus obliquus with ‘dotlike
pushing imprints to the left and elongate, straight rak-
ing scratch marks to the right In the Chapel Island
Formation, the parallel orientation of the elongated
ridges in one specimen (Fig. 31A) is also reminiscent
of Monomorphichnus biserialis as described by Mikulas
(1995). However, Mikula$ (1995) did not mention
the additional presence of punctuate imprints. Simén
Lépez-Villalta (2019) described Dimorphichnus isp.
from the Cambrian with elongated subparallel ridges
associated with small knobs. The circular shape of
knobs and the absence of clustering of the knobs in the
figured material (Simén Lopez-Villalta 2019, fig. 6A)
do not allow to confirm the interpretation as pusher
imprints that would be related to the elongated ridges
(rakers) on that surface.

Dimorphichnus isp. B

Figure 31C-F

2017 Monomorphichnus isp. Landing et al., p. 45, fig. 17B.

Material. - Two specimens from Member 2A
(Fortunian) in Grand Bank Head and Lewin’s Cove
(on aloose slab).
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Fig. 31. Dimorphichnus isp. A (A, B) and Dimorphichnus isp. B (C-G). ‘pu’ corresponds to pusher imprints; ra’ to elongated raker ridges.
Scale bars are 1 cm (A, B, D-G) and 5 cm (C). All specimens are positive hyporeliefs. A, Dimorphichnus isp. A with two parallel series of
elongated raker ridges, and a cluster of punctuate pusher imprints. Note the additional series of deep and short imprints oriented at a differ-
ent angle (bottom); these may represent a partially preserved Dimorphichnus isp. B specimen, although their lack of arrangement into series
precludes a definitive conclusion. Fortune Head, Member 2B (Fortunian). B, Dimorphichnus isp. A with raker ridges starting slightly deeper,
then becoming elongated and ending by an aggregate of punctuate pusher imprints. Grand Bank Head, Member 2A (Fortunian). C, General
view of a specimen showing the overall distance traveled by the producer. Grand Bank Head, Member 2A (Fortunian). D, Line drawing from
Figure 31C. E, Close-up from Figure 31C showing possible pusher imprints and raker ridges. F, Close-up from Figure 31C showing pusher
imprints. G, Close-up from Figure 31C showing pusher imprints and crisscrossing raker ridges.

Description. - Horizontal scratch imprints made of
two types of series: (1) series of subparallel, prominent
imprints; and (2) series of subparallel to disorganized,
delicate, elongated ridges. Preserved as positive hypore-
lief. Both types of series are preserved on the same sur-
face and are oriented in the same direction or slightly
obliquely (about 30°-50° of deviation). Prominent

imprints are either very short, slightly curved, or sig-
moidal. The thickness of those imprints is variable, but
they are always more deeply printed than the elongated
ridges. Elongated ridges are straight or gently curved.
Distance between prominent imprints within a series
is mostly constant, whereas elongated ridges have
either a constant distance (i.e. subparallel) or can be
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crisscrossing. Specimens are only identifiable on largely
exposed surfaces. Width of prominent imprint series
is 0.9-1.5 c¢m; individual prominent imprint width is
0.05-0.15 cm (at the thickest part); individual prom-
inent imprint length is 0.2-0.8 cm; number of prom-
inent imprints per series is 3-5. Width of elongated
ridge series is 1.0-1.3 cm; individual elongated ridge
width is 0.01 cm; maximum elongated ridge length is
3.8 cm; number of elongated ridges per series is 3-12.
Maximum distance covered is 47.6 cm.

Associated trace fossils. - Dimorphichnus isp. B does
not occur with other formally described ichnotaxa.

Remarks. - Series with two distinctive types of imprints
are diagnostic of Dimorphichnus. However, the organ-
ization of elongated ridges in the Chapel Island
Formation specimens is different from that of the valid
Dimorphichnus ichnospecies: D. ctenidos has large
fusiform elongated ridges with delicate subridges, D.
obliquus has elongated ridges forming bundles of two,
and D. quadrifidus has elongated ridges forming bun-
dles of four. Although Fillion & Pickerill (1990) only
emphasized the sigmoidal nature of elongated ridges
as the key feature in Dimorphichnus obliquus, the
holotype clearly demonstrates the formation of bun-
dles of two elongated ridges (Seilacher 1955a, pl. 17).
This has also been indicated in other reports (Seilacher
1990a; Hofmann et al. 2012; Mangano et al. 2013).
Consequently, a specimen of Dimorphichnus obliquus
figured in Fillion & Pickerill (1990, pl. 6, fig. 6),
where the elongated ridge series are composed of a
single bundle of two ridges, may require re-evaluation.
In the Chapel Island Formation, the forma-
tion of bundles within elongated ridge series is
extremely rare. These ridges are either disorganized
or parallel to each other without distinctive pattern.
Disorganized ridges, if they were to be found alone,
would have been difficult to distinguish from tool/
drag marks (see also Monomorphichnus section,
p- 102). This illustrates the difficulty in demonstrat-
ing the biogenicity of such structures, and large
exposures are essential to provide confident inter-
pretations. Here, the association of two types of
imprint morphologies advocates for biogenicity.

cf. Dimorphichnus isp.

Figure 32A, B

2019 Dimorphichnus cf. D. obliquus Seilacher; Laing, Mangano,
Buatois, Narbonne & Gougeon, p. 1626, fig. 2r.

Material. - One specimen from Member 2A
(Fortunian) in Grand Bank Head.
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Description. — Horizontal scratch imprints made of
two types of series: (1) shallow, subparallel, elongated
ridges; and (2) slightly deeper, parallel, elongated
imprints. Preserved as positive hyporelief. Deeper
imprints are forming groups of 3 ridges. Shallow
ridges are subparallel and not organized in bundles.
Group of deeper imprints is 0.3 cm wide; individual
deeper imprint width is 0.05 cm; maximum deeper
imprint length is 0.7 cm. Individual shallow ridge
width is 0.05 cm; maximum individual shallow ridge
length is 1.5 cm; number of subparallel shallow ridges
is 12+. Maximum distance covered is 5.6 cm.

Associated trace fossils. - cf. Dimorphichnus isp. co-oc-
curs with Helminthoidichnites tenuis.

Remarks. - Two asymmetric series made of shallower
elongated ridges and deeper imprints allow compari-
son with Dimorphichnus. However, the lack of clear
arrangement with each type of imprints, the poor lat-
eral repetition of series, and the presence of tool marks
on the same surface (Fig. 32) warrant caution. As for
other Dimorphichnus specimens, deeper imprints are
interpreted as pushers from a primitive benthic arthro-
pod, and shallow ridges as rakers (Fig. 32B).

Ichnogenus Diplocraterion Torell, 1870

Discussion. — Diplocraterion is a U-shaped, vertical to
oblique burrow with spreiten (Fiirsich 1974b; Schlirf
2011) included in the category of architectural design
of ‘vertical single U- and Y-shaped burrows’ (Buatois
et al. 2017). Diplocraterion was first described from
the Cambrian File Haidar Formation of southern
Sweden (Torell 1870; Westergard 1931; Jensen 1997).
In his classic review, Fiirsich (1974b) considered five
ichnospecies attributed to Diplocraterion valid: D. par-
allelum Torell, 1870; D. biclavatum (Miller, 1875); D.
polyupsilon (Smith, 1893); D. habichi (Lissén, 1904);
and D. helmerseni (Opik, 1929). The type ichnospecies,
Diplocraterion parallelum, has parallel limbs (Torell
1870; Schlirf 2011). Diplocraterion biclavatum, for-
merly Arthraria biclavata, has limbs extending below
the base of the deepest ‘U’ (Miller 1875; Fiirsich 1974b).
Diplocraterion  polyupsilon, formerly Corophioides
polyupsilon, has bidirected spreiten, both expanding
vertically and laterally (Smith 1893; Fiirsich 1974b).
Diplocraterion habichi, formerly Tigillites habichi, is
very narrow with the upward portion of limbs diverging
laterally (Lissén 1904; Fiirsich 1974b). Diplocraterion
helmerseni, formerly Corophioides helmerseni, has an
expanded base (Opik 1929; Fiirsich 1974b). Fiirsich
(1974b) did not comment on the status of Diplocraterion
morgani Fleming, 1973. Diplocraterion morgani has
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Fig. 32. cf. Dimorphichnus isp. Scale bar is 1 cm. Positive hyporelief, Grand Bank Head, Member 2A (Fortunian). A, General view of the
slab. B, Line drawing from Figure 32A. Note pusher imprints (pu) and raker (ra) ridges.
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closely spaced parallel limbs (Fleming 1973) and
should therefore be regarded as a junior synonym of
D. parallelum (but see Knaust 2019 for an alternative
view). Since Fiirsich (1974b) review, at least five more
Diplocraterion ichnospecies have been described or
re-evaluated: D. ultimum (de Saporta & Marion, 1883);
D. luniforme (Blanckenhorn, 1916); D. emiensis Li &
Yang, 1988; D. asymmetrium Ekdale & Lewis, 1991;
and D. dushanensis Wang, 2005. According to Schlirf
(2011), Diplocraterion ultimum, formerly Taonurus
ultimus, is oriented obliquely. However, Knaust (2013)
placed this ichnospecies in junior synonymy with
Rhizocorallium jenense, a proposal endorsed here (see
also Ferndndez & Pazos 2012). Pollard (1981) resur-
rected Diplocraterion luniforme, formerly Arenicoloides
luniformis, for material with parallel limbs and a luni-
form morphology on bed surfaces. This latter distinc-
tion is taphonomic, and we agree with Fiirsich (1974b)
in the synonymy of Diplocraterion luniforme with D.
parallelum. Yang et al. (2004) described Diplocraterion
emiensis as having two limbs expanding below the
causative U-shaped tube, which makes it a junior syno-
nym of D. biclavatum. Diplocraterion asymmetrium has
a very irregular causative burrow and poorly developed
spreiten (Ekdale & Lewis 1991). Wang (2005) described
Diplocraterion dushanensis as having a short distance
between limbs that are composed of ‘nodositial tubes’
The casting rock experienced a strong metamorphic
cleavage that may have affected the morphology of
burrows (see Wang 2005, pl. 1, figs 7, 8, pl. 2, figs 1-3,
5, 8). Knaust (2019) considered Diplocraterion dushan-
ensis a junior synonym of Tisoa siphonalis de Serres
without providing further explanation. Therefore,
Diplocraterion dushanensis needs revision. In addition,
Knaust (2019) considered Diplocraterion habichi to
belong to Tisoa rather than Diplocraterion, proposing
the new combination Tisoa habichi. However, Wetzel
& Blouet (2023) recently reviewed topotype material of
the type ichnospecies Tisoa siphonalis and considered
the low-amplitude helicoidal course to be diagnostic, a
feature that is absent in Diplocraterion. Consequently,
six ichnospecies, Diplocraterion asymmetrium, D. bicla-
vatum, D. habichi, D. helmerseni, D. parallelum, and D.
polyupsilon, are here retained as valid.

Diplocraterion shows similarities with Arenicolites
Salter, 1857, Arthraria Billings, 1872, Bifungites
Desio, 1940, Rhizocorallium  Zenker, 1836,
Teichichnus Seilacher, 1955b, and Tisoa de Serres,
1840. Arenicolites is also a vertical U-shaped bur-
row (Salter 1857; Hantzschel 1975), but the absence
of spreiten distinguishes it from Diplocraterion.
The dumb-bell-shaped horizontal expression of
Diplocraterion has led to a debate regarding the valid-
ity of Arthraria and Bifungites. However, Arthraria
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has no significant vertical development, whereas
Bifungites is a U-shaped burrow without spreiten and
with basal lateral chambers (Fillion & Pickerill 1984a;
Gougeon et al. 2025c). With its U-shaped causative
burrow and spreiten, Diplocraterion compares with
Rhizocorallium. However, Rhizocorallium is oriented
horizontally (Schlirf 2011; Knaust 2013). Teichichnus
is characterised by a vertical spreite system produced
by the displacement of a subhorizontal causative bur-
row (Seilacher 1955b; Knaust 2018a). This ichno-
genus can be reminiscent of Diplocraterion depending
on the degree of curvature of the causative burrow
(Corner & Fjalstad 1993). In addition, specimens of
Diplocraterion observed in vertical section and cut
perpendicularly through the spreiten may look like
Teichichnus (e.g. Goldring 1962). Therefore, detailed
analysis of taphonomic variants can be required to
discriminate between those forms. Finally, and as dis-
cussed above, Tisoa differs from Diplocraterion by the
low-amplitude helicoidal course of the former (Wetzel
& Blouet 2023).

Diplocraterion ranges from the Cambrian
(e.g. Westergard 1931; Palij et al. 1983; Clausen
& Vilhjalmsson 1986; Cornish 1986; Bromley &
Hanken 1991; Zhang et al. 2017a) to the Holocene
(e.g. Seilacher 1967a; Ekdale & Lewis 1991; Gingras
et al. 1999, 2001, 2008; Hauck et al. 2009). Producers
are arthropods (e.g. Seilacher 1967a; Bromley 1996;
Dashtgard et al. 2008, 2017; Gingras et al. 1999, 2008)
and annelid worms (e.g. Seilacher 1967a; Schifer
1972; Gingras et al. 2001; Pemberton et al. 2001;
Hauck et al. 2009). Diplocraterion is typically recorded
in marginal-marine (e.g. Fiirsich 1975; Cornish 1986;
Pollard 1981; Goldring et al. 2005; Higgs & Higgs
2015; Zhang et al. 2017a) and shallow-marine (e.g.
Heinberg & Birkelund 1984; Mason & Christie 1986;
Orlowski 1989; Dam 1990; Gaillard & Racheboeuf
2006; Rodriguez-Tovar et al. 2007) environments.
Continental (Kim & Paik 1997) and deep-marine
(Leszczynski et al. 1996; Hubbard & Shultz 2008;
Riahi et al. 2014) occurrences are less common. In
the Chapel Island Formation, Diplocraterion was
first recorded in Members 3 and 5 by Narbonne et
al. (1987), but illustrated material has not been pro-
vided so far (see also Landing et al. 1988, 2017, and
Gougeon et al. 2018a).

?Diplocraterion isp.
Figure 33A, B

Material. - Five specimens from Members 4 and 5
(Cambrian Age 2) in Grand Bank Head and Little
Dantzic Cove.
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Fig. 33. ?Diplocraterion isp. Scale bars are 1 cm. All photographs
are full reliefs from Little Dantzic Cove, Member 5 (Cambrian Age
2). A, Specimen with narrow terminations. Note the surrounding
pits of unknown affinity. B, Specimen with wide terminations con-
nected by a thin bar.

Description. — Dumb-bell-shaped trace fossils made of
circular terminations and a connecting bar. Preserved
as full relief (on bed bases and tops). Terminations are
typically wider than the connecting bar. Burrows are
unlined or surrounded by a thin lining. Infill is massive,
composed of fine-grained sandstone similar to the host
rock; infill can also be pyritized. Termination width is
0.5-1.6 cm; connecting bar width is 0.2-0.4 cm; con-
necting bar length is 1.4-2.4 cm; length of combined
terminations and connecting bar is 2.4-4.9 cm.

Associated trace fossils. — ?Diplocraterion isp. co-occurs
with Psammichnites gigas circularis and Palaeophycus
tubularis.

Remarks. — ?Diplocraterion isp. is interpreted to
represent the horizontal expression of a U-shaped
causative burrow (i.e. the marginal terminations)
connected by inner spreiten (i.e. the connecting
bar). Because the vertical expression of the trace fos-
sil is not exposed, we adopt a conservative approach
and designate these burrows as ?Diplocraterion isp.,
although similar reports from the Cambrian were
referred to as Diplocraterion isp. (e.g. Crimes et al.
1977; Fritz & Crimes 1985; Crimes & Jiang 1986;
Walter et al. 1989; Mangano et al. 2013). Zonneveld
et al. (2012, fig. 4A) noted that some specimens of
Diplocraterion do not develop spreiten through the
whole length of the causative U-shaped burrow,
and the resulting horizontal expression would cor-
respond, in part, to a pair of unconnected circular
burrows. In Members 4 and 5 of the Chapel Island
Formation, large Trichichnus isp. are common but
are not observed as pairs. Pairing of burrows on bed
tops in that part of the succession can be confidently
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affiliated to Arenicolites isp. because multiple spec-
imens present on the same surface never display
spreiten (Fig. 21C). At Burin Peninsula, Crimes &
Anderson (1985) recorded similar ?Diplocraterion
isp. but only from the overlying Random Formation.

Ichnogenus Gordia Emmons, 1844

Discussion. — Gordia is a horizontal trace fossil with
self-overcrossing (Emmons 1844; Hofmann & Patel
1989) included in the category of architectural
designs of ‘simple horizontal trails’ (Buatois et al.
2017). Gordia was first described from the Ordovician
‘Hudson River Group’ of northeastern USA (Emmons
1844; Hall 1847; Schneer 1978). Hintzschel (1975)
placed Helminthoidichnites in synonymy with Gordia.
However, the holotype of Gordia displays a distinctive
looping pattern (Emmons 1844, pl. 2, fig. 2), a feature
mostly absent in Helminthoidichnites (Fitch 1850,
p. 866). Later, Hofmann & Patel (1989) restored the tax-
onomic separation of Gordia and Helminthoidichnites
(see also Hofmann 1990), which has been followed
by subsequent authors (e.g. Fillion & Pickerill 1990;
MacNaugthon & Pickerill 1995; Pickerill & Fyfte 1999;
Uchman et al. 2009), although with rare exceptions
(e.g. Gaillard & Racheboeuf 2006, fig. 5.5; Villegas-
Martin & Netto 2019, fig. 4).

Buatois et al. (1998a) considered four Gordiaichno-
species valid: G. marina Emmons, 1844; G. indianensis
(Miller, 1889); G. arcuata Ksigzkiewicz, 1977; and G.
nodosa Pickerill & Peel, 1991. The type ichnospecies,
Gordia marina, has a smooth outline (Emmons 1844;
Hofmann & Patel 1989). Gordia indianensis, formerly
Haplotichnus indianensis, has sharp angles along its
course (Buatois et al. 1998a). Re-examination of the
type material by Getty & Bush (2017) revealed the
presence of projections at each angle which are diag-
nostic of Treptichnus bifurcus. Gordia arcuata has a
partial arc-shaped loop (Ksigzkiewicz 1977). Absence
of self-overcrossing is problematic, and Gordia arcu-
ata may be better regarded as a preservational vari-
ant of Circulichnis montanus (see Circulichnis section,
p.- 59). Gordia nodosa has annulations (Pickerill &
Peel 1991). In addition, at least nine other ichnospe-
cies attributed to Gordia have been described and are
discussed here: G. molassica (Heer, 1865); G. vermic-
ularis (Fritsch, 1908); G. carickensis (Smith, 1909); G.
maeandria Jiang in Jiang et al., 1982; G. hanyangen-
sis Yang & Hu in Yang et al., 1987; G. gyratus Hu &
Meng in Hu et al., 1991; G. lushanensis Hu & Meng
in Hu et al., 1991; G. multilaqua Yin, Li & He, 1993;
and G. iramica Vilmova, 2012. Gordia molassica, for-
merly Helminthoida molassica, has meanders and
self-overcrossing (Heer 1865; Ksigzkiewicz 1977)
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and has been considered a junior synonym of Gordia
marina (Pickerill 1981; Uchman 1998). Gordia ver-
micularis, formerly Spongolithus vermicularis, is a
sinusoidal to loosely meandering trail without self
overcrossing (Fritsch 1908, pl. 12, fig. 2; see also
Mikulds 1992) and is unrelated to Gordia. Gordia
carickensis, formerly Mermia carickensis, displays
dense loops forming scribbles (Smith 1909). Uchman
et al. (2009) transferred Mermia carickensis to Gordia,
regarding abundant loops and scribbles as signifi-
cant at ichnospecific level (see also Pickerill & Peel
1991 and Getty et al. 2017). However, other authors
(e.g. Buatois & Mangano 1993a; Pazos et al. 2007;
Alonso-Muruaga et al. 2012; Hofmann et al. 2012;
Lima et al. 2017) regarded these as diagnostic fea-
tures at ichnogenus level, therefore retaining Mermia
as a valid ichnogenus with M. carickensis as its type
ichnospecies, a decision endorsed here. Gordia
maeandria is an irregular meandering trail with
lateral levees or lobes (Jiang et al. 1982, pl. 2, fig. 1;
Crimes & Jiang 1986, fig. 4h), which are features absent
in Gordia and reminiscent of other ichnotaxa such as
Archaeonassa or Psammichnites. Gordia hanyangensis
is smooth with self-overcrossing (Yang et al. 1987)
and is considered a junior synonym of G. marina
(Fillion & Pickerill 1990). Gordia gyratus (see Hu et al.
1991, pl. 1, figs 4-6, 8, 9, 12, 14) and G. lushanensis
(see Hu et al. 1991, pl. 1, fig. 16) are sinusoidal to cir-
cular structures identical to ‘Manchuriophycus’-type
syneresis cracks. Therefore, both are here regarded as
microbially induced sedimentary structures rather
than trace fossils. Gordia multilaqua consists of
dense, curving and subparallel horizontal segments,
with at least one instance of self-overcrossing dis-
played in the type material (Yin et al. 1993, pl. 3, fig.
1). Pokorny et al. (2017) placed it in synonymy with
Helminthoidichnites, but the presence of at least one
self-overcrossing is problematic. Re-evaluation of
the type material of Gordia multilaqua is required,
and this ichnospecies is provisionally not retained
as valid. Gordia iramica was neither figured nor
described (Vilmova 2012) and is a nomen nudum.
Finally, Runnegar (1992) briefly mentioned the ich-
nospecies Gordia antiqua from Ediacara (Australia)
without formally erecting it. Later, material refered to
as Gordia antiquaria from Flinders Ranges (Australia)
was figured in Fedonkin & Vickers-Rich (2007, fig.
398), and may correspond to the same material as G.
antiqua. This specimen displays a simple overcross-
ing course which corresponds to the diagnostic fea-
ture of Gordia marina. In any case, absence of formal
erection makes Gordia antiqua (or G. antiquaria) a
nomen nudum. To summarize, only the two ichno-
species Gordia marina and G. nodosa are here con-
sidered valid.
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Gordia shows similarities with Archaeonassa
Fenton & Fenton, 1937a, Circulichnis Vialov, 1971,
Helminthoidichnites Fitch, 1850, Helminthopsis Heer,
1877, and Mermia Smith, 1909. Some authors (e.g.
Crimes & Anderson 1985; Walter et al. 1989) men-
tioned lateral levees along trails attributed to Gordia,
but this feature is more typical of Archaeonassa (Fenton
& Fenton 1937a; Jensen 2003) and is considered of
higher ichnotaxonomic rank as it informs about the
mode of construction. Circulichnis is a horizontal trail
with a circular course (Uchman & Rattazzi 2019) but,
unlike Gordia, does not show self-overcrossing. In the
same vein, self-overcrossing in Gordia distinguishes it
from straight to curved Helminthoidichnites and irreg-
ularly meandering Helminthopsis (Hofmann & Patel
1989; Narbonne & Aitken 1990; Vidal et al. 1994a;
Uchman et al. 2009; Pokorny et al. 2017; Gougeon et
al. 2018b). Mermia is a trail with intense crossovers
(Smith 1909; Pollard & Walker 1984; Walker 1985;
Buatois & Mangano 1993a), whereas crossovers in
Gordia are solitary.

Gordia ranges from the Ediacaran (e.g. Glaessner
1969; Fritz & Crimes 1985; Narbonne & Hofmann
1987; Gibson 1989; Vidal et al. 1994a; Buatois &
Mangano 2016) to the Holocene (e.g. Bajard 1966;
Ratcliffe & Fagerstrom 1980; Metz 1987a; Martin 2009;
Scott et al. 2009; Zachos & Platt 2019). Inferred produc-
ers are arthropods (including insect larvae in continen-
tal settings; Bajard 1966; Metz 1987a; Zachos & Platt
2019), gastropods (Abel 1935), and worms (nemato-
morphs and annelids; Chamberlain 1975; Ksigzkiewicz
1977; Martin 2009). Gordia is recorded in continental
(e.g. Metz 1987a; Acefolaza & Buatois 1993; Gradzinski
& Uchman 1994; MacNaugthon & Pickerill 1995;
Melchor et al. 2003; Netto et al. 2012), marginal-marine
(e.g. Narbonne 1984; Buatois et al. 1998a; Balistieri et al.
2002; Lucas et al. 2004), shallow-marine (e.g. Narbonne
& Hofmann 1987; Geyer & Uchman 1995; Knaust
2004; Gaillard & Racheboeuf 2006; Mangano 2011),
and deep-marine (e.g. Ksigzkiewicz 1977; Pickerill
1981; Crimes et al. 1992; McCann 1993; Uchman 1998;
Mcllroy 1999) environments. In the Chapel Island
Formation, Gordia was first recorded by Crimes &
Anderson (1985) and has been subsequently mentioned
regularly (e.g. Narbonne et al. 1987; Laing et al. 2019).

Gordia marina Emmons, 1844

Figure 34A-C

1985  Gordia marina Emmons; Crimes & Anderson, p. 318,
fig. 6.6.

Material. - Seven specimens from Members 2A and 2B
(Fortunian) in Fortune Head and Grand Bank Head.
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Fig. 34. Gordia marina Emmons. Scale bars are 0.5 cm (C) and 1 cm (A, B). A, Slightly irregular Gordia marina. Negative epirelief, Fortune
Head, Member 2B (Fortunian). B, Regular Gordia marina. Positive hyporelief, Grand Bank Head, Member 2B (Fortunian). C, Minute regu-
lar Gordia marina (Go) associated with Palaeophycus tubularis (Pa). Positive epirelief, Fortune Head, Member 2A (Fortunian).

Description. — Smooth, unlined, unbranched, hor-
izontal trails with a self-overcrossing. Preserved as
positive hyporelief and positive and negative epirelief.
The course is regular or irregular. The self-overcross-
ing forms an a-shape. Infill is massive, composed of
very fine- to fine-grained sandstone similar to the
host rock. Width is 0.05-0.2 cm; maximum length is
41.5 cm.

Associated trace fossils. - Gordia marina co-occurs
with Helminthoidichnites tenuis, Helminthopsis abeli,
H. tenuis, and Palaeophycus tubularis.

Remarks. - The presence of self-overcrossing and
lack of annulations allow placing these trace fossils in
Gordia marina. Another important feature of Gordia
marina is the development of an a-shape (Keighley
& Pickerill 1997). In the Chapel Island Formation,
Gordia marina was only figured as a drawing by
Crimes & Anderson (1985, fig. 6.6).

Ichnogenus Gyrolithes de Saporta, 1884

Discussion. - Gyrolithes is a vertical burrow forming
a single helix (Bromley & Frey 1974; de Gibert et al.
2012) included in the category of architectural design
of ‘vertical helicoidal burrows’ (Buatois et al. 2017).
Gyrolithes was first described from the Cretaceous
Vaals Formation of northeastern Belgium (de Saporta
1884; Bromley & Frey 1974). In a former review,
Uchman & Hanken (2013) concluded that: (1) ich-
nospecies of Gyrolithes are first discriminated based
on their wall and ornamentation (i.e. smooth, pelle-
tal, striated, or with a thick lining), and (2) for unor-
namented walls, morphometric parameters are to be
used. Two morphometric parameters are relevant for
the characterisation of Gyrolithes (Uchman & Hanken
2013; De Renzi et al. 2017; Laing et al. 2018; De Renzi

& Mayoral 2024): (1) the burrow radius r (2r repre-
senting the width of the burrow), and (2) the whorl
radius R (2R representing the whorl diameter). The
r/R ratio defines k, a dimensionless parameter that is
fitted to discriminate ichnospecies (Laing et al. 2018).
However, the k range offset of valid ichnospecies still
displays extensive overlap, whether this was plotted
in one (Laing et al. 2018, fig. 9) or two dimensions
(Uchman & Hanken 2013, fig. 2). This is problematic
because the selection process of the valid ichnospe-
cies for a given Gyrolithes specimen or a group of
taxonomically related specimens is not straightfor-
ward and can rely on a subjective decision made by
the investigator. In addition, some of the decisions
on the type of wall or ornamentation as described in
Uchman & Hanken (2013) are not in agreement with
the descriptions and illustrations of original materials
(Fig. 35 and see below).

These issues prompted us to review extensively the
literature on published material of Gyrolithes. In this
study, primary decisions on valid ichnospecies are based
on wall and ornamentation, as suggested by Uchman
& Hanken (2013). Secondarily, k was calculated for all
holotype and topotype materials available, rarely for
lectotypes (Bromley & Frey 1974) and neotypes (Muifiiz
& Belaustegui 2019), regardless of their wall and orna-
mentation types. The restriction of measurements to
type materials is intended to provide an objective eval-
uation of the range offset of k coming from one locality
only, and to avoid biases created by the measurements of
k values from specimens of other localities. We empha-
size that difficulties in measuring « arise when dealing
with burrows with variable width along the spiral [e.g.
Gyrolithes babkovi (Hecker), G. okinawaensis Myint &
Noda] (see also Bromley & Frey 1974). In those cases,
a mean width was used for the calculation. In addition,
measurements were only done where at least half of a
whorl was illustrated. Finally, other morphological
criteria than the ones retained by Uchman & Hanken
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Fig. 35. Line drawings of holotype or lectotype materials of Gyrolithes de Saporta. Gyrolithes dewalquei, G. krymensis, G. kunradensis, and G.
triassica are not illustrated as they do not display a helical morphology. Valid ichnospecies (after our revision) are in bold. Note the presence
of pellets in Gyrolithes krameri and of longitudinal striae in G. bularti, G. mexicanus, G. valeroi, and G. vidali. Color code is the same as in
Figure 36. Drawing of Gyrolithes davreuxi based on de Saporta (1884, pl. 5, fig. 3), of G. krameri on von Ammon (1900, fig. 4), of G. mary-
landicus on Mansfield (1927, pl. 2, fig. 1), of G. clarki on Mansfield (1930, pl. 1, fig. 1), of G. mexicanus on Mansfield (1930, pl. 1, fig. 3), of
G. saxonicus on Hantzschel (1934, fig. 2), of G. suprajurassicus on Schneid (1938, p. 313), of G. babkovi on Hecker et al. (1962, pl. 22, fig. 4),
of G. bularti on Macsotay (1967, pl. 12, fig. 49, left specimen), of G. gyratus on Hofmann (1979, pl. 15, fig. A), of G. chosiensis on Omori et
al. (1992, pl. 1, fig. 1), of G. polonicus on Fedonkin (1977, pl. 5, fig. a), of G. vidali on Mayoral (1986, fig. 5), of G. cycloides on Mikulas & Pek
(1994, fig. 2), of G. scintillus on Laing et al. (2018, fig. 5A), of G. variabilis on Mayoral & Muiiiz (1995, pl. 1, fig. 1), of G. nodosus on Mayoral
& Muiiiz (1998, pl. 1, fig. 1), of G. texanus on Morgan (2019, fig. 4A), of G. valeroi on Mendiola et al. (1998, pl. 4, fig. 1), of G. okinawaensis on
Myint & Noda (2000, fig. 2A), of G. lorcaensis on Uchman & Hanken (2013, fig. 3a), and of G. fibonacci on Conti & Serventi (2023, fig. 6b).
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(2013) are used to discriminate two additional ichno-
species: (1) Gyrolithes variabilis Mayoral & Muiiz with
its conical shape, and (2) G. okinawaensis with its sharp
lateral extensions (see below).

Twenty-six ichnospecies attributed to Gyrolithes
were previously described in the literature: G. davreuxi
de Saporta, 1884; G. dewalquei de Saporta, 1884; G.
krameri (von Ammon, 1900); G. kunradensis Umbgrove,
1925; G. marylandicus (Mansfield, 1927); G. clarki
(Mansfield, 1930); G. mexicanus (Mansfield, 1930); G.
saxonicus (Hantzschel, 1934); G. suprajurassicus
(Schneid, 1938); G. babkovi (Hecker in Hecker et al.,
1962); G. bularti Macsotay, 1967; G. krymensis Vialov,
1969; G. gyratus (Hofmann, 1979); G. polonicus
Fedonkin, 1981; G. triassica Yang & Sun, 1982; G. vidali
Mayoral, 1986; G. chosiensis Omori, Ishida & Adachi,
1992; G. cycloides (Mikula$ & Pek, 1994); G. variabilis
Mayoral & Muiiiz, 1995; G. nodosus Mayoral & Muiiiz,
1998; G. valeroi Mendiola, Martinez, Blasco & Lopez,
1998; G. okinawaensis Myint & Noda, 2000; G. lorcaen-
sis Uchman & Hanken, 2013; G. scintillus Laing, Buatois,
Mangano, Narbonne & Gougeon, 2018; G. texanus
Morgan, 2019; and G. fibonaccii Conti & Serventi, 2023.
The type ichnospecies, Gyrolithes davreuxi, has a thick
wall with a lectotype k = 0.23-0.30 and topotype k =
0.20-0.27 (de Saporta 1884, pl. 5, figs 1-4; Bromley &
Frey 1974, pl. 1). Gyrolithes dawalquei is a burrow with
either straight or U-shaped elements (de Saporta 1884,
pl. 6, figs 3-5) and may represent partial Thalassinoides
Ehrenberg segments (see also Bromley & Frey 1974).
Gyrolithes krameri, formerly Daemonhelix krameri, has
a holotype k = 0.28-0.33 and topotype k = 0.42 (von
Ammon 1900, figs 4, 5). Uchman & Hanken (2013)
recorded smooth outlines for Gyrolithes krameri, but the
type material of von Ammon (1900, fig. 4) shows rugos-
ities on its surface that could potentially correspond to
remnants of pellets (see also Fig. 35). We provisionally
retain it as a pellet-wall form until revision of the type
material is done. Gyrolithes kunradensis is a straight fos-
sil with circular cross-section (Umbgrove 1925, figs
1-5) that is unrelated to Gyrolithes. Gyrolithes mary-
landicus, formerly Xenohelix marylandica, has a pelletal
wall with a holotype x = 0.57-0.73 and topotype k =
0.52-0.93 (Mansfield 1927, pl. 2, fig. 1, pl. 3, fig. 1).
Other topotypical materials show smooth outlines (with
K = 0.54-0.60, Mansfield 1927, pl. 3, fig. 2) and longitu-
dinal striations (with k = 0.66-0.73, Gernant 1972, pl. 1,
fig. 2), but these features should not be included in the
diagnosis of Gyrolithes marylandicus to maintain con-
sistency with the taxonomic rationale proposed in this
study. Therefore, the variants with smooth and striated
walls should be relocated in Gyrolithes babkovi and be
ground for a new ichnospecies, respectively (following
our revision Fig. 36B). Gyrolithes clarki, formerly
Xenohelix clarki, has smooth outlines with a holotype k
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= 0.27-0.30 and topotype k = 0.32-0.42 (Mansfield
1930, pl. 1, fig. 1, pl. 2, fig. 1). Gyrolithes mexicanus, for-
merly Xenohelix mexicana, has a holotype k = 0.29-0.32
(Mansfield 1930, pl. 1, fig. 3). Although Uchman &
Hanken (2013) considered it smooth, the holotype has
longitudinal striae that were correctly identified by
Mansfied (1930) (see also Fig. 35). Gyrolithes saxonicus,
formerly Spongites saxonicus, has smooth outlines with
a holotype k = 0.17-0.20 and topotype k = 0.11-0.16
(Héntzschel 1934, figs 1, 2, 4). Uchman & Hanken
(2013) considered that only material of small dimen-
sions (i.e. Hantzschel 1934, figs 1, 2) should be retained
asvalid, and material of large dimensions (i.e. Hantzschel
1934, fig. 4) be placed in synonymy with Gyrolithes
cycloides. However, the k of holotype or topotype mate-
rials of Gyrolithes saxonicus never overlap with meas-
urements from G. cycloides, and the synonymy is
therefore not retained here (Fig. 36A, B). Gyrolithes
suprajurassicus, formerly Xenohelix suprajurassica, has
longitudinal striations with a holotype k = 0.12 (Schneid
1938, p. 313; Uchman & Hanken 2013). Gyrolithes bab-
kovi, formerly Xenohelix babkovi, has smooth outlines
with a holotype k = 0.40-0.66 (Hecker et al. 1962, pl. 22,
fig. 4). Gyrolithes bularti has a holotype k = 0.58 and
topotype k = 0.28-0.40 (Macsotay 1967, figs 49, 61).
Uchman & Hankel (2013) mentioned smooth outlines
and placed Gyrolithes bularti in synonymy with G.
krameri, but Macsotay (1967, figs 49, 61-63) only
described and figured specimens with distinct longitu-
dinal striations (see also Fig. 35). Gyrolithes krymensis is
a problematic burrow that does not display a helical
morphology (Vialov 1969, p. 108) and, therefore, is not
retained as valid. Gyrolithes gyratus, formerly Skolithos
gyratus, has smooth outlines with a holotype k = 0.63-
1.00 and topotype k = 0.50-1.00 (Hofmann 1979, pl. 5,
figs A, B). Gyrolithes polonicus has smooth outlines with
a holotype k = 0.21 and topotype k = 0.22-0.51
(Fedonkin 1977, pl. 5, figs a, b, g, 1981, pl. 22, figs 1-5,
8). Uchman & Hanken (2013) mentioned the presence
oflocal perpendicular striations, but this is not observed
in material figured by Fedonkin (1977, pl. 5, figs a, b,
1981, pl. 22, figs 1-5) and may be taphonomic (Jensen
1997). Gyrolithes triassica is a S-shaped burrow with
only one specimen recovered (Yang & Sun 1982, pl. 2,
fig. 6), and the development of a vertical helix is not
demonstrated (Uchman & Hanken 2013). Gyrolithes
vidali has a holotype k = 0.23-0.43 and topotype x =
0.44-0.54 (Mayoral 1986, pl. 1, figs 8-11). Uchman &
Hankel (2013) mentioned smooth outlines and placed
Gyrolithes vidali in synonymy with G. krameri, but
Mayoral (1986, pl. 1, figs 8-11) recorded distinct longi-
tudinal striations (see also Fig. 35). Gyrolithes chosiensis
has smooth outlines with a holotype k¥ = 0.09-0.11
(Omori et al. 1992, pl. 1, fig. 1). Gyrolithes cycloides, for-
merly Spirocircus cycloides, has smooth outlines with a
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Fig. 36. Comparison of k values calculated from type materials of Gyrolithes ichnospecies. A, Plot of all k values. B, Discrimination of valid
ichnospecies based on (by order of priority): (1) seniority where holotype ranges overlap (e.g. G. mexicanus versus G. vidali); (2) holotype
range over topotype range (e.g. G. babkovi versus G. gyratus); and (3) seniority where topotype ranges overlap (e.g. G. marylandicus versus
G. nodosus). Note that within each wall type, k ranges never overlap across valid ichnospecies.
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Fig. 37. Histogram showing the number of reports per categories of k values highlighting a bimodal distribution (modes at x = 0.20-0.35
and k = 0.95-1.00). The two modes correspond to the range offsets of Gyrolithes polonicus/G. scintillus/G. clarki and G. gyratus as defined in
this study (Fig. 36B); however, we adopt a conservative approach and consider the first mode to represent material belonging to G. scintillus

solely (see text for further explanations).

holotype k = 0.06-0.08 (Mikulas & Pek 1994, fig. 2;
Uchman & Hanken 2013). Gyrolithes variabilis has a
holotype k = 0.39-1.00 with a conical morphology
(Mayoral & Muniz 1995, pl. 1, fig. 1). Uchman &
Hanken (2013) considered it smooth, but the holotype
and some topotype materials (with k = 0.45-0.90) show
local pellets (Mayoral & Muiiiz 1995, pl. 1, figs 1, 2, 4)
(see also Fig. 35), whereas further topotypes have either
smooth (with k = 0.58-0.63, Mayoral & Muiiz 1995,pl.
1, fig. 3) or longitudinal striations (with k = 0.39-1.00,
Mayoral & Muiiiz 1995, pl. 1, fig. 5). We suggest keeping
the conical feature as diagnostic element of Gyrolithes
variabilis and relocate non-conical smooth forms in G.
babkovi and non-conical striated forms in G. bularti or
a new ichnospecies depending on k values (Fig. 36B).
Gyrolithes nodosus has a pelletal wall with a holotype k =
0.75-0.85, neotype k = 0.42-0.71, and topotype k =
0.45-0.70 (Mayoral & Muiiiz 1998, pl. 1, figs 1-3, 6;
Muiiiz & Beladstegui 2019, fig. 6A). Gyrolithes valeroi
has a holotype k = 0.35-0.59 (Mendiola et al. 1998, pl.
4).Although Uchman & Hanken (2013) considered it
smooth and synonym of Gyrolithes krameri, the type
specimen clearly displays longitudinal striations that
were accurately noted by Mendiola et al. (1998) (see also
Fig. 35). Gyrolithes okinawaensis has smooth outlines
with a holotype k = 0.42-0.66 and sharp lateral exten-
sions (Myint & Noda 2000, fig. 2). Although Uchman &
Hanken (2013) considered Gyrolithes okinawaensis
valid based on its mudstone wall, Myint & Noda (2000)

emphasized the peculiar pointed-shape lateral exten-
sions, and both features should be used as ichnotax-
obases. Gyrolithes lorcaensis has smooth outlines with a
holotype k = 0.47-0.73 and topotype k = 0.18-0.63
(Uchman & Hanken 2013, figs 3a, ¢, e, 4b). Gyrolithes
scintillus has smooth outlines with a holotype k = 0.23
and topotype x = 0.11-0.40 (Laing et al. 2018, table 1).
Gyrolithes texanus has a smooth wall, supposedly with
rare pellets, and a holotype k = 0.13-0.14 and topotype
K = 0.18-0.20 (Morgan 2019, figs 3A, 4A, C). Gyrolithes
fibonaccii stands alone among Gyrolithes ichnospecies,
as it is made of a single whorl with a burrow width
tapering downward (Conti & Serventi 2023).

Figure 36A shows a graph of all k values meas-
ured from type materials of Gyrolithes ichnospecies.
k range offsets demonstrate some overlap, nota-
bly: (1) x from the holotype of Gyrolithes lorcaensis
(k = 0.47-0.73) overlaps with x from both holotypes
of G. babkovi (x = 0.40-0.66) and G. gyratus (x =
0.63-1.00); (2) x from the holotype of G. vidali (x =
0.23-0.43) overlaps with x from the holotype of G.
mexicanus (K = 0.29-0.32); and (3) k from the holotype
of G. valeroi (x = 0.35-0.59) overlaps with k from both
holotypes of G. vidali (x = 0.23-0.43) and G. bularti (x
= 0.58). In addition, Gyrolithes babkovi/G. gyratus, G.
mexicanus, and G. bularti have seniority over G. lor-
caensis, G. vidali, and G. valeroi, respectively. Therefore,
we consider Gyrolithes lorcaensis a junior synonym of
G. babkovi or G. gyratus depending on the x range
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offset, G. vidali a junior synonym of G. mexicanus, and
G. valeroi a junior synonym of G. bularti (Fig. 36B).

Furthermore, we refined the limits of k range offset
for each ichnospecies to avoid overlap with other ich-
nospecies (Fig. 36B). In practice, material recovered
from one locality may cover the k range offset of more
than one ichnospecies. In those cases, we suggest to
first identify the number of modes of k values from
that locality (e.g. Fig. 37), and secondarily to assign
each mode to a valid ichnospecies based on its closest
affinity with the k range offset of valid ichnospecies
(using Fig. 36B as a basis for ichnospecies selection).
An example is provided below with the description
of Gyrolithes gyratus and G. scintillus in the Chapel
Island Formation (see also Fig. 37).

Gyrolithes shows similarities with Augerinoichnus
Minter, Lucas, Lerner & Braddy, 2008, Avetoichnus
Uchman & Rattazzi, 2011, Daimonhelix Barbour, 1892,
Helicodromites Berger, 1957, Helicolithus Hantzschel,
1962, Ichnogyrus Bown & Kraus, 1983, Lapispira Lange,
1932,and Megagyrolithes Gaillard, 1980. Augerinoichnus,
Avetoichnus, and Helicodromites are helical burrows
oriented horizontally (Poschmann 2015; Buatois et al.
2017), which differs from the vertical orientation of
Gyrolithes. Helicolithus is also a horizontal helix with
regular meanders and lateral branches (i.e. uniramous
graphoglyptid: Ksigzkiewicz 1977; Seilacher 1977).
Daimonhelix is a meter-scale vertical helical burrow
placed in synonymy with Gyrolithes by some authors
(Fillion & Pickerill 1990; Jensen 1997), and its ichnotax-
onomic validity is still pending further revision (Laing
et al. 2018). Ichnogyrus is a vertical helical burrow with
whorls in contact (Bown & Kraus 1983) that awaits revi-
sion as whorls can also be in contact in Gyrolithes gyra-
tus (see also ‘Remarks’ in G. gyratus below). The single
vertical helix of Gyrolithes differs from the connected
double helices of Lapispira (Lanés et al. 2007; Gibert et
al. 2012). Megagyrolithes is a meter-scale vertical helical
burrow with horizontal branching segments (Gaillard
1980) and is potentially a junior synonym of Gyrolithes
(Jensen 1997; Buatois et al. 2017).

Gyrolithes typically ranges from the Cambrian (e.g.
Banks 1970; Fedonkin 1977; Lifian 1984; Jensen 1997;
Hofmann et al. 2012; Mangano & Buatois 2014) to
the Holocene (e.g. van der Horst 1934; Powell 1977;
Dworschak & Rodrigues 1997; Felder 2001; Wetzel et al.
2010; Dashtgard & Gingras 2012). However, Gyrolithes
gyratus has been recorded a few meters below the
Ediacaran-Cambrian boundary point in the Chapel
Island Formation (Gehling et al. 2001; this study).
Another Ediacaran report by Jenkins (1981) needs
re-evaluation (Baghiyan-Yazd 1998). Producers are
crustacean arthropods (e.g. Dworschak & Rodrigues
1997; Felder 2001; Pervesler 2002; Belatistegui & Muiiiz
2016), enteropneusts (van der Horst 1934; Gingras et al.
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1999; Hauck et al. 2009; Dashtgard & Gingras 2012), and
annelid worms (Hertweck & Reineck 1966; Howard &
Frey 1975; Powell 1977; Gingras et al. 1999). Gyrolithes
is typically recorded in marginal-marine (e.g. Keij
1965; Ranger & Pemberton 1988; Buatois et al. 2005;
Wetzel et al. 2010; Rodriguez-Tovar et al. 2019; Melnyk
& Gingras 2020) and shallow-marine (e.g. Banks 1970;
Jensen 1997; Systra & Jensen 2006; Belatstegui & Muiiiz
2016; Muiiiz & Belaustegui 2019) environments. Deep-
marine reports are more unusual (Conti & Serventi
2023; Hovikoski et al. 2025), some being regarded as
produced by doomed pioneers (Follmi & Grimm 1990;
Grimm & Follmi 1994). Gyrolithes was first recorded in
the Chapel Island Formation by Crimes & Anderson
(1985, fig. 6.7, 6.8), and was later mentioned either as
Skolithos annulatus (= G. gyratus) (e.g. Narbonne et
al. 1987; Herringshaw et al. 2017), G. polonicus (e.g.
Gehling et al. 2001; Hantsoo et al. 2018), or G. scintillus
(Laing et al. 2018, 2019).

Gyrolithes gyratus (Hofmann, 1979)

Figure 38A, B

1987  Skolithos annulatus (Howell); Narbonne, Myrow, Landing
& Anderson, p. 1287, fig. 6H.

2001  Skolithos annulatus (Howell); Gehling, Jensen, Droser,
Myrow & Narbonne, p. 216, fig. 2c.

2016  Gyrolithes de Saporta; Mangano & Buatois, p. 115, fig.
3.27e, 1.

2017  Skolithos annulatus (Howell); Herringshaw, Callow &
Mcllroy, p. 375, fig. 3a.

2018  Gyrolithes gyratus (Hofmann); Laing, Buatois, Mangano,
Narbonne & Gougeon, pp. 176, 178, 179, figs 5D, F, 6, 8.

2019  Gyrolithes gyratus (Hofmann); Laing, Mangano, Buatois,
Narbonne & Gougeon, p. 1626, fig. 2h.

Material. - About one hundred specimens from
Member 2A (Ediacaran) and Members 2A and 2B
(Fortunian) in Fortune Head, Grand Bank Head, and
Point May.

Description. - Vertical, unlined, unbranched, sin-
istral, or dextral helical burrow with r = 0.025-0.1
cm, R =0.025-0.15 cm and x = 0.40-1.00 (mean x =
0.81). Preserved as full relief. Whorls can be clearly
distinct and distant from one another or compacted
and in contact. Burrows are oriented vertically or,
more rarely, obliquely. Burrows are found isolated
or forming aggregates repeated laterally at the same
stratigraphical level. In places, burrows are pyritized.
Burrows can develop a horizontal extension departing
from the deepest whorl. Infill is massive, composed
of very fine- to fine-grained sandstone different from
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Fig. 38. Gyrolithes gyratus (Hofmann) (A, B) and G. scintillus Laing, Buatois, Mangano, Narbonne & Gougeon (C-G). Scale bars are 1 cm
(A, C-G) and 3 mm (B). All photographs are from Member 2A (Fortunian). A, Gyrolithes gyratus at different stratigraphic levels (arrows).
K = 0.67-1.00. See also Laing et al. (2018, figs 6, 8) for close-ups. Full relief, Fortune Head. B, Gyrolithes gyratus with distinct horizontal
whorls. Orientation of whorls is interpreted as a result of compaction. k = 0.83-1.00. Full relief, Fortune Head. C, Holotype of Gyrolithes
scintillus. x = 0.27-0.31. Full relief, Fortune Head. D, Gyrolithes scintillus showing lateral deviation of the whorls. k = 0.14-0.20. Full relief,
Fortune Head. E, Cross-section through the whorls of Gyrolithes scintillus. k = 0.31-0.37. Full relief, Fortune Head. F, Gyrolithes scintillus
with a basal extension. k = 0.32-0.35. Full relief, Fortune Head. G, Partially preserved Gyrolithes scintillus. It is not possible to calculate k
from this material. Positive hyporelief, Grand Bank Head.

the mudstone host rock. Maximum depth is 3.9 cm;
maximum number of whorls is 16.

Alpert 1974). Ichnogyrus nididens Bown & Kraus has
ak = 1.00 (Bown & Kraus 1983, fig. 7B) and overlaps
in morphometric parameters with Gyrolithes gyratus.

Associated trace fossils. — Gyrolithes gyratus co-occurs
with G. scintillus, Palaeophycus isp., and Trichichnus
linearis.

Remarks. - Morphometric parameters (x = 0.40-1.00)
overall agree with an affiliation to Gyrolithes gyratus
(Fig. 36B). The lower « values (from 0.40 to 0.62) are
outside the range of our revision on Gyrolithes ichno-
species (Fig. 36B) but are not too far from the limits of
topotype material of G. gyratus (Fig. 36A; Hofmann
1979). Therefore, we consider that overall, this mate-
rial is closer in affinity to the second mode of k val-
ues recorded in the Chapel Island Formation, with its
peak at x = 1.00 (Fig. 37). Gyrolithes gyratus is not a
common ichnospecies and is only recorded from the
Cambrian (Laing et al. 2018, 2019; Gougeon et al.
2023; this study) and the Ordovician (Hofmann 1979).
The type material of Skolithos annulatus, to which this
material was previously assigned (see synonym list
above), consists of distinct transverse ring-like annu-
lations that do not develop a helix (Howell 1957, fig. 1;

However, Ichnogyrus never deviates from this extreme
k value and has every whorl in contact, two morpho-
logical characters that could discriminate Ichnogyrus
from Gyrolithes.

Gyrolithes scintillus Laing, Buatois, Mangano,
Narbonne & Gougeon, 2018

Figure 38C-G

? 2001 Gyrolithes polonicus Fedonkin; Gehling, Jensen, Droser,
Myrow & Narbonne, p. 216, fig. 2c.
? 2002 Gyrolithes de Saporta; Droser, Jensen, Gehling, Myrow &
Narbonne, p. 9, fig. 6C.
2014 Gyrolithes de Saporta; Tarhan & Droser, p. 319, fig. 9B.
2016 Gyrolithes isp. Mangano & Buatois, p. 90, fig. 3.9c.
2017 Gyrolithes polonicus Fedonkin; Herringshaw, Callow &
Mcllroy, p. 375, fig. 3b.
2017 Gyrolithes isp. Landing et al., p. 45, fig. 17C.
2018a Gyrolithes de Saporta; Gougeon, Mangano, Buatois,
Narbonne & Laing (supplementary material), pp. 6, 8, 10,
figs 4a, b, d, 5a, d, 63, e.
2018 Gyrolithes polonicus Fedonkin; Hantsoo, Kaufman, Cui,
Plummer & Narbonne, p. 1243, fig. 2i.
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2018 Gyrolithes scintillus isp. nov. Laing, Buatois, Mangano,
Narbonne & Gougeon, p. 176, fig. 5A-C, E.

2019 Gyrolithes scintillus Laing, Buatois, Mangano, Narbonne
& Gougeon; Laing, Mangano, Buatois, Narbonne &
Gougeon, p. 1626, fig. 2i.

2020 Gyrolithes scintillus Laing, Buatois, Mangano, Narbonne
& Gougeon; Mangano & Buatois, p. 14, fig. 3b.

Material. - About 105 specimens from Members
2A, 2B, and 3 (Fortunian) in Fortune Head, Fortune
North, Grand Bank Head, Lewin’s Cove, Little Dantzic
Cove, and Point May.

Description. - Vertical, unlined, unbranched, sin-
istral, or dextral helical burrow with r = 0.025-0.05
cm, R = 0.1-0.55 cm and k¥ = 0.11-0.50 (mean x =
0.26). Preserved as full relief. Whorls are horizontal to
oblique and are typically well separated or in proxim-
ity (but not in contact). Burrows are vertical to slightly
oblique. Burrows are rarely pyritized. Burrows can
develop a horizontal to oblique extension departing
from the deepest whorl. Infill is massive, composed
of very fine- to medium-grained sandstone different
from the mudstone host rock. Maximum depth is 5.0
cm; maximum number of whorls is 9.

Associated trace fossils. - Gyrolithes scintillus co-occurs
with Conichnus conicus, G. gyratus, Palaeophycus isp.,
Treptichnus pedum, and Trichichnus linearis.

Remarks. - Morphometric parameters (k = 0.11-0.50)
overall agree with holotype and topotype measure-
ments on Gyrolithes scintillus (Fig. 36A). Extreme lower
and upper values are more unusual, and the mean k
value of our specimens (i.e. k = 0.26, Laing et al. 2018)
falls within the range offset of Gyrolithes scintillus. The
first mode of k values in the Chapel Island Formation is
spanning the 0.20-0.35 interval (Fig. 37), which corre-
sponds to most of the range of G. scintillus. Gyrolithes
scintillus is a recently introduced ichnospecies (Laing et
al. 2018) that belongs to the group 1 of Gyrolithes ich-
nospecies possessing low x values (Uchman & Hankel
2013; Laing et al. 2018; Fig. 36B). Partially preserved
Cambrian specimens displaying less than a whorl (e.g.
Gyrolithes sp. in Lifdn 1984, pl. 2, figs 2-4; Gyrolithes
cf. G. polonicus in Baghiyan-Yazd 1998, pl. 10, fig. B;
Gyrolithes isp. in Jensen & Grant 1998, fig. 5b, Jensen &
Mens 1999, fig. 3, Jensen et al. 2018a, fig. 6B; Gyrolithes
in Hogstrom et al. 2013, fig. 5H; Mcllroy & Brasier
2017, fig. 6b) require further investigation of more com-
plete material for accurate taxonomic affiliation. A basal
straight extension in Gyrolithes as seen in some spec-
imens of the Chapel Island Formation (Fig. 38F) was
also recorded in younger material (e.g. Gernant 1972;
Muiiiz & Belatstegui 2019), but its purpose is unknown
in the lower Cambrian. Gyrolithes scintillus has
recently been described from suspected coeval strata
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(cf. Landing 2004) of the Chapel Island Formation in
Nova Scotia (Barr et al. 2020). Material described in
open nomenclature by Banks (1970, pl. 2, fig. ¢) dis-
plays three whorls and potentially represents addi-
tional Cambrian Gyrolithes scintillus. Moczydlowska
et al. (2001, fig. 6h) recorded Gyrolithes isp. in Cambrian
cores from Sweden, but the helical vertical development
in the figured specimen is difficult to confirm.

Ichnogenus Halopoa Torell, 1870

Discussion. — Halopoa is a horizontal burrow with
inflated segments covered with irregular ridges or
wrinkles (Uchman 1998; Mangano et al. 2002b)
included in the category of architectural design of
‘horizontal burrows with simple vertically oriented
spreiten’ (Buatois et al. 2017). Halopoa was first
described from the Cambrian File Haidar Formation
of central Sweden (Torell 1870; Jensen 1997). Torell
(1870) erected Halopoa composita and H. imbri-
cata without providing photographed specimens or
a type ichnospecies. Later, Andrews (1955) desig-
nated Halopoa imbricata as the type ichnospecies, and
Martinsson (1965) figured and discussed a lectotype
slab and additional material from the museum of the
Geological Survey of Sweden. Jensen (1997) re-studied
the collected material of Halopoa and evaluated its
potential similarities with Fucusopsis Palibin and
Palaeophycus Hall. Subsequently, Uchman (1998)
reviewed the type material of Fucusopsis and regarded
it as a junior synonym of Halopoa. The presence
of inflated, vertically stacked segments in Halopoa
(Uchman 1998; Mangano et al. 2002b) does not fit the
diagnosis of Palaeophycus (cf. Pemberton & Frey 1982),
although these are not evident in the type material (S.
Jensen, pers. comm., 2024). Halopoa is here retained as
valid, following the proposal of Uchman (1998, 1999).
Five Halopoa ichnospecies have been previously
described in the literature: H. composita Torell, 1870;
H. imbricata Torell, 1870; H. annulata (Ksigzkiewicz,
1970); H. indica Badve & Ghare, 1978; and H. storeana
Uchman, 2001. The type ichnospecies, Halopoa imbri-
cata, is unbranched with long furrows and wrinkles
(Torell 1870; Jensen 1997; Uchman 1998). The slab con-
taining the type material of Halopoa composita (Jensen
1997, fig. 50) displays different burrows that can be
assigned to Halopoa imbricata, Phycodes Richter, and
Treptichnus, which prevents the retention of H. com-
posita as valid (Martinsson 1965; Jensen 1997). Halopoa
annulata, formerly Fucusopsis annulata, is commonly
branched with perpendicular constrictions (Uchman
1998). The diagnostic features of Halopoa indica are
unclear from the description and illustration of Badve &
Gadve (1978). However, they noted that Halopoa indica
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differs from H. imbricata by ‘being plaited, which sug-
gests that it may represent a senior synonym of H. store-
ana (cf. Uchman 2001). Accordingly, re-evaluation of
the type material of Halopoa indica is needed. Halopoa
storeana has oblique, plait-like wrinkles (Uchman 2001).
In addition, Bayet-Goll et al. (2015, p. 633) mentioned
Halopoa hieroglyphica without further description, but
this was probably a typo referring to Helminthopsis hier-
oglyphica. Consequently, three ichnospecies, Halopoa
annulata, H. imbricata, and H. storeana, are provision-
ally retained, pending re-evaluation of the type material
of H. indica.

Halopoa shows similarities with Asterosoma von
Otto, 1854, Palaeophycus Hall, 1847, and Teichichnus
Seilacher, 1955b. Asterosoma is composed of horizon-
tal concentric bulbs, and mainly differs from Halopoa
by its branching tendency and the pronounced fusi-
form shape of its elements (Seilacher 2007; Monaco
2014). Palaeophycus is a simple passively filled, lined,
subhorizontal burrow (Pemberton & Frey 1982;
Keighley & Pickerill 1995). Some ichnospecies of
Palaeophycus possess longitudinal wrinkles and striae
(see Palaeophycus section, p. 107) which created con-
fusion with Halopoa (e.g. Osgood 1970; Crimes &
McCall 1995; Jensen 1997). However, Palaeophycus
does not display the bulging and stacking pattern (i.e.
vertical spreiten) observed in Halopoa. Teichichnus is
a vertical spreite system formed by the displacement
of a subhorizontal burrow (Knaust 2018a) and differs
from Halopoa by the absence of bulging and more reg-
ular and developed vertical spreiten (Uchman 1998).

Halopoa ranges from the Cambrian (e.g. Martinsson
1965; Poulsen 1967; Seilacher 1990a; Jensen 1997;
Orfowski & Zyliriska 2002; Davies et al. 2009) to the
Miocene (e.g. Crimes & McCall 1995; Monaco &
Checconi 2010; Monaco & Trecci 2014). Ediacaran
Halopoa isp. recorded by Hofmann & Mountjoy
(2010) does not display inflated elements nor wrin-
kles on the surface of the structure. Based on its over-
all morphology, it would fit best within Palaeophycus.
Possible producers are crustacean arthropods (Nathorst
1881; Seilacher 2007) and annelid worms (priapulids;
Birkenmajer 1959; Hakes 1976; Ksigzkiewicz 1977;
Seilacher 2007). Halopoa is recorded in marginal-
marine (Hakes 1976; Mangano et al. 2002b; Desjardins
et al. 2010b), shallow-marine (e.g. Ortowski & Zyliniska
2002; Knaust 2004; Davies et al. 2009; Astibia et al. 2017;
Darngawn et al. 2018) and deep-marine (e.g. Crimes &
McCall 1995; Uchman 1998; Monaco et al. 2010; Knaust
et al. 2014; Wetzel & Uchman 2018; Adsera et al. 2020)
environments. A possible continental occurrence was
recorded by Hagdorn (2014) as ?Halopoa, although D.
Knaust (pers. comm. in Hagdorn, 2014) considered it as
Asterosoma. Examination of the specimen figured does
not allow to confirm any of these assignments. Halopoa
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had not been recorded in the Chapel Island Formation
previously.

Halopoa imbricata Torell, 1870
Figure 39A-C

Material. - Seven specimens from Member 2B
(Fortunian) in Grand Bank Head.

Description. - Horizontal elongated burrows with
inflated intervals and partially preserved longitudinal
striae. Preserved as positive hyporelief and negative
epirelief. Burrows are circular to elliptical in cross-sec-
tion, with a straight to curved course. Burrows are
isolated or imbricated, commonly forming pairs.
Longitudinal striations are subparallel to each other
and discontinuous. Burrow width can be highly vari-
able, with almost invariably thinning and tapering at
both ends. A very thin lining is observable in few spec-
imens. Branching is absent, although paired burrows
can be in close proximity. Infill is massive, composed of
fine-grained sandstone similar to the host rock. Width
is 0.6-1.2 cm; maximum length is 9.0 cm.

Associated trace fossils. — Halopoa imbricata co-occurs
with Palaeophycus tubularis, Psammichnites gigas cir-
cularis, and Treptichnus pedum.

Remarks. - The presence of inflated intervals and
longitudinal striae allows comparison with Halopoa
imbricata. Striae in Halopoa imbricata have been
described as subparallel ridges and wrinkles (e.g.
Jensen 1997; Uchman 1998), both features observed in
the Chapel Island Formation specimens. Overlapping
of burrows without branching in Halopoa imbricata is
also typical (e.g. Jensen 1997; Uchman 1998; Knaust
2004; Monaco 2014; Kilibarda & Schassburger 2018;
Madon 2021). Distinction from Palaeophycus stri-
atus relies mostly on the inflated intervals along the
burrow, and the common pairing and imbrication of
specimens.

The lectotype slab of Halopoa imbricata
(Martinsson 1965, fig. 29; Jensen 1997, fig. 45) dis-
plays specimens of variable sizes and shapes, with
many burrows seemingly flattened and wrinkles typi-
cally visible on their outlines. Halopoa imbricata from
the Cambrian of Poland (Orlowski & Zyliriska 2002)
and Halopoa cf. H. imbricata from the Cambrian of
Denmark (Poulsen 1967) are conspecific with the
Chapel Island Formation material, presenting elon-
gated burrows tapering at their ends and subparal-
lel longitudinal striae. Weber et al. (2013) recorded
‘Palaeophycus (Halopoa) type traces from the
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Fig. 39. Halopoa imbricata Torell. Scale bars are 5 cm (A) and 1 cm (B, C). All photographs are positive hyporeliefs from Grand Bank Head,
Member 2B (Fortunian). A, Specimens associated with Psammichnites gigas circularis (Ps). B, Close-up from Figure 39A. Note the imbri-
cated nature of the burrows, and their inflated shape with narrowing terminations (arrows). C, Close-up from Figure 39B. Note the coarse
striae along the burrows, and the paired arrangement with distinct separation (arrow).

Cambrian of Kazakhstan that display inflated inter-
vals and longitudinal striae and wrinkles diagnostic of
Halopoa imbricata. Specimens recorded as cf. Halopoa
imbricata from a Cambrian erratic boulder of Sweden
(Weidner et al. 2015) are spindle-shaped with very
regular, parallel longitudinal ridges, and their affin-
ity to Halopoa is dubious. Halopoa aft. H. imbricata
from the Cambrian of Utah, USA (Hammersburg et
al. 2018) is very poorly preserved without identifiable
outlines and should be kept in open nomenclature.
cf. Trichophycus venosus Miller from the Cambrian of
Sweden (McLoughlin et al. 2021, fig. 9]) displays one
bulging elongated segment with parallel longitudinal
striae and may represent a preservational variant of
Halopoa imbricata. Halopoa isp. from the Cambrian
of Estonia (Palij et al. 1983) has an irregular width,
but the presence of inflated intervals and longitudinal

ridges or wrinkles is unclear. Inflated segments
and longitudinal features in Halopoa isp. from the
Cambrian of India (Singh & Rai 1983) are not demon-
strated. Finally, specimens of Cambrian Palaeophycus
striatus from Scotland (Davies et al. 2009) and China
(Bai et al. 2012) display inflated segments with longi-
tudinal striae and are best relocated within Halopoa
imbricata.

Ichnogenus Helminthoidichnites Fitch, 1850

Discussion. — Helminthoidichnites is a horizontal trail
with a straight to curved course (Hofmann & Patel
1989; Hofmann 1990) included in the category of archi-
tectural design of ‘simple horizontal trails’ (Buatois
et al. 2017). Helminthoidichnites was first described
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from the Ordovician ‘Hudson River Group’ of north-
eastern USA (Hall 1847; Fitch 1850; Schneer 1978).
Whereas Emmons (1844) considered Gordia marina
as the remains of worms, Fitch (1850) believed these
were trace fossils and defined Helminthoidichnites
marinus and H. tenuis. Hantzschel (1975) considered
Helminthoidichnites a junior synonym of Gordia, but
Hofmann & Patel (1989) contested this conclusion, an
opinion endorsed here (see Gordia section, p. 86).

At least eight ichnospecies attributed to
Helminthoidichnites have been described: H. mari-
nus (Emmons, 1844); H. tenuis Fitch, 1850; H. meeki
Walcott, 1899; H. neihartensis Walcott, 1899; H. spi-
ralis Walcott, 1899; H. multilaqueatus (Yin, Li & He,
1993); H. sangshuanensis (Du, 1986) in Yan & Liu,
1998; and H. ornatus (Rindsberg & Kopaska-Merkel,
2005). The type ichnospecies, Helminthoidichnites
tenuis, is a simple trail with smooth outline
(Hofmann & Patel 1989; Hofmann 1990). Gordia
marina was ascribed to Helminthoidichnites mari-
nus by Fitch (1850). However, Gordia has a charac-
teristic self-overcrossing (Emmons 1844; Hofmann
& Patel 1989). Helminthoidichnites multilaqueatus,
formerly Gordia multilaqua, consists of dense, curv-
ing, and subparallel horizontal segments (Pokorny et
al. 2017). The type material displays at least one case
of self-overcrossing (Yin et al. 1993, pl. 3, fig. 1), but
other specimens are mostly curved without over-
crossing. Helminthoidichnites multilaqueatus needs
re-evaluation of its type material and is provisionally
not retained as valid here. Helminthoidichnites orna-
tus, formerly Haplotichnus ornatus, has lateral levees
with corrugations at short intervals (Rindsberg &
Kopaska-Merkel 2005; Demircan & Uchman 2016).
Although Demircan & Uchman (2016) transferred
Haplotichnus ornatus to Helminthoidichnites, dis-
tinctive lateral levees are typical of Archaeonassa and
do not support their current taxonomic position.
Finally, Helminthoidichnites meeki, H. neihartensis,
H. sangshuanensis, and H. spiralis are flat, filamen-
tous and/or coiled (Walcott 1899; Du et al. 1986; Yan
& Liu 1998) and are all regarded as algal body fossils
(Cloud 1968; Walter et al. 1976, 1990; Hofmann 1983;
Niu 1998). Consequently, only the type ichnospecies
Helminthoidichnites tenuis is here retained as valid.

Helminthoidichnites shows similarities with
Archaeonassa Fenton & Fenton, 1937a, Gordia
Emmons, 1844, and Helminthopsis Heer, 1877.
Although some Helminthoidichnites can be flanked
by faint levees (e.g. Fitch 1850; Hofmann et al. 1994;
Schlirf et al. 2001; Droser et al. 2005; Carbone &
Narbonne 2014; Gougeon et al. 2018b), well-devel-
oped levees are diagnostic of Archaeonassa (Fenton &
Fenton 1937a; Jensen 2003). Most notably, Ediacaran
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horizontal trace fossils from Australia previously
recorded as Helminthoidichnites (e.g. Droser et al.
2017, fig. 3e; Gehling & Droser 2018, fig. 1F; Gehling
et al. 2019, fig. 1c; Evans et al. 2020, fig. 2A) all dis-
play well-developed lateral levees and belong to
Archaeonassa. Self-overcrossing horizontal trails are
assigned to Gordia (Emmons 1844; Hofmann & Patel
1989). Some authors figured Helminthoidichnites with
irregular meanders (e.g. Narbonne & Aitken 1990;
Uchman et al. 2005), but these features are more typ-
ical of Helminthopsis (Hofmann & Patel 1989; Jensen
1997; Buatois et al. 1998a).

Helminthoidichnites ranges from the Ediacaran
(e.g. Narbonne & Aitken 1990; Vidal et al. 1994a;
Carbone & Narbonne 2014; Jensen & Palacios 2016;
Shahkarami et al. 2017a; Mangano & Buatois 2020) to
the Holocene (e.g. Bajard 1966; Ewing & Davis 1967;
Scott et al. 2009). Producers are possible arthropods
in continental settings (insect larvae and small insects;
Buatois et al. 1997; Metz 2000; Uchman et al. 2009)
and worms (annelids; Bajard 1966; and possible nem-
atodes; Buatois et al. 1997; Olivero & Lopez Cabrera
2023). Helminthoidichnites is recorded in continen-
tal (e.g. Buatois & Mangano 1995; Schlirf et al. 2001;
Melchor et al. 2003; Uchman et al. 2004a; de Gibert &
Saez 2009; Netto et al. 2009), marginal-marine (e.g.
Buatois et al. 1998a, d; MacNaughton & Narbonne
1999; Mangano & Buatois 2004a; Desjardins et al.
2012; Hofmann et al. 2012), shallow-marine (e.g.
Hofmann & Patel 1989; Droser et al. 2005; Knaust
2007; Gehling & Droser 2009; Buatois & Mangano
2012a; Villegas-Martin & Netto 2019), and deep-ma-
rine (e.g. Narbonne & Aitken 1990; Hofmann et al.
1994; Buatois & Mangano 2003¢; Uchman et al. 2005;
Buatois et al. 2009; Carbone & Narbonne 2014) envi-
ronments. Helminthoidichnites has been regularly
mentioned in the Chapel Island Formation (see syn-
onym list below).

Helminthoidichnites tenuis Fitch, 1850

Figure 40A, B
1985 Helminthopsis  tenuis ~ Ksigzkiewicz; Crimes &
Anderson, p. 322, fig. 7.8.
2014 Helminthoidichnites tenuis Fitch; Buatois, Narbonne,
Mangano, Carmona & Myrow, p. 3, fig. 1¢, d, f.
2016 Helminthoidichnites tenuis Fitch; Mangano & Buatois,
p. 93, fig. 3.11d.

non 2017  Helminthoidichnites isp. Herringshaw, Callow &
McIlroy, p. 375, fig. 3d.

2017 Helminthoidichnites tenuis Fitch; Landing et al., pp. 45,
51, figs 17A, 19A, B.

2018 Helminthoidichnites tenuis Fitch; Hantsoo, Kaufman,
Cui, Plummer & Narbonne, p. 1243, fig. 2f.

2019 Helminthoidichnites tenuis Fitch; Laing, Mdangano,

Buatois, Narbonne & Gougeon, p. 1626, fig. 2d.
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Fig. 40. Helminthoidichnites tenuis Fitch. Scale bars are 1 cm. A, Solitary Helminthoidichnites tenuis (Hd). Positive epirelief, Fortune Head,
Member 2B (Fortunian). B, Helminthoidichnites tenuis densely covering a surface. Note transitions from positive to negative reliefs along
individual courses (arrows). Positive and negative epirelief, Lewins Cove, Member 2A (Fortunian).

Material. - About 140 specimens from Member 1
(Ediacaran), Members 2A, 2B and 3 (Fortunian),
and Member 5 (Cambrian Age 2) in Fortune Head,
Fortune North, Grand Bank Head, Lewins Cove,
Little Dantzic Cove, and Point May.

Description. - Smooth, unlined, unbranched, hori-
zontal trails with a straight, curved to semicircular
course. Preserved as positive and negative hyporelief
and epirelief. Transition from positive to negative
relief on a single course may occur. The course may
develop small changes of direction, but never turns
more than about 45°. Few specimens have faint lat-
eral furrows or levees. Trails are isolated or crowded
forming patches of higher density and showing com-
mon overlap. Infill is massive, composed of very fine-
to fine-grained sandstone similar to the host rock.
Width is 0.05-0.3 cm; maximum length is 13.5 cm.

Associated trace fossils. — Helminthoidichnites tenuis
co-occurs with Archaeonassa fossulata, Circulichnis
ligusticus, C. montanus, Cochlichnus anguineus, Gordia
marina, Helminthopsis abeli, H. hieroglyphica, H. tenuis,
Monomorphichnus bilinearis, Palaeophycus tubularis,
Psammichnites gigas circularis, and Treptichnus pedum.

Remarks. - A straight to gently curving horizon-
tal course allows placing these trace fossils in
Helminthoidichnites tenuis. In the Chapel Island
Formation, Helminthoidichnites tenuis was men-
tioned for the first time by Landing & Westrop
(1998) but was not figured, and some older reports
of Gordia and Helminthopsis that predate Hofmann
& Patel’s (1989) landmark paper may in fact corre-
spond to Helminthoidichnites (as for instance Crimes
& Anderson 1985, fig. 7.8). Helminthoidichnites

isp. in Herringshaw et al. (2017, fig. 3d) is sinuous
to slightly meandering and may be better affiliated
to Helminthopsis tenuis. Helminthoidichnites tenuis
is a common trace fossil from the Ediacaran and
Cambrian worldwide. Transition from positive to neg-
ative relief on a single course is common (Fig. 40B),
suggesting the presence of microbial mats. True
branching is absent, but occasional secondary suc-
cessive branching occurs on densely covered surfaces
(Fig. 40B).

Ichnogenus Helminthopsis Heer, 1877

Discussion. — Helminthopsis is a horizontal trail with
irregular meanders (Han & Pickerill 1995; Wetzel &
Bromley 1996) included in the category of architectural
design of ‘simple horizontal trails’ (Buatois et al. 2017).
Helminthopsis was first described from the Palaeocene-
Eocene Ruchberg series of eastern Switzerland
(Heer 1877; Wetzel & Bromley 1996). The history of
Helminthopsis is complicated and has been well sum-
marized by Wetzel & Bromley (1996). Heer (1877)
erected three ichnospecies (Helminthopsis magna, H.
intermedia, and H. labyrinthica) that were considered
junior synonyms of Scolicia isp. (Helminthopsis magna
and H. intermedia) and Spirocosmorhaphe helicoidea
Seilacher (H. labyrinthica) by Wetzel & Bromley (1996).
As Helminthopsis magna was designated type ichno-
species by several authors but deemed unsuitable for
representing the ichnogenus, Wetzel & Bromley (1996)
designated a new type ichnospecies, Helminthopsis hier-
oglyphica, selected from Heer’s collection to maintain
nomenclature stability. To complicate things further,
another revision of Helminthopsis was conducted inde-
pendently at the same time by Han & Pickerill (1995),
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leading to different conclusions. Han & Pickerill (1995)
used statistical analyses to consider three valid ichno-
species: Helminthopsis abeli, H. granulata Ksigzkiewicz,
and H. hieroglyphica. On the other hand, Wetzel &
Bromley (1996) used simple morphological criteria
to consider Helminthopsis abeli, H. hieroglyphica, and
H. tenuis valid. Uchman (1998) maintained the dis-
tinction of Helminthopsis tenuis from H. abeli, but also
retained H. granulata as potentially valid. By integrat-
ing these reviews, four Helminthopsis ichnospecies are
here considered valid: H. granulata Ksigzkiewicz, 1968;
H. tenuis Ksigzkiewicz, 1968; H. abeli Ksigzkiewicz,
1977; and H. hieroglyphica Wetzel & Bromley, 1996.
The type ichnospecies, Helminthopsis hieroglyphica, has
straight segments along its course (Wetzel & Bromley
1996). Helminthopsis granulata has a tuberculate surfi-
cial ornamentation (Ksigzkiewicz 1968; Han & Pickerill
1995). Helminthopsis tenuis has wide, shallow mean-
ders (Ksigzkiewicz 1968; Wetzel & Bromley 1996).
Helminthopsis abeli has deep horseshoe-like, bulged
meanders (Ksigzkiewicz 1977; Wetzel & Bromley 1996).

Helminthopsis shows similarities with Archaeonassa
Fenton & Fenton, 1937a, Cochlichnus Hitchcock,
1858, Gordia Emmons, 1844, Helminthoidichnites
Fitch, 1850, Multina Orlowski, 1968, Palaeophycus
Hall, 1847, and Planolites Nicholson, 1873. Although
some specimens of Helminthopsis may develop nar-
row lateral levees (Jensen et al. 2006), distinctive and
well-developed levees are features more typical of
Archaeonassa (Fenton & Fenton 1937a; Jensen 2003).
With its irregular meandering course, Helminthopsis
differs from other simple horizontal trails, such as
Cochlichnus (sinusoidal course), Gordia (self-over-
crossing course), and Helminthoidichnites (straight
to curved course) (Hofmann & Patel 1989; Buatois
et al. 1998a; Gougeon et al. 2018b). Multina is a
horizontal branching burrow that can be mistaken
for Helminthopsis if partially preserved (Buatois &
Mangano 2012a). Finally, Helminthopsis differs from
Palaeophycus and Planolites by being non-penetrative
(Keighley & Pickerill 1997).

Helminthopsis ranges from the Ediacaran (e.g. Fritz
& Crimes 1985; Narbonne & Aitken 1990; Seilacher
et al. 2005; Jensen et al. 2006; Hofmann & Mountjoy
2010; Carbone & Narbonne 2014) to the Holocene (e.g.
Swinbanks & Murray 1981; Metz 1987a; Mangano et al.
1996b; Schatz et al. 2013; Muiiz Guinea et al. 2014).
Helminthopsis is recorded in continental (e.g. Metz
1987a, 2000; Pickerill 1992; Keighley & Pickerill 1997;
Buatois & Mangano 2003d; Buatois et al. 2006), mar-
ginal-marine (e.g. Archer 1984; Miller & Knox 1985;
Fillion & Pickerill 1990; Raychaudhuri & Pemberton
1992; Buatois et al. 1998a), shallow-marine (e.g. Archer
1984; Fritz & Crimes 1985; Stanley & Pickerill 1998;
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Pickerill & Blissett 1999; Dam 1990; Gong & Droser
2001), and deep-marine (e.g. Ksigzkiewicz 1968;
Bottjer 1981; Pickerill 1981; Crimes & Crossley 1991;
Uchman 1998; Lehane & Ekdale 2016) environments.
In continental settings, suggested producers are insect
larvae, nematomorphs, and nematodes (Metz 1987a;
Mangano et al. 1996b; Muniz Guinea et al. 2014). In
marine environments, it is typically attributed to vari-
ous types of worms, such as annelids, nematodes, and
priapulids (Ksigzkiewicz 1977; Miller & Knox 1985;
Fillion & Pickerill 1990; Olivero & Lopez Cabrera
2023). In the Chapel Island Formation, Helminthopsis
has been regularly recorded (see synonym lists below)
since its first description by Crimes & Anderson (1985).

Helminthopsis abeli Ksigzkiewicz, 1977

Figure 41A

1985  Helminthopsis abeli Ksigzkiewicz; Crimes & Anderson,
p. 322, fig. 7.6.

1985  Helminthoida miocenica Sacco; Crimes & Anderson,
p. 322, fig. 7.5.

Material. - Four specimens from Members 2A and
2B (Fortunian) and Member 5 (Cambrian Age 2) in
Fortune Head and Grand Bank Head.

Description. - Smooth, unlined, unbranched, hori-
zontal trails with an irregular meandering course
showing deep, bulged meanders. Preserved as positive
hyporelief and positive epirelief. Bulged meanders
have regular bell shapes, or more irregular morphol-
ogies. Infill is massive, composed of fine-grained
sandstone similar to the host rock. Width is 0.1 cm;
maximum length is 5.7 cm.

Associated trace fossils. - Helminthopsis abeli co-oc-
curs with Gordia marina, Helminthoidichnites tenuis,
Helminthopsis tenuis, Palaeophycus tubularis, and
Treptichnus pedum.

Remarks. - The presence of deep, bulged meanders
allows placing these trace fossils in Helminthopsis abeli.
The evaluation of what represents a ‘deep meander’ is
subject to interpretation: while both Han & Pickerill
(1995) and Wetzel & Bromley (1996) argued for the
presence of distinct horseshoe-like turns at intervals
along the course, this has not always been clearly fol-
lowed by authors (e.g. Tiwari et al. 2011). Here, we only
consider an affiliation to Helminthopsis abeli where
deep horseshoe-like turns are distinct (see also Crimes
& Crossley 1991, Tchoumatchenco & Uchman 2001,
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Fig. 41. Helminthopsis abeli Ksiazkiewicz (A), H. hieroglyphica Wetzel & Bromley (B, C), and H. tenuis Ksiazkiewicz (D, E). Scale bars are
1 cm. A, Helminthopsis abeli with deep, bulged meanders (arrows). Positive hyporelief, Grand Bank Head, Member 5 (Cambrian Age 2). B,
Helminthopsis hieroglyphica with straight intervals. Positive epirelief, Fortune Head, Member 2B (Fortunian). C, Problematic Helminthopsis
hieroglyphica with a possible branching (arrow) and a Gordia-like ending on one side. Positive hyporelief, Grand Bank Head, Member 2A
(Fortunian). D, Helminthopsis tenuis with shallow meanders. Positive hyporelief, Grand Bank Head, Member 2B (Fortunian). E, Tortuous

Helminthopsis tenuis gathered on a surface. Negative epirelief, Fortune Head, Member 2A (Fortunian)

Uchman 2004, and Vaziri & Fiirsich 2007). Otherwise,
irregularly meandering trace fossils with shallow mean-
ders are placed in Helminthopsis tenuis. In addition, the
distinction between Helminthopsis abeli and some spec-
imens of Cochlichnus anguineus and C. gracilis is not
always straightforward, especially where the sinusoidal
course turns out to be irregular along some intervals.
Helminthopsis abeli has rarely been recorded and
figured from the Ediacaran (Narbonne & Aitken
1990; Hofmann & Mountjoy 2010) and the Cambrian
(Orlowski & Zyliniska 2002; Weber et al. 2007). In the
Chapel Island Formation, only Crimes & Anderson
(1985, fig. 7.6) figured Helminthopsis abeli from
Member 2B; Helminthoida miocenica Sacco (Crimes
& Anderson 1985, fig. 7.5) is very loose and irregular,
and should also be considered as Helminthopsis abeli.

Helminthopsis hieroglyphica
Wetzel & Bromley, 1996

Figure 41B, C

Material. - Nine specimens from Members 2A and 2B
(Fortunian) in Fortune Head and Grand Bank Head.

Description. - Smooth, unlined, horizontal trails with
an irregular meandering course made of straight
intervals. Preserved as positive hyporelief and posi-
tive epirelief. Angle of turn varies from few degrees
to about 90°; rarely, straight intervals end up form-
ing a loop. Unbranched, although one specimen dis-
plays a possible branch. Infill is massive, composed
of very fine- to fine-grained sandstone similar to
the host rock. Width is 0.1-0.2 cm; maximum length
is 6.9 cm.

Associated trace fossils. — Helminthopsis hieroglyphica
co-occurs with Archaeonassa fossulata, Circulichnis
ligusticus, Cochlichnus anguineus, Helminthoidichnites
tenuis, Helminthopsis tenuis, and Palaeophycus
tubularis.

Remarks. - Han & Pickerill (1995) and Wetzel &
Bromley (1996) considered Helminthopsis hieroglyph-
ica a valid ichnospecies based on its box-like appear-
ance with straight intervals. Some forms of Treptichnus
preserving only a horizontal basal burrow without
showing clear projections can develop highly angular
courses reminiscent of Helminthopsis hieroglyphica
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(e.g. Archer & Maples 1984, fig. 5C; Archer et al.
1995, fig. 7b; Gamez Vintaned et al. 2006, figs 9.7, 8).
Helminthopsis hieroglyphica has rarely been recorded
in the Cambrian (Webby 1970; Pickerill & Blissett
1999; Mangano et al. 2019). Ediacaran Helminthopsis
hieroglyphica in Bekker (2013, pl. 2, fig. 2) has a
straight course without meanders and fits better
within Helminthoidichnites. Cambrian Helminthopsis
hieroglyphica in Ortowski & Zylinska (2002, fig. 5¢, e)
is leveed and is closer to Archaeonassa, and in Bai
et al. (2012, fig. 3.1) does not display straight intervals
and is closer to Palaeophycus.

Helminthopsis tenuis Ksiazkiewicz, 1968

Figure 41D, E

2014  Helminthopsis tenuis Ksiazkiewicz; Buatois, Narbonne,
Méngano, Carmona & Myrow, p. 3, fig. 1b.

2017  Helminthoidichnites isp. Herringshaw, Callow & McIlroy,
p. 375, fig. 3d.

2017  Helminthopsis tenuis Ksigzkiewicz; Landing et al., pp. 45,
51, figs. 17A, 191

2019  Helminthopsis tenuis Ksiazkiewicz; Laing, Madngano,
Buatois, Narbonne & Gougeon, p. 1626, fig. 2b.

Material. - About 110 specimens from Members 2A,
2B and 3 (Fortunian) and Member 5 (Cambrian Age 2)
in Fortune Head, Grand Bank Head, Lewin’s Cove,
Little Dantzic Cove, and Point May.

Description. - Smooth, unlined, unbranched, horizon-
tal trails with wide, shallow meanders. Preserved as
positive and negative hyporelief and epirelief. In rare
cases, irregular meanders are more tortuous. A knob
can be preserved at the end of the course. Overlap with
adjacent specimens is rare. Infill is massive, composed
of very fine- to fine-grained sandstone similar to the
host rock; rarely, infill is pyritized. Width is 0.05-0.2
cm; maximum length is 18.7 cm.

Associated trace fossils. - Helminthopsis tenuis co-
occurs with Archaeonassa  fossulata, Cochlichnus
anguineus, Gordia marina, Helminthoidichnites tenuis,
Helminthopsis abeli, H. hieroglyphica, Monomorphichnus
bilinearis, and M. needleiunm.

Remarks. - Although Han & Pickerill (1995) syn-
onymized Helminthopsis tenuis with H. abeli, Wetzel &
Bromley (1996) retained the former as a valid ichno-
species on the basis of its shallow turns and the absence
of horseshoe-like patterns, a decision endorsed here.
Helminthopsis tenuis is easily identifiable in the field,
being commonly recorded in the Ediacaran and the
Cambrian (e.g. Buatois & Mangano 2003c, 2016;
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Carbone & Narbonne 2014; Shahkarami et al. 2017a;
Gougeon et al. 2018b; Mangano & Buatois 2020). In
the Chapel Island Formation, Helminthopsis tenuis is
a common trace fossil typically associated with other
simple grazing trails. The presence of a terminal knob
reveals the ability of the tracemaker to change verti-
cal level. Tortuous specimens (Fig. 41E) can be rem-
iniscent of Cochlichnus, but they are too irregular to
be considered sinusoidal. Helminthopsis tenuis was
also mentioned in the succession by Narbonne et al.
(1987) and Landing et al. (1988) without providing
illustration.

Ichnogenus Monomorphichnus Crimes, 1970

Discussion. - Monomorphichnus consists of a series of
subparallel ridges in places repeated laterally (Crimes
1970) included in the category of architectural design
of ‘trackways and scratch imprints’ (Buatois et al.
2017). Monomorphichnus was first described from
the Cambrian Ffestiniog Formation of northern
Wales (Crimes 1970; Hawkins & Jones 1981). Fillion
& Pickerill (1990) mentioned the existence of a pos-
sible senior synonym for Monomorphichnus, namely
Ctenichnites Matthew, 1891, which needs revision.
Another debate started when Seilacher (1985, 1990a)
considered Monomorphichnus a junior synonym of
Dimorphichnus. Seilacher (1985) argued that the
type material of Monomorphichnus displays a sec-
ond set of blunt imprints typical of Dimorphichnus.
This suggestion was discarded by Fillion & Pickerill
(1990). Pending further revision, Jensen (1997)
and Maéngano & Buatois (2003a) temporarily
retained Monomorphichnus, arguing that some of
its ichnospecies would be difficult to relocate within
Dimorphichnus.

At least nineteen ichnospecies attributed to
Monomorphichnus have been erected: M. bilinearis
Crimes, 1970; M. multilineatus Alpert, 1976a; M.
lineatus Crimes, Legg, Marcos & Arboleya, 1977; M.
cretacea Badve & Ghare, 1980; M. gaopoensis Yang
& Yin in Yang et al., 1982; M. monolinearis Shah &
Sudan, 1983; M. pectenensis Legg, 1985; M. devonicus
Yang & Hu in Yang et al., 1987; M. biscolus Chu, 1988;
M. intersectus Fillion & Pickerill, 1990; M. henanen-
sis Yang & Wang, 1991; M. biserialis Mikulds, 1995;
M. semilineatus Mikulas, 1995; M. podolicus Uchman,
Drygant, Paszkowski, Porebski & Turnau, 2004b;
M. taenia Wang, Zhang, Yang, Li & Wang, 2006; M.
kailiensis Wang, 2007; M. needleiunm Wang, 2007;
M. sinus Gibb, Chatterton & Pemberton, 2009; and
M. gregarius Pandey, Uchman, Kumar & Shekhawar,
2014. The type ichnospecies, Monomorphichnus
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bilinearis, has bundles of two ridges within a series
(Crimes 1970). Monomorphichnus multilineatus has
five or six ridges per series with more prominent
central ridges (Alpert 1976a). Monomorphichnus
lineatus has subparallel ridges forming series
sometimes repeated laterally (Crimes et al. 1977).
Monomorphichnus cretacea is made of subparallel
wrinkles (Badve & Ghare 1980, pl. 2, fig. 4) and is not
a trace fossil but a microbially stabilized surface (cf.
Fillion & Pickerill 1990). Monomorphichnus gaopoen-
sis does not display any subparallel ridges typical of
Monomorphichnus (Yang et al. 1982, pl. 1, fig. 4) and
has a dubious biogenic affinity (Uchman et al. 2004b).
Monomorphichnus monolinearis has simple ridges
organized in a series (Shah & Sudan 1983), which is
already diagnostic of M. lineatus (Fillion & Pickerill
1990). Monomorphichnus pectenensis has bundles
of two ridges with intervening finer striations (Legg
1985). Yang et al. (1987) described Monomorphichnus
devonicus as groups of parallel ridges. The poor qual-
ity of the illustrated material (Yang et al. 1987, pl. II,
fig. 1) and loose description call for its re-evaluation.
Monomorphichnus biscolus is composed of ridges not
arranged in a series (Chu 1988, fig. 9, pl. II, fig. 4) and
is unrelated to Monomorphichnus. Monomorphichnus
intersectus has cross-cutting ridges within individual
series (Fillion & Pickerill 1990). Monomorphichnus
henanensis has series of subparallel ridges repeated
laterally (Yang & Wang 1991, pl. 2, fig. 7), and is a jun-
ior synonym of M. lineatus. Monomorphichnus biseri-
alis has ridges paired in two series oriented in parallel
(Mikulas 1995). Monomorphichnus semilineatus has
irregular ridges oriented in various direction (Mikulas
1995). The absence of clear pattern for the series, and
the random orientation of ridges preclude an affin-
ity to Monomorphichnus. Monomorphichnus podol-
icus has series of dense ridges arranged in bundles of
four to six ridges (Uchman et al. 2004b) and may be
a synonym of Cruziana omanica Seilacher (Gibb et al.
2009). Monomorphichnus taenia has dense subparal-
lel ridges/wrinkles (Wang et al. 2006, pl. 1, fig. 3) and
may be a microbially stabilized surface. Wang (2007)
described Monomorphichnus kailiensis as having two
thin ridges in between two wider ridges within a sin-
gle series. This feature is not obvious from the figured
specimens (Wang 2007, pl. 3, figs 9, 10), and this ich-
nospecies may be a junior synonym of M. lineatus.
Monomorphichnus needleiunm has ridges oriented
in a fan shape (Wang 2007). Monomorphichnus sinus
has six to seven prominent curved ridges (Gibb et al.
2009). This ichnospecies needs further investigation
to be clearly distinguished from Monomorphichnus
multilineatus (compare with Gibb et al. 2009, fig. 8D).
Monomorphichnus gregarius has bundles of four
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ridges that densely cover surfaces (Pandey et al. 2014).
Sharma et al. (2018a) named Monomorphichnus mul-
tilineatus similar specimens from the same area, and
M. gregarius features are also typical of M. podolicus
(see also Hammersburg et al. 2018). Consequently,
seven ichnospecies, Monomorphichnus bilinearis, M.
biserialis, M. intersectus, M. lineatus, M. multilineatus,
M. needleiunm, and M. pectenensis, are here retained
as valid until further revision.

Monomorphichnus shows similarities with Allocoti-
chnus Osgood, 1970, Asaphoidichnus Miller, 1880,
Dimorphichnus Seilacher, 1955a, Diplichnites Dawson,
1873, and Rusophycus Hall, 1852. Allocotichnus is an
asymmetric trackway with paired imprints oriented
obliquely to the main direction (Osgood 1970). Pairing
of imprints is absent in Monomorphichnus. Contrary to
Monomorphichnus, Asaphoidichnus consists of parallel
series, with bifid to trifid imprints (Miller 1880; Weber
& Braddy 2004). Dimorphichnus has a first series of thin
elongated ridges and a distinctive second series of blunt,
shorter imprints (Seilacher 1955a). Rusophycus consists
of a short bilobed burrow typically covered with scratch
imprints (Dawson 1864), and single-sided Rusophycus
can be misinterpreted for Monomorphichnus (Jensen
1997; Jensen et al. 2002b). Diplichnites is distinctive
from Monomorphichnus by the arrangement of sim-
ple imprints into two parallel rows within a trackway
(Keighley & Pickerill 1998).

Monomorphichnus can be difficult to differentiate
from inorganic features in some cases. Tool marks
are made by the contact of objects with the seafloor
through unidirectional flows and can be subdivided
into drag marks (protracted contact with the sub-
strate), roll marks (a rounded object rolling over the
substrate), prod marks (brief contact with the sub-
strate), tumble marks (saltation of the object onto
the substrate), skim marks (gouging of the substrate
through a curved trajectory), chevron marks (com-
bination of drag and skim marks), and brush marks
(sweeping action over the substrate) (Dzulynski &
Walton 1965; Allen 1982; Peakall et al. 2020). Jensen
(1997) discussed ‘Eophyton’-type tool marks which
are delicate, closely spaced subparallel ridges along
a wider elongated groove, and noted that those may
have been formed by intraclasts of coarser-grained
lithology. This arrangement of delicate ridges is sim-
ilar to some features of Chapel Island Formation
Monomorphichnus  isp. (Fig. 42F). However,
Monomorphichnus isp. also displays larger fusiform
elements repeated in parallel, a level of organization
that is hard to reconcile with an inorganic mode of
formation. Overall, Monomorphichnus in this study is
distinguished from any of the tool marks listed above
by one or many of the following features: (1) the
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formation of series of at least three subparallel ridges
of comparable width and length that are mostly equi-
distant from one-another; (2) the lateral repetition of
series; (3) the sigmoidal pattern of ridges; and (4) the
pairing of ridges. The first point is the most important
as tool marks do not form arrangements of ridges and
has been observed in all the specimens recovered in
this study.

Monomorphichnus ranges from the Cambrian (e.g.
Crimes 1970; Alpert 1976a; Brasier et al. 1979; Pickerill
& Peel 1990; Jensen & Mens 2001; Hofmann et al. 2012)
to the Holocene (Muniz & Gamez Vintaned 2008).
Reports from the Ediacaran can be dismissed as follow:
(1) Monomorphichnus bilinearisand M. lineatusrecorded
by Walter et al. (1989), although stated to be found in
the Ediacaran, are only figured from the Cambrian; (2)
cf. Monomorphichnus recorded by Jenkins (1995, pl.
1, fig. C) consists of dense subparallel ridges that were
re-interpreted as Kimberichnus Ivantsov (Seilacher et al.
2005; Jensen et al. 2006; Gehling et al. 2014); and (3) cf.
Monomorphichnus recorded by Waggoner & Hagadorn
(2002, fig. 7; also figured in Waggoner 1999, fig. 4g) is
very poorly preserved, irregular, and may be inorganic
(Jensen et al. 2006). Producers are possible arthropods
(crustaceans, eurypterids, trilobites, xiphosurids; e.g.
Martinsson 1965; Crimes 1970; Mikula$ 1995; Jensen
1997; Weber & Braddy 2004), and vertebrates (birds;
Muiiz & Gamez Vintaned 2008). Monomorphichnus is
recorded in continental (e.g. Shone 1979; Pickerill 1992;
Keighley & Pickerill 1998; Lucas et al. 2005b; Minter
& Lucas 2009), marginal-marine (e.g. Narbonne 1984;
Legg 1985; Uchman et al. 2004b; Weber & Braddy 2004;
Buatois et al. 2005; Pandey et al. 2014), and shallow-ma-
rine (e.g. Crimes 1970; Pickerill & Peel 1990; Stanley &
Pickerill 1998; Mangano et al. 2005a; Gibb et al. 2009;
Hammersburg et al. 2018) environments. In the Chapel
Island Formation, Monomorphichnus was commonly
mentioned in previous studies (e.g. Crimes & Anderson
1985; Narbonne et al. 1987; Laing et al. 2019).

Monomorphichnus bilinearis Crimes, 1970

Figure 42A, B

1985  Monomorphichnus bilinearis Crimes; Crimes & Anderson,
pp. 318, 324, figs 6.1, 8.2.

22017 Monomorphichnus isp. Herringshaw, Callow & McIlroy,
p- 375, fig. 3f.

Material. - Eight specimens from Members 2A
and 2B (Fortunian) in Fortune Head and Grand
Bank Head.
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Description. - Horizontal, straight, gently curved to
sigmoidal subparallel ridges arranged in bundles of
two ridges, which in turn form series of 4 to 10 bun-
dles. Preserved as positive hyporelief. Series are rarely
repeated laterally and extend at great length or remain
short. Ridges are close together within a bundle, and
the distance in between bundles is more important.
Ridges of a bundle extend along the whole course
of the specimen, or one ridge of the bundle can fade
away within the host rock and be shorter. In places,
the two ridges of a bundle merge and result in a single
ridge. One ridge of the bundle can be more prominent
than the other one. Series width is 1.3-3.1 cm; ridge
width is 0.05-0.1 cm; distance in between bundles is
0.2-0.4 cm; maximum ridge length is 27.5 cm.

Associated trace fossils. - Monomorphichnus bilin-
earis co-occurs with Helminthoidichnites tenuis,
Helminthopsis tenuis, Monomorphichnus lineatus, and
Palaeophycus tubularis.

Remarks. — The formation of bundles of two ridges
within a series allows placing these trace fos-
sils in Monomorphichnus bilinearis. Reports of
Monomorphichnus bilinearis show that ridges can be
short (e.g. Crimes 1970; Pickerill 1992; Baghiyan-Yazd
1998) or extend over a greater distance (e.g. Crimes &
Anderson 1985; Mikulas 1995). For short specimens,
difficulties arise where they are also slightly bul-
bous, and can be mistaken for half-lobed Rusophycus
(Mangano et al. 1996a; Mangano & Buatois 2003a).
Crimes (1970) noted that one ridge of the bundle can
be more prominent than the other, which is also noted
in some Chapel Island Formation specimens as well as
in other reports (e.g. Pickerill 1992). The prominence
of one ridge over the other is, however, not always
clearly visible (Mangano et al. 1996a). The formation
of bundles of two ridges argues for a producer having
at least two claws per limb (Legg 1985). The number
of bundles per series is arguably controlled by the
number of limbs of the producer (Weber & Braddy
2004), but this only provides the minimum num-
ber of appendages, as not all appendages may have
been in contact with the substrate, or their imprints
may have been lost due to undertrack fall-out effect.
Monomorphichnus bilinearis in Hammersburg et al.
(2018) consists of only one bundle of two ridges, which
is taxonomically problematic. Finally, the distinction
of Dimorphichnus obliquus from Monomorphichnus
bilinearis is not always clear, especially where the
series of blunt imprints is not well identified. This led
to confusion in some studies (e.g. Ortowski 1992).
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Monomorphichnus isp. (F). Scale bars are 1 cm. All photographs are positive hyporeliefs from Member 2A (Fortunian). A, Monomorphichnus
bilinearis with slightly curved, elongated ridges. Note bundles of paired ridges (arrows). Grand Bank Head. B, Monomorphichnus bilinearis
with short and slightly sigmoidal ridges. Note the re-appearance of ridges on the left (arrow). Fortune Head. C, Short Monomorphichnus lin-
eatus repeated laterally (arrows). Fortune Head. D, Overlapping of two Monomorphichnus lineatus with different orientation. Lewin’s Cove.
E, Fan-shaped Monomorphichnus needleiunm. Note that some ridges form an angle of deviation from their adjacent ridges (arrows). Fortune
Head. F, Monomorphichnus isp. with fusiform ridges. Note the delicate, parallel subridges (arrow). Grand Bank Head.
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Monomorphichnus lineatus Crimes,
Legg, Marcos & Arboleya, 1977

Figure 42C, D

1985  Monomorphichnus lineatus Crimes, Legg, Marcos &
Arboleya; Crimes & Anderson, pp. 318, 324, figs 6.12, 8.4.

2017 Monomorphichnus isp. Budd & Jensen, p. 462, fig. 7E.

2019  Monomorphichnus isp. A Laing, Mangano, Buatois,
Narbonne & Gougeon, p. 1626, fig. 2n.

Material. - Thirty-four specimens from Members 2A
and 2B (Fortunian) in Fortune Head, Grand Bank
Head, and Lewin’s Cove.

Description. - Horizontal, gently curved and subparallel
simple ridges forming series of 4 to 9 ridges. Preserved
as positive hyporelief and negative epirelief. Series are
isolated or repeated laterally. The distance between
ridges is typically constant. Individual ridges are com-
monly thicker and prominent in their middle part and
get thinner and taper laterally. Series width is 0.9-3.1
cm; ridge width is 0.05-0.1 cm; distance in between
ridges is 0.1-1.1 cm; maximum ridge length is 7.5 cm.

Associated trace fossils. — Monomorphichnus lineatus
co-occurs with Curvolithus simplex, Helminthopsis
tenuis, Monomorphichnus bilinearis, Palaeophycus
tubularis, and Palaeophycus isp.

Remarks. - Series of simple ridges in places
repeated laterally allow placing these trace fossils in
Monomorphichnus lineatus. The holotype from the
Cambrian of northern Spain has short and deep ridges
closely spaced together (Crimes et al. 1977, pl. 3, fig.
b); a second specimen from the same locality shows
series repeated laterally over a greater distance (Crimes
et al. 1977, fig. 5a) similarly to some Chapel Island
Formation specimens (Fig. 42C). Reports of short and
deep imprints similar to the holotype (e.g. Pickerill &
Peel 1990, fig. 8a; Orlowski 1992, fig. 13.5; Stanley &
Pickerill 1998, pl. 5, fig. 4) require careful examination of
larger areas as they could also represent Dimorphichnus
pushers. Most of the Chapel Island Formation speci-
mens have, however, delicate and shallow ridges that
cannot be mistaken for Dimorphichnus pushers.
Reports of Monomorphichnus linearis with series of
three ridges or less (e.g. Mikula$ 1995; Baghiyan-Yazd
1998; Hammersburg et al. 2018) are less convincing.

Monomorphichnus needleiunm Wang, 2007
Figure 42E

Material. - Two specimens from Members 2A and 2B
(Fortunian) in Fortune Head.
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Description. — Horizontal, straight ridges forming a
series of 7 ridges arranged in a fan shape. Preserved
as positive hyporelief and negative epirelief. Ridges
are very thin and shallow. Although some ridges are
subparallel, others deviate from their adjacent ridges
by about 10°. Ridges do not depart from the same
point, but instead are staggered from one another.
Series width is 1.5-1.7 cm; ridge width is 0.05-0.1 cm;
distance in between ridges is 0.1-0.3 cm; maximum
ridge length is 1.6 cm.

Associated trace fossils. — Monomorphichnus needlei-
unm co-occurs with Helminthopsis tenuis.

Remarks. - Theorganization of ridgesinafanshapeallows
placing these trace fossils in Monomorphichnus needle-
iunm. Besides the type material, Monomorphichnus
needleiunm has not been previously recorded. The holo-
type (Wang 2007, pl. 3, fig. 3) displays 15 ridges arranged
in a series: although some are subparallel, others display
a small angle of deviation from their adjacent ridges.
Similar observations are visible in the Chapel Island
Formation material, although the fan development is
less obvious due to the lower number of ridges.

Monomorphichnus isp.

Figure 42F

2019  Monomorphichnus isp. B Laing, Mangano, Buatois,
Narbonne & Gougeon, p. 1626, fig. 2m.

Material. - Four specimens from Member 2A
(Fortunian) in Grand Bank Head.

Description. — Horizontal, parallel, fusiform ridges
arranged in a series of 4 to 7 ridges. Preserved as pos-
itive hyporelief. Ridges are very wide at one end and
taper at the other end. One ridge is overprinted by
extremely delicate, perfectly straight and parallel sub-
ridges that extend outside the limits of the larger fusi-
form ridge outline. Series width is 0.4-0.7 cm; ridge
width is 0.05-0.15 cm (at the widest part); maximum
ridge length is 0.7 cm.

Associated trace fossils. — Monomorphichnus isp.
co-occurs with Palaeophycus tubularis.

Remarks. — The fusiform shape of the ridges is unu-
sual for Monomorphichnus. Monomorphichnus pect-
enensis also has intervening subridges (Legg 1985,
p. 157), but they are found in between more promi-
nent ridges, whereas in the Chapel Island Formation
specimens they are found within the fusiform ridges.
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Similarities exist between Monomorphichnus isp. from
the Chapel Island Formation and Dimorphichnus
ctenidos of Gamez-Vintaned (1995), both developing
series of fusiform ridges with delicate subridges within
them. Dimorphichnus ctenidos, however, has additional
smaller pusher imprints (Gamez-Vintaned 1995, fig. 3).

Ichnogenus Palaeophycus Hall, 1847

Discussion. — Palaeophycus is a subhorizontal burrow
with a lining (Pemberton & Frey 1982; Keighley &
Pickerill 1995) included in the category of architec-
tural design of ‘passively filled horizontal burrows’
(Buatois et al. 2017). Palaeophycus was first described
from the Ordovician ‘Calciferous Sandstone’ of
northeastern USA (Hall 1847; Osgood 1970). In an
in-depth review, Pemberton & Frey (1982) considered
five Palaeophycus ichnospecies valid: P. tubularis Hall,
1847; P. striatus Hall, 1852; P. heberti (de Saporta,
1872); P. sulcatus (Miller & Dyer, 1878a); and P. alter-
natus Pemberton & Frey, 1982. The type ichnospecies,
Palaeophycus tubularis, has a smooth, thin lining (Hall
1847; Pemberton & Frey 1982). Palaeophycus striatus
has continuous longitudinal striae on the outer wall
(Hall 1852; Pemberton & Frey 1982). Palaecophycus
heberti, formerly Siphonites heberti, has a smooth,
thick lining (de Saporta 1872; Pemberton & Frey
1982). Palaeophycus sulcatus, formerly Trichophycus
sulcatus, has irregular anastomosing striae on the
wall (Miller & Dyer 1878a; Pemberton & Frey 1982).
Jensen (1997) considered that the striae could repre-
sent a taphonomic artifact resulting from sediment
properties (see also Pemberton & Frey 1984) and
argued that similar striae are produced biogenetically
in Palaeophycus imbricatus. However, this view was
not followed by other authors (e.g. Uchman 1999;
Knaust 2004; Hammersburg et al. 2018). In addition,
Palaeophycus imbricatus, formerly Halopoa imbri-
cata, also displays bulges along its course that are
clearly distinctive at ichnogeneric rank (see Halopoa
section, p. 95). Palaeophycus alternatus has both
transversal and longitudinal striae located at inter-
vals along the length of the burrow (Pemberton &
Frey 1982). Later, Buckman (1995) reviewed the lit-
erature on Palaeophycus possessing annulated walls
and considered previously erected ichnospecies (i.e.
P annulatus Badve, 1987, P. anulatus McCann &
Pickerill, 1988, and P. serratus McCann, 1993) invalid
or as nomina dubia. Buckman (1995) then erected a
new ichnospecies, P. crenulatus, to account for these
forms. However, it is unclear why Palaeophycus annu-
latus was considered a nomen dubium: Badve (1987,
pl. 3, figs 1, 4) figured specimens both in cross-section
and bedding view that depict the massive infill and
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the distinct lining and annulations. Consequently, we
retain here Palaeophycus annulatus as the senior syno-
nym, and therefore as the valid ichnospecies for annu-
lated Palaeophycus. Since the reviews by Pemberton
& Frey (1982) and Buckman (1995), at least twelve
other ichnospecies attributed to Palaeophycus have
been erected or re-described: P tortuosus Hall, 1852;
P imbricatus (Torell, 1870); P. angulata (Palibin in
Vassoevich, 1932); P. curvatus Yang, 1983; P. ferro-
vittatus Hofmann, 1983; P. wutingensis Yang & Fu,
1985; P. subornatus Ghare & Kulkarny, 1986; P. canalis
Elphinstone & Walter in Walter et al., 1989; P. hong-
shiyanensis Luo, 1993; P. beifengwanensis Luo in Luo
et al., 1994; P. bolbitermilus Kim, Pickerill & Wilson,
2000; and P. tiefengshanensis Zhang, Zhou, Ge, Hu,
Xiong & Yi, 2018. Palaeophycus tortuosus has a tortu-
ous course and a thin lining (Hall 1852; Collette et al.
2011). It was placed in synonymy with Palaeophycus
tubularis by Pemberton & Frey (1982) but re-con-
sidered valid by Collette et al. (2011). Palaeophycus
imbricatus, formerly Halopoa imbricata, has irregular
interweaving longitudinal striae and bulges along its
course (Torell 1870; Jensen 1997), and is better located
in Halopoa (see above, and in Halopoa section, p. 95).
Palaeophycus angulata, formerly Fucusopsis angulata,
has discontinuous longitudinal wrinkling striae and
oblique step-like breaks on the surface of the bur-
row (Ksigzkiewicz 1977; Crimes & McCall 1995).
Although Palaeophycus angulata was considered
valid by Crimes & McCall (1995) based on new mate-
rial, this ichnospecies should be placed either within
Palaeophycus sulcatus (Pemberton & Frey 1982) or
Halopoa imbricata (Uchman 1998, 1999), based on a
case-by-case re-study of each specimen. Palaeophycus
curvatus has a curved course (Yang 1983; Bai et
al. 2012), which is also diagnostic of P. tubularis
(Pemberton & Frey 1982). Palaeophycus ferrovittatus
haslongitudinal striae on the internal side of the lining
only (Hofmann 1983; Buckman 1995). MacNaughton
& Narbonne (1999) suspected this structure might
represent a tubular body fossil. Palaeophycus wutin-
gensis has irregular striae and local swelling (Yang &
Fu 1985; Zhang et al. 2018). Although these features
are characteristic of Halopoa imbricata, swelling is not
clearly displayed on the figured specimens (Yang & Fu
1985, pl. 2, figs 5b, 6a, 7) which would make it a junior
synonym of Palaeophycus sulcatus. Palaeophycus sub-
ornatus has a thick wall and transverse striae (Ghare
& Kulkarli 1986). These features are not clear from
the figured holotype (Ghare & Kulkarli 1986, pl. 2,
fig. 2), and this ichnospecies is regarded as a nomen
dubium (Mangano et al. 1996a; Buatois et al. 1997).
Palaeophycus canalis has one to four longitudinal
grooves (Walter et al. 1989). This ichnospecies was
suggested to be a junior synonym of Palaeophycus
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heberti (Buckman 1992) or a potential nomen dubium
(Buckman 1995) without clear justification (see also
Kim et al. 2000). Re-evaluation of the type material is
needed, and it may also represent a junior synonym of
Palaeophycus striatus. Palaeophycus hongshiyanensis
is a wide, smooth, and curved passively filled burrow
(Luo 1993) and should be regarded as a junior syno-
nym of P. tubularis. Palaeophycus beifengwanensis is
smooth with a thin lining (Luo et al. 1994, pl. 2, fig. 2),
and is a junior synonym of P. tubularis. Palaeophycus
bolbitermilus has a wide bulbous termination at one
extremity (Kim et al. 2000). Palaeophycus tiefeng-
shanensis has a wall made of nodules and bivalve
shell fragments (Zhang et al. 2018). This ichnospecies
needs detailed re-evaluation, but the wall organisa-
tion is not diagnostic of Palaeophycus and may instead
represent an example of an armored burrow (cf.
Buatois et al. 2017). Consequently, eight ichnospecies,
Palaeophycus alternatus, P. annulatus, P. bolbitermilus,
P heberti, P striatus, P sulcatus, P. tortuosus, and P,
tubularis, are here considered valid.

Palaeophycus shows similarities with Halopoa
Torell, 1870, Macaronichnus Clifton & Thompson,
1978, Oblongichnus Bel Haouz, Lagnaoui & Silantiev,
2020, and Planolites Nicholson, 1873. Halopoa is
an actively filled horizontal burrow with longitu-
dinal wrinkles and inflated segments (Uchman
1998; Mangano et al. 2002b). Macaronichnus is
a lined, actively filled simple burrow (Clifton &
Thompson 1978; Quiroz et al. 2010; Seike et al. 2015).
Oblongichnus is a simple lined burrow randomly ori-
ented and differs from Palaeophycus by its subrectan-
gular cross-section (Bel Haouz et al. 2020). Planolites
is a simple actively filled burrow without a lining
(Pemberton & Frey 1982; Keighley & Pickerill 1995).

Palaeophycus ranges from the Ediacaran (e.g.
Narbonne & Aitken 1990; Geyer & Uchman 1995;
Jenkins 1995; Warren et al. 2014; Buatois & Mangano
2016; Mangano & Buatois 2020) to the Holocene (e.g.
Ahlbrandt et al. 1978; Ratcliffe & Fagerstrom 1980;
Pemberton & Frey 1985; Wetzel 2008; Dashtgard
& Gingras 2012; Yang et al. 2021). A pre-Ediacaran
example (Kulkarni & Borkar 1997b) has been later
rejected in the light of subsequent revisions (Mangano
& Buatois 2016, 2020). Moreover, Ediacaran shrink-
age structures and tubular fossils (e.g. Poiré et al.
1984; Jenkins 1995) have also been mistaken for
Palaeophycus (Jensen et al. 2006; Porada & Bouougri
2008). Producers are arthropods (Ahlbrandt et al
1978; Ratcliffe & Fagerstrom 1980), enteropneusts
(Gingras et al. 1999), possible mollusks (bivalves, gas-
tropods; Osgood 1970), and annelid worms (e.g. Elder
1973; Howard & Frey 1975; Pemberton & Frey 1985;
Bromley 1996; Gingrasetal. 1999; Dashtgard & Gingras
2012). Palaeophycus is recorded in continental (e.g.
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Acefolaza & Buatois 1993; MacNaughton & Pickerill
1995; Gillette et al. 2003; Melchor et al. 2003; Tanner
et al. 2006; Krapovickas et al. 2009), marginal-ma-
rine (e.g. Pollard 1981; Beynon et al. 1988; Stanley &
Feldmann 1998; Mangano et al. 2002b; Lucas & Lerner
2004; Palma-Ramirez et al. 2019), shallow-marine
(e.g. Frey & Chowns 1972; Pemberton & Frey 1984;
Maples & Suttner 1990; Mangano et al. 1996a; Schlirf
2000; Gaillard & Racheboeuf 2006), and deep-marine
(e.g. D’Alessandro et al. 1986; Bjerstedt 1988; McCann
& Pickerill 1988; Mangano et al. 1996¢; Uchman
1998; Buatois & Mangano 2003c) environments. In
the Chapel Island Formation, Palaeophycus was first
recorded by Crimes & Anderson (1985) and has been
regularly mentioned since then (e.g. Narbonne et al.
1987; Laing et al. 2019).

Palaeophycus annulatus Badve, 1987
Figure 43A-C

Material. - Four specimens from Member 2A
(Fortunian) in Fortune Head, Grand Bank Head, and
Lewin’s Cove.

Description. — Horizontal, unbranched burrows with
delicate annulations. Preserved as full relief observed
on bed top. Burrows are circular in cross-section,
with a straight to curved course. Annulations are mil-
limetric, tightly spaced, straight to slightly bent, and
can be partially weathered along the burrow surface.
Burrows are thinly lined. Infill is massive, composed
of very fine- to fine-grained sandstone different from
the mudstone host rock. Width is 0.2-0.4 cm; maxi-
mum length is 5.2 cm.

Associated trace fossils. - Palaeophycus annulatus
co-occurs with Palaeophycus tubularis.

Remarks. - The presence of annulations allows placing
these trace fossils in Palaeophycus annulatus. The mil-
limetric thickness of annuli is comparable to the type
material of Palaeophycus annulatus (cf. Badve 1987,
pl. 2, fig. 4). The assignment of simple annulated bur-
rows to either Palaeophycus annulatus or Planolites
annularis Walcott can be subjective (cf. Fillion &
Pickerill 1990; McCann 1993). In Member 2 of the
Chapel Island Formation, many burrows were left
open thanks to stiff sediments and were later passively
filled (Droser et al. 2002). Consequently, an affinity to
Palaeophycus annulatus is more likely. Palaeophycus
tubularis from the Cambrian Mickwitzia Sandstone of
Sweden (Jensen 1997, fig. 47C) displays annulations
which are diagnostic of P. annulatus, although those
could have also formed during compaction through
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Fig. 43. Palaeophycus annulatus Badve (A-C), P. tubularis Hall (D-H), and Palaeophycus isp. (I, J). Scale bars are 1 cm. A, Straight
Palaeophycus annulatus with millimetric annulations. Full relief observed on bed top, Fortune Head, Member 2A (Fortunian). B, Curved
Palaeophycus annulatus. Full relief observed on bed top, Grand Bank Head, Member 2A (Fortunian). C, Close-up from Figure 43B show-
ing millimetric annulations (arrows). D, Palaeophycus tubularis passively filled from the sandstone bed above. Full relief, Fortune Head,
Member 2B (Fortunian). E, Straight Palaeophycus tubularis. Positive hyporelief, Fortune Head, Member 2A (Fortunian). F, Long, slightly
tortuous Palaeophycus tubularis. Positive hyporelief, Fortune Head, Member 2A (Fortunian). G, Palaeophycus tubularis with a thin lin-
ing (arrow) overprinting a mottled fabric. Full relief observed on bed top, Little Dantzic Cove, Member 5 (Cambrian Age 2). H, Two
Palaeophycus tubularis eroded and filled by medium-grained sand. Full relief, Fortune Head, Member 2A (Fortunian). I, Slightly tortuous
Palaeophycus isp. connected to a very fine-grained sandstone bed. Full relief, Fortune Head, Member 2A (Fortunian). J, Palaeophycus isp.
passively filled by sandy mud coming from the bed above. Full relief, Little Dantzic Cove, Member 5 (Cambrian Age 2).

the differential movement of sediment across the bur-
row (S. Jensen, pers. comm., 2024).

Palaeophycus tubularis Hall, 1847

Figure 43D-H

? 1985 Palaeophycus tubularis Hall; Crimes & Anderson, p.
328, fig. 10.3.
? 2017 Palaeophycus isp. Herringshaw, Callow & Mcllroy, p.
376, fig. 4a.
2019 Palaeophycus tubularis Hall; Laing, Méngano, Buatois,
Narbonne & Gougeon, p. 1626, fig. 2f.

Material. - Hundreds of specimens from Members
2A, 2B, and 3 (Fortunian), and Members 4 and 5
(Cambrian Age 2) in Fortune Head, Fortune North,
Grand Bank Head, Lewin’s Cove, Little Dantzic Cove,
and Point May.

Description. - Horizontal to oblique, unbranched,
smooth burrows with a thin lining. Preserved as full
relief, positive hyporelief, and positive and negative
epirelief. Burrows are circular to elliptical in cross-sec-
tion, with a straight, slightly tortuous to curved course.
The width can vary slightly within a burrow. Burrow



110 Romain Gougeon et al.

collapse is common, revealing a distinct lining. Burrows
are either isolated, oriented subparallel to each other,
or densely and randomly overlapping. Infill is massive,
composed of very fine- to medium-grained sandstone
similar to the host rock, or different and encased in
mudstone, sandy mudstone, or very fine- to fine-grained
sandstone. Infill can be pyritized. Width is 0.1-1.3 cm;
maximum length is 23.0 cm.

Associated trace fossils. - Palaeophycus tubularis
co-occurs with Conichnus conicus, Cruziana prob-
lematica,  Curvolithus  simplex,  Didymaulichnus

miettensis, Dimorphichnus isp. A, Halopoa imbri-
cata, Helminthoidichnites  tenuis, — Helminthopsis
abeli, H. tenuis, Monomorphichnus bilinearis, M.
lineatus, Palaeophycus annulatus, Palaeophycus isp.,
Psammichnites gigas circularis, Rusophycus avalonensis,
Teichichnus rectus, Treptichnus bifurcus, T. pedum,
Trichichnus linearis, and radial probing burrow.

Remarks. - Smooth simple burrows with thin lin-
ings are typical features of Palaeophycus tubularis.
Palaeophycus tubularis was revised by Pemberton
& Frey (1982) as possessing an infill similar to the
host rock. However, they also noted that where
dealing with heterolithic settings, the passive infill
of Palaeophycus can be different from the host rock
(see p. 850 in Pemberton & Frey 1982), which is
notably common in Member 2 of the Chapel Island
Formation. Pemberton & Frey (1982) argued that col-
lapsing results from incomplete infill, which can be
problematic ichnotaxonomically because fractures
can form along the structure (compare Palaeophycus
tubularis in Jensen 1997, fig. 47A with P, striatus in
MacNaughton & Pickerill 1995, fig. 5.3 and Buatois
et al. 1997, fig. 6.6). In the Chapel Island Formation,
a lining is typically observed, but in rare cases it is
inferred by the very sharp outlines of the burrow (cf.
Keighley & Pickerill 1997; Stanley & Pickerill 1998).
However, some authors considered sharp-walled
burrows without a lining to belong to Planolites (e.g.
Acefolaza & Tortello 2003, fig. 3.9; Ahn & Babcock
2012, fig. 2A).

In the Chapel Island Formation, there is a high
variety of forms and sizes in Palaeophycus tubularis.
Crimes & Anderson (1985, fig. 10.3) only recorded
one slab with Palaeophycus tubularis from Member 5
in Grand Bank Head which is difficult to interpret. On
some of the burrow intervals, a trilobed ventral surface
is observable which is typical of Curvolithus simplex,
an ichnotaxon abundant in this part of the succession.
Other burrow intervals are smooth which is more typ-
ical of Palaeophycus tubularis, but an interpretation as
weathered Curvolithus simplex is also viable. Some of the
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previous records of Planolites beverleyensis (Billings) in
the section (Crimes & Anderson 1985; Narbonne et al.
1987) may represent Palaeophycus tubularis, but the lack
of figured specimens prevents definitive conclusions.
Overall, Palaeophycus tubularis is very common in
the Cambrian (e.g. Jensen 1997; Goldring & Jensen
1996; Bartley et al. 1998; Grazhdankin & Krayushkin
2007; Shahkarami et al. 2017a; Ding et al. 2020). cf.
Palaeophycus tubularis from the Cambrian Tornetrask
Formation of Sweden (McLoughlin et al. 2021, fig.
10A-F) displays some distinctive features (trilobed
bases, faint transverse segments, inflated segments)
that are not characteristics of Palaeophycus tubularis.

Palaeophycus isp.

Figure 431, ]

non ? 2017  Palaeophycus isp. Herringshaw, Callow & McIlroy,
p. 376, fig. 4a.
2019 Palaeophycusisp. Laing, Mangano, Buatois, Narbonne
& Gougeon, p. 1626, fig. 2g.

Material. - Hundreds of specimens from Members
2A, 2B, and 3 (Fortunian), and Members 4 and 5
(Cambrian Age 2) in Fortune Head, Fortune North,
Grand Bank Head, Lewin’s Cove, Little Dantzic Cove,
and Point May.

Description. - Horizontal, oblique to rarely vertical,
smooth, unbranched, passively filled burrows with-
out clear lining. Preserved as full relief. Burrows are
circular in cross-section, with a straight, curved to
tortuous course. Burrows are isolated or aggregated.
Infill is massive, composed of sandy mudstone and
very fine- to medium-grained sandstone different
from the mudstone, sandy mudstone, or very fine- to
fine-grained sandstone host rock. Width is 0.1-0.5
cm; maximum length is 16.8 cm.

Associated trace fossils. - Palaeophycus isp. co-oc-
curs with Bergaueria perata, Conichnus conicus,
Gyrolithes gyratus, G. scintillus, Palaeophycus tubula-
ris, Teichichnus rectus, Treptichnus pedum, Trichichnus
linearis, and radial probing burrow.

Remarks. - Pemberton & Frey (1982) defined
Palaeophycus as lined burrows with an infill similar
to the host rock. However, they noted that the fill-
ing is different if ‘the overlying sediment differed’
(Pemberton & Frey 1982, p. 852; see also Fillion &
Pickerill 1984b). In vertical exposures, Chapel Island
Formation burrows with a different fill than the host
rock are common in heterolithic facies. They are
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either in contact with the overlying sedimentary bed
(‘adhering’ preservation-style of Droser et al. 2002)
or detached from it (‘floating’ preservation-style of
Droser et al. 2002). These burrows described herein
show evidence of passive fill from above and are
therefore assigned to Palaeophycus. We follow here
authors arguing that ichnotaxonomic decisions
must be tempered by preservational considerations
(Pemberton & Frey 1985; Fillion & Pickerill 1990;
Keighley & Pickerill 1995). However, the absence of
a lining precludes a decision at ichnospecies rank.
Similar passively filled, unlined burrows were some-
time described as Planolites elsewhere (e.g. Locklair &
Savrda 1998; Hembree & Hasiotis 2007).

In the Chapel Island Formation, similar forms
were drawn by Droser et al. (2002, fig. 4) and referred
as Planolites and ‘open burrow’. Palaeophycus isp.
from the Chapel Island Formation described in
Herringshaw et al. (2017, fig. 4a) are composed of
short segments densely covering a lower bed surface
and may probably be better affiliated to Treptichnus.

Ichnogenus Psammichnites Torell, 1870

Discussion. - Psammichnites is a backfilled sub-
horizontal trail with a median dorsal furrow/ridge
(Mangano et al. 2002a, 2022) included in the category
of architectural design of ‘complex actively filled hori-
zontal structures’ (Buatois et al. 2017). Psammichnites
was first described from the Cambrian Hardeberga
Formation of southern Sweden (Torell 1870; Alvaro
& Vizcaino 1999). Torell (1868, 1870) erected
Psammichnites for different types of trace fossils (see
below) but did not provide a holotype. Therefore,
Fischer & Paulus (1969) designated Psammichnites
gigas as the type ichnospecies. Later, Hantzschel
(1975) placed Psammichnites in synonymy with
Scolicia and other horizontal backfilled trace fossils.
Smith & Crimes (1983) demonstrated that only the
trace fossils with double drainage tubes, which are
affiliated to Mesozoic and Cenozoic spatangoid echi-
noids, should be included in Scolicia (see also Plaziat
& Mahmoudi 1988, Uchman 1995, and Buatois et al.
2023). Uchman (1995) argued that Palaeozoic forms
previously assigned to Taphrhelminthopsis most
likely represent washed-out casts of either Cruziana
or Curvolithus. Both Cruziana and Curvolithus differ
significantly from Palaeozoic Taphrhelminthopsis in
their construction. Mangano et al. (2002a) re-studied
Palaeozoic forms based on a literature review and a
critical evaluation of type specimens and new mate-
rials, concluding that these trace fossils should be
assigned to Psammichnites. Pazos & Gutiérrez (2022)
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mentioned that the type material of Psammichnites
gigas does not show the internal structure of other
reports of P. gigas. However, as explained in Mangano
et al. (2002a), Psammichnites gigas from the type
locality in Sweden is preserved in quartzite, which has
a negative impact on taphonomy and hampers preser-
vation of more delicate features. As for comparison, a
similar issue was discussed for small-scale Cruziana,
where coarser-grained sediment impacts negatively on
the preservation of delicate scratch imprints (Bromley
& Asgaard 1979; Jensen et al. 2005; Sadlock 2010;
Schatz et al. 2011). Still, material of Psammichnites
gigas figured by Alvaro & Vizcaino (1999, pl. 1, fig. 1)
from the type locality does show, in places, crescentic
laminae on the surface of the trails representing back-
filling (see also Rohde 2009 and Mangano et al. 2022).

The ichnogenus Olivellites Fenton & Fenton has
long been regarded a junior synonym of Psammichnites
on the basis of shared characteristics that are con-
sidered ichnotaxobases at ichnogenus level (see dis-
cussion in Mangano et al. 2022). Pazos & Gutiérrez
(2022) recently stated that all post-Cambrian ich-
nospecies of Psammichnites should be relocated in
Olivellites, based on their study of specimens from the
Carboniferous of Argentina. In addition to claiming
that Psammichnites gigas does not show evidence of
backfill (see above), Pazos & Gutiérrez (2022) also
argued that Psammichnites gigas has different width
and length than Olivellites, but size is not considered
a good ichnotaxobase (Bertling et al. 2006, 2022).
Furthermore, length is of no relevance in this type of
trace fossils, as it does not convey any significant infor-
mation. Pazos & Gutiérrez (2022) also mentioned that
the lithological contrast with the host rock is different
for Psammichnites gigas and Olivellites. This argument
is dubious, as lithological contrast in Psammichnites
gigas is variable and is essentially a reflection of its
preservation in various environments, encompass-
ing both sandstone-dominated and heterolithic bed-
sets (cf. Alvaro & Vizcaino 1999; MacNaughton et
al. 2021; Mangano et al. 2022). A critical evaluation
of the type specimens and additional material from
various stratigraphical units reinforced the widely
accepted notion that Olivellites is a junior synonym of
Psammichnites (Mangano et al. 2002a, 2022; Murray
et al. 2024).

At least thirteen ichnospecies attributed to
Psammichnites have been described in the litera-
ture: P. gigas (Torell, 1868); P. filiformis Torell, 1870;
P. gumaelii Torell, 1870; P. impressus Torell, 1870; P
clintonensis Dawson, 1890; P. biseriatus (Clarke &
Swartz, 1913); P. plummeri (Fenton & Fenton, 1937b);
P, saltensis (Acenolaza & Durand, 1973); P. circularis
(Crimes, Legg, Marcos & Arboleya, 1977); P. grumula
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(Romano & Meléndez, 1979); P. sintanensis Yang, 1984;
P. implexus (Rindsberg, 1994); P. pittermanni Zessin,
2009; and P, devonicus Bradshaw, 2010. The type ich-
nospecies, Psammichnites gigas, formerly Arenicolites
gigas, has a straight to looping course with a straight
to sinusoidal dorsal median feature (Hofmann & Patel
1989; Seilacher & Gamez-Vintaned 1995; Alvaro &
Vizcaino 1999). Recently, Mangano et al. (2022) rec-
ognised three ichnosubspecies of Psammichnites gigas
(P. gigas arcuatus Roedel, P. gigas circularis, and P. gigas
gigas Torell) depending on slight but readily noticea-
ble morphological differences (see ‘Remarks’ below in
P. gigas circularis, p. 115). Psammichnites filiformis is
a horizontal meandering trace fossil with annulations
(Torell 1870; Jensen 1997). Although Nathorst (1881)
placed this ichnotaxon in synonymy with Fraena
tenella, Jensen (1997) disagreed and suspected a syn-
onymy with Olenichnus isp. Psammichnites gumaelii
is a curved trace fossil with a median structure and
transverse ridges (Torell 1870). Torell (1870) did
not provide any illustration, and this ichnospecies
is currently considered a nomen dubium as material
could not be recovered from museum collections (S.
Jensen, pers. comm., 2021). Psammichnites impres-
sus is a bilobed to trilobed horizontal trace fossils
(Torell 1870; Jensen 1997). Jensen (1997) considered
it a nomen dubium, as the type material could not be
found in Torell’s collection. Psammichnites clintonen-
sis is a horizontal trail with a thick median ridge and
possible transverse laminae (Dawson 1890, fig. 3), and
a detailed revision is required. Psammichnites biseri-
atus, formerly Pteridichnites biseriatus, has a dorsal
median groove, a meniscoid internal backfilling, and
a ventral surface with a double row of shallow depres-
sions, either displayed side-by-side or staggered
(Clarke & Swartz 1913; Miller et al. 2009; Mangano
et al. 2022). Although ventral features are not recom-
mended for ichnospecies discrimination, the strong
peculiarity of Psammichnites biseriatus may suffice to
retain it as valid (Mangano et al. 2022). Psammichnites
plummeri, formerly Olivellites plummeri, has a straight
dorsal median feature and delicate crenulated trans-
verse ridges (Fenton & Fenton 1937b; Mdngano et
al. 2002a). Psammichnites saltensis, formerly Nereites
saltensis, has an irregular meandering course with dis-
tinctive kinks after each turn (Acefolaza & Durand
1973; Seilacher et al. 2005). Although the inclusion
of these forms within Psammichnites has been con-
tested by some authors (Acefiolaza & Acefiolaza 2007;
Acenolaza et al. 2009; Pazos & Gutiérrez 2022), mor-
phological features of Nereites are absent (i.e. lateral
paired lobes surrounding a zone of reworked sedi-
ment; Orr & Pickerill 1995; Uchman 1995; Seilacher
et al. 2005), whereas the median siphon mark
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separating the two lobes of Psammichnites is present
in some preservational variants. Psammichnites cir-
cularis, formerly Taphrhelminthopsis circularis, was
mentioned informally by Jensen & Palacios (2016)
and Ebbestad et al. (2022) for trace fossils now
referred to as P. gigas circularis (Mangano et al. 2022).
Psammichnites grumula, formerly Olivellites grumula,
has regularly spaced dorsal median holes/mounds
(Romano & Meléndez 1979; Mangano et al. 2002a).
Yang (1984) described Psammichnites sintanensis
as a horizontal trail with a median ridge and irreg-
ular transverse imprints. Yang (1984) differentiated
Psammichnites sintanensis from other Psammichnites
ichnospecies based on its greater width and thicker
transverse laminae. Size is not considered a good
ichnotaxobase (Bertling et al. 2006, 2022), and the
thickness of backfilled laminae can depend on preser-
vation. This ichnospecies may be better located within
Psammichnites biseriatus. Psammichnites implexus,
formerly Uchirites implexus, has a sharp, continuous,
and straight dorsal median structure and very fine,
subtle transverse ridges (Rindsberg 1994; Mangano
et al. 2002a). Psammichnites pittermanni is a struc-
ture with two parallel grooves (Zesssin 2009, figs 19,
20) and is of dubious biogenic affinity. Psammichnites
devonicus has tight backfilled laminae, an irregular
dorsal median groove, and a ventral median string
(Bradshaw 2010). Bradshaw (2010) considered the
ventral median string to be the most diagnostic fea-
ture of Psammichnites devonicus, but ventral features
in Psammichnites are variable and are not recom-
mended for ichnospecies discrimination (Mangano
et al. 2002a). The tight backfilled laminae are, how-
ever, reminiscent of Psammichnites plummeri.
Re-evaluation of Psammichnites devonicus could con-
firm the synonymy, especially knowing that the basal
surface of P. plummeri can expose a trilobed morphol-
ogy with a median string (Mangano et al. 2002a, fig.
3A). Consequently, six ichnospecies, Psammichnites
biseriatus, P. gigas, P. grumula, P. implexus, P. plum-
meri, and P saltensis, are here considered valid; the
status of P. clintonensis awaits re-evaluation of the type
material.

Psammichnites shows similarities with Bichordites
Plaziat & Mahmoudi, 1988, Cochlichnus Hitchcock,
1858, CurvolithusFritsch,1908, Dictyodora Weiss, 1884,
Didymaulichnus Young, 1972, Parapsammichnites
Buatois, Almond, Méngano, Jensen & Germs, 2018,
and Scolicia de Quatrefages, 1849. Bichordites and
Scolicia are horizontal backfilled burrows with a sin-
gle or double ventral drainage string(s), respectively
(Smith & Crimes 1983; Plaziat & Mahmoudi 1988;
Pickerill et al. 1993; Seilacher & Gamez-Vintaned
1995; Uchman 1995; Buatois et al. 2023). Both



FOSSILS AND STRATA Ichnology of the Ediacaran-Cambrian Chapel Island Formation 113

Sy —

Fig. 44. Psammichnites gigas circularis (Crimes, Legg, Marcos & Arboleya). Scale bars are 1 cm (B, C, F-H) and 2 cm (A, D, E). A, Looping
specimen showing two lobes and a slightly sinusoidal median furrow. Positive epirelief, Fortune Head, Member 2B (Fortunian). B, Looping
specimen with a uni- to bilobed ventral surface (arrow). Negative epirelief, Fortune Head, Member 2B (Fortunian). C, Straight to slightly
tortuous specimen with sharp outlines and a partially preserved straight dorsal ridge. Positive epirelief, Little Dantzic Cove, Member 5
(Cambrian Age 2). D, Specimen with three partially preserved meanders (numbered), showing a highly sinuous median furrow. Positive
epirelief, Little Dantzic Cove, Member 5 (Cambrian Age 2). E, Close-up at the specimen Figure 44D pictured from the opposite side, show-
ing two of the meanders (same numbers as in Fig. 44D) and the bulged area with the furrow delineating the overall trail course. F, Surface
with many specimens displaying their internal backfilling. Note the rare preservation of a bulged dorsal surface with a median furrow
(arrow). Full relief, Little Dantzic Cove, Member 3 (Fortunian). G, Two specimens with delicate transverse striae on their ventral surface.
Positive hyporelief, Grand Bank Head, Member 2A (Fortunian). H, Same specimens as in Figure 44G showing flat cross-sections.
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ichnogenera share complex ventral features and oval
cross-sections that are different from Psammichnites.
Cochlichnus is a simple horizontal sinusoidal trail
(Buatois & Mangano 1993a), and the siphon mark of
Psammichnites gigas circularis can mimic Cochlichnus
if lobes are not developed (Mcllroy & Heys 1997;
Mangano et al. 2022). Curvolithus is a horizontal trail
with a characteristic trilobed dorsal surface (Buatois
et al. 1998c). The uni- to trilobed ventral surface of
Curvolithus can be similar to Psammichnites, and
their distinction then relies on the presence of a dis-
tinctive backfilling in Psammichnites. Dictyodora is
a backfilled subhorizontal trace fossil with a promi-
nent conical structure at its top resulting from the
migration of a long vertical snorkel (Benton 1982b;
Seilacher-Drexler & Seilacher 1999) that is absent in
Psammichnites. Didymaulichnus is a smooth horizon-
tal trail with two raised ventral lobes and a median
furrow (Young 1972). Absence of backfilling and the
poorly known dorsal surface of Didymaulichnus dis-
tinguish it from Psammichnites. Parapsammichnites
has a uni- to bilobed ventral surface and local trans-
versal laminae delineating inclined sediment pads
(Buatois et al. 2018). Parapsammichnites does not pos-
sess the dorsal median feature of Psammichnites but
represents a primitive form of sediment bulldozing
belonging to the ‘Psammichnites evolutionary lineage’
(Buatois et al. 2018; Mangano et al. 2022).
Psammichnites ranges from the Cambrian (e.g.
Matthew 1890; Hofmann & Patel 1989; Bryant &
Pickerill 1990; Alvaro & Vizcaino 1999; Jago &
Gatehouse 2007; MacNaughton et al. 2021) to the
Permian (Skwarko & Seilacher 1993; Bann 1998; Luo
etal. 2017). Ediacaran Psammichnites in Jenkins (1995,
pl. 2, figs E, G) are complex structures displaying thin
transverse laminations, and two ventral longitudinal
ridges. The absence of a dorsal expression limits their
comparison to Psammichnites. Jensen et al. (2006)
also suggested a possible affinity to tubular body fos-
sils. In addition, Droser et al. (2006) mentioned that
these are float specimens, therefore casting doubts
with respect to their provenance. A possible Triassic
occurrence has been figured by Luo et al. (2016). This
would represent the only post-Palaeozoic record of
Psammichnites and, accordingly, further work on the
detailed morphology of these specimens is encour-
aged. Potential producers are arthropods (Yochelson
& Schindel 1978), molluscs (Fenton & Fenton 1937b;
Héntzschel 1975; Bryant & Pickerill 1990; Mangano
et al. 2002a; Seilacher & Hagadorn 2010), flatworms
(Matthew 1888; Seilacher & Gamez-Vintaned 1995;
Gamez-Vintaned et al. 2006; Mcllroy & Heys 1997),
and organisms related to halkieriids (Seilacher-
Drexler & Seilacher 1999). Psammichnites is recorded
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in marginal-marine (e.g. Hofmann & Patel 1989; Greb
& Chesnut 1994; Mangano & Buatois 2004b; Buatois
et al. 2005; Alonso-Muruaga et al. 2012; Desjardins
et al. 2012) and shallow-marine (e.g. McIlroy & Heys
1997; Buatois & Mdangano 2012b; Weber et al. 2013;
Carbone & Narbonne 2014; MacNaughton et al. 2021;
Ornia et al. 2024) environments. Deep-marine occur-
rences (Gingras et al. 2011) are rare. Psammichnites has
only been mentioned in the Chapel Island Formation
recently (supplementary material in Mangano &
Buatois 2014), and previous reports were referred to
as Helminthoida Schathault, Taphrhelminthopsis, and
possibly Muensteria Sternberg and Uchirites Macsotay
(e.g. Crimes & Anderson 1985; Narbonne et al. 1987).

Psammichnites gigas circularis (Crimes, Legg,
Marcos & Arboleya, 1977)

Figures 44A-H & 45A-C

1985 2Taphrhelminthopsis circularis Crimes, Legg, Marcos &
Arboleya; Crimes & Anderson, p. 332, fig. 12.6.

1985 Taphrhelminthopsis circularis Crimes, Legg, Marcos &
Arboleya; Crimes & Anderson, p. 332, fig. 12.7.

1987 Taphrhelminthopsis circularis Crimes, Legg, Marcos &
Arboleya; Narbonne, Myrow, Landing & Anderson,
p. 1287, fig. 6F

2002 Taphrhelminthopsis Sacco; Droser, Jensen, Gehling,
Myrow & Narbonne, p. 9, fig. 6A.

? 2002 Taphrhelminthopsis Sacco; Droser, Jensen, Gehling,

Myrow & Narbonne, p. 11, fig. 9.

2003 ‘Taphrhelminthopsis’ circularis Crimes, Legg, Marcos &
Arboleya; Jensen, p. 222, fig. 4.

2016 Psammichnites Torell; Mangano & Buatois, p. 91,
fig. 3.10a.

2017 ?Psammichnites isp. Herringshaw, Callow & Mcllroy,
p- 376, fig. 4c.

2017 ?Thalassinoides isp. Herringshaw, Callow & Mcllroy,
p. 376, fig. 4e.

2017 Psammichnites Torell; Landing et al., p. 45, fig. 17].

2018 Psammichnites gigas (Torell); Hantsoo, Kaufman, Cui,
Plummer & Narbonne, p. 1243, fig. 2e.

Material. - About 170 specimens from Members
2A, 2B, and 3 (Fortunian) and Members 4 and 5
(Cambrian Age 2) in Fortune Head, Fortune North,
Grand Bank Head, Lewin’s Cove, Little Dantzic Cove,
and Point May.

Description. - Horizontal to subhorizontal, unbranched,
backfilled trails with a median dorsal feature. Preserved
as positive hyporelief, positive and negative epirelief,
and full relief. Cross-section is flat to elliptical. The
course is straight, curved, winding, meandering loosely,
looping, or scribbling. Ventral surface is unilobed,
rarely bilobed. Dorsal surface is bilobed with an incis-
ing median furrow or ridge. The dorsal median feature
is straight, slightly sinusoidal, to highly sinusoidal, with
transitions from the two formers; the median feature
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Fig. 45. Circling and scribbling Psammichnites gigas circularis (Crimes, Legg, Marcos & Arboleya), previously referred to as ‘circular spre-
iten burrow’ or ‘spiral trace’ Scale bars are 2 cm. All photographs are from Member 2B (Fortunian). A, In situ specimen with overlapping
circles. Note the lateral deviation of circles (arrow). Negative epirelief, Fortune Head. B, Loose specimen with overlapping circles (clearly
visible at arrow). Photograph courtesy of P. Myrow. Positive hyporelief, Brunette Island. C, Loose specimen with scribbles. Positive hypore-
lief, Fortune Head.

can also collapse, resulting in a wider, depressed median
area. Width is typically constant within a trail. Where
terminations are visible, they taper in an arcuate tip,
or can be broken abruptly. A thin lining is rare but has
been noted. Rarely, longitudinal striae are visible on the
sides of the trail. Overlapping of trails is common and
can result in false branching. Avoidance of previously
visited areas has also been noted. Infill is either massive
or made or millimetric, straight to curved transverse
laminae visible either on the ventral surface, or in lon-
gitudinal sections showing the internal organization.
Infill is composed of sandy mudstone or very fine- to
medium-grained sandstone similar to the host rock, or
different where encased in mudstone. Width is 0.5-4.5
cm; maximum length is 124 cm; dorsal median feature
is 0.05-0.1 mm wide (where not collapsed); transverse
laminae are 0.05-0.3 cm thick (where visible).

Associated trace fossils. - Psammichnites gigas
circularis co-occurs with Archaeonassa fossu-
lata, Cruziana problematica, Curvolithus simplex,
Dendroidichnites aff. D. irregulare, Didymaulichnus
miettensis, ¢Diplocraterion isp., Halopoa imbricata,
Helminthoidichnites tenuis, Palaeophycus tubularis,
Rosselia erecta, Rusophycus avalonensis, Teichichnus
rectus, Treptichnus pedum, Trichichnus linearis, and
radial probing burrow.

Remarks. - In a recent review, Mangano et al. (2022)
defined three ichnosubspecies of Psammichnites
gigas. Psammichnites gigas gigas, which comprises
the type material from the Cambrian of Sweden
(Torell 1868, 1870), is characterised by a high con-
vexity, a straight median feature, and a straight, sin-
uous, or bent course without systematic circling or
scribbling. Psammichnites gigas circularis, formerly

Taphrhelminthopsis circularis, has a low convexity, a
straight to local sinusoidal median feature, and tends
to develop circular courses that can loop and scrib-
ble. A typical example of Psammichnites gigas cir-
cularis is the ‘lasso trail’ first recorded by Seilacher
& Gamez-Vintaned (1995) from the Cambrian of
central Spain (see also Seilacher 1997a, 2007, and
Mangano et al. 2022). Psammichnites gigas arcu-
atus, formerly Plagiogmus arcuatus, has a typical
basal ladder-trail made of thick transverse elements.
In the Chapel Island Formation, a basal ladder-trail
is never observed, which rules out identification
of Psammichnites gigas arcuatus. Some specimens
show straight courses and straight median features
which are shared by Psammichnites gigas circularis
and P, gigas gigas, but a high convexity in cross-sec-
tion has not been observed. Specimens of the Chapel
Island Formation are almost exclusively of low relief,
in places displaying sinusoidal median furrows, and
tend to bend or loop. Consequently, we assign con-
fidently the Chapel Island Formation material to
Psammichnites gigas circularis.

Negative epireliefs with two concave lobes and
a straight median ridge are common in the Chapel
Island Formation (e.g. Figs 28E, 44B). Their inter-
pretation is ambiguous, as they can either represent
the ventral surface of Psammichnites or Curvolithus.
Ventrally bilobed Psammichnites have been recorded
from the Cambrian elsewhere (e.g. Alvaro & Vizcaino
1999; Jensen & Palacios 2016). The correct affiliation
then relies on their association with other preserva-
tional variants of Psammichnites or Curvolithus on
the same surfaces, or on the presence of transverse
laminae, which are typical of Psammichnites back-
filling. In addition, distinction of Psammichnites
gigas circularis from Teichichnus rectus may also be
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difficult, if the latter is wide and extending at length
on bedding surfaces; these forms are fairly common
around the base of Member 2B (e.g. Fig. 50B). Key
distinctive features are the more irregular width, and
the careful identification of oblique internal laminae
in Teichichnus.

The first report of Psammichnites gigas circularis
in the section was from Crimes & Anderson (1985,
fig. 12.6), which shows collapsing of the median fur-
row. Another report by Crimes & Anderson (1985,
fig. 12.7) is a meandering specimen that displays the
typical bilobed dorsal preservation. Narbonne et al.
(1987) recorded ‘circular spreiten burrows’ close
to the base of Member 2B at Fortune Head. These
trace fossils have been spotted in situ and recovered
from loose samples (Fig. 45A-C). Although these
specimens were interpreted as spiral trace fossils
in Crimes & Fedonkin (1994, fig. 2I), they display
abundant overlapping (i.e. looping and scribbling),
with evidence of backfilling, and most likely rep-
resent preservational variants of Psammichnites
gigas circularis (cf. Gougeon et al. 2022). Similar
forms may have been recorded recently under the
name Spirocircus isp. by Bokr et al. (2021) from the
Ordovician of Czech Republic. Finally, it is possible
that the reports of Muensteria sp. and ?Uchirites sp.
by Narbonne et al. (1987) from Members 3 and 5
represent preservational variants of Psammichnites
gigas circularis as well.

Psammichnites cf. P. saltensis (Acefolaza &
Durand, 1973)

Figure 46A-G

1985 Helminthoida crassa Schathdutl; Crimes &
Anderson, p. 322, fig. 7.1, 7.2.

1985 Helminthoida miocenica Sacco; Crimes &
Anderson, p. 322, fig. 7.3, 7.4.

? 1985 Helminthoida miocenica Sacco; Crimes &
Anderson, p. 322, fig. 7.5.
partim 1987 Helminthoida Schathdult; Conway Morris, p. 163,
fig. 8.
2016 Psammichnites isp. Mangano & Buatois, p. 100,
fig. 3.18c.
2017 Psammichnites isp. Landing et al., p. 45, fig. 17F.
2018 Psammichnites isp. Hantsoo, Kaufman, Cui,

Plummer & Narbonne, p. 1243, fig. 2k.

2020 Psammichnites isp. Mangano & Buatois, p. 14,
fig. 3c.

2022 Psammichnites isp. Mangano et al., fig. 7A, B.

Material. - About 45 specimens from Member 2B
(Fortunian) in Fortune Head and Grand Bank Head.

Description. - Horizontal, unlined, unbranched trails
with regular meanders, in places displaying kinks
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after U-turns. Preserved as positive hyporelief and
negative epirelief. Specimens are in places isolated,
or densely cover bed surfaces. Cross-section is rarely
exposed but is circular in positive hyporelief. The
course consists of regular U-turns that delineate seg-
ments; segments have variable lengths and typically
run in parallel to each other. Rarely, specimens start
as loose meanders and progressively build-up regular
meanders. In places, a kink is visible close to a U-turn;
the kink is typically small, and the course stays par-
allel to the previous segment. Rarely, the kink forms
a V-shape with a higher angle. Infill is typically mas-
sive, or displays backfilling made of coarse arcuate
elements in positive hyporelief. Infill is composed of
very fine- to fine-grained sandstone similar to the
host rock. Width of the trail is 0.3-0.7 cm; maximum
length of the trail is 67.0 cm; width of the meandering
system is 6.3-10.2 cm; length of the meandering sys-
tem is 4.2-17.3 cm.

Associated trace fossils. — Psammichnites cf. P. salt-
ensis co-occurs with Palaeophycus tubularis and
Treptichnus pedum.

Remarks. - Diagnostic features of Psammichnites salt-
ensis are: (1) a meandering system with U-turns; (2)
large U-turns; (3) a kink after each turn; (4) a loose
or guided course after the kink; and (5) two lobes
and a median furrow in positive epirelief (Acefiolaza
& Durand 1973; Seilacher et al. 2005). In the Chapel
Island Formation, U-turns are notaslarge asin the type
material, and the course is mostly guided. However,
although the kink is less pronounced as in the type
material, larger V-shaped kinks occur in places in the
studied specimens (Fig. 46D). The nature of the upper
surface of the trail is unknown, as the specimens are
not exposed in positive epirelief. In addition, most
specimens of the Chapel Island Formation are weath-
ered, which renders their analysis difficult. For these
reasons, we refer to the Chapel Island Formation
material as Psammichnites cf. P. saltensis.

Reports of Psammichnites saltensis are scarce,
with specimens only identified from Argentina
(Acefiolaza & Durand 1973; Seilacher et al. 2005) and
western Canada (under the name Helminthorhaphe
isp. in Hofmann et al. 1994, fig. 3A, but assigned to
Psammichnites saltensis by Seilacher et al. 2005).
Helminthoida isp. in Goldring & Jensen (1996, fig. 3a)
displays regular meanders and rare small kinks, which
are similar features to Psammichnites cf. P. saltensis.
Moreover, this material shows an incising median fur-
row and two lobes along short intervals, which rein-
force their affiliation to Psammichnites. Additional
material interpreted as Helminthoida sp. (Narbonne
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Fig. 46. Psammichnites cf. P. saltensis (Acefolaza & Durand). Scale bars are 1 cm (C, E-G), 2 cm (B, D), and 10 cm (A). All photographs are
from Member 2B (Fortunian). A, Large surface with multiple specimens (arrows). Negative epirelief, Fortune Head. B, Surface with loosely
to regularly meandering specimens, some displaying small kinks (arrows). Negative epirelief, Fortune Head. C, Regularly meandering spec-
imen, with small distinctive kinks after each U-turn (arrows). Negative epirelief, Fortune Head. D, Surface covered with specimens, some
displaying large V-shaped kinks (arrows). Negative epirelief, Fortune Head. E, Specimen with regular meanders. Start and end points are
arrowed, and U-turns are enhanced with dashed lines. Positive hyporelief, Fortune Head. F, Specimen with regular meanders. GSC 73327.
Negative epirelief, Grand Bank Head. G, Specimen showing backfilling made of thick arcuate elements. GSC 73330. Positive hyporelief,
Grand Bank Head.
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& Aitken 1990, pl. 4, fig. 1) and ?Helminthoida isp.
(Goldring & Jensen 1996, fig. 2e) display meanders
with U-turns, distinct lobes, and collapsed median
furrows, which are features of Psammichnites.

Crimes & Anderson (1985) described Helminthoida
crassa Schafhdutl and H. miocenica in the Chapel
Island Formation, both assignments followed in sub-
sequent studies (Narbonne et al. 1987; Landing et al.
1988; Herringshaw et al. 2017). Uchman (1995) placed
Helminthoida crassa of Crimes & Anderson (1985, fig.
7.1, 7.2) in synonymy with Helminthorhaphe flexuosa
Uchman. Helminthorhaphe Seilacher is a meandering
system with a smooth surface and a high amplitude at
each U-turn, with its type ichnospecies, H. japonica
(Tanaka), also lacking kinks along its course (Uchman
1995). These features do not agree with the mor-
phology of the Chapel Island Formation material as
recorded herein. Helminthorhaphe reflecta Seilacher,
however, is another ichnospecies that displays a kink
after each turn followed by a thigmotaxic component
(Raup & Seilacher 1969; Seilacher 1977). Although
similarities with the Chapel Island Formation mate-
rial are more evident, high amplitude of the turns,
important variations in segment length, and absence
of backfilling do not support the comparison. In addi-
tion, the validity of Helminthorhaphe reflecta and its
affinity with other material of Helminthorhaphe, and
notably to its lectotype, has not been discussed and
revised since the review by Uchman (1995). To com-
plicate further, the type material of Helminthoida
is now considered a junior synonym of Nereites
(Uchman 1995). The paired lateral lobes surrounding
a central zone of reworked sediment, which are fea-
tures typical of Nereites, have not been observed in the
Chapel Island Formation material. In addition, back-
filling in the Chapel Island Formation is composed of
closely spaced, thick arcuate elements of regular width
(Fig. 46G), which is different from the well-separated
fecal pellets of Nereites (i.e. Scalarituba Weller preser-
vational variant, Seilacher 2007). Therefore, compar-
isons of the Chapel Island Formation material with
either Helminthorhaphe or Nereites are discarded.
Instead, the development of a regular meandering
system with distinct kinks in negative epirelief, and
diagnostic backfilling in positive hyporelief, support
the comparison with Psammichnites saltensis.

Ichnogenus Rosselia Dahmer, 1937

Discussion. — Rosselia is a vertical spindle-shaped bur-
row (Nara 1995; Liou et al. 2022) included in the cate-
gory of architectural design of ‘vertical concentrically
filled burrows’ (Buatois et al. 2017). Rosselia was first
described from the Devonian ‘Taunus Quartzite’® of
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western Germany (Dahmer 1937; Schlirf et al. 2002;
Nara et al. 2004). Five ichnospecies attributed to
Rosselia have been formally proposed: R. erecta (Torell,
1870); R. socialis Dahmer, 1937; R. rotatus McCarthy,
1979; R. prolifera (Fournier, Pemberton & Risk, 1980);
and R. chonoides Howard & Frey, 1984. The type ich-
nospecies, Rosselia socialis, has nested concentric
laminae (Dahmer 1937; Nara 1995). Rosselia erecta,
formerly Micrapium erectum, has an enlarged caus-
ative tube within the funnel-shaped aperture (Torell
1870; Knaust 2021). Rosselia rotatus has crescen-
tic structures within the funnel resulting from the
rotary movement of the central tube (McCarthy 1979;
Knaust 2021). Rosselia chonoides has helicoid swirls of
reworked sediment (Howard & Frey 1984). Uchman
& Krenmayr (1995) questioned the validity of both
Rosselia rotatus and R. chonoides, which they regarded
as junior synonyms of R. socialis. These authors sug-
gested that the absence of concentric laminae in
Rosselia chonoides was the result of secondary rework-
ing of the funnel, a decision endorsed here as it is also
observed in the Chapel Island Formation (Fig. 47B).
Uchman & Krenmayr (1995) regarded Rosselia rota-
tus as an intraspecific variant of R. socialis, whereas
MacEachern & Bann (2020) and Knaust (2021)
recently retained it as valid. We consider that the
crescentic infill structures of Rosselia rotatus record a
constructional difference resulting from the distinc-
tive lateral displacement of the producing organism,
which could be considered a valid ichnotaxobase at
ichnospecies rank. However, the holotype was only
drawn by McCarty (1979, text-fig. 4e, f), and revision
and convincing illustration is required before leading
to a definitive conclusion. Rosselia prolifera, formerly
Polycylindrichnus prolifer, is a branched vertical bur-
row with subconical individual elements (Fournier et
al. 1980; Knaust 2021). Knaust (2021) considered the
branching diagnostic, but the morphology of concen-
tric laminae is not forming a bulb (like in Rosselia) but
instead has a subconical shape (like in Cylindrichnus),
as it was clearly stated in the original diagnosis by
Fournier et al. (1980). Cylindrichnus candelabrus
Gluszek, 1998 is currently considered the valid ich-
nospecies for branched Cylindrichnus (Knaust 2021).
The morphology of the concentric laminae in Rosselia
prolifera and Cylindrichnus candelabrus is simi-
lar, as well as their dichotomous branching pattern
(compare branching of R. prolifera in Fournier et al.
1980, fig. 1 with branching at right side of the type
material of C. candelabrus in Gluszek 1998, fig. 7A).
Therefore, Rosselia prolifera should either remain
within Polycylindrichnus or be considered as the sen-
ior synonym for branched Cylindrichnus over C. can-
delabrus. Consequently, Rosselia erecta and R. socialis
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are considered valid here, whereas R. rotatus awaits
further revision of its type material.

Rosselia shows similarities with Asterosoma von
Otto, 1854, Cylindrichnus Toots in Howard, 1966, and
Monocraterion Torell, 1870. Asterosoma has bulbs
made of concentric laminae oriented horizontally,
whereas Rosselia is oriented vertically (Martino 1989;
Schlirf 2000). Cylindrichnus is a vertical, subcylindri-
cal burrow with concentrically layered infill, but lacks
the bulbous upper burrow portion that is diagnostic
of Rosselia (Howard & Frey 1984; Ekdale & Harding
2015). A recent revision of the type ichnospecies of
Cylindrichnus, C. concentricus, showed that the bur-
row is in fact U-shaped (Ekdale & Harding 2015; see
also Belatstegui & de Gibert 2013). Therefore, there is
a need to erect another Cylindrichnus ichnospecies for
simple vertical morphologies to maintain the nomen-
clature stability of those forms that are typically attrib-
uted to Cylindrichnus (e.g. D’Alessandro & Bromley
1986; Gingras et al. 2016). Monocraterion is a verti-
cal burrow with a conical aperture and tentacle-like
structures at its top, the latter being absent in Rosselia
(Jensen 1997).

Rosselia ranges from the Cambrian (e.g. Orlowski
1989; Pickerill & Peel 1990; Jensen 1997; Desjardins
et al. 2010c; Mangano et al. 2013; Dias da Silva et al.
2014) to the Holocene (Nara & Haga 2007; Gingras
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et al. 2008). Typical producers are terebellid polychaete
worms (Nara 1995; Gingras et al. 2008); others possi-
ble tracemakers are arthropods (Frey 1970; Rindsberg
& Gastaldo 1990), bivalves (D’souza et al. 2024),
cnidarians (Chamberlain & Clark 1973; Uchman &
Krenmayr 1995), and cirratulid and spionid polychaete
worms (Olivero et al. 2012; Luo et al. 2017). Rosselia
is mostly recorded in marginal-marine (e.g. Wescott &
Utgaard 1987; Martino 1989; Fillion & Pickerill 1990;
MacEachern & Hobbs 2004; Mello et al. 2021) and shal-
low-marine (e.g. Howard & Frey 1984; MacEachern &
Pemberton 1992; Nara 1995; Uchman & Krenmayr
2004; Netto et al. 2014; Buatois et al. 2016b) environ-
ments. Reports from deep-marine environments are
rare (Ksigzkiewicz 1970, 1977). Rosselia has not been
recorded in the Chapel Island Formation previously.

Rosselia erecta (Torell, 1870)
Figure 47A

Material. - Five specimens from Member 5 (Cambrian
Age 2) in Grand Bank Head and Little Dantzic Cove.

Description. — Vertical, unbranched burrows with a
funnel-shaped aperture and made of lateral concentric
laminae surrounding a wide central tube. Preserved

el S >

Fig. 47. Rosselia erecta (Torell) (A) and Rosselia isp. (B). Scale bars are 1 cm. All photographs are from Member 5 (Cambrian Age 2). A,
Cluster of Rosselia erecta displaying concentrically laminated fill and wide circular central tubes. Note the smaller specimen with a thinner
laminated fill (arrow). Full relief (on bed top), Little Dantzic Cove. B, Rosselia isp. in vertical cross-section showing the spindle-shaped mor-
phology. Note the secondary reworking of the uppermost funnel portion by burrowing (arrows). Full relief, Grand Bank Head.
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as full relief. In vertical section, the burrow is curved
and oriented obliquely (40° of deviation). Burrows are
found isolated or crowded. The central tube is circular
in bedding view and occupies a major fraction of the
overall width of the funnel. Infill of the central tube
is massive, composed of fine-grained sandstone; con-
centric laminae are mostly composed of very fine- to
fine-grained sandstone. Width of funnel is 1.5-4.1
cm; maximum depth observed is 2.4 cm.

Associated trace fossils. — Rosselia erecta co-occurs
with Psammichnites gigas circularis.

Remarks. — The vertical spindle-shaped development
and wide central tube within the funnel allow assign-
ment to Rosselia erecta. Rosselia erecta is a recently
defined ichnospecies resulting from the combination
with Micrapium erectum Torell, 1870, a poorly known
ichnotaxon that is not retained as valid for nomen-
clatural stability despite the seniority over Rosselia
Dahmer, 1937 (Knaust 2021). The report of Rosselia
erecta from the Chapel Island Formation adds to
the previous Cambrian reports from the Mickwitzia
Sandstone of Sweden, the Hardeberga Formation
of Denmark, the Burj Formation of Jordan (Knaust
2021), and potentially the Gog Group of western
Canada (Desjardins et al. 2010c).

Rosselia isp.
Figure 47B

Material. — One specimen from Member 5 (Cambrian
Age 2) in Grand Bank Head.

Description. - Vertical, unbranched burrow with a
funnel-shaped aperture and made of lateral concentric
laminae. Preserved as full relief. In vertical section,
the burrow is straight and oriented obliquely (20° of
deviation). The upper part of the funnel is reworked
by biogenic mottling, and the morphology of the
central tube within the funnel is unknown. Burrow
is found isolated. Infill of the central tube is massive,
composed of very fine-grained sandstone; concentric
laminae are visible in the lower and middle portions
and are mostly composed of very-fine- to fine-grained
sandstone. Width of funnel is 3.0 cm; depth is 4.7 cm.

Associated trace fossils. — Rosselia isp. does not occur
with any other formally described ichnotaxa.
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Remarks. - The vertical funnel-shaped development
allows assignment to Rosselia. However, as the mor-
phology of the central tube is unknown, an ichnospe-
cific affiliation is not possible. Reworking of the upper
part of the funnel is reminiscent of Rosselia chonoides.
As stated by Uchman & Krenmayr (1995), this rework-
ing is secondary to the formation of Rosselia: in the
Chapel Island Formation, concentric laminae are
observable in the lower and middle portions of the
burrow, while secondary reworking by organisms lead-
ing to an undetermined mottled fabric is observed in
the upper portion of the burrow and above the burrow.

Ichnogenus Rusophycus Hall, 1852

Discussion. — Rusophycus is a short bilobate burrow
typically covered with scratch imprints (Hall 1852;
Fillion & Pickerill 1990) included in the category of
architectural design of ‘bilaterally symmetrical short,
scratched impressions and burrows’ (Buatois et al.
2017). Rusophycus was formally erected from the
Silurian Clinton Group of northeastern USA (Hall
1852; Brett et al. 1998). However, prior to Hall’s (1852)
seminal work, Rusophycus was popularly referred to
as ‘empreintes de pas de boeufs’ (i.e. cattle’s tracks) by
local people in the region of Normandy (France) at
least since 1826 (Duval 1838; Deslongchamps 1856;
de la Sicotiére 1866). At first, Hall (1852) regarded
Rusophycus as a plant remain with a wrinkled sur-
face. Dawson (1864) raised suspicion on their ‘fucoid’
origin and argued that Rusophycus was produced by
benthic animals crawling on soft mud. This opinion
divided the scientific community between the sup-
porters of Dawson (e.g. Nathorst 1881, 1883) and
those opposed (e.g. de Saporta 1884; Delgado 1886).
Finally, further advances in ichnology during the
20" century resulted in the overall recognition of
Rusophycus as a trace fossil (for historical reviews, see
Osgood 1970, Pemberton & Frey 1991, and Baucon et
al. 2012). At least eighty-six ichnospecies attributed
to Rusophycus have either been erected or mentioned
in the literature (pers. data, see also Gougeon 2023).
In that respect, this ichnogenus needs in-depth revi-
sion. For this study, only Rusophycus avalonensis is
reviewed in detail as it was recovered in the Chapel
Island Formation.

Rusophycus shows similarities with Arborichnus
Romano & Meléndez, 1979, Cruziana d'Orbigny, 1842,
Diplichnites Dawson, 1873, and Monomorphichnus
Crimes, 1970. Arborichnus is composed of paired
series of individual, symmetrical scratch imprints
that decrease in width toward one extremity
(Romano & Meléndez 1979; Lucas & Lerner 2005).



FOSSILS AND STRATA

The organization of scratch imprints and lack of lobe
formation are different from Rusophycus. Cruziana
is a bilobed trail with scratch imprints (Keighley &
Pickerill 1996; Fortey & Seilacher 1997) that can be
difficult to distinguish from Rusophycus, especially
because transitional forms (Isopodichnus type) may
also develop (Trewin 1976; Keighley & Pickerill
1996; Zonneveld et al. 2002). Although Seilacher
(1970, 1985) was reticent with the idea of separating
Rusophycus from Cruziana, other specialists convinc-
ingly argued in favor of keeping both ichnogenera
valid (e.g. Osgood 1970; Hantzschel 1975; Crimes et
al. 1977; Pickerill & Fillion 1983; Nowlan et al. 1985).
Diplichnites is a trackway with two parallel rows of
simple imprints (Keighley & Pickerill 1998), and
some authors also assigned paired ridges arranged in
a short series, reminiscent of very shallow Rusophycus,
to Diplichnites (e.g. Pickerill & Peel 1991; Baghiyan-
Yazd 1998). Keighley & Pickerill (1996) suggested
the use of a length/width ratio of 2/1 to differentiate
Rusophycus from Diplichnites, a decision endorsed
here (see ‘Remarks” below for Rusophycus dabardae,
p. 124). Monomorphichnus consists of one series of
subparallel ridges (Crimes 1970). Undertracks of
Rusophycus forming a single series of ridges can be
mistaken for Monomorphichnus and require careful
evaluation (Jensen et al. 2002b).

Rusophycus ranges from the Cambrian (e.g. Cloud
& Nelson 1966; Banks 1970; Bergstrom 1970; Nowlan
et al. 1985; Jensen 1990; Smith et al. 2016a) to the
Holocene (Gand et al. 2008). Producers are arthro-
pods (notably trilobites; e.g. Osgood 1970; Campbell
1975; Draper 1980; Fortey & Owens 1999; Gand et
al. 2008; Gibb et al. 2010) and possibly gastropods
and polychaete worms (Osgood 1970). Muiliz et al.
(2015) demonstrated that modern fishes can pro-
duce Rusophycus-like trace fossils while feeding on
the seafloor. However, these incipient traces do not
form coffee-bean shapes nor have transversal scratch
imprints, which are features typical of Rusophycus.
Rusophycus is recorded in continental (e.g. Bromley &
Asgaard 1979; Maples & Archer 1989; MacNaughton
& Pickerill 1995; Schlirf et al. 2001; Minter et al.
2007; Garvey & Hasiotis 2008), marginal-marine (e.g.
Mangano & Buatois 2003b; Desjardins et al. 2012;
Hofmann et al. 2012; Elicki et al. 2013; Mangano et
al. 2013; Durbano et al. 2015), shallow-marine (e.g.
Young 1972; Legg 1985; MacNaughton & Narbonne
1999; Pickerill & Blissett 1999; Weber & Zhu 2003;
Jensen et al. 2010), and rarely deep-marine (Pickerill
1995) environments. In the Chapel Island Formation,
Rusophycus has been commonly mentioned (see syn-
onym lists below) since its first report by Narbonne et
al. (1987).
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Rusophycus avalonensis
Crimes & Anderson, 1985

Figure 48A, B

1987  Rusophycus avalonensis Crimes & Anderson; Narbonne,
Myrow, Landing & Anderson, p. 1287, fig. 6G, 1.

2014  Rusophycus avalonensis Crimes & Anderson; Mangano &
Buatois, p. 5, fig. 2d.

2016  Rusophycus avalonensis Crimes & Anderson; Mangano &
Buatois, p. 90, fig. 3.9g.

2016  Rusophycus Hall; Wolfe, Daley, Legg & Edgecombe, p. 51,
fig. 2A.

2017  Rusophycus avalonensis Crimes & Anderson; Landing
et al., p. 45, fig. 17G.

2018  Rusophycus Hall; Daley, Antcliffe, Drage & Pates, p. 4,
fig. 4F.

2018  Rusophycus avalonensis Crimes & Anderson; Hantsoo,
Kaufman, Cui, Plummer & Narbonne, p. 1243, fig. 2j.

2021  Rusophycus avalonensis Crimes & Anderson; Mangano &
Buatois, p. 8, fig. 5B.

In press Rusophycus avalonensis Crimes & Anderson; Gougeon,
Mangano, Buatois, Narbonne & Rindsberg, fig. ID-E

Neotype. - GSC 85983 housed at the Geological
Survey of Canada, Ottawa. Left specimen figured in
Narbonne et al. (1987, fig. 6I), Wolfe et al. (2016, fig.
2A), and Daley et al. (2018, fig. 4F).

Material. - Five specimens from Member 2A
(Fortunian) in Brunette Island (material in collec-
tion), Fortune Head, and Grand Bank Head.

Emended diagnosis. - Two rows of scratch imprints
forming symmetrical, low-relief, elongated lobes;
wide median area; coarse transverse scratch imprints
do not form bundles (modified after Crimes &
Anderson 1985).

Description. — Symmetrical rows of scratch imprints
forming two low-relief lobes, defining an over-
all elliptical to quadrangular outline. Preserved as
positive hyporelief. Scratch imprints are coarse,
transverse, and do not crisscross or form bundles.
Individual scratch imprints are thicker in their
median part and taper laterally. Occasionally, one
lobe is more prominent, and creates an asymme-
try between lobes; coarse ridges are still visible on
both rows. The median area is wide and featureless.
Width is 3.5-4.1 cm; length is 2.0-3.7 cm; width
of median area is 0.3-1.1 cm; length/width ratio is
0.56-1.02.

Associated trace fossils. - Rusophycus avalonensis
co-occurs with Cruziana problematica, Curvolithus
simplex, Palaeophycus tubularis, and Psammichnites
gigas circularis.
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Fig. 48. Rusophycus avalonensis Crimes & Anderson (A, B), Rusophycus dabardae isp. nov. (C-E), and Rusophycus isp. (F). Scale bars are 1
cm. All photographs are from Member 2A (Fortunian). A, Specimens of Rusophycus avalonsensis showing two distinct lobes, a wide median
area, and coarse ridges. GSC 85983. Positive hyporelief, Brunette Island. B, Field specimen of Rusophycus avalonensis. Positive hyporelief,
Grand Bank Head. C, Holotype of Rusophycus dabardae that was previously referred to as Monomorphichnus sp. by Crimes & Anderson
(1985). GSC 73337. Positive hyporelief, Lewin’s Cove. D, Crowded surface with Rusophycus dabardae (Ru) displaying two distinct rows;
an additional specimen (Ru?) only displays one distinct row. Note additional single rows (arrows) that may represent partially preserved
Rusophycus dabardae. Negative epirelief, Lewin’s Cove. E, Rusophycus dabardae with two rows of fine, transversal to oblique ridges. Note
that the row on the right is poorly developed. Positive hyporelief, Grand Bank Head. F, Rusophycus isp. with coarse, widely spaced ridges
organized in two symmetrical rows. Positive hyporelief, Fortune Head.
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Remarks. - The specimen of Rusophycus avalonensis
chosen by Crimes & Anderson (1985) as holotype was
previously recorded in a paper by Seilacher (1970, p.
458, fig. 7.3) under the name Cruziana fasciculata
Seilacher. This specimen reveals: (1) abundant delicate
scratch imprints, oriented in a postero-medial direc-
tion; (2) bundles of five or more scratch imprints; (3)
a moderately deep bilobate relief; (4) a length/width
ratio of 1.76; and (5) lobes in contact in the midline
of the burrow (Gougeon et al. in press). These char-
acteristics do not correspond to the material figured
by Crimes & Anderson (1985), and to other reports
of Rusophycus avalonensis worldwide. For instance,
Rusophycus avalonensis pictured by MacNaughton &
Narbonne (1999, fig. 9A) shows two perfect lobes sep-
arated by a narrow furrow, but transversal ridges are
coarse and do not form bundles. Mcllroy & Brasier
(2017, fig. 8g) figured a structure referred to as ‘typical
Rusophycus avalonensis, lacking any bundle forma-
tion or prominent lobes (see Gougeon et al. in press
for more details and examples).

The diagnosis of Rusophycus avalonensis from
Crimes & Anderson (1985) is elusive and allows a
range of interpretations. According to these authors,
this ichnospecies is ‘consisting of fine scratch marks in
bundles of five or more, arranged obliquely or trans-
versely to the median line’ (Crimes & Anderson 1985,
p. 331). Arguably, the presence of bundles, which are
supposedly diagnostic, is controversial as these are not
observed in the material figured by Crimes & Anderson
(1985) from the Random Formation (Gougeon et al. in
press). It is also not seen in material from the Chapel
Island Formation, nor mentioned by subsequent
authors (Gougeon et al. in press). In addition, ridges
in material from the Chapel Island and Random for-
mations are coarse and transverse. Consequently, an
emended diagnosis is provided herein.

We propose that a neotype of Rusophycus avalonen-
sis is erected, as the holotype does not fit the descrip-
tion of the material recorded by Crimes & Anderson
(1985) in the original publication, nor fits the emended
diagnosis provided herein. The neotype corresponds
to the material collected by P. Myrow (Narbonne et al.
1987) from Member 2 at Brunette Island and housed
at the Geological Survey of Canada in Ottawa (GSC
85983). On this slab, two specimens are displayed: the
left specimen both in Narbonne et al. (1987, fig. 6I) and
herein (Fig. 48A) is the most complete, with distinct
coarse ridges on both lobes, and is chosen as neotype.
A petition was recently submitted to the International
Commission on Zoological Nomenclature in that
regard (Gougeon et al. in press).

After revision of the diagnosis of Rusophycus
avalonensis, previously described material should
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be re-assessed on a case-by-case basis. For instance,
Hogstrom et al. (2013, fig. 5I) described Rusophycus
isp. with two lobes and coarse scratch imprints that
corresponds to Rusophycus avalonensis. Similarly,
Rusophycus sp. documented by Nowlan et al. (1985,
fig. 4D) displays two shallow lobes and scratch
imprints not arranged in bundles, which are features
pertaining to Rusophycus avalonensis.

Rusophycus dabardae isp. nov.

Figure 48C-E

partim 1985 Monomorphichnus sp. Crimes & Anderson, pp.

324, 328, figs 8.7, 8.8, 10.1.

2014 Rusophycus avalonensis Crimes & Anderson;
Buatois, Narbonne, Maingano, Carmona &

Myrow, p. 3, fig. 1h.

2016 Rusophycus avalonensis Crimes & Anderson;
Mingano & Buatois, p. 87, fig. 3.7c.
2017 Rusophycus avalonensis Crimes & Anderson;

Landing et al., p. 51, fig. 19E.
Monomorphichnus isp. Mangano & Buatois, p. 14,
fig. 3e.

partim 2020

Etymology. - In memory of Marie-Pierre Dabard,
the first ichnology instructor of the lead author at
University of Rennes 1 (France).

Holotype. - GSC 73337 housed at the Geological
Survey of Canada, Ottawa (Fig. 48C).

Material. - About 105 specimens from Member 2A
(Fortunian) in Fortune Head, Grand Bank Head, and
Lewin’s Cove.

Diagnosis. - Two rows of scratch imprints without lobe
formation; wide median area; thin scratch imprints
are transverse to oblique, in places crisscrossing, and
do not form bundles.

Description. — Paired rows of scratch imprints defin-
ing an overall elliptical to quadrangular outline.
Preserved as positive hyporelief and negative epirelief.
Specimens are found isolated or in clusters. Overall
relief is very low, without lobe development. Scratch
imprints are thin, delicate, transverse to oblique,
typically distinct and well-spaced, or can crisscross.
Scratch imprints do not form bundles. The median
area is wide and featureless. Width is 2.3-5.9 cmy;
length is 1.7-4.0 cm; width of median area is 0.5-2.6
cm; length/width ratio is 0.48-1.11.

Associated trace fossils. - Rusophycus dabardae co-
occurs with Palaeophycus tubularis, Palaeophycus isp.,
and Trichichnus linearis.
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Remarks. - Paired scratch imprints and the low length/
width ratio allow placement in Rusophycus. However,
the poor organization of scratch imprints, and the
absence of lobes with relief, prevent an assignation
to any previously erected ichnospecies. Rusophycus
avalonensis is the closest ichnospecies on morpholog-
ical grounds (as described in this study), but it dis-
plays lobes, and scratch imprints that are coarser and
mostly transverse. On the contrary, scratch imprints
in Rusophycus dabardae are thinner and more disor-
ganized, with common crisscrossing. The lobe relief
can be a controversial feature, and Jensen et al. (2010)
noted that taphonomy may play an important role
by preserving low relief undertracks from an orig-
inally higher relief Rusophycus. An interpretation of
Rusophycus dabardae as preservational variant of R.
avalonensis is not conceivable, as the scratch imprints
morphology and their arrangement are different.

Extremely shallow Cambrian Rusophycus have
been previously referred as Diplichnites isp. (Pickerill
& Peel 1991; Baghiyan-Yazd 1998; Weber & Zhu
2003), Rusophycus avalonensis (Rogov et al. 2015),
Rusophycus isp. (Jensen et al. 2002b), and Rusophycus
sp. (Alpert 1976a). To correctly assess the distinc-
tion between Rusophycus and short Diplichnites as
described by Pickerill & Peel (1991) and Weber & Zhu
(2003), the length/width ratio should be considered
as a critical diagnostic feature. We decided to use the
ratio of 2/1 suggested by Keighley & Pickerill (1996),
which infers a coffee-bean shape, and which has been
used subsequently by authors (e.g. Schlirf et al. 2001;
Pandey et al. 2014), placing our specimens within
Rusophycus morphometric limits.

In the Chapel Island Formation, similar specimens
were previously referred to as Rusophycus avalon-
ensis (Buatois et al. 2014; Mangano & Buatois 2016;
Landinget al. 2017), Monomorphichnus isp. (Mangano
& Buatois 2020), and Monomorphichnus sp. (Crimes
& Anderson 1985). Interestingly, an impressive slab
at Lewin’s Cove displays both paired rows of scratch
imprints (i.e. Rusophycus dabardae-type) and single
rows (i.e. Monomorphichnus lineatus-type) on the
same surface. Although negative epirelief material
preserved on the bed top are still exposed and acces-
sible in the field (Fig. 48D), casts of these imprints
(i.e. positive hyporelief) have been in parts collected
by Crimes & Anderson (1985) and are housed at the
Geological Survey of Canada in Ottawa (GSC 73337).
Rows of scratch imprints tend to be disorganized and
overlapping, but a few numbers distinctly form pairs
typical of Rusophycus dabardae (Fig. 48D).

Zoobank LSID. - urn:Isid:zoobank.org:act:608E37D2-
FFB2-4D84-914D-4C8AC56EE12F
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Rusophycus isp.
Figure 48F

Material. - One specimen from Member 2A
(Fortunian) in Fortune Head.

Description. - Two symmetrical rows of simple scratch
imprints. Preserved as positive hyporelief. Scratch
imprints are of very low number, well-spaced, thick,
and transverse. Scratch imprints do not form bundles.
The median area is wide and featureless. Width is 2.0
cm; length is 1.1 cm; width of median area is 0.5 cm;
length/width ratio is 0.55.

Associated trace fossils. — Rusophycus isp. co-occurs
with Helminthoidichnites tenuis, Helminthopsis tenuis,
and Palaeophycus tubularis.

Remarks. - Although scratch imprints are of very low
number in each row, their symmetrical arrangement
and the low length/width ratio allow placement in
Rusophycus. The thick and deep imprints are remi-
niscent of Rusophycus avalonensis, and Rusophycus
isp. could potentially represent a preservational var-
iant emplaced more deeply within the substrate.
However, the association with simple horizontal
trails (Helminthoidichnites, Helminthopsis) suggests
these trace fossils were instead very shallow. In addi-
tion, a specimen of Rusophycus avalonensis display-
ing one very shallow and one deeper lobe (Narbonne
et al. 1987, fig. 6G) demonstrates that ridges are still
disorganized with variations in spacing on the very
shallow lobe, which is not the case in Rusophycus isp.
Consequently, these observations rule out an affinity
to Rusophycus avalonensis.

Ichnogenus Saerichnites Billings, 1866

Discussion. — Saerichnites is an open burrow system
made of vertical shafts connected to a basal hori-
zontal burrow (Crimes & Anderson 1985; Uchman
1995) included in the category of architectural design
of ‘horizontal burrows with horizontal to vertical
branches’ (Buatois et al. 2017). Saerichnites was first
described from the Ordovician Vauréal Formation
of eastern Canada (Billings 1866; Bolton 1961; Long
& Copper 1987). Although Hormosiroidea Schaffer
and Tuberculichnus Ksigzkiewicz have been in use for
similar structures (e.g. Ksigzkiewicz 1977; Seilacher
1977; Crimes & Anderson 1985), Uchman (1995)
indicated Saerichnites was their senior synonym.
Subsequently, Hormosiroidea, which consists of a row
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of small bulbs connected by a thin string (Osgood
1970; Hantzschel 1975), was placed in synonymy with
Halimedides Lorenz von Liburnau (Gaillard & Olivero
2009). Bromley in Uchman (1998) suggested that the
type material of Saerichnites could represent a hori-
zontal helical burrow exposed on a bedding plane; if
that was the case, single rows of pits should be relo-
cated in another ichnotaxon. However, Hantzschel
(1975) described and figured the type material of
Saerichnites, and did not report a potential affinity
with a helical structure. Uchman (1995, 1998) placed
single rows of pits within Saerichnites canaden-
sis (formerly Hormosiroidea canadensis Crimes &
Anderson). However, Uchman (1995, 1998) did not
discuss Ctenopholeus kutscheri Seilacher & Hemleben,
which is conceptually similar (Seilacher & Hemleben
1966; Fiirsich et al. 2006). Here, we provisionally
retain Saerichnites as valid awaiting revision of its type
material, and suggest a new combination for the form
made of a single row of pits (see below).

Four ichnospecies attributed to Saerichnites have
been erected: S. abruptus Billings, 1866; S. beskiden-
sis Plicka, 1974; S. variolatus Chamberlain, 1977; and
S. canadensis (Crimes & Anderson, 1985). The type
ichnospecies, Saerichnites abruptus, has two paral-
lel rows of closely spaced, regularly alternating pits
(Billings 1866; Hantzschel 1975; Tunis & Uchman
1996b). Saerichnites beskidensis has two parallel rows
of casts of vertical burrows (Plicka 1974; Uchman
1995). Although Plicka (1974) considered that the
distance between pits was significant at ichnospecific
rank, Uchman (1995) placed Saerichnites beskidensis
in synonymy with S. abruptus. Saerichnites variola-
tus has pits arranged irregularly (Chamberlain 1977;
Uchman et al. 2005). Saerichnites canadensis, for-
merly Hormosiroidea canadensis, is winding with a
single row of pits (Crimes & Anderson 1985; Uchman
1995). It is morphologically and conceptually similar
to the holotype of Ctenopholeus kutscheri (Seilacher &
Hemleben 1966, pl. 3, fig. 6). However, Saerichnites has
priority over Ctenopholeus as it was erected earlier and
is common in the literature. Moreover, Ctenopholeus
kutscheri was described before Saerichnites canadensis.
Therefore, the new combination Saerichnites kutscheri
is created here for these forms (see also ‘Remarks’
below, p. 126). Consequently, Saerichnites abruptus, S.
kutscheri, and S. variolatus are here considered valid.

Saerichnites shows similarities with Bicavichnites
Lane, Braddy, Briggs & Elliott, 2003, Ctenopholeus
Seilacher & Hemleben, 1966, Halimedides Lorenz
von Liburnau, 1902, Helicodromites Berger, 1957,
Treptichnus ~ Miller, 1889, and Tuberculichnus
Ksigzkiewicz, 1977. Bicavichnites has two parallel
rows of circular pits (Lane ef al. 2003). Seilacher et al.
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(2005) considered it a preservational variant of
Treptichnus pedum. Ctenopholeus consists of a single
row of circular pits or knobs (Seilacher & Hemleben
1966; Fiirsich et al. 2006), and is considered a junior
synonym of Saerichnites in this review. Halimedides
is a burrow made of a tunnel connecting successive
chambers (Gaillard & Olivero 2009; Novis et al. 2022).
The shape of the chambers and thin strings connect-
ing larger chambers distinguish Halimedides from
Saerichnites. Helicodromites is a horizontal helical
burrow (Poschmann 2015). Where seen on bedding
plane, the burrow is composed of two parallel rows of
pits (e.g. Buatois et al. 2017, fig. 24B), which is rem-
iniscent of Saerichnites abruptus (see also Uchman
1998). However, the holotype of Saerichnites has yet
not been convincingly demonstrated as forming a
helix. Treptichnus is a burrow made of modular seg-
ments, pits or projections (Maples & Archer 1987;
Buatois & Mangano 1993b). Some of its ichnospe-
cies (e.g. Treptichnus bifurcus) can be reminiscent
of Saerichnites when only the surficial expression is
visible. Detailed observations show that Treptichnus
bifurcus is typically made of repeated segments added
one after the other and do not develop an open bur-
row system (see Treptichnus section, p. 131). Finally,
Tuberculichnus has knobs arranged in winding rows
(Ksigzkiewicz 1977). Uchman (1998) re-assigned
the type ichnospecies Tuberculichnus meandrinus
Ksigzkiewicz to Protovirgularia and did not recom-
mend the further use of Tuberculichnus (see also
Uchman et al. 2011).

Saerichnites ranges from the Cambrian (e.g.
Crimes & Anderson 1985; Walter et al. 1989;
Goldring & Jensen 1996; Gingras et al. 2011;
Mangano & Buatois 2016; Hammersburg et al. 2018)
to the Holocene (Heezen & Hollister 1971; Hinga
1981; Brandt et al. 2023). Producers have not been
discussed at length so far, and previous authors sug-
gested possible arthropods (Gomez de Llarena 1946;
Brandt et al. 2023), holothurians (Poschmann et al.
2023), vertebrates (fish; Plicka 1974), and worms
(Lemche et al. 1976) as tracemakers. However, ver-
tebrates would produce surficial trace fossils, which
does not support the three-dimensional reconstruc-
tion of Saerichnites (cf. Crimes & Anderson 1985;
Uchman 1995). Saerichnites is recorded in continen-
tal (Buatois et al. 1997; Netto et al. 2009; Minter et al.
2016), shallow-marine (Walter et al. 1989; Buatois &
Mangano 2004a), and deep-marine (e.g. Crimes et
al. 1981; Crimes & Crossley 1991; Tunis & Uchman
1996b; Uchman et al. 2005; Cummings & Hodgson
2011; Starek et al. 2019) environments. In the
Chapel Island Formation, Saerichnites was originally
described as Hormosiroidea by Crimes & Anderson
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(1985), and it has rarely been mentioned since then
(e.g. Narbonne et al. 1987; Landing et al. 1988).

Saerichnites kutscheri comb. nov.

Figure 49A-D

1985  Hormosiroidea canadensis isp. nov. Crimes & Anderson,
pp. 324, 325, figs 8.1, 9.

Material. - Twenty specimens from Members 2A, 2B,
and 3 (Fortunian), and Member 5 (Cambrian Age 2)
in Fortune Head, Grand Bank Head, Lewins Cove,
and Little Dantzic Cove.

Description. - Single row of pits locally connected by
a horizontal burrow. Preserved as full relief observed
on bed bases and tops. In bedding-plane view, pits are
typically cylindrical or elongated. The horizontal bur-
row is smooth with a width similar to that of the pits.
The course is straight, curved, meandering to loop-
ing. Rarely, pits are not in alignment with the main
course. Unlined to rarely very thinly lined. Branching
is inferred at the junction between pits and the hori-
zontal basal burrow. Infill of pits is massive, composed
of very fine- to medium-grained sandstone similar to
the host rock, or different where encased in mudstone
or fine-grained sandstone. Width of pits is 0.2-1.4
cm; distance between pits is 0.0-4.0 cm; maximum
length is 55.0 cm; maximum number of pits in a row is
about 40.

Associated trace fossils. - Saerichnites kutscheri co-oc-
curs with Cochlichnus anguineus, Helminthoidichnites
tenuis, Helminthopsis tenuis, Monomorphichnus linea-
tus, Palaeophycus tubularis, and Trichichnus linearis.

Remarks. - Single rows of pits have been previously
referred to as Ctenopholeus kutscheri (Seilacher &
Hemleben 1966; Fiirsich et al. 2006; Hughes et al. 2013;
Kaur et al. 2021; Singh et al. 2024b), Hormosiroidea
arumbera Elphinstone & Walter (Walter et al. 1989),
Hormosiroidea canadensis (Crimes & Anderson
1985), Hormosiroidea cf. H. canadensis (only illus-
trated; Garcia-Hidalgo 1993), Saerichnites canadensis
(Uchman 1995, 1998), Treptichnus pedum (Gingras
et al. 2011), and Treptichnus vagans (Ksigzkiewicz)
(Hammersburg et al. 2018). Ctenopholeus kutscheri,
Hormosiroidea arumbera, and H. canadensis are here
considered synonymous, and possess the characteris-
tics of Saerichnites as described herein. Consequently,
the new combination Saerichnites kutscheri has sen-
iority for the ichnospecies name. A detailed revision
of the type material of Saerichnites is still needed to
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further support this proposal. Hormosiroidea isp.
from the Cambrian of northern Greenland (Bryant
& Pickerill 1990, fig. 4) is recorded on a slab with
both bed base and top preservations. Although the
upper bedding view displays a meandering single
row of pits, the sole view shows disconnected, elon-
gated segments reminiscent of Treptichnus. These
observations demonstrate that the interpretation of
some of previously recorded Hormosiroidea as either
Treptichnus or an open burrow system (as suggested
for Hormosiroidea in the original model by Crimes &
Anderson 1985; see also Uchman 1995 and Fiirsich
et al. 2006) is far from being simple and needs to
be assessed on a case-by-case basis. Treptichnus has
very distinctive features (see Treptichnus section,
p. 131) and should not be used to describe open bur-
row systems.

In the Chapel Island Formation, an impressive and
unique specimen (Fig. 49A) has pits in contact, which
is very similar to the type material of Saerichnites
(Héantzschel 1975, fig. 64.7). Most reports of pits
aligned in rows typically possess a wide space between
pits; the singularity of this Chapel Island Formation
specimen reinforces its assignation to Saerichnites.
Crimes & Anderson (1985) suggested that the burrow
system could either be made of vertical shafts con-
nected by a horizontal basal burrow, or be made by
a vertically meandering burrow. The second interpre-
tation, although favored by some authors (Bryant &
Pickerill 1990; Zhu 1997), would require inclined pits
intersecting the bedding plane, which have not been
observed during the course of our study. Instead, our
observations favor the first interpretation: most pits
are circular on bedding planes, and the rare elon-
gated pits that could infer an obliquity (e.g. Fig. 49D)
resulted from the partial exposure of the basal hori-
zontal burrow after erosion (see also Fiirsich et al.
2006). In addition, where the basal burrow is clearly
visible, it connects the pits continuously (Fig. 49C),
which would not be the case if the burrow system was
made by a vertically meandering structure.

Zoobank LSID. - urn:lsid:zoobank.org:act:5F5E610F-
AF21-44BB-AF80-27A70CCE9C93

Ichnogenus Teichichnus Seilacher, 1955b

Discussion. - Teichichnus is a vertical spreite sys-
tem formed by the displacement of a subhorizontal
burrow (Seilacher 1955b; Knaust 2018a) included
in the category of architectural design of ‘horizon-
tal burrows with simple vertically oriented spreiten’
(Buatois et al. 2017). Teichichnus was first described
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Fig. 49. Saerichnites kutscheri comb. nov. Scale bars are 1 cm. All photographs are full reliefs observed on bed tops from Member 2A
(Fortunian). A, Specimen with a meandering to looping course and pits in close contact. Fortune Head. B, Specimen with a straight to loop-
ing course and widely spaced pits. Arrows designate the start and end points of the burrow. Lewin’s Cove. C, Specimen with a continuous
horizontal basal burrow (arrows) connecting the pits. Note that the width of the horizontal burrow is similar to the width of the pits. Lewin’s
Cove. D, Close-up from Figure 49B showing unconnected pits; pits are mostly circular in shape, but one is elongated (arrow). Lewin’s Cove.

from the Cambrian Jutana Formation of northeastern
Pakistan (Seilacher 1955b). Knaust (2018a) reviewed
Teichichnus and considered four ichnospecies valid:
T. rectus Seilacher, 1955b; T. zigzag Frey & Bromley,
1985; T. patens Schlirf, 2000; and T. duplex Schlirf &
Bromley, 2007. The type ichnospecies, Teichichnus
rectus, is a simple vertical spreite system (Seilacher
1955b). Teichichnus patens is branching (Schlirf 2000).
Teichichnus duplex has bilobate spreiten with scratch
imprints (Schlirf & Bromley 2007). Teichichnus zigzag
has a zigzag pattern in vertical cross-section (Frey
& Bromley 1985). In addition, Teichichnus palma-
tus, T. sigmoidalis, and T. spiralis were illustrated and
briefly mentioned by Seilacher (2007), but have not

been formally defined and, therefore, should not be
used (Knaust 2018a). However, Teichichnus spira-
lis was subsequently mentioned in a series of papers
(Lokho & Singh 2013; Tiwari & Jauhri 2014; Lokho
et al. 2018), and the ichnospecies was incorrectly
credited to Mikulas (1990) by Lokho & Singh (2013).
Specimens figured by these authors are different from
the one illustrated by Seilacher (2007) and most likely
represent passively filled vertical galleries rather than
Teichichnus. Finally, Teichichnus slendelongatus Chu,
1988 was not discussed by Knaust (2018a). Teichichnus
slendelongatus is a simple vertical spreite system with
a long causative burrow (Chu 1988, fig. 4a, b, pl. I, fig.
6) and is a junior synonym of T. rectus.
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Teichichnus shows similarities with Diplocraterion
Torell, 1870, Heimdallia  Bradshaw, 1981,
Rhizocorallium Zenker, 1836, and Siphonichnus
Stanistreet, Le Blanc Smith & Cadle, 1980.
Diplocraterion has vertical spreiten made by a
U-shaped causative burrow (Fiirsich 1974b; Corner
& Fjalstad 1993; Bland & Goldring 1995). Corner
& Fjalstad (1993) used the depth/width ratio and
the basal curvature of spreiten to discriminate
Teichichnus from Diplocraterion. Rhizocorallium is
a horizontal to oblique spreite system with a mar-
ginal causative burrow (Schlirf 2011; Knaust 2013).
Misidentification of Rhizocorallium for Teichichnus
has been previously noted (Buckman 1994b; Knaust
2018b). However, the shape and orientation of the
causative burrow in Rhizocorallium distinguish
this ichnogenus from Teichichnus. Heimdallia is
a complex three-dimensional structure with an
inclined to vertical causative burrow moving later-
ally (Bradshaw 1981; Trewin & McNamara 1995).
Partially preserved Heimdallia may be confused with
Teichichnus, but the more complex architecture and
spreite orientation of the former are diagnostic of
this ichnogenus (Fillion & Pickerill 1990; Buckman
1996; Olivero et al. 2004). Siphonichnus is a vertical
burrow made of backfilled laminae and can be mis-
taken for Teichichnus when incompletely preserved
(Zonneveld & Gingras 2013). Identification of the
outer and inner tube in Siphonichnus allows distinc-
tion from Teichichnus (Pervesler et al. 2008; Zhang
et al. 2017b).

Teichichnus ranges from the Cambrian (e.g.
Martinsson 1965; Alpert 1976b; Bland & Goldring
1995; Loughlin & Hillier 2010; Jensen et al. 2016;
Mcllroy & Brasier 2017) to the Holocene (e.g. Ekdale
& Berger 1978; Berger et al. 1979; Wetzel 1981, 1991;
Corner & Fjalstad 1993). Possible producers are arth-
ropods (Martinsson 1965; Stanton & Dodd 1984;
Goldring 1985; Schlirf & Bromley 2007), holothurians
(Knaust 2018b), and worms (Alpert 1976b; Hofmann
1979; Frey & Bromley 1985; Corner & Fjalstad 1993;
Knaust 2018b). Teichichnus is recorded in margin-
al-marine (e.g. Martino 1989; Beynon & Pemberton
1992; Pemberton et al. 1992; Corner & Fjalstad 1993;
Musial et al. 2012; Jensen et al. 2016), shallow-mar-
ine (e.g. Crimes 1969; Frey & Bromley 1985; Clausen
& Vilhjalmsson 1986; Ortowski 1989; Jensen 1997;
Loughlin & Hillier 2010), and deep-marine (e.g.
Ekdale 1977; Berger et al. 1979; Stanton & Dodd
1984; Ineson 1987; Wetzel 1991; Leszczynski et al.
1996) environments. In the Chapel Island Formation,
Teichichnus has been commonly recorded and figured
(see synonym list below) since its first mention by
Narbonne et al. (1987).
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Teichichnus rectus Seilacher, 1955b

Figure 50A-E

2014  Teichichnus rectus Seilacher; Mangano & Buatois, p. 5, fig.

2j.

2016  Teichichnus rectus Seilacher; Mangano & Buatois, p. 90,
fig. 3.9e.

2017  Teichichnus isp. Herringshaw, Callow & Mcllroy, p. 376,
fig. 4d.

2018a Teichichnus Seilacher; Gougeon, Mangano, Buatois,
Narbonne & Laing, p. 3, fig. 2d, e.

2018  Teichichnus rectus Seilacher; Hantsoo, Kaufman, Cui,
Plummer & Narbonne, p. 1243, fig. 21.

2020  Teichichnus rectus Seilacher; Mangano & Buatois, p. 15,
fig. 4e.

Material. - Hundreds of specimens from Members
2A, 2B and 3 (Fortunian) and Members 4 and 5
(Cambrian Age 2) in Fortune Head, Fortune North,
Grand Bank Head, Little Dantzic Cove, and Point
May.

Description. — Vertical, unbranched, spreite burrow
systems made of a subhorizontal causative burrow
and stacked laminae. Preserved as full relief. In top
view, burrows are straight to curved, rarely with a
sharp angle along the course. Local high density of
specimens results in common overcrossing. In trans-
versal cross-section, laminae are flat to arcuate (con-
vex-down), either distinctively spaced, or in contact.
Stacked laminae are vertical to oblique in orientation.
Width in transversal cross-section is mostly constant.
Rarely, a bulge develops at the base. A causative bur-
row can be preserved at the top or, more rarely, at the
base of the system. Longitudinal cross-section dis-
plays horizontal to oblique laminae, slightly curved
downward. In cross-section, burrows are isolated or
forming dense assemblages, either arranged patchily
or extended laterally into thickly burrowed intervals.
Unlined, although a diagenetic feature in calcite con-
cretions may sharply enhance burrow boundaries.
Infill is composed of very fine- to fine-grained sand-
stone different from the mudstone host rock. Width
is 0.2-1.8 cm; laminae thickness is 0.01-0.2 cm; max-
imum height is 8.0 cm; maximum length is 34.0 cm.

Associated trace fossils. - Teichichnus rectus co-occurs
with Palaeophycus tubularis.

Remarks. - Unbranched, vertical spreite burrow sys-
tems made of simple laminae allow placing these
trace fossils in Teichichnus rectus. Ortowski (1989)
described branched Cambrian Teichichnus rectus, but
this characteristic is more typical of T. patens (Schlirf
2000; Knaust 2018a). In the Chapel Island Formation,
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Fig. 50. Teichichnus rectus Seilacher. Scale bars are 1 cm (A, C), 2 cm (B), and 10 cm (D, E). A, Vertical and oblique (arrows) specimens in
transversal cross-section with convex-down laminae. Full relief, Little Dantzic Cove, Member 3 (Fortunian). B, Top view of two long speci-
mens with subhorizontal spreiten (arrows). Note that one specimen has a sharp angle along its course. Full relief observed on bed top, Grand
Bank Head, Member 2B (Fortunian). C, Two specimens preserved in a calcite concretion, displaying enhanced diagenetic boundaries and
bulbous bases (arrow). Full relief, Little Dantzic Cove, Member 3 (Fortunian). D, Grey massive mudstone displaying patchy aggregates of
specimens (box and arrows). Diagenetically enhanced specimens record best visibility, but the whole deposit is bioturbated by Teichichnus

rectus. Full relief, Point May, Member 2B (Fortunian). E, Close-up of Figure 50D showing a dense cluster of specimens.

aggregation of Teichichnus rectus can render iden-
tification of individual burrows difficult, but true
branching is absent. Bulging in vertical section and
straight to curving burrows on bedding plane view
have been recorded in Teichichnus rectus elsewhere
(Chisholm 1970; Fiirsich 1974a; Frey & Bromley 1985;
Frey & Howard 1985; Ineson 1987; Corner & Fjalstad
1993). The presence of a lining is, however, unusual.
In specimens from the Chapel Island Formation, the
apparent lining (Fig. 50C) is most likely a diagenetic
artifact as it is only observed in calcite concretions. At
Grand Bank Head, some specimens are extensive on
large slabs, reaching up to 34 cm in length and dis-
playing angular turns (Fig. 50B). These features are
reminiscent of Heimdallia chatwini Bradshaw, which
can reach 3 m in length and displays sudden changes
of direction (Bradshaw 1981; Trewin & McNamara
1995). In the Chapel Island Formation, the verti-
cal expression of these burrows is unknown, which
prevents further comparison. However, the top view
expression suggests a subhorizontal to slightly oblique
orientation of spreiten, which is morphologically and
conceptually similar to Teichichnus. These forms are
here retained in Teichichnus rectus with caution.

Ichnogenus Torrowangea Webby, 1970

Discussion. — Torrowangea is a simple horizontal bur-
row with constrictions (Webby 1970) included in the
category of architectural design of ‘simple actively
filled (massive) horizontal to oblique structures
(Buatois et al. 2017). Torrowangea was first described
from the Cambrian Lintiss Vale Formation of south-
eastern Australia (Webby 1970; Walter et al. 1989).
At least three ichnospecies attributed to Torrowangea
have been erected: T. rosei Webby, 1970; T. shamao-
ensis Yang, 1984; and T. angulata Gamez-Vintaned
& Linan, 1993. The type ichnospecies, Torrowangea
rosei, has a sinuous course and distinct constrictions
(Webby 1970). Torrowangea shamaoensis consists of
few ovoid beads (Yang 1984, pl. 2, fig. 3), and seems
unrelated to Torrowangea. Torrowangea angulata has
angular turns along its course (Gadmez-Vintaned &
Lifidan 1993). Distinct constrictions are lacking, and
an affinity to Helminthopsis hieroglyphica is more
likely. Consequently, only the type ichnospecies
Torrowangea rosei is here considered valid.
Torrowangea shows similarities with Arthrophycus
Hall, 1852, Gordia Emmons, 1844, Neonereites
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Seilacher, 1960, Palaeophycus Hall, 1847, Planolites
Nicholson, 1873, and Vagorichnus Buatois, Mangano,
Wu & Zhang, 1995. Uchman (1998) suggested the
existence of similarities between Torrowangea and
Arthrophycus. However, Arthrophycus differs by the
presence of branching, a square cross-section, verti-
cal spreiten, and a ventral median groove (Mangano
et al. 2005b). Gordia is a simple horizontal trail with
self-overcrossing (Emmons 1844; Hofmann & Patel
1989). Gordia nodosa displays annulations (Pickerill
& Peel 1991), but these are more regular and delicate
than the backfilling of Torrowangea. Neonereites is a
horizontal burrow made of string(s) of beads (Seilacher
1960) reminiscent of Torrowangea. The type material
of Neonereites is now regarded a junior synonym of
Nereites (Uchman 1995; Mangano et al. 2000), and
material previously ascribed to Neonereites must be
re-evaluated on a case-by-case basis. Planolites annula-
ris possesses transverse features along a simple burrow
(Pemberton & Frey 1982). Contrary to Torrowangea,
the burrow diameter of Planolites annularis is constant,
and annulations are prominent (Pemberton & Frey
1982). Palaeophycus annulatus has annulations along
its course, but a lining is diagnostic (Badve 1987; see
Palaeophycus section, p. 107). Vagorichnus is an actively
filled horizontal burrow system showing constrictions
reminiscent of Torrowangea, but it also displays a diag-
nostic branching pattern forming an overall network
(Buatois et al. 1995).

Several fossilized structures originally described
as Torrowangea may belong to Archaeonassa (Devera
1989, pl. 2, fig. B), Helminthoidichnites (Lifian &
Palacios 1987, pl. 1, fig. 3), or represent pseudo-
fossils (Gamez Vintaned et al. 2006, fig. 10.4d).
Meanderovaleichnus Coénsole-Gonella & Acefiolaza
is a horizontal, elongated structure with constrictions
and bulges that has been compared to Torrowangea
(Console-Gonella & Acenolaza 2013). These struc-
tures are arguably inorganic, somewhat comparable
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to ptygmatic folding (cf. Shanmugam 2016). Finally,
Jensen et al. (2006) also called for caution on a pos-
sible body fossil origin of some Ediacaran forms
described as Torrowangea.

Torrowangea ranges from the Ediacaran (e.g.
Hofmann 1981; Pacze$na 1985; Gibson 1989; Narbonne
& Aitken 1990; Geyer & Uchman 1995; Zhu 1997)
to the Cretaceous (Kim et al. 2003). Possible produc-
ers are foraminifers (Severin et al. 1982; Knaust 2010)
and annelid worms (Walter et al. 1989; Narbonne &
Aitken 1990). Torrowangea is recorded in continen-
tal (Gdmez-Vintaned & Linan 1993; Gluszek 1995;
Kim et al. 2003), shallow-marine (Geyer & Uchman
1995; de Gibert & Ekdale 2002; Gaillard & Racheboeuf
2006), and deep-marine (Hofmann 1981; Gibson 1989;
Narbonne & Aitken 1990, 1995) environments. In the
Chapel Island Formation, Torrowangea was figured in
Narbonne et al. (1987, fig. 6C) and was later mentioned
in a few papers (e.g. Landing et al. 1988; Herringshaw
etal 2017).

Torrowangea rosei Webby, 1970

Figure 51A-C

1985  Neonereites uniserialis Seilacher; Crimes & Anderson, p.

328, fig. 10.2.

1987  Torrowangea sp. Narbonne, Myrow, Landing & Anderson,
p- 1287, fig. 6C.

Material. - Seven specimens from Member 1

(Ediacaran) and Members 2A and 3 (Fortunian) in
Fortune Head, Grand Bank Head, and Little Dantzic
Cove.

Emended diagnosis. - Horizontal, unlined, unbranched
burrow with irregular or regular constrictions; the
course is straight, curved, to tortuous (modified from
Webby 1970).

Fig. 51. Torrowangea rosei Webby. Scale bars are 1 cm. A, Specimen with regular constrictions. Positive hyporelief, Fortune Head, Member
1 (Ediacaran). B, Tortuous specimen with irregular constrictions in the middle part. Positive hyporelief, Fortune Head, Member 2A
(Fortunian). C, Specimen with irregular constrictions. Positive epirelief, Fortune Head, Member 2A (Fortunian).
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Description. — Horizontal, unlined, unbranched bur-
rows with regular or irregular constrictions. Preserved
as positive hyporelief and positive epirelief. The course
is straight, slightly curved, or tortuous. Constrictions
delineate segments that are elongated or more com-
pacted; constrictions are not always preserved along
the whole course. Infill is massive, composed of
very fine-grained sandstone similar to the host rock.
Burrow width is 0.1-0.3 cm; segment length is 0.1-0.3
cm; maximum burrow length is 2.5 cm.

Associated trace fossils. — Torrowangea rosei does not
occur with other formally described ichnotaxa.

Remarks. - The presence of constrictions and a tor-
tuous course are typically regarded as diagnostic of
Torrowangea rosei (Webby 1970). However, the regular-
ity of constrictions is a subject of debate. The type mate-
rial from Australia displays mostly regular constrictions
(Webby 1970, fig. 18B, D). While some authors also
described regular constrictions in Torrowangea rosei
(Jensen et al. 2006; Buatois & Mangano 2016), others
recorded burrows with irregular constrictions as well
(e.g. Mikulas 1992; Gluszek 1995; Seilacher et al. 2005;
Gaillard & Racheboeuf 2006; Carbone & Narbonne
2014; Jensen & Palacios 2016). For these reasons, the
diagnosis of Torrowangea rosei is emended here, to
accomodate burrows with both regular and irregular
constrictions.

In numerous additional reports, the presence of
constrictions in Torrowangea is dubious. Pseudo-
constrictions can either result from the cleavage gen-
erated by shear stress texturing the surface (e.g. Lifidn
& Palacios 1987, pl. 1, fig. 1; Acefiolaza & Tortello
2003, fig. 3.4; see also Jensen & Palacios 2016), or from
microbial textures modifying the surface of originally
unornamented burrows (e.g. Zhang 1986, pl. 3, figs 2,
3; Lifian & Palacios 1987, pl. 2, fig. 2; Gamez-Vintaned
& Lifian 1993, pl. 13, fig. 8; Baghiyan-Yazd 1998, pl. 29,
fig. B; Gamez Vintaned et al. 2006, figs 8.6d, 9.7¢; Simén
2017, fig. 5C, D). In addition, microbial mats can mod-
ify surfaces resulting in the formation of bulges, roll-
ups and flip-overs superficially reminiscent of burrows
(cf. Eriksson et al. 2007; Hagadorn & Mcdowell 2012)
that were also described as Torrowangea (e.g. Lifian &
Tejero 1988, fig. 4; Retallack 2009, fig. 9G; Hageman &
Miller 2016, fig. 3D). Finally, Jensen & Palacios (2016)
noted that irregular transverse constrictions could
alternatively develop from the incomplete fill of a trace
fossil or represent the departing point of vertical probes
(which would affiliate these structures to Treptichnus).

A string of beads was previously considered diag-
nostic of Neonereites uniserialis. However, the type
material of Neonereites is now regarded as a junior syn-
onym of Nereites (Uchman 1995; Méangano et al. 2000).
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Neonereites was commonly mentioned in the Ediacaran
and the Cambrian worldwide (e.g. Lin et al. 1986;
Gibson 1989; Walter et al. 1989; Vidal et al. 1994b),
but these burrows never display the internal complex-
ity of Nereites (i.e. an axial backfilled tunnel flanked by
paired lobes). These dissimilarities indicate different
modes of construction between Ediacaran-Cambrian
Neonereites, and Nereites. Furthermore, the type mate-
rial of Torrowangea rosei locally forms a string of beads
(Webby 1970, fig. 18D, bottom left). Consequently,
most specimens of Neonereites from the Ediacaran-
Cambrian should be better located within Torrowangea.
Regarding the mode of formation of Torrowangea,
Narbonne & Aitken (1990) argued that constrictions
represented peristalsis of the tracemaker, because no
internal structure was observed in longitudinal sections.
Some of the specimens from the Chapel Island
Formation (Fig. 51A, C) are reminiscent of Torrowangea
rosei as described in Walter et al. (1989, fig. 12A) and
possibly Zhu (1997, fig. 4A). They have also been
named ‘complex crawling traces’ in Palij et al. (1983, pl.
55, fig. 1; also figured in Palij, 1976, pl. 27, fig. 1). Other
examples of Torrowangea rosei from the Chapel Island
Formation (Fig. 51B), with tortuous courses and irreg-
ular constrictions, match more closely the morphology
of the type specimen from Australia (Webby 1970).
Finally, the distinction between Torrowangea rosei
and the body fossil Harlaniella is not always straight-
forward (e.g. Moczydlowska et al. 2001). In the Chapel
Island Formation, a specimen (Fig. 51A) could be
reminiscent of Harlaniella. However, uncontroversial
Harlaniella specimens recorded at Fortune Head and
Grand Bank Head differ by (Fig. 2C): (1) a very low, sub-
tle relief; (2) the presence of branching; (3) delicate inter-
nal segments oriented obliquely to the main direction of
the fossil; and (4) different morphometric values (seg-
ment length shorter than their width). These observa-
tions suggest that the specimen from the Chapel Island
Formation (Fig. 51A) has no affinity with Harlaniella.

Ichnogenus Treptichnus Miller, 1889

Discussion. — Treptichnus is a three-dimensional bur-
row made of modular segments, pits, or projections
(Buatois & Mangano 1993b) included in the category
of architectural design of ‘horizontal burrows with
horizontal to vertical branches (Buatois et al. 2017).
Treptichnus was first described from the Carboniferous
Mansfield Formation of eastern USA (Miller 1889;
Maples & Archer 1987). In a pioneer work, Hitchcock
(1858) erected Halysichnus for similar trace fossils,
which should theoretically take priority as the senior
synonym. However, Hitchcock (1858) description and
illustration were not totally satisfactory, and Halysichnus
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has rarely been used by subsequent authors (Goldstein
et al. 2017). Consequently, the ichnogenus Treptichnus
is favored for these forms, to maintain nomenclatu-
ral stability (cf. Goldstein et al. 2017). Miller (1889)
also erected Plangtichnus and Haplotichnus, two ich-
nogenera now regarded as preservational variants of
Treptichnus (Buatois & Mangano 1993b; Getty & Bush
2017). For a long time, Miller’s (1889) work had been
overlooked by the scientific community (Uchman et
al. 1998), and authors referred to similar trace fossils
as feather-stitch trails’ (e.g. Wilson 1948; Seilacher
1955b; Seilacher & Hemleben 1966; Banks 1970; Cowie
& Spencer 1970; Maples & Archer 1987). Maples &
Archer (1987) were the first to resurrect the work of
Miller (1889) on Treptichnus.

Buatois & Mangano (1993b) reviewed Treptichnus
and considered four ichnospecies valid: T. bifurcus
Miller, 1889; T. triplex Palij, 1976; T. lublinensis Paczesna,
1986; and T. pollardi Buatois & Mangano, 1993b. The
type ichnospecies, Treptichnus bifurcus, has oblique pro-
jections alternating on each side (Miller 1889; Buatois
& Mangano 1993b). Treptichnus triplex has segments
divided in three parts by two narrow longitudinal
grooves (Palij 1976; Palij et al. 1983). Treptichnus lub-
linensis has densely arranged, wide segments (Paczesna
1986). Treptichnus pollardi has regularly spaced vertical
projections (Buatois & Mdangano 1993b). Since Buatois
& Manganos (1993) review, at least eleven additional
ichnospecies attributed to Treptichnus have been erected
or resulted from new combinations: T. pedum (Seilacher,
1955b); T. vagans (Ksiazkiewicz, 1977); T. coronatum
(Crimes & Anderson, 1985); T. tripleurum (Geyer &
Uchman, 1995); T. rectangularis Orlowski & Zylir’lska,
1996; T. meandrinus Uchman, Bromley & Leszczynski,
1998; T. aequalternus Schlirf, 2000; T. apsorum
Rindsberg & Kopaska-Mekel, 2005; T. arcus Wang &
Wang, 2006; T. taijiangensis Wang & Wang, 2006; and
T. streptosus Chen & Liu, 2025. Treptichnus pedum, for-
merly Phycodes pedum, has curving segments typically
projecting on one side (Seilacher 1955b). Hammersburg
et al. (2018) described Treptichnus vagans, formerly
Tuberculichnus vagans, as a string of beads with variable
distance between each bead. However, Uchman et al.
(2011) transferred the type material of Tuberculichnus
vagans to Ptychoplasma Fenton & Fenton after care-
ful re-evaluation. Treptichnus coronatum, formerly
Phycodes coronatum, has vertical projections expand-
ing from a basal circular burrow (Crimes & Anderson
1985; MacNaughton & Narbonne 1999). Treptichnus
tripleurum, formerly Trichophycus tripleurum, has trilo-
bate segments (Geyer & Uchman 1995), and is concep-
tually similar to T. triplex. Treptichnus rectangularis has
segments forming perpendicular angles with one-an-
other (Orfowski & Zylinska 1996). Treptichnus mean-
drinus has a first-order meandering course (Uchman
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et al. 1998). Treptichnus aequalternus has oblique pro-
jections alternating on each side (Schlirf 2000) and is
conceptually similar to T. bifurcus. Treptichnus apsorum
has U-shaped segments with longitudinal striations
(Rindsberg & Kopaska-Mekel 2005). Lucas & Stimson
(2013) re-interpreted the type material as super-im-
posed specimens of Palaeophycus striatus. Treptichnus
arcus has arcuate, oblique segments projecting on one
side (Wang & Wang 2006) and is conceptually similar
to T. pedum. Treptichnus taijiangensis has oblique pro-
jections alternating on each side (Wang & Wang 2006)
and is conceptually similar to T. bifurcus. Treptichnus
streptosus has regular oblique ridges displayed on each
segment (Chen & Liu 2025). Consequently, nine ichno-
species, Treptichnus bifurcus, T. coronatum, T. lublinen-
sis, T. meandrinus, T. pedum, T. pollardi, T. rectangularis,
T. streptosus, and T. triplex, are here considered valid.
Treptichnus shows similarities with Belorhaphe Fuchs,
1895, Phycodes Richter, 1850, Saerichnites Billings,
1866, Spirodesmos Andrée, 1920, Streptichnus Jensen
& Runnegar, 2005, Trichophycus Miller & Dyer, 1878a,
Tuberculichnus Ksigzkiewicz, 1977, and Vitichnus Wetzel,
Uchman, Blechschmidt & Matter, 2009. Belorhaphe is a
graphoglyptid burrow made of first-order meanders and
second-order zigzags (Seilacher 1977; Fan et al. 2018).
Rindsberg & Kopaska-Merkel (2005) considered some
of the ‘feather-stitch trails’ to be closer to Belorhaphe than
Treptichnus, but the regularity of zigzags and two orders
of meanders are distinctive of Belorhaphe. Phycodes is
a horizontal burrow with branches forming bundles
(Osgood 1970; Fillion & Pickerill 1990). Contrary to
Treptichnus, branches in Phycodes tend to overlap and to
depart from a single point. Saerichnites is an open bur-
row system made of aligned vertical shafts connected by
a basal horizontal burrow (Crimes & Anderson 1985;
Uchman 1995). The open structure and lack of repeated
and connected individual segments are distinctive from
Treptichnus. Spirodesmos interruptus Andrée, the holo-
type of Spirodesmos, is composed of distinct segments
forming a one-way horizontal spiral (Andrée 1920;
Knaust 2020; Gougeon et al. 2022) that can be mis-
taken with Treptichnus (cf. Archer & Maples 1984). The
spiral morphology is, however, absent in Treptichnus.
Streptichnus is composed of clusters of curved elements
surrounding a central area that do not extend laterally or
vertically as in Treptichnus (Jensen & Runnegar 2005).
Trichophycus is a burrow made of U-shaped segments
with delicate striae and vertical spreiten, the latter being
absent in Treptichnus (Miller & Dyer 1878b; Geyer &
Uchman 1995; Jensen 1997; Bayet-Goll et al. 2020).
Tuberculichnus is a burrow composed of knobs and
tubercules arranged in winding rows (Ksigzkiewicz
1977). Although Hammersburg et al. (2018) placed
Tuberculichnus in synonymy with Treptichnus, the valid-
ity of Tuberculichnus is pending further revision of the
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type material (Buatois et al. 2017). Vitichnus is a burrow
composed of biserially alternating short ridges arranged
in a plait-like pattern (Wetzel et al. 2009), and its distinc-
tion from Treptichnus needs further re-evaluation.

Treptichnus typically ranges from the Cambrian (e.g.
Seilacher 1955b; Sokolov & Fedonkin 1984; Walter et al.
1989; Bryant & Pickerill 1990; Jensen 1997; Zhu 1997)
to the Holocene (e.g. Bajard 1966; Ewing & Davis 1967;
Uchman 2005; Martin 2009; Muiiz Guinea et al. 2014;
Kesidis et al. 2019b). However, trace fossils comparable
to Treptichnus (i.e. treptichnids) have been noted in the
Ediacaran (Jensen et al. 2000; Hogstrom et al. 2013),
and Treptichnus pedum was recorded 4.41 m below the
Ediacaran-Cambrian boundary point at Fortune Head
(Gehling et al. 2001; see also Laing et al. 2019, Gougeon
et al. 2023, and ‘Discussion’ section of this study).
Treptichnus streptosus and other treptichnids were also
recently recovered from the latest Ediacaran Shibantan
Member of the Dengying Formation in China (Chen
& Liu 2025). Producers are arthropods (insect larvae;
Bajard 1966; Uchman 2005; Martin 2009; Muiiiz Guinea
et al. 2014), possible enteropneusts and gastropods
(Jensen et al. 2000), and priapulid worms (Vannier et al.
2010; Kesidis et al. 2019b; Turk et al. 2024a). Treptichnus
is recorded in continental (e.g. Archer & Maples 1984;
Buatois & Mangano 1993b; Metz 2000; Pazos et al. 2007;
Martin 2009; Netto et al. 2009), marginal-marine (e.g.
Bajard 1966; Crimes et al. 1977; Legg 1985; Archer et
al. 1995; MacNaughton & Narbonne 1999; Buatois et al.
2013), shallow-marine (e.g. Banks 1970; Crimes 1970;
Palij et al. 1983; Jensen 1997; MacNaughton & Narbonne
1999; Weber et al. 2007), and deep-marine (e.g. Ewing &
Davis 1967; Crimes et al. 1981; Seilacher & Hemleben
1966; Wetzel & Uchman 1997; Neto de Carvalho 2008;
Wilson et al. 2012) environments. Treptichnus was first
recorded as Phycodes in the Chapel Island Formation
(e.g. Crimes & Anderson 1985; Narbonne et al. 1987),
until Gehling et al. (2001) reassessed its taxonomic
status.

Treptichnus bifurcus Miller, 1889
Figure 52A-C

Material. - Six specimens from Members 2A and 2B
(Fortunian) in Fortune Head, Grand Bank Head, and
Lewin’s Cove.

Description. — Three-dimensional, unlined burrows
with a basal horizontal zigzagging structure and oblique
projections extending at each angle. Preserved as pos-
itive hyporelief and positive epirelief. The zigzagging
course is straight, slightly curving, or slightly winding.
The basal zigzagging structure is forming acute (about
20°) or wider angles (about 40°); this structure can be
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made of distinctive segments or be fully continuous
without clear delineation in between segments. At
each angle, projections first extend laterally, and then
obliquely to vertically. The alternating vertical projec-
tions form two parallel rows. Infill is massive, com-
posed of very fine- to fine-grained sandstone similar to
the host rock, or different where encased in mudstone.
Maximum burrow length is 10.8 cm; width of basal
burrow and projections is 0.1-0.4 cm.

Associated trace fossils. — Treptichnus bifurcus co-oc-
curs with Curvolithus simplex and Treptichnus pedum.

Remarks. — The presence of a basal zigzagging struc-
ture and alternating oblique projections is diagnostic
of Treptichnus bifurcus. Treptichnus bifurcus can be: (1)
preserved as distinctive segments building up the basal
horizontal structure (Fedonkin et al. 1983, pl. 2, fig. 1;
Goldring & Jensen 1996, fig. 3d; Hammersburg et al.
2018, figs 21.1-6, 22.1); or (2) made of a continuous
zigzagging basal structure (i.e. Treptichnus aequalter-
nus preservational variant) (Chen et al. 2011, fig. 13A,
B; Carbone & Narbonne 2014, figs 5.7, 8). Archer &
Maples (1984, fig. 6) showed that both forms are tapho-
nomic variants depending on the plane of section of
the burrow system, and therefore both are recorded
herein as Treptichnus bifurcus. Treptichnus pollardi also
has a continuous basal burrow, in places with a zigzag-
ging pattern; however, projections extend vertically
and sharply (Buatois & Mangano 1993b). Bicavichnites
martini Lane, Braddy, Briggs & Elliott described from
the Cambrian of southwestern USA is composed of
two rows of depressions (Lane et al. 2003), and revi-
sion could potentially make it a junior synonym of
Treptichnus bifurcus (see also Seilacher et al. 2005).

Treptichnus coronatum
(Crimes & Anderson, 1985)

Figure 52D, E

1985  Phycodes coronatum isp. nov. Crimes & Anderson, pp. 328,
329, figs 10.5, 10.6, 11.

2014  Treptichnus coronatum (Crimes & Anderson); Buatois,
Narbonne, Mangano, Carmona & Myrow, p. 3, fig. 1i.

2016  Treptichnus coronatum (Crimes & Anderson); Mangano &
Buatois, p. 86, fig. 3.6a.

2017  Treptichnus coronatum (Crimes & Anderson); Landing et
al., p. 51, fig. 19G.

Material. - Thirteen specimens from Members 2A and
2B (Fortunian) in Fortune Head and Grand Bank Head.

Description. - Three-dimensional, unlined burrows with
a basal circular structure from which vertical projections
depart. Preserved as positive hyporelief, and positive and
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Fig. 52. Treptichnus bifurcus Miller (A-C), T. coronatum (Crimes & Anderson) (D, E), T. pedum (Seilacher) (F-H), and T. pollardi Buatois
& Mangano (I). Scale bars are 1 cm. A, Treptichnus bifurcus with a zigzagging course, and small probes extending laterally (arrows). Positive
hyporelief, Grand Bank Head, Member 2A (Fortunian). B, Treptichnus bifurcus with two rows of oblique probes extending upward (arrows).
Positive epirelief, Lewin's Cove, Member 2A (Fortunian). C, Treptichnus bifurcus showing the basal zigzagging horizontal structure (left and
right sides), and a middle interval where this structure is absent, and only the lateral pits are preserved (arrows). Positive epirelief, Fortune
Head, Member 2B (Fortunian). D, Holotype of Treptichnus coronatum with a basal circular burrow connecting regularly spaced probes.
GSC 73340. Positive hyporelief, Grand Bank Head, Member 2A (Fortunian). E, Two Treptichnus coronatum with vertical probes extend-
ing directly from the median part of the connective basal burrow (arrow). Negative and positive epirelief, Grand Bank Head, Member 2A
(Fortunian). F, Treptichnus pedum with segments extending laterally. Positive hyporelief, Grand Bank Head, Member 2A (Fortunian). G,
Treptichnus pedum with sickle-shaped segments (arrows). Positive epirelief, Lewin's Cove, Member 2A (Fortunian). H, Treptichnus pedum
showing a tendency to form circles. Note that circles have an angular course, with in places lateral projections (arrows). Positive hyporelief,
Grand Bank Head, Member 2A (Fortunian). I, Treptichnus pollardi with a winding course and aligned pits. Positive epirelief, Grand Bank
Head, Member 2A (Fortunian).
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negative epirelief. The basal structure forms a half circle,
a full circle, or a ‘6’ shape. Projections are represented
by regularly spaced pits, departing slightly laterally from
the basal circular structure and then extending verti-
cally. Infill is massive, composed of very fine- to fine-
grained sandstone similar to the host rock. Width of pits
is 0.05-0.4 cm; width of basal circular structure (where
observed) is 0.1-0.2 cm; maximum burrow length is
19.0 cm; diameter of the circle is 1.0-4.0 cm.

Associated trace fossils. — Treptichnus coronatum co-oc-
curs with Cochlichnus anguineus, Curvolithus simplex,
Helminthoidichnites tenuis, Helminthopsis tenuis,
Palaeophycus tubularis, and Treptichnus pedum.

Remarks. — Treptichnus coronatum was first described
from the Chapel Island Formation as Phycodes cor-
onatum by Crimes & Anderson (1985). Uchman
(1998) suggested that Phycodes coronatum may repre-
sent a primitive form of Lorenzinia Gabelli. However,
Lorenzinia is clearly different, with projections
extending radially and laterally; the presence of a cir-
cular basal burrow is also not clearly demonstrated
(Uchman 1998). Subsequent work by MacNaughton
& Narbonne (1999) placed Phycodes coronatum
within Treptichnus, a decision endorsed here.

Mount & McDonald (1992) and Mount (1993)
mentioned Phycodes coronatum in the Cambrian of
south Australia without providing description, photo-
graph or figure, and this occurrence needs re-investiga-
tion. Baghiyan-Yazd (1998, pl. 11, figs B, C) recorded
Hormosiroidea isp. and Phycodes coronatum from the
Cambrian of central Australia that arguably correspond
to Treptichnus coronatum. Treptichnus coronatum was
also recorded from many stratigraphical levels in the
Cambrian of northwestern Canada (MacNaughton
& Narbonne 1999, fig. 5). However, a photograph
(MacNaughton & Narbonne 1999, fig. 8) shows that
these specimens are closer to circular Treptichnus
pedum as described herein (Fig. 52H). Wilson et al.
(2012, fig. 10A) recorded circular Treptichnus pedum
from the Cambrian of southern Namibia, with tight
projections reminiscent of T. coronatum. These trace
fossils are also found transitional with Treptichnus
pedum (Wilson et al. 2012, figs 10B, C, 11A, D, E, 124,
B), and their unknown three-dimensional morphol-
ogy hampers further re-evaluation of their taxonomic
status. Treptichnus coronatum from the Cambrian of
northwestern France (Coutret et al. 2024, fig. 16A, C)
is either showing a winding course or an irregular cir-
cular pattern and may be better affiliated to Treptichnus
pedum in which loops developed at intervals (cf.
Wilson et al. 2012, figs 10B, 12F). Phycodes cf. P. corona-
tum in Bekker (2013, pl. 3, fig. 8) corresponds to crystal
pseudomorphs (Kolesnikov et al. 2015). Ctenopholeus
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kutcheri from the Cambrian of northern India (Hughes
et al. 2013, pl. 5, fig. 2) and the Devonian of southwest-
ern Germany (Poschmann et al. 2023, figs 2-4) are
forming circles with regular pits and should be re-as-
signed to Treptichnus coronatum. Phycodes coronatum
from the Triassic of China is a horizontal circular struc-
ture with irregular bulges and pits (Bi et al. 1996, pl. I,
fig. 9), and its affinity is unclear.

Treptichnus pedum (Seilacher, 1955b)

Figure 52F-H

1987  Phycodes pedum Seilacher; Narbonne, Myrow, Landing &
Anderson, p. 1287, fig. 6D, E.

1994a  Phycodes pedum Seilacher; Brasier, Cowie & Taylor, p. 6,
fig. 3.

2001  Treptichnus pedum (Seilacher); Gehling, Jensen, Droser,
Myrow & Narbonne, p. 216, fig. 2b.

2007  Treptichnus pedum (Seilacher); MacNaughton, p. 143, fig.
8.9A.

2017  Treptichnus pedum (Seilacher); Herringshaw, Callow &
McIlroy, p. 375, fig. 3c.

2017 Treptichnus pedum (Seilacher); Landing et al., p. 45, fig.
17H, L.

2018  Treptichnus pedum (Seilacher); Hantsoo, Kaufman, Cui,
Plummer & Narbonne, p. 1243, fig. 2g, h.

2019  Treptichnus pedum (Seilacher); Laing, Mangano, Buatois,
Narbonne & Gougeon, p. 1626, fig. 2k.

2020  Treptichnus pedum (Seilacher); Hsieh & Plotnick, p. 67,
fig. 3.

2023 Treptichnus pedum (Seilacher); Gougeon et al., p. 9, fig. 5a—c.

Material. - About sixty specimens from Members 1
and 2A (Ediacaran), Members 2A and 2B (Fortunian),
and Member 5 (Cambrian Age 2) in Fortune Head,
Fortune North, Grand Bank Head, and Lewin’s Cove.

Description. - Three-dimensional, unlined burrows
with smooth segments added one after the other,
and typically projecting on one side of the burrow.
Preserved as positive hyporelief, positive epirelief, and
full relief. The course is commonly straight to curving,
and rarely loops. Segments are straight, arcuate, or sick-
le-shaped with wider bases. Infill is massive, composed
of very fine- to coarse-grained sandstone similar to
the host rock, or different where encased in mudstone.
Maximum burrow length is 180.2 cm; width of seg-
ments is 0.05-0.6 cm; length of segments is 0.2-3.1 cm.

Associated trace fossils. - Treptichnus pedum co-occurs
with Curvolithus multiplex, C. simplex, Gyrolithes scin-
tillus, Helminthoidichnites tenuis, Helminthopsis abeli,
Palaeophycus tubularis, Palaeophycusisp., Psammichnites
gigas circularis, P. cf. P, saltensis, Rusophycus avalonensis,
Treptichnus bifurcus, and T. coronatum.

Remarks. — Treptichnus pedum was first described as
Phycodes pedum by Seilacher (1955b). Osgood (1970)
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suggested to place Phycodes pedum within a different
ichnogenus based on the morphological differences
existing with other ichnospecies of Phycodes. Jensen
& Grant (1992, 1993) noted that the type material of
Treptichnus has segments projecting outwardly along
curved courses, similarly as in Phycodes pedum; they
proposed to relocate P. pedum within Treptichnus (see
also Jensen 1997 and Jensen & Grant 1998). Geyer
& Uchman (1995) argued that the type material of
Phycodes pedum possesses vertical spreiten and fits
better within Trichophycus. From Seilacher’s (1955b,
fig. 4b) drawing of the type material, a possible ver-
tical spreite is only visible on the side of the block
diagram, where the horizontal part of the burrow
is cut. However, this simili spreite can also be inter-
preted as the departing point of an additional probe
that was partially represented. In the same drawing,
the remaining fourteen probes do not display spreiten.
Consequently, we do not follow Geyer & Uchman’s
(1995) opinion, and agree with Jensen & Grant (1992,
1993) in that the type material of Seilacher (1955b)
better fits within the morphological boundaries of
Treptichnus. To complicate further, Dzik (2005, 2007)
used the name Manykodes pedum (Seilacher) for these
burrows, in an attempt to classify trace fossils based on
their producers. This approach does not follow recom-
mendations by the International Code of Zoological
Nomenclature and has been contested (Bertling et al.
2006; Buatois 2018; Hammersburg et al. 2018).
Treptichnus pedum typically ranges from the
Cambrian to the Ordovician (Seilacher 1969, 2007;
Germs 1972; Baldwin 1977b; Wilson et al. 2012; Buatois
2018), although reports were made of specimens a few
meters below the Cambrian Global Stratotype Section
and Point at Fortune Head (Gelhing et al. 2001; Laing
et al. 2019; Gougeon et al. 2023; this study). Potential
reports from the Devonian (Han & Pickerill 1994b;
Neto de Carvalho 2008), the Jurassic (Getty et al.
2016), and the Holocene (Muiiz Guinea et al. 2014)
need further investigation. Treptichnus pedum has a
worldwide distribution over all present-day conti-
nents: it is recorded from Africa (e.g. Seilacher 1969;
Germs 1972; Crimes & Germs 1982; Geyer & Uchman
1995; Wilson et al. 2012), North America (e.g.
Nowlan et al. 1985; Bryant & Pickerill 1990; Fillion
& Pickerill 1990; Jensen et al. 2002b; Sour-Tovar et al.
2007; Hammersburg et al. 2018), South America (e.g.
Durand & Acefolaza 1990; Seilacher et al. 2005), Asia
(e.g. Seilacher 1955b; Goldring & Jensen 1996; Zhu
1997; Wang & Wang 2006; Weber et al. 2012; Sharma
et al. 2018b), Australia (e.g. Glaessner 1969; Walter et
al. 1989; Jensen et al. 1998; Droser et al. 1999; Gehling
et al. 2019), and Europe (e.g. Banks 1970; Palij et
al. 1983; Pacze$na 1986; Orlowski & Zyliﬁska 1996;
Jensen & Palacios 2016; McLoughlin et al. 2021).
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In the Chapel Island Formation, Crimes &
Anderson (1985) first recorded these burrows as
Phycodes cf. P pedum, with only a description pro-
vided. Following reports, either figured (see synonym
list above) or non-figured, used the names Phycodes
pedum (Narbonne et al. 1987; Landing et al. 1988;
Brasier et al. 1994a), Treptichnus pedum (e.g. Gehling
et al. 2001; Babcock et al. 2014; Herringshaw et al.
2017; Hantsoo et al. 2018; Laing et al. 2019; Hsieh &
Plotnick 2020), Treptichnus isp. (Landing et al. 1988),
Treptichnus (Droser et al. 2002), and Trichophycus
pedum (Seilacher) (Landing & Westrop 1998). In the
Chapel Island Formation, spreiten are never observed
within the segments (i.e. as in Trichophycus); we there-
fore assign these trace fossils confidently to Treptichnus
pedum. Circular treptichnids need to be carefully eval-
uated: Treptichnus coronatum possesses a basal circu-
lar burrow with vertical projections, whereas circling
T. pedum are composed of distinct segments first pro-
jecting horizontally, and then extending laterally and
obliquely at each angle (Fig. 52G). Circling Treptichnus
pedum can also be transitional with straight to curv-
ing T. pedum. Circling Treptichnus pedum have been
regularly recorded in the literature (Orlowski 1989,
pl. 14, fig. 2; Fillion & Pickerill 1990, pl. 11, fig. 17;
MacNaughton & Narbonne 1999, fig. 8; Wilson et al.
2012, figs 10-12; Carbone & Narbonne 2014, fig. 5.9;
Wang & Wang 2006, pl. 3, fig. 1a; Getty et al. 2016, fig.
4.9). When projections are tight over the circle, their
distinction from Treptichnus coronatum can be prob-
lematic (e.g. Wilson et al. 2012, fig. 10A).

Treptichnus pollardi Buatois &
Mangano, 1993b

Figure 521

Material. - Two specimens from Members 2A and 2B
(Fortunian) in Fortune Head and Grand Bank Head.

Description. - Three-dimensional, unlined burrows
with a basal structure from which vertical projec-
tions extend. Preserved as positive epirelief. The basal
structure has a curved to winding course. Projections
are represented by regularly spaced pits. Infill is mas-
sive, composed of very fine-grained sandstone similar
to the host rock. Width of pits is 0.05 cm; width of
basal circular structure is 0.05 cm; maximum burrow
length is 2.9 cm.

Associated trace fossils. — Treptichnus pollardi co-oc-
curs with Helminthoidichnites tenuis.

Remarks. - Regularly spaced pits extending verti-
cally from a horizontal basal structure allow placing
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these trace fossils in Treptichnus pollardi. Buatois &
Mangano (1993b) argued that pits are preserved either
at the angle of juncture of a basal zigzagging structure,
or within an unguided basal structure; the second sce-
nario is observed in the Chapel Island Formation (Fig.
52I). The holotype of Treptichnus pollardi displays
widely spaced pits along the burrow course (Buatois
& Mangano 1993b, fig. 5). However, and similarly to
the Chapel Island Formation material, closely spaced
pits in Treptichnus pollardi have also been recorded
(e.g. Buatois et al. 2000; Metz 2009; Desjardins et al.
2010b). The main difference with the rather similar
Saerichnites kutscheri is the lack of development of a
permanent open gallery system in Treptichnus pollardi,
which can be evidenced by the massive passive infill,
the presence of alining, and the robust horizontal basal
burrow in the former; Treptichnus pollardi also tends
to have a more sinuous or zigzagging course. Reports
of Treptichnus pollardi from the Cambrian are com-
mon (e.g. Geyer & Uchman 1995; Buatois & Mangano
2003b; Wang & Wang 2006; Hogstrom et al. 2013;
Carbone & Narbonne 2014; Shahkarami et al. 2017a).
In the Chapel Island Formation, Treptichnus pollardi
has been mentioned in previous studies (Buatois et al.
2014; Landing et al. 2017) but was not figured.

Ichnogenus Trichichnus Frey, 1970

Discussion. — Trichichnus is a thread-like cylindrical
burrow typically oriented vertically or obliquely (Frey
1970; Kedzierski et al. 2015) and included in the cat-
egory of architectural design of ‘burrows with shaft
or bunch with downwards radiating probes’ (Buatois
et al. 2017). Trichichnus was first described from the
Cretaceous Niobrara Chalk Formation of central
USA (Frey 1970). At first, Trichichnus was mostly
recorded from modern deep-sea cores (Bellaiche
& Blanpied 1979; Thomson & Wilson 1980; Weaver
& Schultheiss 1983), until it became commonly
described in deep-marine trace-fossil assemblages
as well (e.g. Wetzel 1981, 1983, 1984, 1991; Uchman
1995, 1999, 2001, 2007). Three ichnospecies attributed
to Trichichnus have been erected: T. linearis Frey, 1970;
T. simplex Pickerill in Fillion & Pickerill, 1990; and T.
appendicus Uchman, 1999. The type ichnospecies,
Trichichnus linearis, has a distinct lining (Frey 1970).
Trichichnus simplex is unlined (Fillion & Pickerill
1990). However, the absence of lining may be related to
diagenetic processes, which would make Trichichnus
simplex a preservational variant of T. linearis (Uchman
1995, 1999; Monaco & Uchman 1999). Trichichnus
appendicus has thin, short lateral extensions (Uchman
1999). Consequently, two ichnospecies, Trichichnus
appendicus and T. linearis, are here considered valid.
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Trichichnus shows similarities with Multina
Orlowski, 1968, Olenichnus Fedonkin, 1985, Pilichnus
Uchman, 1999, Skolithos Haldeman, 1840, and Tisoa
de Serres, 1840. Multina is an irregular burrow net-
work with common overlapping (Buatois & Mangano
2012a). Multina minima Uchman as figured by Parry
et al. (2017, fig. 2a, b) from the Ediacaran—Cambrian
of Brazil shows very thin, irregular and pyritized
branching burrows oriented at different angles that are
reminiscent of Trichichnus (see also supplementary
material in Daley et al. 2018 and Marusin & Kuper,
2020 for alternative interpretations). Nevertheless,
Multina magna Orlowski, the holotype of Multina,
differs significantly from Trichichnus by its horizon-
tal orientation and the formation of large polygons
(Ortowski 1968). Olenichnus is a passively filled
burrow system with sinuous meanders and horizon-
tal and vertical branching tunnels (Fedonkin 1985;
Marusin & Kuper 2020). Although it superficially
resembles Trichichnus (cf. Marusin & Kuper 2020, figs
6, 7), the dominant horizontal orientation and sinu-
ous course between branches are distinctive. Contrary
to Trichichnus, Pilichnus is a horizontal string with
dichotomous branching (Uchman 1999). Skolithos is
a burrow that differs from Trichichnus by its straight
vertical course and lack of branching and pyritiza-
tion (Knaust et al. 2018). Tisoa is a deep, vertical and
pyritized burrow that, unlike Trichichnus, is U-shaped
with faint spreiten and a low-amplitude helicoidal
morphology (Knaust 2019; Wetzel & Blouet 2023).

Other structures with informal names are also
comparable to Trichichnus. ‘Mycellia’ are very thin
pyritized filaments randomly oriented and found
in high densities (e.g. Bellaiche & Blanpied 1979;
Blanpied & Bellaiche 1981; Wetzel 1983, 1984;
Baldwin & McCave 1999; Lowemark 2007). Some
pyritized structures described in open nomen-
clature can also be reminiscent of Trichichnus
(‘string-like pyritic forms’ of Jorgensen et al. 1981;
‘pyritized cylinders’ of Uchman 1999; ‘ferruginous
cylinders’ of Rodriguez-Tovar & Uchman 2006;
‘pyritized burrows’ of Leonowicz 2015). Finally, thin,
pyritized structures interpreted as body fossils (e.g.
Hofmann 1983; Knaust & Desrochers 2019) require
careful evaluation to be accurately distinguished
from burrows.

Trichichnus ranges from the Cambrian (Stachacz
2012; Laing et al. 2019; Mangano & Buatois 2020;
Gougeon et al. 2023) to the Holocene (e.g. Frey
1975; Werner & Wetzel 1982; Weaver & Schultheiss
1983; Wetzel 1983; Fu & Werner 1994; Lowemark
2003). Possible producers are meiofaunal arthropods
(Frey 1970; Ekdale et al. 1984), filamentous bac-
teria (Virtasalo et al. 2010; Kedzierski et al. 2015),
foraminifera (Frey 1975; Bellaiche & Blanpied 1979;
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Blanpied & Bellaiche 1981), pogonophore and poly-
chaete worms (Weaver & Schultheiss 1983), sipuncu-
lan worms (Romero-Wetzel 1987; McBride & Picard
1991), and nematodes (threadworms; Gingras et al.
2002). Trichichnus is recorded in marginal-marine
(e.g. Pickerill et al. 1984a; Fillion & Pickerill 1990;
Gingras et al. 2002; Buatois et al. 2005), shallow-ma-
rine (e.g. Frey 1970; Pickerill & Forbes 1979; Jordan
1985; Caruso et al. 2013; Leonowicz 2015; Hanken et
al. 2016), and deep-marine (e.g. Wetzel 1983; McBride
& Picard 1991; Fu & Werner 1994; Uchman 1995;
Lowemark 2003; Monaco et al. 2012) environments.
Trichichnus has only been recorded recently in the
Chapel Island Formation (Laing et al. 2019; Gougeon
et al. 2023).
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Trichichnus linearis Frey, 1970

Figure 53A-C

2019  Trichichnus f. T. simplex Pickerill; Laing, Mdngano,
Buatois, Narbonne & Gougeon, p. 1626, fig. 2o.

Material. - Thousands of specimens from Members
2A, 2B, and 3 (Fortunian), and Members 4 and 5
(Cambrian Age 2) in Fortune Head, Fortune North,
Grand Bank Head, Lewin’s Cove, Little Dantzic Cove,
and Point May.

Description. - Elongated cylindrical burrows ori-
ented at various angles, but always with a significant

Fig. 53. Trichichnus linearis Frey (A-C) and Trichichnus isp. (D-G). Scale bars are 1 cm (A-E), 2 cm (G), and 10 cm (F). A, Dense ichnofab-
ric of Trichichnus linearis oriented at various angles (‘ho’ for subhorizontal; ‘ob’ for oblique). Full relief, Point May, Member 2A (Fortunian).
B, Vertical, unlined Trichichnus linearis displaying a tortuous course and possible branching (arrow). Full relief, Grand Bank Head, Member
2A (Fortunian). C, Horizontal, curved Trichichnus linearis with a thin lining (arrow). Full relief, Little Dantzic Cove, Member 4 (Cambrian
Age 2). D, Cylindrical Trichichnus isp. with a thin lining. Full relief observed on bed top, Little Dantzic Cove, Member 4 (Cambrian Age 2).
E, Subcylindrical Trichichnus isp. with a thick lining. Full relief observed on bed top, Little Dantzic Cove, Member 5 (Cambrian Age 2). F,
Deep, straight Trichichnus isp. Full relief, Little Dantzic Cove, Member 5 (Cambrian Age 2). G, Trichichnus isp. with an elbow-shaped seg-
ment. Full relief, Little Dantzic Cove, Member 5 (Cambrian Age 2).
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vertical component. Preserved as full relief. The
course is straight, curved, winding, or tortuous.
Burrows are isolated or forming dense aggregates. A
diffuse halo is very common. Unlined or thinly lined.
Branching is rare but is hinted in some specimens.
Infill is massive, composed of mudstone similar to
the host rock or different where encased in very fine-
to fine-grained sandstone. Infill is typically darker
and pyritized. Burrow diameter is 0.01-0.15 cm;
maximum length is 4.1 cm; maximum halo diameter
is up to 0.8 cm.

Associated trace fossils. — Trichichnus linearis co-oc-
curs with Arenicolites aff. A. carbonarius, Bergaueria
perata, Conichnus conicus, Curvolithus simplex,
Gyrolithes gyratus, G. scintillus, Palaeophycus tubu-
laris, Palaeophycus isp., Psammichnites gigas circu-
laris, Rusophycus dabardae, Saerichnites kutscheri,
Trichichnus isp., and radial probing burrow.

Remarks. - In the original description, Frey (1970) noted
that walls of Trichichnus linearis are very distinct from
the surrounding sediment and are typically pyritized.
This led to confusion as pyritization of burrows is a
diagenetic artifact, and hence not a valid ichnotaxobase
(Bertling et al. 2022). Pyritization is related to the activ-
ity of sulfate-reducing bacteria (Thomsen & Vorren
1984), most notably at the oxic-anoxic transition zone
within the sediment (Kedzierski et al. 2015). Frey (1970)
described Trichichnus as ‘thread-like, inferring burrows
have a very small diameter. However, size of burrows
is not a first-order ichnotaxobase either (Bertling et al.
2006, 2022). Here, we consider that the orientation at dif-
ferent angles, the variety of course shapes, true branch-
ing, and the absence of short lateral extensions, are the
main ichnotaxobases of Trichichnus linearis. We also
follow Uchman (1995, 1999) in considering Trichichnus
simplex a junior synonym of T. linearis and place both
lined and unlined forms within T. linearis.

Trichichnus isp.

Figure 53D-G

Material. - About sixty specimens from Member 3
(Fortunian) and Members 4 and 5 (Cambrian Age 2)
in Little Dantzic Cove.

Description. — Vertical, unbranched, simple subcylin-
drical burrows with a pyritized infill and/or a surround-
ing halo. Preserved as full relief. Burrows are found
isolated. Rarely, burrow fill is weathered away, and only
a lining or halo is preserved. Burrow morphology is
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highly variable, and is either straight, slightly inclined,
slightly curved, rarely tortuous, or with a horizontal
segment forming an elbow-shape along the structure.
Width is mostly constant. A thin or thick lining is com-
mon. Infill is massive, composed of mudstone similar
to the host rock, or different where made of very fine-
grained sandstone and encased in mudstone or sandy
mudstone. Burrow width (without halo) is 0.4-1.5 cm;
maximum halo width is 5.6 cm; maximum depth is
57.0 cm, but typically 5.0-30.0 cm deep.

Associated trace fossils. - Trichichnus isp. co-occurs
with Trichichnus linearis.

Remarks. - With their vertical development in a single
tube and absence of branching, some of these burrows
are reminiscent of Skolithos. However, the high variabil-
ity of shapes and the constant pyritization is not diag-
nostic of Skolithos (cf. Alpert 1974). Pyritization and
variable shapes and orientations (but with a dominant
vertical component) are more typical of Trichichnus (cf.
Frey 1970; Uchman 1999). The Chapel Island Formation
material is notable for its impressive size, with burrow
width and depth measurements unseen in any other
Trichichnus ichnospecies. We retain these burrows as
Trichichnus isp. to account for their distinctive dimen-
sions, although size is typically not considered a good
ichnotaxobase (Bertling et al. 2006, 2022). Similarly to
Tisoa siphonalis (Wetzel & Blouet 2023), the dimensions
of Trichichnus isp. and heavy pyritization suggest they
formed under anoxic conditions within the substrate,
and the secretion of mucus by its tracemaker resulted
in the formation of a distinctive lining.

Radjial probing burrow

Figure 54A-H

Material. - Sixteen specimens from Members 2B and
3 (Fortunian) in Fortune Head, Grand Bank Head,
and Little Dantzic Cove.

Description. — Burrows made of probes oriented radi-
ally. Preserved in full relief. The overall structure is
semispherical with irregular outlines, either plug-
shaped and extending deeply within the sediment, or
shallower and not very penetrative in less-developed
specimens. Probes have similar widths within a speci-
men but variable lengths, either forming small bulges
or being distinctively elongated. Where elongated,
probes are straight to curved, directed laterally or
upwardly, stacked on top of each other as clear indi-
vidual elements or forming spreiten. Well preserved
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Fig. 54. Radial probing burrow. Scale bars are 1 cm (B-H) and 5 cm (A). A, Overall view of a large specimen, with the base extending deeply
(arrow), and probes preserved on the upper part. Full relief, Grand Bank Head, Member 2B (Fortunian). B, Close-up view of the same spec-
imen, with probes irregularly stacking on top of each other. Full relief, Grand Bank Head, Member 2B (Fortunian). C, Close-up view of the
same specimen, highlighting the delicate oblique striae (arrow). Full relief, Grand Bank Head, Member 2B (Fortunian). D, Specimen with
numerous elongated probes extending in different directions. Full relief, Grand Bank Head, Member 2B (Fortunian). E, Same specimen in
lateral view showing the staking pattern of probes and the delicate longitudinal striae (arrow). Full relief, Grand Bank Head, Member 2B
(Fortunian). F, Partially preserved specimen with only few probes preserved. Full relief, Grand Bank Head, Member 2B (Fortunian). G,
Specimen showing the overall subcircular outline on a bed base. Full relief, Fortune Head, Member 2B (Fortunian). H, Poorly preserved
specimen observed on a bed top. Full relief, Little Dantzic Cove, Member 3 (Fortunian).

specimens locally display sublongitudinal, parallel
and continuous delicate striae on probes. Burrow
width is 3.5-7.7 cm; burrow depth is 1.6-7.2 cm;
probe width is 0.7-1.0 cm; probe length is 0.4-1.4 cm.

Associated trace fossils. — Radial probing burrow co-oc-
curs with Palaeophycus tubularis, Palaeophycus isp.,
Psammichnites gigas circularis, and Trichichnus linearis.

Remarks. - The radial probing burrow as recorded
from the Chapel Island Formation is unique from

the trace-fossil record. Mufioz et al. (2019) reviewed
radial and rosette trace fossils, which offers ground for
comparison. Ichnotaxa with comparable morpholog-
ical features are Asterichnus Bandel and Dactyloidites
Hall. Asterichnus is a star-shaped burrow with retru-
sive spreiten and distinct, elongated tubes extend-
ing from a central point (Bandel 1967; Chamberlain
1971). Dactyloidites is a stellate to palmate rosette with
branched or unbranched tubes with spreiten, and dis-
plays a radiating pattern developing from a central
tube (Hall 1886; Boyd & Mcllroy 2016). Specimens



FOSSILS AND STRATA

from the Chapel Island Formation are more irregu-
lar than these two ichnotaxa, and probes never depart
from a central point. Another similar ichnotaxon to
the Chapel Island Formation material is Phycodes, a
horizontal burrow with branches forming bundles
(Osgood 1970; Fillion & Pickerill 1990). However,
radial forms in Phycodes have not been described so
far (cf. Seilacher 2007).

In fact, Crimes & Anderson (1985) described
Buthotrephis isp. from the Chapel Island Formation,
an ichnotaxon with a branching pattern now con-
sidered junior synonym of Chondrites Sternberg
or Phycodes (Seilacher 1955b; Hintzschel 1975;
Uchman 1998), although the synonymy is not fully
accepted (Osgood 1970; Ksiazkiewicz 1977; Clausen
& Vilhjalmsson 1986). Buthotrephis isp. in Crimes
& Anderson (1985) is neither photographed nor
drawn, which complicates comparison to our mate-
rial. Their description does not match the radial
morphology described herein, and these authors did
not specifically refer to the material coming from
Member 2B at Grand Bank Head, which is the strati-
graphical interval with the best-preserved speci-
mens of radial probing burrows. By emphasizing
irregular branching in their description and by con-
sidering their stratigraphical occurences (recorded
in Members 1, 2, and 5), it is herein suggested that
Buthotrephis isp. recorded by Crimes & Anderson
(1985) may correspond to overlapping specimens
of Palaeophycus and is unrelated to radial probing
burrows.

Radial burrows have been recorded from the
Cambrian worldwide. The ‘stellate structure’ fig-
ured in Walter et al. (1989, fig. 17C) may represent
a specimen of Asterichnus, with well-organised
and distinct radiating tubes. Carbone & Narbonne
(2014, fig. 6.5) recorded a ‘radiating probing’ burrow,
which is flattened with radial probes departing from
a central point. Davies et al. (2009, fig. 5G) recorded
Dactylophycus Miller & Dyer from the Cambrian of
Scotland, but their figured specimen seems to rep-
resent overlapping horizontal burrows, and do not
show any radial arrangement (cf. Mufoz et al. 2019).
Hammersburg et al. (2018, fig. 13) recorded multi-
ple specimens of Gyrophyllites Glocker that are star-
shaped with well-organized lateral tubes. Perhaps
the ‘radiating trace’ of Legg (1985, pl. 1, fig. D) from
the middle Cambrian of Spain represents the closest
morphology to the Chapel Island Formation material.
Observed on a bed base, it possesses irregular radi-
ating probes, arranged in a large (5 cm wide), overall
circular structure extending deeply within the sedi-
ment. However, Legg (1985) did not report any orna-
mental feature on the surface of the probes.
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The radial probing burrow from the Chapel
Island Formation displays longitudinal striae (Fig.
54C, E). Their parallel arrangement, without criss-
crossing, argues for body imprints from the trace-
maker, rather than representing scratch imprints
left by appendages used during the digging process.
These striae are reminiscent of the ones described in
Treptichnus (Kesidis et al. 2019b) and may suggest
priapulid worms as candidates for the formation of
these burrows. However, contrary to the Treptichnus
probing behaviour which produces elongated seg-
ments added one after the other, the organism at the
origin of the radial probing burrow foraged laterally
and in different directions over a localized area (see
also Legg 1985).

Vertical J-shaped burrow with spreiten

Figure 55

Material. - One specimen from Member 5 (Cambrian
Age 2) in Little Dantzic Cove.

Fig. 55. Vertical J-shaped burrow with spreiten. Note the spre-
iten (arrow), only developed on the lower part. Full relief, Little
Dantzic Cove, Member 5 (Cambrian Age 2). Scale bar is 1 cm.



142 Romain Gougeon et al.

Description. — Vertical, unbranched, J-shaped bur-
row with poorly developed spreiten. Preserved as full
relief. The causative burrow is straight in its upper
part and curved around its base where it becomes
oriented horizontally. Spreiten are only developed
on the lower part of the structure, and consist of
oblique, slightly curved and stacked laminae. A
lining is present in the causative burrow. Infill of the
causative burrow is composed of very fine-grained
sandstone different from the sandy mudstone host
rock. Width of causative burrow is 0.4 cm; depth of
the burrow is 3.7 cm.

Associated trace fossils. — Vertical J-shaped burrow
with spreiten does not occur with other formally
erected ichnotaxa.

Remarks. - This burrow presents features reminis-
cent of Diplocraterion and Syringomorpha Nathorst,
two ichnogenera first appearing in the Cambrian
(Méngano & Buatois 2020). Diplocraterion possesses
a U-shaped causative burrow with spreiten. When
part of the causative burrow is not preserved, the
structure can form a J-shaped morphology simi-
lar to the specimen recorded here. The comparison
is relevant as ?Diplocraterion isp. is recorded from
Member 5 in Little Dantzic Cove (see Diplocraterion
section, p. 83). Syringomorpha is a vertical J-shaped
burrow with spreiten (Mangano & Buatois 2004a;
Noftke et al. 2022). However, the curvature of the
causative burrow in Cambrian Syringomorpha is
less sharp, and spreiten typically start higher on the
overall structure. In short, the preservation of only
one specimen in the Chapel Island Formation does
not allow a definitive conclusion on its ichnotaxo-
nomic affinity.

Trace-fossil distribution

Trace fossils are distributed all through the five mem-
bers, although variations were noted within specific
stratigraphical intervals and in between localities
(Figs 56-59).

Trace fossils in Member 1 (heterolithic sandstone
and mudstone) are sparse and appear mostly within
the uppermost interval. Trace fossils are horizontal
and restricted to bed bases and tops. Grand Bank
Head hosts the earliest appearance of simple passively
filled burrows, Palaeophycus isp., close to the base of
Member 1 (Fig. 57). Other biogenic structures noted
higher in Member 1 correspond to simple horizon-
tal trails (Circulichnis montanus, Helminthoidichnites
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tenuis) and undetermined burrows (Fig. 57). Toward
the top of Member 1, at Fortune Head and Point May,
simple actively filled structures (Torrowangea rosei),
other passively filled burrows (Palaeophycus tubula-
ris), and horizontal burrows with horizontal to vertical
branches (Treptichnus indet.) made their appearance
and are visible on the base of sandstone beds (Figs 56,
59C). Bed tops rarely display simple horizontal trace
fossils (Archaeonassa fossulata). Trace-fossil suites are
typically monospecific.

Abundance, diversity, and disparity of trace
fossils significantly increases within Member
2A (heterolithic sandstone and mudstone) at all
localities. Notably, trace fossils visible in verti-
cal sections become more common and result
from firm substrates allowing the pristine casting
of passively filled burrows (Droser et al. 2002).
Infaunal trace fossils cover a broad range of archi-
tectural designs, represented by trilobed flattened
trails (Curvolithus multiplex, C. simplex), bilobed
trails and paired grooves (Cruziana problemat-
ica, Didymaulichnus miettensis), passively filled
horizontal burrows (Palaeophycus annulatus,
P tubularis, Palaeophycus isp.), complex actively
filled horizontal structures (Psammichnites gigas cir-
cularis), horizontal burrows with horizontal to ver-
tical branches (Saerichnites kutscheri, Treptichnus
bifurcus, T. coronatum, T. pedum, T. pollardi,
Treptichnus indet.), vertical plug-shaped burrows
(Bergaueria perata, B. cf. B. radiata, Conichnus con-
icus), vertical single U-shaped burrows (Arenicolites
aff. A. carbonarius), vertical helicoidal burrows
(Gyrolithes gyratus, G. scintillus), and burrows with
shaft or bunch with downwards radiating probes
(Trichichnus linearis). Epifaunal trace fossils are
found on both bed tops and bases and are composed
of simple horizontal trace fossils (Archaeonassa
fossulata, Cochlichnus anguineus, C. luguanen-
sis, Circulichnis ligusticus, C. montanus, Gordia
marina, Helminthoidichnites tenuis, Helminthopsis
abeli, H. hieroglyphica, H. tenuis), trackways and
scratch imprints (Dendroidichnites aft. D. irregulare,
Dimorphichnus isp. A, Dimorphichnus isp. B, cf.
Dimorphichnus isp., Monomorphichnus bilinearis,
M. lineatus, M. needleiunm, Monomorphichnus isp.),
and bilaterally symmetrical short and scratched
burrows (Rusophycus avalonensis, R. dabardae,
Rusophycus isp.). However, differencies exist in
between localities when compared to Fortune Head
at a finer resolution: (1) Grand Bank Head shows
the low stratigraphical occurrence of Psammichnites
gigas circularis within the Treptichnus pedum Ichno-
Assemblage Zone (GBH-B 11.2) and of Cruziana
problematica within the Rusophycus avalonensis
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Ichno-Assemblage Zone (DL-5 0.46 in ‘Data 2’ file of
Gougeon et al. 2025b); and (2) Lewin’s Cove shows
the low stratigraphical occurrence of Curvolithus
simplex (LC-B 47.4, LC-B 48.8, LC-C 1.0, LC-C
21.8) and Psammichnites gigas circularis (LC-C 3.5,
LC-C 4.7, LC-C 5.0, LC-C 9.3, LC-C 11.3, LC-C
15.1, LC-C 27.2, LC-C 36.5) within the Treptichnus
pedum Ichno-Assemblage Zone (Figs 57, 59B).
Furthermore, the lowest occurrence of Teichichnus
rectus, a horizontal burrow with simple vertically
oriented spreiten (Buatois et al. 2017), is within
Member 2A and is only based on two specimens
at Fortune Head and Lewins Cove (Figs 56, 59B).
Moreover, Didymaulichnus miettensis is recorded
high in Member 2A but with a single occurrence
at Fortune Head (Fig. 56), whereas it becomes very
common stratigraphically higher in Member 5 both
at Fortune North and Grand Bank Head (Figs 57,
59A). Trace fossils typically define monospecific to
paucispecific suites. In addition to the typical green
heterolithic bedding, Member 2A displays an inter-
val of heterolithic red beds reminiscent of Member
1 at Fortune Head, but bioturbation is mostly absent
(Fig. 56).

Trace fossils from Member 2B (heterolithic sand-
stone and mudstone) do not differ significantly
from Member 2A. Large sediment bulldozing trace
fossils (Curvolithus simplex, Didymaulichnus miet-
tensis, Psammichnites gigas circularis) are more
common and are pervasive on some bed surfaces.
Within Member 2B, first stratigraphic appearances
are: (1) cf. Allocotichnus dyeri at Fortune Head; (2)
Psammichnites cf. P. saltensis at Fortune Head and
Grand Bank Head; (3) Curvolithus isp. at Fortune
Head; (4) Halopoa imbricata at Grand Bank Head;
and (5) radial probing burrow at Fortune Head and
Grand Bank Head (Figs 56, 57). Although rarely
recorded in Member 2A (Fig. 56), Teichichnus rectus
is common (at Fortune Head, Fortune North, and
Grand Bank Head) to very abundant (at Point May)
within red beds defining the base of Member 2B
(Figs 56, 57, 59A, C).

Member 3 (mudstone-dominated) is mostly
exposed at Little Dantzic Cove (Fig. 58), with a bias
toward exposure of bed tops (Fig. 5). Consequently,
trace fossils that are typically recovered from bed
bases, such as Treptichus pedum or Didymaulichnus
miettensis, are only rarely or not recorded at all
across this interval. The dominant trace fossil
observed is Psammichnites gigas circularis, reflecting
colonisation of large surface areas (BPBI = 4-5). Asa
result, bed surfaces reworked by Psammichnites gigas
circularis are typically monospecific. Rare bed tops
also display simple horizontal trails (Cochlichnus
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anguineus, Helminthoidichnites tenuis, Helminthopsis
tenuis). Vertical sections and polished samples
(Gougeon et al. 2018a) show that the sedimentary
fabric is characterised by the appearance of mot-
tled intervals overprinted by Teichichnus rectus that
can rework thick mudstone intervals. Trichichnus
linearis is also a common trace fossil in Member 3
(Fig. 58).

Member 4 (mudstone-dominated, with lime-
stone beds and calcite nodules) is exposed at Grand
Bank Head and Little Dantzic Cove (Figs 57, 58).
Trace fossils are more difficult to observe on bed
surfaces because of the peculiar weathering of mas-
sive mudstone intervals (Fig. 5). Consequently,
trace-fossil diversity is low. Trichichnus linearis
and Trichichnus isp. are, however, abundant at
Little Dantzic Cove and are easily spotted thanks to
their pyritization which improves their color con-
trasts with the casting rock (Fig. 58). Other inter-
vals at this locality have abundant Palaeophycus
tubularis, Psammichnites gigas circularis, and
Teichichnus rectus.

Finally, Member 5 shows an important change in
sedimentological characteristics between its lower
and upper parts, which affects trace-fossil distribu-
tion. Lower Member 5 (sandy mudstone-dominated)
is only recorded at Little Dantzic Cove and exposes
vertical sections with deep pyritized Trichichnus
isp. (Fig. 58). Arenicolites isp., made of paired bur-
rows on bed tops, is inferred to have played a role
in the deeper colonisation of the substrate as well
(Fig. 58). Other trace fossils are less common and
more difficult to observe, namely Palaeophycus
tubularis, Teichichnus rectus, Trichichnus line-
aris, and Psammichnites gigas circularis, which are
exposed on bed tops. The transition from the lower
to upper Member 5 is observed at Little Dantzic
Cove. This heterolithic interval shows the appear-
ance of Rosselia erecta, a vertical concentrically
filled burrow, in association with trace fossils pre-
viously found in underlying strata (Helminthopsis
tenuis, Palaeophycus tubularis, Psammichnites gigas
circularis, Saerichnites kutscheri, Teichichnus rectus,
Trichichnus isp.). Upper Member 5 (sandstone-dom-
inated) is present at Fortune North, Grand Bank
Head, and Little Dantzic Cove. This interval at
Grand Bank Head notably displays well-preserved
Curvolithus simplex, Didymaulichnus miettensis,
and Treptichnus pedum on bed bases forming pau-
cispecific suites, as well as Rosselia isp. in vertical
cross-section (Fig. 57). Bed tops at Little Dantzic
Cove show the presence of ?Diplocraterion isp. (Fig.
58), an inferred vertical U-shaped burrow that sug-
gests colonisation of the deep tier.
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Ichnostratigraphy of the Ediacaran—
Cambrian boundary interval

Historical aspects

The role that trace fossils could play in delineating the
Precambrian-Cambrian boundary was first raised
in a mid-fifties pioneer paper by Seilacher (1956).
In his ichnostratigraphic scheme (Fig. 60), Seilacher
(1956) considered Helminthoidichnites cf. H. spiralis,
H. spiralis, H. meeki, Planolites corrugatus Walcott,
and cf. Rusophycus to be typical trace fossils of the
Precambrian (all the identifications in this section
are from the original sources). This trace-fossil selec-
tion was based on material recovered from India
and USA (Arizona and Montana). Seilacher (1956)
recorded a broader diversity of forms in Cambrian
strata, with cf. Bergaueria, Scolithus (sic), Dictyodora,
Diplocraterion, Rhizocorallium, Teichichnus, Phycodes
palmatum (Hall), Phycodes isp., and Phycodes pedum,
among other ichnotaxa, recovered from England,
Italy (Sardinia), Pakistan (Salt Range), Sweden,
and USA (Grand Canyon). Although Ediacaran
forms have dubious taxonomic affinities accord-
ing to modern standards (for instance, see review in
Helminthoidichnites section, p. 97), the idea that com-
plex and vertical burrowing developed during the
Cambrian was already distinctly stated. The scheme
of Seilacher (1956) was commented in the follow-
ing years (e.g. Goldring 1967; Banks 1970; Young
1972; Osgood 1975; Stanley 1976; Crimes et al. 1977)
and represented an alternative to the definition of
the basal Cambrian using trilobites as index fossils
(Wheeler 1947). However, Glaessner (1962) was criti-
cal of Seilacher’s model and considered that the focus
on Cambrian trace fossils should only include early
Cambrian ichnotaxa and that Seilacher’s selection
of Precambrian trace fossils was unclear and needed
better described specimens. Nevertheless, Webby
(1970) used Seilacher’s scheme to consider trace fos-
sils from the Lintiss Vale Formation of New South
Wales (Australia) as an intermediate state of behav-
ioural complexity between Seilacher’s Precambrian
and Cambrian assemblages; Bergstrom (1970) recov-
ered Rusophycus parallelum from the Hardeberga
Sandstone of Sweden and argued that this unit was
early Cambrian based on Seilacher’s work; and Daily
(1972) acknowledged the worldwide distribution
and the significance of Diplocraterion, Cruziana, and
Rusophycus as indicators of lower Cambrian strata,
supporting the view of Seilacher.

As a follow-up to a symposium organized by the
Working Group on the Precambrian-Cambrian
boundary of the Subcommission on Cambrian
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Stratigraphy held in Montreal in 1972 (Cowie &
Glaessner 1975), Alpert (1977) refined the scheme of
Seilacher (1956). Alpert’s study was based on material
collected in the White-Inyo Mountains of California
(USA) and was then extended to other stratigraphic
units hosting records of the Precambrian-Cambrian
boundary interval. Alpert (1977) identified three
groups of trace fossils (Fig. 60) (see also Ekdale et al.
1984): (1) an assemblage known only from the late
Precambrian, comprising Archaeichnium Glaessner,
Bunyerichnus Glaessner, and Buchholzbrunnichnus
Germs; (2) an assemblage not useful in delineat-
ing the basal Cambrian boundary (according to
Alpert), comprising Curvolithus, Didymaulichnus,
Helminthoidichnites, Planolites, Scolicia, Skolithos,
Torrowangea, and other forms kept in open nomen-
clature (the latter are not represented in Fig. 60);
and (3) a more diverse assemblage indicative of early
Cambrian age, including dwelling burrows (e.g.
Bergaueria, Diplocraterion), feeding burrows (e.g.
Phycodes, Teichichnus), horizontal trails or burrows
(e.g. Cochlichnus, Psammichnites), and arthropod
trace fossils (e.g. Cruziana, Rusophycus). Importantly,
Alpert (1977) advocated that the base of the Cambrian
should be placed well below the oldest report of trilo-
bites, at the first appearance of arthropod trace fos-
sils. This suggestion followed previous statements
by Bergstrom (1970) and Daily (1972). Byers (1982)
argued that, although Alpert’s scheme provided a
clear picture of trace-fossil diversity and complexity
of the basal Cambrian, it did not address the issue of
small shelly fossils and their stratigraphic correlation
with trace fossils. Nevertheless, Alpert’s model gained
support, and the use of trace fossils as biostratigraphic
markers of the basal Cambrian started to be applied
more regularly in other sections worldwide (e.g.
Fedonkin 1977, 1981; Nowlan et al. 1985; Pacze$na
1986). Brasier (1982, fig. 3b) also used Alpert’s work to
design a curve tracking trace-fossil diversity through
the Precambrian—-Cambrian boundary interval and
to draw more general conclusions on the Cambrian
radiation of animals.

In a seminal paper, Crimes (1987) extensively
reviewed the literature on Ediacaran and early
Cambrian trace fossils recovered below trilobites.
Focussing on their first appearance datum, Crimes
erected three ichnostratigraphic zones (Fig. 60): (1)
an upper Ediacaran Zone I, with mostly horizon-
tal structures (e.g. Cochlichnus, Didymaulichnus,
Gordia, Harlaniella); (2) a lower Cambrian Zone
II, with more complex trace fossils (Phycodes,
Teichichnus, Treptichnus) and Bergaueria; and (3)
a lower Cambrian Zone III, with arthropod trace
fossils  (Cruziana, Diplichnites, Dimorphichnus,
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Fig. 60. Summary of trace-fossil biozonation schemes across the Precambrian-Cambrian boundary interval below the oldest record of
trilobites that were based on worldwide datasets. Of Alpert (1977) and Crimes (1987, 1992a, 1994), only the most pertinent trace fossils
per biozone as mentioned in the text were included here. Other ichnostratigraphic models (e.g. Narbonne et al. 1987; Walter et al. 1989;
MacNaughton & Narbonne 1999; Carbone & Narbonne 2014) are regional rather than global and are not included in this summary, for

the sake of simplicity. Abbreviations: FAD, first appearance datum;
Archaeonassa; Buchholzbrunni., Buchholzbrunnichnus; C.
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Precam, Precambrian; s. b./simple b., simple burrows; Archaeonass.,
Cruziana tenella; Helminth./Helminthoidich./Helminthoidichni.,

Helminthoidichnites; Monomorphichn., Monomorphichnus; Palaeopascich./Palaeopascichnu., Palaeopascichnus; R. aval./Rusophy. avalonen-
sis, Rusophycus avalonensis; Taphrhel.| Taphrhelminthop., Taphrhelminthopsis; and T. pedum, Treptichnus pedum.

Rusophycus), large horizontal trace fossils (Plagiogmus
Roedel, Taphrhelminthopsis), and vertical forms
(Astropolichnus, Diplocraterion). 'This trace-fos-
sil scheme aided in the definition of the Cambrian
Global Stratotype Section and Point at Fortune Head
and was followed in subsequent studies (Narbonne et
al. 1987; Walter et al. 1989; Bergstrom 1990). Later,
Crimes (1989, 1992a, b, 1994) refined his model
(Fig. 60). However, Crimes (1992a) placed in his
Ediacaran Zone I many trace fossils (Arenicolites,
Lockeia James, Monocraterion, Monomorphichnus,
Nereites, Skolithos) that are today considered diagnos-
tic of the Cambrian (Mangano & Buatois 2020). In
addition, a Zone II in Crimes (1992a) with Gyrolithes,
Teichichnus, and Treptichnus, displaying more verti-
cal and complex behaviours, was considered Vendian

(i.e. latest Ediacaran) (Fig. 60). In Crimes (1994), the
Ediacaran was for the first time subdivided into three
ichnozones (Zones 0, IA, IB), and Phycodes pedum
and Teichichnus were placed de novo in the lower
Cambrian (Fig. 60).

Focussing on datasets from the Mackenzie
Mountains (western Canada), MacNaughton &
Narbonne (1999) compared their regional trace-fos-
sil biozonation scheme with the type section of the
Cambrian at Fortune Head. Notably, they erected
a novel Cruziana tenella ichnozone following the
Fortunian Rusophycus avalonsensis ichnozone
previously described by Narbonne et al. (1987).
This work led Jensen (2003) to update and sim-
plify greatly the global ichnostratographic scheme
of the Precambrian-Cambrian boundary interval
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(Fig. 60). The critical review of Ediacaran fossils by
Jensen (2003) aided in the definition of three late
Neoproterozoic zones that did not include structures
misinterpreted as trace fossils (see also Jensen et al.
2006). In addition, Jensen (2003) carefully placed
treptichnids as diagnostic features of his Proterozoic
zone III, whereas Treptichnus pedum was considered
diagnostic of the lower Cambrian T. pedum zone along
with vertical burrows (Bergaueria, Gyrolithes). This
scheme was later slightly refined by MacNaughton
(2007), who added a few more typical ichnotaxa in
Ediacaran and Cambrian zones (Fig. 60). Finally, the
most recent ichnostratigraphic scheme was provided
by Buatois & Mangano (2011), who removed the old-
est Ediacaran zone and updated some of the typical
trace fossils for each zone (Fig. 60) (see also Mangano
etal. 2012).

Ichnostratigraphy of the Chapel Island
Formation

Narbonne et al. (1987) proposed an ichnostratigraphic
scheme for the Chapel Island Formation mainly based
on data recovered from Grand Bank Head, Fortune
Head, and Little Dantzic Cove (see also Narbonne &
Myrow 1988). This scheme comprises three biozones
and broadly agrees with the global ichnostratigraphic
model of Crimes (1987). The oldest biozone, the
Harlaniella podolica Zone, encompasses Member 1
and basal Member 2A (up to 2.4 m) and is composed
of Harlaniella podolica and Palaeopascichnus delicatus
of stratigraphic ranges restricted to the Ediacaran, as
well as simple trace fossils Gordia arcuata, G. marina,
Planolites montanus Richter, and P. beverleyensis (iden-
tifications from the original source) that were also
recovered in younger strata. The earliest Cambrian
Phycodes pedum Zone is marked by the appearance of
plug-shaped burrows (Conichnus conicus), elongated
vertical trace fossils (Arenicolites isp., Skolithos annu-
latus), arthropod scratch imprints (Monomorphichnus
ispp.), simple horizontal trails (Helminthopsis tenuis),
large horizontal trace fossils (Curvolithus isp.), simple
open burrows (Palaeophycus tubularis), and complex
three-dimensional burrow systems (Phycodes pedum).
Finally, the Rusophycus avalonensis Zone comprises
the first appearance of Taphrhelminthopsis circularis
133 m above the base of Member 2A, followed by a
variety of trace fossils typical of the Cambrian (e.g.
Bergaueria isp., Cochlichnus isp., Dimorphichnus isp.,
Rusophycus avalonensis, and Teichichnus rectus in the
original source). This dataset was later complemented
by Landing et al. (1988) with detailed sections show-
ing first stratigraphic appearances of trace fossils.
This scheme was later used by Brasier (1992) to infer
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global correlations of strata between Newfoundland,
England, eastern Europe, Siberia, and south China.
Brasier (1992) erected three additional biozones above
the Rusophycus avalonensis Zone, namely a Cruziana
Zone, a Teichichnus Zone, and a Cylindrichnus Zone,
although these have never been supported by detailed
evidence and discussion (see also Brasier et al. 1992).
Finally, MacNaughton & Narbonne (1999) described
a Cruziana tenella Zone in northwestern Canada that
was correlated with strata close to the top of Member
5 in the Chapel Island Formation, although Cruziana
was not recorded in the succession at the time.

The ichnostratigraphic scheme of Narbonne et
al. (1987) can be updated following our taxonomic
revisions and recent observations in the field (Fig.
61). Overall, the scheme is consistent across sec-
tions at Fortune Head, Fortune North, Little Dantzic
Cove, and Point May, but shows departures at Grand
Bank Head and Lewins Cove. Based on a com-
posite stratigraphic column of the Chapel Island
Formation (see Fig. 61, as well as Fig. 65 for detail
on the Ediacaran-Cambrian boundary interval), the
Ediacaran Harlaniella podolica Zone is composed
of simple horizontal trails (Archaeonassa fossulata,
Circulichnis montanus, Helminthoidichnites tenuis)
and very shallow infaunal burrows (Palaeophycus isp.,
Torrowangea rosei, Treptichnus indet.). Preservation
of Treptichnus pedum and Gyrolithes gyratus is rare
and only limited to the uppermost beds (see also
Gougeon et al. 2023). The Treptichnus pedum Ichno-
Assemblage Zone is characterised by a burst in
trace-fossil diversity, notably marked by the appear-
ance of distinctive infaunal burrows (Arenicolites aff.
A. carbonarius, Bergaueria perata, B. cf. B. radiata,
Conichnus conicus, Gyrolithes scintillus, Palaeophycus
tubularis, Saerichnites kutscheri, Treptichnus cor-
onatum, T. pedum, and Trichichnus linearis). At
Fortune Head, arthropod scratch imprints are rare
and only represented by Monomorphichnus indet.
(data from Narbonne et al. 1987, see Fig. 65) and
Monomorphichnus bilinearis. The Rusophycus ava-
lonensis  Ichno-Assemblage Zone demonstrates
the appearance of various other arthropod scratch
imprints (cf. Allocotichnus dyeri, Dimorphichnus isp.
A, Dimorphichnus isp. B, Monomorphichnus lineatus,
M. needleiunm, Rusophycus avalonensis, Rusophycus
dabardae, Rusophycus isp.) and trace fossils made
by sediment bulldozers (Curvolithus multiplex, C.
simplex, Curvolithus isp., Didymaulichnus mietten-
sis, Psammichnites gigas circularis, P. cf. P. salten-
sis). The Cruziana tenella Ichno-Assemblage Zone,
as described and correlated to the Chapel Island
Formation by MacNaughton & Narbonne (1999), has
not been recorded in our study (but see below).



151

Ichnology of the Ediacaran-Cambrian Chapel Island Formation

FOSSILS AND STRATA

‘uayoxds yim moxing padeys-( [edn)1aA s ‘M 'q padeys-[ "9A pue 10212 v1jassoy ‘v30a4a 0y <dst uoaw.10di(T s
“1(73 2ye1awo[uod 9§D uospues paureIs-asIeod £I94/-951800 ‘PIUTEIS-WNIPIU ‘PIUTEIS-oUL/-Ul AI9A DQUOISPULS DA/D ‘W J/JA QUOISIUWI] ST DUOISPNIU WNIPIW PUE UL ‘DUOISPNW UI pUE
J ‘uonjeurtog pueys] [pdeyD oy} Jo G 03 T SISQUIAIA ‘I 0} TIAl SUBIEIRIPY “BIPF :SUONEIAdIQQY "eXejoutydl jo uonisod oryderdnens pue Arredsipouydpr pue Ajsroarpout)r {(qg) yidop moring
WNWIKeU (M) YIPIM MOIING WNWIXew ([gdg) Xopur uoneqinjoiq suefd Jurppaq wnwixew {(1g) Xopul UOI}BQINIOIq WNWIXLW (SI2)ouI uT o[eds) So[ ATejuawurpas ‘roquiaur a8e (Taquiour
£12A3 10§ papaoid) axnsodxa doxdyno Jo adA) ;Y31 03 o[ WO 'SUONIAS (G—¢ SIIQUISAT) SA0D) JIZJUe(] (NI PUE (7 PUL T SISQUIAIA) PedH 2unjiog (T I2qUISA) PedH JYueq pueIs) Uo paseq
ST IR "G9 2InSI] UI PUNOJ 9q UED [BAIIUT AIepunoq UeLIqUIE)—UeIedRIPH ) UO [[B}op Y "uoneurio] pues] [pdeyD oy woij sjasejep [1ssoj-aoe1) jo Arewrumns pue AyderSnensouyd] ‘19 8

auolspues
JA/> J/JN BUOISPNIN

€ vz 9L 8 0 Xell  1g xew
fusionpouypy M8 T g B[ W STW

e 4e e | 0

auoz bajjopod pjjaiuplpH

gaau
i

|
|
|
|
|
|
|
|
|
=l
|
|

0oL

et
fofons

RARRRRARE|

RRRRRRE

—
4
VW

ZY| sisuauo|pAp snafydosny EEREEESSEREE: sH

H
|
|
|

FHEH
et
I

|
|
|
H
|
e
EREREREE:

=t
|

FHH

00€

feniele)
I
o
e
I
FHH
femifenfejfenfenilee}

00Y
acn

RS ARRARE R R

f
e

=t
fonjen)
=t

==t

fems}
I
1
b
005

SR ARARE

|
R R R R R R R AR R AR AR R AR AR AR A AR R AR A RARAR AR

P
el
AR R RARARARE

YW |

=t
P

=1

q
Q

|
|

|
F

SW

U
(s
S804 @

%@v oW @ o& 69%& oioi %m %vzfoo%&%? /owv

i
4

4076 i%?ﬁ Amfo, 0 o&& /s«/gou %&%vv /@,«/ yfo%\v %0@@ az 02 /a/y IR\ /oo

oﬁnw,,./ﬂw %&m&ﬂ%ﬁ%&m&?&%&m@% M///%,oo%/ zww %,/ ,y N ,ywvo/wvo ,o,ov %z o% y% %ocv %c%%oa%w N %/ o%sawogf%% cw ,w,n. é e% og% &w% % o, %V ma%%%s
M A e B S S
5 w,%/ow& % w/wa » ,,m ¢ o o %,/o? ,owm o& + 29 e s ao/% %/ w %z of w@, O

o cv%,, . <% 26/ ? Y oW



152 Romain Gougeon et al.

At Grand Bank Head and Lewin’s Cove, some
inconsistencies exist with the archetypal scheme
observed at Fortune Head. The main issue results
from the record of Cruziana problematica close
to the base of the Rusophycus avalonensis Ichno-
Assemblage Zone. Cruziana problematica is a syn-
onym of C. tenella (see Cruziana section, p. 68)
that was used as the index fossil defining the C.
tenella Ichno-Assemblage Zone (MacNaughton &
Narbonne 1999). The presence of Cruziana prob-
lematica in the Rusophycus avalonensis Ichno-
Assemblage Zone is not surprising, as arthropod
trace fossils become abundant in this stratigraphic
interval. Cruziana problematica is a simple form
of Cruziana without some of the complex ‘fin-
gerprints’ displayed by other Cruziana (Seilacher
1970, 1994), and is typically recorded without any
scratch imprints preserved at all (e.g. Mangano et
al. 2002b; Kesidis et al. 2019a). Therefore, we sug-
gest that Cruziana problematica (or C. tenella) is not
used as index fossil, but instead that C. strommnessi
Trewin, the ichnotaxon that was actually used by
MacNaughton & Narbonne (1999, fig. 5) to delineate
the base of that Ichno-Assemblage Zone and which
shows more distinct and complex scratch imprints
(Trewin 1976), becomes the name bearer for the
Cruziana stromnessi Ichno-Assemblage Zone.

Grand Bank Head shows a variety of arthropod
scratch imprints (Monomorphichnus bilinearis, M. lin-
eatus, Monomorphichnus isp., and cf. Dimorphichnus
isp.) on perfectly exposed bed bases within the
Treptichnus pedum Ichno-Assemblage Zone (Fig. 57).
This record would represent the oldest evidence of
stem-group euarthropod and is significantly below
the second diversification of arthropod trace fos-
sils observed in the Rusophycus avalonensis Ichno-
Assemblage Zone (see Discussion, p. 166).

Lewins Cove shows low stratigraphic occur-
rences of Curvolithus simplex and Psammichnites
gigas circularis below red beds (Fig. 59B) that could
be considered coeval strata to intertidal red beds of
Fortune Head found within Member 2A (Fig. 56).
However, the red beds at Lewin’s Cove only show
oscillatory-flow and unidirectional current actions
(i.e. hummocky cross-stratification and current-rip-
ple cross-lamination, respectively) that do not
exactly fit with the tidal origin of supposed red bed
equivalents at Fortune Head (see Facies Al, A2, A3
sections, p. 16, and Myrow 1987). In addition, the
section at Lewin’s Cove is composed of many covered
intervals (Fig. 59B and Gougeon et al. 2023) that are
problematic because the stratal continuity and com-
pleteness of the section still remains to be demon-
strated. Therefore, the interpretation of ecological
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and evolutionary implications of the low occurrence
of Curvolithus and Psammichnites at Lewin’s Cove
are limited.

Evolutionary significance

Palaeoecological implications

In ichnology, tiering corresponds to the vertical par-
titioning of trace fossils within the substrate because
of physical, chemical, and biological factors (Bromley
& Ekdale 1986; Bromley 1996). The Chapel Island
Formation hosts records of both relict and mod-
ern-style seafloors that can be broadly subdivided into
three stratigraphic intervals: (1) a matground-domi-
nated ecology of Ediacaran age; (2) a matground/
firmground-dominated ecology of Fortunian age; and
(3) a mixground-dominated ecology of Cambrian
Age 2. These intervals depict a first stage of body-plan
diversification at the base of the Fortunian, followed
by a second stage of ecological re-structuring around
the Fortunian-Cambrian Age 2 transition (Mangano
& Buatois 2014, 2020; Gougeon et al. 2018a, 2025a).

During the Ediacaran, organism-substrate inter-
actions in the Chapel Island Formation correspond
to a matground ecology typifying the Harlaniella
podolica Zone (Figs 56, 57, 58B, C, 61, 62). Trace
fossils are rare and mostly surficial (Archaeonassa
fossulata, Circulichnis montanus, Helminthoidichnites
tenuis) or of very shallow-tier (Palaeophycus tubula-
ris, Torrowangea rosei, Treptichnus indet.). Vertical
bioturbation is negligible (BI = 0-1). Surficial biotur-
bation is low (BPBI = 1-2) and is restricted to local
areas. The small width (0.1-0.2 cm) and negligeable
depth of burrows (down to 0.2 cm) concur with low
bioturbation intensities. Latest Ediacaran strata at
Fortune Head (i.e. basal 2.4 m of Member 2) corre-
spond to a transitional ecological step, with the first
instances of distinct vertical disruption of sediment
(Gyrolithes gyratus, Treptichnus pedum) in association
with a simple horizontal trail (Helminthopsis tenuis)
and slight increases in bioturbation intensities (BI
=1, BPBI = 1-3). In this interval, overall trace-fossil
diversity remains low (n = 3), further supporting the
current understanding on trace-fossil biozonation in
the Chapel Island Formation (Gougeon et al. 2023).
Outcrop bias on trace-fossil datasets is negligeable,
as both Grand Bank Head and Fortune Head, where
most of the Ediacaran strata come from, are stepped
sections (sensu Shillito & Davies 2020 and Shillito &
Gougeon 2023) that display bed bases, bed tops, and
vertical sections, with good lateral extensions of beds
(Fig. 5; Gougeon et al. 2023).
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A matground/firmground-dominated ecology was
established during most of the Fortunian and has a
stratigraphic range from the base of the Treptichnus
pedum Ichno-Assemblage Zone to ca. 20 m below the
top of Member 3 (Figs 56-59, 61, 62). This interval
is marked by a sharp increase in trace-fossil diversity
and the appearance of more complex tiering patterns.
Surficial trails (Archaeonassa fossulata, Circulichnis
montanus, C. ligusticus, Cochlichnus anguineus, C.
luguanensis, Gordia marina, Helminthoidichnites
tenuis, Helminthopsis abeli, H. hieroglyphica, and H.
tenuis) are more diverse and demonstrate the per-
sistence of a matground ecology within the earliest
Cambrian (Buatois et al. 2014). In addition, scratch
imprints (cf. Allocotichnus dyeri, Dimorphichnus isp.
A, Dimorphichnus isp. B, Monomorphichnus biline-
aris, M. lineatus, M. needleiunm, Monomorphichnus
isp., Rusophycus avalonensis, Rusophycus dabardae,
and Rusophycus isp.) represent surficial to very shal-
low-tier trace fossils made by arthropods first appear-
ing within the Treptichnus pedum Ichno-Assemblage
Zone, and later diversifying around the base of the
Rusophycus avalonensis Ichno-Assemblage Zone (see
Discussion, p. 166). In addition to surficial trace fossils,
the firmground-dominated interval displays a burst
in infaunal behaviours. Shallow-tier (Bergaueria per-
ata, B. cf. B. radiata, Conichnus conicus, Palaeophycus
tubularis) and mid-tier burrows (Gyrolithes gyratus,
G. scintillus) reflect colonisation deeper into the sub-
strate. Mid-tier Teichichnus rectus appears in abun-
dance in red beds of basal Member 2B and is mostly
restricted to a ca. 10 m interval that can be traced
across sections at Fortune Head, Grand Bank Head,
and Point May. Although Trichichnus linearis was
recorded as penetrating as deep as 2.14 m in modern
sediments (Weaver & Schultheiss 1983), Chapel Island
Formation specimens only range down to 4.1 cm deep
and T. linearis is therefore considered a mid-tier trace
fossil herein. Larger, shallow-tier horizontal burrows
(Curvolithus multiplex, C. simplex, Curvolithus isp.,
Didymaulichnus miettensis, Psammichnites gigas cir-
cularis, and P, cf. P. saltensis) represent the early set-
tlement of sediment bulldozers mainly responsible
for bioturbation of increased sediment volumes (BI =
1-4). Still, the substrate remained firm enough to pre-
serve discrete burrows that did not completely disrupt
the sedimentary fabric. Bedding plane bioturbation is
highly variable (BPBI = 1-5) and fluctuates depending
on environmental conditions (see next section).

A mixground-dominated ecology developed on the
seafloor from ca. 20 m below the top of Member 3 up
to the top of Member 5 (Figs 57, 58, 594, 61, 62). Large
shallow-tier burrows are common (Curvolithus sim-
plex, Didymaulichnus miettensis, Psammichnites gigas
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circularis) and were made by organisms processing
increased volumes of sediment. Hence, bioturbation
intensities reach their highest values (BI = 4-6, BPBI =
4-5) suggesting that a modern-style sediment mixed
layer was already emplaced (Gougeon et al. 2018a,
2025a). Surficial and shallow-tier trace fossils are barely
preserved due to taphonomic controls and the soupy
nature of the shallowest sediments. Mid-tier burrows
emplaced deeper within the transitional layer (Berger et
al. 1979; Savrda 2007) are discrete (Teichichnus rectus),
typically overprinting a mottled fabric, and can encom-
pass diagenetic processes that resulted in their pyritiza-
tion (Trichichnus linearis). Finally, deeper tier structures
are evidenced by the appearance of vertical structures
made by detritus and suspension feeders (Arenicolites
isp., ¢Diplocraterion isp., Rosselia erecta, and Rosselia
isp.) in the uppermost strata of Cambrian Age 2.

Environmental versus evolutionary controls

Assessing the influence of environmental controls
on trace-fossil distribution across the Ediacaran-
Cambrian boundary interval is instrumental to
decipher early animal evolution (MacNaughton &
Narbonne 1999; Shahkarami et al. 2017b; Gougeon
et al. 2023, 2025a). In this study, we report fourteen
sedimentary facies that correspond to deposition
across intertidal and shallow-marine environments
on the continental shelf. The sedimentary profile of
the Chapel Island Formation is therefore composed of
several subenvironments that are arranged as follow
(Fig. 62, from proximal to distal deposits): (1) inter-
tidal mud-flat (Facies Al); (2) intertidal mixed-flat
(Facies A2); (3) intertidal sand-flat (Facies A3); (4)
tide-dominated or -influenced embayment (Facies
A4); (5) shallow-marine middle shoreface (Facies
B1); (6) shallow-marine lower shoreface (Facies B2);
(7) shallow-marine offshore transition (Facies C1);
(8) shallow-marine upper offshore (Facies C2); (9)
shallow-marine lower offshore (Facies C3); and (10)
shelf (Facies D1, D2, and D3). In addition, carbonate
beds found within Member 4 are less well-constrained
spatially and correspond to shallow subtidal (Facies
El) and intertidal (Facies E2) settings. Shallow sub-
tidal sediments are deposited above fair-weather
wave base and are the lateral equivalent of the shore-
face under wave-dominated conditions (Desjardins
et al. 2010a, 2012). A time-environment matrix can
be built after identification of stratigraphic units that
are well-constrained using marker beds and mem-
ber limits, and represent time intervals (Fig. 62).
Due to the presence of offshore deposits in the lat-
est Ediacaran and their importance in understand-
ing the Ediacaran—-Cambrian boundary interval, an
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Fig. 62. Environmental controls on trace-fossil distribution, bioturbation intensities, tiering, and mixed layer development. Based on data
from Grand Bank Head (lower Member 1), Fortune Head (upper Member 1 and Member 2), and Little Dantzic Cove (Members 3 to 5). For
details on the Ediacaran—Cambrian boundary interval (i.e. Member 1 to basal Member 2A), see Figure 65 and figure 6 in Gougeon et al.
(2023). Abbreviations: basalm., basalmost; BI, bioturbation index; BPBI, bedding plane bioturbation index; M1 to M5, Members 1 to 5 of

the Chapel Island Formation; and u., upper shoreface.

additional uppermost Ediacaran time slice is added to
the scheme (basal 2.4 m of Member 2 at Fortune Head,
Fig. 62). This time-environment matrix allows track-
ing changes in bioturbation intensities, trace-fossil
diversity, and tiering development through time and
space (Fig. 62).

Several observations on environmental controls
and evolutionary trends can be extracted from the
time-environment matrix (Fig. 62). In intertidal set-
tings, data from siliciclastic sedimentology is only
available from two time slices but permit compar-
ison between Ediacaran and Fortunian palaeoeco-
logy. Bioturbation intensities are in both cases low
(BI = 0-1, BPBI = 1-2). Trace-fossil diversity is low
as well. The limited colonisation of the intertidal
area is explained by the variety of environmental
stresses that characterise these settings, notably
with salinity fluctuations and subaerial exposures
affecting the physiology of soft-bodied organisms
(Reise 1985; Mangano et al. 2002b). Treptichnus

pedum is recorded in Fortunian mud-flat, which
supports the idea that its tracemaker was euryhaline
with a broad environmental tolerance, and it high-
lights the biostratigraphic soundness of this ichno-
taxon (Buatois et al. 2013; Buatois 2018; Gougeon et
al. 2023, 2025a). In shallow-marine environments,
the dataset is more complete spatially and through
time. Open marine environments are character-
ised by good oxygenation and food supply and low
environmental stresses for organisms and represent
ideal settings to track evolutionary changes. The
Cambrian Global Stratotype Section and Point is
located within a monofacial interval of open marine
sedimentary beds without facies breaks, which were
prerequisite conditions for its selection (Cowie et al.
1986; Remane et al. 1996). The base of the Fortunian
is characterised by an increase in bioturbation
intensities (BI = 0-2, BPBI = 1-3) and trace-fossil
diversity in offshore transition to shelf subenviron-
ments, supporting the idea that the birthplace of
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behavioural evolutionary innovations is in offshore
environments (Mdngano & Buatois 2016; Buatois
et al. 2020). Slightly higher in the Fortunian (i..
the upper interval in Member 2A), trace fossils
of the Rusophycus avalonensis Ichno-Assemblage
Zone highlight the presence of arthropods (e.g.
Monomorphichnus lineatus, Rusophycus avalon-
ensis) and sediment bulldozers (e.g. Curvolithus
simplex, Psammichnites gigas circularis) in lower
shoreface to shelf settings. The time-environment
matrix demonstrates that ichnodiversity remained
high from the base to the middle of the Fortunian
in lower shoreface to offshore environments, while
data is scarcer on the shelf. The last major innova-
tion depicted in the matrix (Fig. 62) is the increased
seafloor colonisation by the late Fortunian onward,
with the appearance of a sediment mixed layer (see
next section) and mid- (Arenicolites isp., Rosselia
erecta, Rosselia isp., Teichichnus rectus) and deep-
tier (?Diplocraterion isp., Trichichnus isp.) trace fos-
sils that are typical component of modern marine
ichnocoenoses. The development of a mixed layer
is first seen in lower offshore and shelf settings and
is then observed landward, up to the lower shore-
face (Fig. 62), but this trend may reflect the lack of
appropriate facies lower in the succession rather
than a true evolutionary signal (see also Gougeon
et al. 2025a).

Mixed layer development

The sediment mixed layer is a zone of fully homog-
enized sediment resulting from intense bioturbation
(Berger & Heath 1968; Berger et al. 1979). As a result
of biological churning, burrow outlines are not visi-
ble, and sediment becomes softer with an increased
water content (Berger et al. 1979; Ekdale et al. 1984).
The mixed layer has been the focus of many studies
because the few centimeters below the sediment-wa-
ter interface host intense micro- and macro-biologi-
cal interactions affecting the chemistry and physical
properties of sediment (e.g. Aller 1978, 1982; Rhoads
& Boyer 1982; Jones et al. 1994; Solan & Wigham
2005; Mermillod-Blondin & Rosenberg 2006; van de
Velde & Meysman 2016; Riemer et al. 2023). Below
the mixed layer, a zone made of compacted sediment
delimits the transition layer (Berger et al. 1979; Savrda
& Ozalas 1993). In that interval, discrete burrows and
elite trace fossils (sensu Bromley 1996) form distinctive
biogenic structures of maximum color contrast and
sharp outlines that are more prone to be preserved in
the geological record (Berger et al. 1979; Savrda et al.
1991). Lower bioturbation intensities in the transition
layer result from the higher energetic costs required
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by organisms to burrow deeper (Jumars & Wheatcroft
1989), or simply from the lower oxygen supply and
higher sulfide content characterising those sediments
(Diaz & Rosenberg 1995; Glud 2008; D'Hondt et al.
2015). Below the reach of the deepest burrowers, the
historical layer corresponds to relicts of previously
established mixed and transition layers that can cross
the fossilization barrier and be preserved in the geo-
logical record (Berger et al. 1979; Savrda et al. 1991;
Savrda 2007).

Estimates on the mean depth of the sediment
mixed layer (L) are debated and greatly vary depend-
ing on environmental and biological controls (Trauth
et al. 1997; Teal et al. 2008; Solan et al. 2019; Song
et al. 2022; Zhang et al. 2024; Buatois et al. 2025).
Boudreau (1994) first suggested that L = 9.8 £ 4.5
cm (with a dataset composed of n = 200+ records),
based on tracer data compiled from the literature and
covering marginal-, shallow-, and deep-marine sed-
iments (see also Boudreau 1998). Boudreau (1994)
notably called the attention on the fact that the mixing
depth does not correspond to the maximum depth of
an individual burrow, but instead to the thickness of
the zone that is most thoroughly mixed biologically.
That zone can be difficult to delineate either on tracer
profiles or on box core photographs because the con-
tact between mixed and transition layers can be grad-
ual (i.e. with a ‘mixed layer transition’ interval sensu
Berger et al. 1979 being more developed). In addi-
tion, Boudreau (1994) emphasized the limits related
to the use of different tracers, with short-lived versus
long-lived tracers giving different mixing depth val-
ues (see also Teal et al. 2008). The mixing depth value
calculated by Boudreau (1994) was later contested.
Trauth et al. (1997) noted that below 2500 m of water
depth, the mixed layer depth correlates positively with
organic carbon flux (see also Smith 1992 and Smith
& Rabouille 2002; but see Miguez-Salas et al. 2024).
Under eutrophic conditions, organic loading and oxy-
gen stress result in lower abundance, size, and burrow-
ing depth of the macrobenthos (Pearson & Rosenberg
1978; Diaz & Rosenberg 1995; Smith & Rabouille
2002). The species diversity, size of burrowing organ-
isms, and composition of the macrobenthos also have
impacts on burrowing intensities and the depth of the
mixed layer (Thayer 1983; Smith & Rabouille 2002;
Solan et al. 2004; Morys et al. 2016). Teal et al. (2008)
also emphasized the role of seasons, water depths, and
local, regional, and global disparities on mixed layer
depths. Notably, Teal et al. (2008) recorded strong dis-
crepancies between their Temperate South America
(L = 6.4 £ 2.7 cm) and their Temperate Domain (L =
0.8 £ 1.8 cm). Teal et al. (2008) therefore expanded the
database of Boudreau and estimated that L = 5.75 +
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5.67 cm (n = 791) in marine environments and noted
the lack of data in certain areas and the inconsistency
of information provided in the literature (see also Teal
et al. 2010). Recently, Zhang et al. (2024) updated
these values and gave a range for L of 3.8-9.0 cm for
the global ocean (n = 505), with the lower value rep-
resenting the 25" percentile and the higher value the
75% percentile. These authors noted the similarities
in L values for shallow- (L = 3.6-11.0 cm) and deep-
marine (L = 3.8-8.0 cm) environments.

Different hypotheses have been proposed regard-
ing the first appearance and thickness variation of
the sediment mixed layer in the geological record.
A pioneer work by Ausich & Bottjer (1982) tracked
infaunal tiering in shallow-marine environments
through the Phanerozoic and suggested that from
the Cambrian to the Devonian, organisms colonised
the first 6 cm of the sediment solely, until several
groups of bivalves extended their burrowing depth
down to 12 cm from the Devonian to the Permian
(see also Bottjer & Ausich 1986). This led to some
controversies as other authors recorded dense biotur-
bation 20 cm deep (Miller & Byers 1984) or deep-
tier Thalassinoides (Sheehan & Schiefelbein 1984) in
lower Palaeozoic strata. These early debates, however,
did not deal with the development of the sediment
mixed layer per se, as they were mostly focussed on
the tiering structure and maximum depth of burrows
rather than the appearance of biogenically churned
sediments. Subsequently, Droser & Bottjer (1988)
suggested that a significant increase in the depth of
bioturbation took place at the Cambrian Stage 3 in
shallow-marine carbonate offshore settings, in con-
junction with a diversification of metazoans possess-
ing skeletons (see also Bottjer & Droser 1994 and
Droser & Li 1999). Seilacher & Pfliiger (1994) pro-
posed that mixgrounds - as opposed to matgrounds
of the Ediacaran - first appeared at the beginning
of the Cambrian with the advent of infaunal deposit
feeding (see also Seilacher 1999). However, neither a
definition of what mixground meant (i.e. massively
bioturbated beds as suggested in the text, or deeper,
local burrowing as suggested by Seilacher & Pfliiger
1994, fig. 2), nor an actual thickness of those mix-
grounds, were provided. Later, Mingano & Buatois
(2014) suggested that maximum bioturbation intensi-
ties (i.e. BI = 6) appeared at the base of the Cambrian
Stage 2 in offshore settings following a first step in
animal behaviour diversification at the start of the
Fortunian (see also Mangano & Buatois 2016, 2017,
2020). This conclusion was based on a literature
search (60%), on material studied in museum collec-
tions (20%), and on direct observations in the field
(20%), in a review of 369 stratigraphic units deposited
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in continental, marginal-, shallow-, and deep-marine
settings. Tarhan et al. (2015), however, suggested that
a sediment mixed layer similar to modern seafloors
did not appear at least until the end of the Silurian
(see also Tarhan & Droser 2014, Tarhan et al. 2014,
and Tarhan 2018). This conclusion was based on sed-
imentological and ichnological field observations of
22 stratigraphic units displaying heterolithic bedding
deposited in shallow-marine offshore settings and was
focussed on six proxies: (1) bedding thickness; (2) fab-
ric disruption; (3) depth of bioturbation; (4) bioglyph
preservation; (5) palaeobiological and palaeoecolog-
ical complexity; and (6) physical sedimentary struc-
tures (see Tarhan ef al. 2015 for further explanations).
However, this latter approach presents conceptual
and methodological flaws that were already discussed
at length in Mangano & Buatois (2016, 2017, 2020),
Gougeon et al. (2018a), and Gougeon (2023).
Tracking the mixed layer in deep time should
be done on a broad range of depositional settings,
at the finest scale possible (i.e. by comparing sub-
environments). Modern mixed layers can develop
in continental, marginal-marine, shallow-marine,
and deep-marine settings, with highly variable mix-
ing depths (Boudreau 1994; Teal et al. 2008; Solan
et al. 2019), and this was also the case in deep time
(Méngano & Buatois 2016; Ichaso et al. 2022; Ahmad
et al. 2024). In the Chapel Island Formation, thick
and homogeneous intervals of sediment comparable
to a mixed layer texture are observed from the upper-
most Fortunian to Cambrian Stage 2, first in shelf and
lower offshore (Members 3 and 4), and later in upper
offshore, offshore transition, and lower shoreface as
well (Fig. 62 and Gougeon et al. 2025a). Polished
samples were presented in Gougeon et al. (2018a) and
support these conclusions by showing that mid- and
deep-tier trace fossils emplaced in a transition layer,
notably Teichichnus rectus, cross-cut undifferentiated
mottling typifying previously buried mixed layers.
In addition, thin sections from upper Fortunian and
Cambrian Age 2 lower offshore and shelf evidence
the poor sorting of fine, medium, and coarse mud-
stone grains as a result of biomixing (Figs 17, 63). A
mixed layer is also evidenced in offshore tempestites
of Member 5 (Fig. 64). There, fine-grained sandstone
beds commonly display parallel lamination with
sharp erosive bases. Their bed tops are diffuse and
irregular in shape, and are followed by a thick inter-
val of structureless, homogeneous sandy mudstone
sediment. A key feature is the presence of mid-tier
Teichichnus rectus and shallow-tier Palaeophycus
tubularis burrows emplaced within the sandstone
tempestite, demonstrating that the above homogene-
ous interval was, at some point in time, fully churned
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and soupy. In thin section, thick sandy mudstone
intervals are poorly sorted and reminiscent of inter-
vals observed within Members 3 and 4 where mot-
tling was identified from field observations, polished
samples, and thin section analyses. In places, sand-
stone-filled Palaeophycus tubularis burrows were also
recovered within the upper part of sandy mudstone
intervals. These observations closely follow the idea
advocated by Savrda (2007) that states that increased
color contrast (light-colored fine-grained sandstone
versus dark-colored sandy mudstone) demonstrates
alternation in sediment deposition preserving shal-
low mixed layers that are later crosscut by deeper
burrows of the transitional layer filled with sediment
of a different composition and experiencing different
diagenetic histories. These observations provide fur-
ther support to the appearance of a sediment mixed
layer early in the Phanerozoic, close to the base of the
Cambrian Stage 2 (Mangano & Buatois 2014, 2016,
2017, 2020; Gougeon et al. 2018a, 2025a).

The role of Psammichnites gigas circularis and
other sediment bulldozers in the improvement in
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overall sediment mixing was recognised early by
Seilacher (1997b). Thayer (1979, 1983) noted that
large deposit-feeders occurring in dense popu-
lations would have been more prone to process
increased volumes of sediment and would have had
a negative impact on immobile suspension-feeders.
Organisms responsible for sediment bulldozing are
recognised in the early Cambrian trace-fossil record
as Curvolithus, Didymaulichnus, and Psammichnites
(Droser et al. 1999; Mangano & Buatois 2017, 2020).
In the Chapel Island Formation, the three ichnotaxa
appear within the Rusophycus avalonensis Ichno-
Assemblage Zone: (1) Curvolithus simplex is first
recorded 123.2 m above the base of Member 2 at
Fortune Head, first noted in offshore transition and
upper offshore and later appearing in lower offshore
as well (Fig. 62); (2) Didymaulichnus miettensis is
first recorded 244.5 m above the base of Member 2
at Fortune Head in offshore transition and upper
offshore; and (3) Psammichnites gigas circularis is
first recorded 152.7 m above the base of Member 2
at Fortune Head, first in lower shoreface, upper

A

Fig. 63. Mixed layer development in lower offshore of Member 3. Scale bars are 1 cm. A, Polished sample from Little Dantzic Cove (LDC
95.7). Note remnant lamination crosscut by burrows with sharp burrow margins (arrows). B, Thin section of the same sample. Note abun-
dant Teichichnus rectus. C, Interpretative sketch of Figure 63B, highlighting: (1) well-preserved patches of undisrupted mudstone at the base
(dark red) with remnant lamination, in places crosscut by discrete Teichichnus rectus (i.e. transitional layer); and (2) homogenized mudstone
and sandstone at center and top (i.e. mixed layer). Bioturbation index is indicated on the right.
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Fig. 64. Mixed layer development in offshore transition of Member 5. Scale bar is 5 cm. A, Field photograph of heterolithic fine-grained
sandstone (yellow) and sandy mudstone (dark grey). B, Interpretative sketch of Figure 64A, highlighting diffuse tops and burrows with
sharp margins. Bioturbation index is indicated on the right. C-F, Taphonomic pathway explaining Figure 64A. A period of weak energetic
conditions allows mud deposition and intense biogenic reworking by deposit feeders, resulting in the development of a homogeneous
mixed layer (C). A storm deposit (sandy tempestite with hummocky cross-stratification) prevents biogenic activity (D). The return to calm
conditions provides a window for re-colonization of the seafloor (E). With the continuous settlement of mud on the seafloor by suspension
fallout highlighting calm conditions, deposit feeders were able to totally disrupt both the shallowest mud blanket and the deeper sand layer
(F). Note that a shallow mixed layer is capping a deeper transitional layer hosting sharp-walled burrows in F.
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offshore, and lower offshore, and later expanding into
offshore transition and shelf (Fig. 62). Curvolithus
simplex is 0.5-1.3 cm wide, is moderately common
(about 55 specimens were found in the Chapel Island
Formation) and is recovered in low abundance on
bed surfaces. In Member 5 at Grand Bank Head,
however, some bed bases display moderate abun-
dances of Curvolithus simplex (BPBI = 3). Therefore,
its potential for processing volumetric amounts of
sediment went from low to moderate in the suc-
cession. Didymaulichnus miettensis is 0.2-1.4 cm
wide and is moderately recorded (about 60 speci-
mens were found in the Chapel Island Formation). It
is first recovered in low abundance in Member 2 but
becomes more densely aggregated in Member 5 on
bed surfaces at Grand Bank Head and Fortune North
(BPBI = 4-5) where lower shoreface conditions dom-
inate. Its potential for sediment processing went from
low to moderate in the succession. Psammichnites
gigas circularis is 0.5-4.5 cm wide and is commonly
recorded (about 170 specimens were found in the
Chapel Island Formation). It is first noted in low
to moderate abundance in Member 2 but becomes
very common in Member 3 on bed surfaces at Little
Dantzic Cove (BPBI = 4-5). Therefore, Psammichnites
gigas circularis has a moderate to high potential in
sediment reworking in the succession. All three trace
fossils appeared during the middle Fortunian, as part
of a second phase in animal behaviour diversification
(i.e. in the Rusophycus avalonensis Ichno-Assemblage
Zone). However, only Psammichnites gigas circularis,
with its overall larger size and increased abundance
in the succession, became instrumental in the devel-
opment of mixgrounds during the late Fortunian.
This ichnotaxon is suspected to be one of the main
driving forces in the establishment of a mixed layer by
Cambrian Age 2, as its producer processed increased
volumes of sediment in the shallow-tier, aiding in
the development of an infaunal partitioning of the
substrate by favoring the formation of mid-tier
(Arenicolites isp., Rosselia erecta, Rosselia isp., and
Teichichnus rectus) and deep-tier (?Diplocraterion isp.,
Trichichnus isp.) structures that are commonly found
in Phanerozoic and modern ichnofabrics (cf. Berger
et al. 1979; Ekdale et al. 1984; Savrda et al. 1991).

Discussion

Revision of the Global Stratotype Section and
Point at Fortune Head
Narbonne et al. (1987, fig. 5) provided a summary

of trace-fossil distribution across the Ediacaran-
Cambrian boundary interval at Fortune Head that
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was instrumental in the decision of the International
Union of Geological Sciences and the International
Commission on Stratigraphy on the Cambrian Global
Stratotype Section and Point. This diagram depicted
the appearance of fourteen trace fossils and vendo-
taenid body fossils along a stratigraphical interval ca.
20 m thick. It was frequently reproduced with minor
modifications in later papers following the ratification
of the Global Stratotype Section and Point at Fortune
Head: ?Gyrolithes isp. was added in Landing et al.
(1988); Sabellidites cambriensis was added in Brasier et
al. (1994a); and Helminthoidichnites tenuis was added,
and Phycodes pedum was replaced for Trichophycus
pedum, in Landing & Westrop (1998). Gehling et al.
(2001, fig. 1) updated the diagram by adding informa-
tion from a ca. 12 m-thick interval emplaced below
the section studied in Narbonne et al. (1987), that is
separated by a fault. Some ichnotaxonomic revisions
were implemented: Phycodes pedum was replaced for
Treptichnus (Phycodes) pedum, and Gyrolithes poloni-
cus was recorded. Importantly, Treptichnus pedum was
found 3.11 and 4.41 m below the Global Stratotype
Section and Point, Skolithos annulatus and Gyrolithes
polonicus 2.51 m below the Global Stratotype Section
and Point, and Treptichnus isp. ca. 7, 11, and 13 m
below the Global Stratotype Section and Point. More
recent diagrams covering this stratigraphic interval
(Peng et al. 2012, 2020; Babcock et al. 2014) mainly
resulted from the combination of data coming from
Narbonne et al. (1987) and Gehling et al. (2001).
Landing et al. (2017, fig. 18) offered an alternative ver-
sion of the diagram based on work in progress from
our research group.

We provide here a revision of sedimentological and
ichnological datasets from a 34.1 m interval covering
the Global Stratotype Section and Point at Fortune
Head (Fig. 65). In addition to the stratigraphic posi-
tion of trace fossils, the type of outcrop exposure,
maximum bioturbation index, maximum bedding
plane bioturbation index, maximum burrow width,
maximum burrow depth, ichnodiversity, and ichno-
disparity are plotted (Fig. 65). Taxonomic revisions
are implemented, notably the report of Harlaniella
podolica and Palaeopascichnus delicatus as body fos-
sils which are both restricted to the Ediacaran. Trace-
fossil diversity and disparity increase drastically
over a 14.0 m interval; contrary to ichnodiversity,
the ichnodisparity curve remains mostly stable for
the rest of the Treptichnus pedum Ichno-Assemblage
Zone (see Fig. 56 and Gougeon et al. 2023, fig. 3c).
Another important element of the revised diagram is
the development of slightly higher bioturbation inten-
sities (BI = 2) just above the Global Stratotype Section
and Point, which is typical of the Fortunian and coin-
cides with data from other Chapel Island Formation
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Fig. 65. Detailed distribution of fossils across the Ediacaran-Cambrian boundary interval at Fortune Head. From left to right: type of
outcrop exposure (recorded every 5 m); age; member; sedimentary log (in meters); maximum bioturbation index (BI); maximum bed-
ding plane bioturbation index (BPBI); maximum burrow width (BW); maximum burrow depth (BD); ichnodiversity (i-diversity) and
ichnodisparity (i-disparity); stratigraphic position of body fossils; and stratigraphic position of trace fossils. Abbreviations: Ms, medium
mudstone; vf/f, m, ¢/vc Sandstone, very fine-/fine-grained, medium-grained, coarse-/very coarse-grained sandstone; Cg, conglomerate; FH,
Fortune Head; GBH, Grand Bank Head; Arenicolites aff. A. carbonar., Arenicolites aff. A. carbonarius; C. luguanensis, Cochlichnus luguanen-
sis; Monomorp. indet., Monomorphichnus indet.; Pal. annul., Palaeophycus annulatus; and Tr. lin., Trichichnus linearis.
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sections (Gougeon et al. 2023). The appearance of
novel behavioural strategies just below (Gyrolithes
gyratus) and above the Global Stratotype Section and
Point (Arenicolites aff. A. carbonarius, Bergaueria per-
ata, Conichnus conicus, and G. scintillus) reflect the
onset of vertical bioturbation (maximum depth of
3.5 cm for G. gyratus). Below the Global Stratotype
Section and Point, trace fossils of the Harlaniella
podolica Zone are mostly simple (Archaeonassa fos-
sulata, Circulichnis montanus, Helminthoidichnites
tenuis, and Torrowangea rosei). Treptichnus pedum is
recorded in the latest Ediacaran and represents a more
complex behaviour, and its presence below the Global
Stratotype Section and Point can be explained by
confidence interval related to first appearance datum
(Landing et al. 2013; Gougeon et al. 2023). Treptichnus
isp. recorded by Gehling et al. (2001) 11 and 13 m
below the Global Stratotype Section and Point are in
an interval with abundant syneresis cracks. The appar-
ent similarity of Treptichnus isp. as figured by these
authors and syneresis cracks observed in the field dur-
ing our study did not support their biogenic affinity.
Overall, our analysis reinforces conclusions by previ-
ous authors in that this interval records a burst in ani-
mal behavioural strategies, which is accompanied by
increases in depth and intensity of bioturbation.

Issues related to the Cambrian Global
Stratotype Section and Point and relevance
of this study

After the decision to use trace fossils as index fossils
for the basal Cambrian, concerns were raised among
some researchers (Fahraeus 1994; Zhu 1997; Qian et
al. 2002; Zhu et al. 2006, 2019; Peng & Babcock 2011;
Babcock et al. 2014; Walde et al. 2015; Smith et al.
2016a; Topper et al. 2022). Fihreeus (1994, pp. 5, 6)
first criticized the decision and listed ten points of
contention: (1) the boundary is based on trace fos-
sils; (2) the biological affinity of Treptichnus pedum
tracemaker is unknown; (3) T. pedum is only mor-
phologically distinctive at ichnogenus or ichnospe-
cies level; (4) T. pedum follows the last occurrence
datum of Harlaniella podolica, a fossil of unknown
biological affinity with poor distinctive morphologi-
cal features; (5) both H. podolica and T. pedum sufter
facies control; (6) H. podolica is sensitive to sea level
changes; (7) both H. podolica and T. pedum suffer
provincialism; (8) there are major unconformities
below and above the Global Stratotype Section and
Point; (9) radiometric dating is not possible in the
section; and (10) carbon and sulfur isotopes have
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been altered by heating following rock deposition,
and cannot be studied in the section. Fahreeus (1994)
also emphasized an additional point that was reiter-
ated by Babcock et al. (2014) and Zhu et al. (2019),
which is that (11) trace fossils and the first appear-
ance datum of Treptichnus pedum are diachronic
across the Ediacaran-Cambrian boundary interval
in successions worldwide. Some of these points still
echo strongly among the scientific community (e.g.
Babcock et al. 2014; Zhu et al. 2019; Topper et al.
2022). Moreover, Babcock et al. (2014) and Zhu et
al. (2019) suggested additional points of contention:
(12) the taxonomic status of Treptichnus pedum is
unresolved among specialists; (13) T. pedum was
recovered below the Global Stratotype Section and
Point at Fortune Head; (14) the exact definition of
the Global Stratotype Section and Point is ambig-
uous and changed over time; (15) the behaviour
associated with T. pedum may have arisen multiple
times in different groups of organisms; and (16) the
exact behaviour involved in T. pedum is ambiguous
and may not represent true vertical bioturbation.
We will demonstrate below that all these arguments
are unsound, have been tackled repeatidly over the
last decades, and can be updated following recent
advances in scientific knowledge.

Fahreus (1994) indicated that the decision to
select a trace fossil as index fossil was problematic
because trace fossils depend on ecology, taphonomy,
and net rates of rock accumulation. Previous authors
(Rozanov 1967; Cowie & Glaessner 1975; Sepkoski
& Knoll 1983; Conway Morris 1987; Brasier et al.
1994a) overall agreed that the base of the Cambrian
and of the Phanerozoic was to be placed in an inter-
val above fossils of the Ediacara Biota and below the
oldest trilobites. At the time, two proxies were consid-
ered good candidates to help delineate the base of the
Cambrian: (1) trace fossils, which are mostly recorded
from siliciclastic settings; and (2) small shelly fossils,
which are mostly recorded from carbonate settings.
Later, other researchers used (3) acritarchs and (4) the
Basal Cambrian 8"C Excursion as secondary proxies
in sections lacking good trace fossil or small shelly
fossil datasets. Each of these proxies suffer in various
ways from facies control, provincialism, taphonomy,
or other constraints that have been discussed at length
in the literature already (e.g. Brasier 1989; Brasier et
al. 1994b; Landing et al. 2013; Geyer & Landing 2016;
Zhu et al. 2019; Steiner et al. 2020). However, the
Precambrian—-Cambrian Boundary Working Group
of the International Commission on Stratigraphy
emphasized that about 70% of the stratigraphic
record across the Ediacaran-Cambrian boundary
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interval was composed of siliciclastic sedimentary
rocks (Rozanov 1984; Cowie 1989, 1992; Brasier et
al. 1994a). Siliciclastic and mixed carbonate-silici-
clastic successions are particularly useful for deline-
ating parasequences, deciphering basin architecture
and understanding diachronism in fossil distribution,
whereas carbonate successions are subject to develop
condensed intervals, complicating the evaluation of
facies controls (Buatois 2018; Shahkarami et al. 2020).
Therefore, trace fossils represent the best candidates
to delineate the base of the Cambrian in thick and
continuous successions, where high rates of sediment
accumulation and vertical repetition of similar sedi-
mentary environments allow the finest understanding
of animal evolutionary trends.

Fahreeus (1994) suggested that the origin of the
Treptichnus pedum tracemaker was unknown at
phylum level, and could only be speculated to be a
Protostomia coelomate organisms (i.e. clade level) at
best (see also Conway Morris 1987 and Babcock et al.
2014). Although the identity of the producer is irrele-
vant for its use in biostratigraphy, there has been sig-
nificant progress on this front during the last fifteen
years. Subsequent studies revealed that priapulid-like
scalidophoran worms were most likely producing
Cambrian Treptichnus pedum (Vannier et al. 2010;
Kesidis et al. 2019b; Turk et al. 2024a), which makes
it the oldest fossil record of Ecdysozoa (Edgecombe
2020). Priapulid worms are a phylum of nineteen
species of deposit-feeders and carnivores, which are
common in Cambrian lagerstétten (Vannier 2012; Ma
et al. 2014; Smith et al. 2015). Their circular, longi-
tudinal, and retractor muscles allow the contraction
and eversion of a frontal proboscis through peristaltic
cycles (Vannier et al. 2010; Ma et al. 2014). Notably,
a characteristic club-shaped inflation favors changes
of direction of the organism at every cycle (Vannier
et al. 2010). The resultant burrow is composed of
individual segments repeated one after the other
and oriented at 20-40°, forming an overall straight,
curved, or looped course, a morphology reminiscent
of Treptichnus bifurcus, T. pedum, and T. rectangula-
ris (Vannier et al. 2010). Furthermore, modern extent
priapulid worms possess longitudinal rows of conical
sensory papillae (i.e. scalids) on their proboscis that
were demonstrated to finely print the outer surfaces
of their burrows (Kesidis et al. 2019b). Fine longitu-
dinal and circular striae were also observed on seg-
ments of Treptichnus burrows (e.g. Turk et al. 2024b),
matching modern observations on scalidophoran
worms (Vannier et al. 2010; Kesidis et al. 2019b;
Turk et al. 2024a). Additionally, scalids and teeth of
those worms were discovered as small shelly fossils
in lower Cambrian strata associated with Treptichnus
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(Kesidis et al. 2019b). Furthermore, Babcock et al.
(2014) added that tracemakers of other trace fossils
of the Treptichnus pedum Ichno-Assemblage Zone
were uncertain. However, there are clear examples
where organisms can be confidently assigned to
ichnogenera at phylum level: (1) Bergaueria, made
by cnidarians (Ansell & Trueman 1968; Seilacher-
Drexler & Seilacher 1999); (2) Cochlichnus, made
by nematode worms (Sandstedt et al. 1961; Jensen
1996); (3) Conichnus, made by cnidarians (Shinn
1968; Gingras et al. 2008); and (4) Dimorphichnus
and Monomorphichnus, made by euarthropods (see
Discussion, p. 166). Cambrian Gyrolithes can also be
attributed to enteropneusts (order level; van der Horst
1934; Gingras et al. 1999) or annelid worms (phy-
lum level; Hertweck & Reineck 1966; Powell 1977),
as crustaceans producing these burrows later in the
Phanerozoic (see Gyrolithes section, p. 88) were not
present in the Fortunian.

Fahreeus (1994) stated that Treptichnus pedum was
only distinctive at ichnogenus or ichnospecies level. In
fact, Treptichnus pedum is discriminated from simpler
forms identified as Treptichnus isp. based on the seg-
ment morphology, their orientation and organization,
the irregularity in distance between each segment,
and the tendency for segments to align (Jensen et al.
2000). Therefore, a behavioural continuum is invoked
explaining first the appearance of Treptichnus isp. in
the latest Ediacaran, followed by the appearance of
Treptichnus pedum (and other Treptichnus ichnospe-
cies) in the earliest Cambrian (Jensen 2003; Buatois
& Mangano 2011). The distinctive morphology of
Treptichnus pedum at ichnospecies level is necessary
to establish the clear comparison and identification
of conspecific materials recorded worldwide and to
make it valuable as a robust index fossil.

Harlaniella podolica was considered of unknown
origin and having poor morphological features by
Fahreeus (1994). The morphology of Harlaniella
podolica, albeit simple, is however distinctive, with
oblique regular segments added along an elongated
body, in places displaying dichotomous branching
(Kir'yanov 1968; Sokolov 1972; Ivantsov 2013). Due
to the peculiar orientation of the segments, Jensen
(2003) suggested that Harlaniella podolica could
not represent a helical trace fossil as it was first sus-
pected (Kir'yanov 1968; Crimes 1987), but that it
was a body fossil. Both Harlaniella podolica and H.
ingriana Ivantsov, a second species with longitudinal
striae, have restricted stratigraphic ranges within the
upper Ediacaran and have been recorded confidently
from Canada (Narbonne et al. 1987; this study),
Norway (Liu & McIlroy 2015; McIlroy & Brasier 2017;
Meinhold et al. 2022), Russia (Sokolov 1972; Palij et al.
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1979, 1983; Jensen 2003; Ivantsov 2013) Saudi Arabia
(Vickers-Rich et al. 2013; Cui et al. 2020), and Ukraine
(Kir'yanov 1968; Palij 1976; Palij et al. 1983; Ivantsov
2013; Ivantsov et al. 2015), and possibly from Poland
(Paczesna 1985, 1986, 1996, 2010), South Africa
(Nelson et al. 2022), and Sweden (Moczydlowska et
al. 2001). A third species, Harlaniella confusa Signor,
1994, is a very distinctive tubular fossil reminiscent
of body fossils recovered in coeval strata (Corsetti &
Hagadorn 2003; Smith et al. 2016b) and is unrelated to
H. podolica or H. ingriana. Ivantsov (2013) suggested
that Harlaniella podolica and H. ingriana represented
internal casts and impressions of tubes of algal origin.
More importantly, Harlaniella podolica is recorded in
association with Palaeopascichnus delicatus just below
the Global Stratotype Section and Point at Fortune
Head (Fig. 65). Both fossils were also found in asso-
ciation in Ukraine and Norway (Palij 1976; Jensen
2003; Mcllroy & Brasier 2017). Palaeopascichnus Palij
is regarded as an Ediacaran index fossil of world-
wide distribution (Jensen et al. 2018b; Kolesnikov et
al. 2018; Xiao & Narbonne 2020; Hawco et al. 2021;
Kolesnikov & Desiatkin 2022). Palaeopascichnus
shares strong similarities with modern multicham-
bered xenophyophores (Seilacher et al. 2003; Antcliffe
et al. 2011; Kolesnikov et al. 2018; Hawco et al. 2021).

Facies control on trace fossils is an argument
commonly raised against the current definition of
the Cambrian Global Stratotype Section and Point
(Fahreeus 1994; Babcock et al. 2014; Topper et al. 2022;
see also Buatois 2018 for discussion). In fact, facies
control affects both trace and body fossils (Geyer
2005; Zhu et al. 2019; Steiner et al. 2020) and is one
of the reasons explaining the non-selection of small
shelly fossils as index fossils for the basal Cambrian
in the 1980’s (the other major reason being their pro-
vincialism) (Cowie 1989, 1992; Brasier et al. 1994a).
The type of sedimentary rocks sampled also impacts
on geochemical studies and the reliability of the
Basal Cambrian 6"*C Excursion (Brasier et al. 1992;
Steiner et al. 2020; Topper et al. 2022). In trace-fos-
sil studies, environmental controls can be deciphered
through detailed sedimentological work. In fact,
ichnological data is typically framed within high-
resolution facies information (e.g. Frey & Pemberton
1987; MacEachern & Pemberton 1992; Pemberton
et al. 1992; Mangano et al. 2002b; MacEachern &
Gingras 2007; Desjardins et al. 2012; Dasgupta et al.
2016; Gingras et al. 2016; Buatois et al. 2019; Paz et al.
2019, 2022; Melnyk & Gingras 2020; Gougeon et al.
20254, this study). In this regard, ichnological analysis
is particularly suited to discriminate between evolu-
tionary and evolutionary controls, in some cases with
the aid of time-environment matrices (Bottjer et al.
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1988; Droser & Bottjer 1988, 1993; MacNaughton &
Narbonne 1999; Shahkarami et al. 2017b; Buatois et
al. 2020; Méangano et al. 2021; Gougeon et al. 2025a,
this study). Therefore, macro-evolutionary trends can
be understood by looking at changes in trace-fossil
assemblages taking place in stacked parasequences
that allow the comparison of recurrent depositional
environments in thick and well-exposed succes-
sions (Buatois 2018). Broad palaeoecological con-
clusions on facies versus evolutionary controls are
presented herein for the Chapel Island Formation
(see Fig. 62 and ‘Evolutionary significance’ section,
p. 152). Treptichnus pedum has been shown to be pres-
ent in marginal-, shallow-marine and possibly deep-
marine settings, demonstrating its broad environmen-
tal tolerance (Geyer & Uchman 1995; MacNaughton
& Narbonne 1999; Buatois et al. 2013; Buatois 2018;
Gougeon et al. 2023, 20254, this study). Furthermore,
Babcock et al. (2014) noted that Treptichnus pedum
was not confidently identified in Russian successions,
which are dominantly made of carbonate rocks (see
also Topper et al. 2022). However, Treptichnus pedum
has been recorded in mixed carbonate-siliciclastic
intervals of the Syhargalakh Formation (lower part
of the Kessyusa Group) (Dzik 2005; Grazhdankin et
al. 2008, 2020a, b; Nagovitsin et al. 2015; Rogov et
al. 2015), in sandy dolostone of the Irkut Formation
(Marusin et al. 2021) and the Ostrovnoy Formation
(Marusin et al. 2023), in mudstone-sandstone of the
Ust’-Tagul Formation (Marusin et al. 2025), and in
dolostone-marlstone of the Nokhtuisk Formation
(Kolesnikov et al. 2023c¢). Fahreeus (1994) also men-
tioned a facies control and sensitivity to sea level
changes with Harlaniella podolica. Harlaniella podolica
was previously recorded both from marginal-marine
(Narbonne et al. 1987; this study) and shallow-marine
settings (Narbonne et al. 1987; Ivantsov 2013; this
study), which is an environmental tolerance typically
regarded as sufficient for biostratigraphic markers (cf.
Cowie 1989; Peng et al. 2020). In addition, Kolesnikov
& Desiatkin (2022) recently documented the broad
marginal-, shallow- and deep-marine environmen-
tal tolerance of Palaeopascichnus, which is preserved
both in siliciclastic and carbonate facies (contra
Topper et al. 2022).

Fahreus (1994) suggested that both Harlaniella
podolica and Treptichnus pedum suffered provincial-
ism, and Zhu et al. (2019) and Topper et al. (2022)
added that Palaeopascichnus had a limited geo-
graphic distribution. Both Harlaniella podolica (see
above) and Treptichnus pedum (see T. pedum section,
p. 135) have worldwide distributions, and T. pedum
is a common fossil of lower Cambrian strata (Geyer
& Uchman 1995; Vannier et al. 2010; Sharma et al.
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2018b). Kolesnikov & Desiatkin (2022) extensively
reviewed material of Palaeopascichnus and noted that
it was recorded from Avalonia, Baltica, Siberia, South
China, and Australia, demonstrating its worldwide
distribution.

Fahreeus (1994) invoked major unconformities
below and above the Global Stratotype Section and
Point. In fact, the unconformity below is not located
within the Chapel Island Formation, but between
the Marystown Group and the Rencontre Formation
(Landing 19964, b; Fig. 3A). The Rencontre Formation
is ca. 1030 m thick (Smith & Hiscott 1984), which
means that this unconformity is located ca. 1210 m
below the Global Stratotype Section and Point. The
major unconformity above the Global Stratotype
Section and Point invoked by Fahreeus (1994) is the
boundary between the Random and Brigus forma-
tions, the latter hosting trilobites, located ca. 1005 m
above the position of the Cambrian Global Stratotype
Section and Point (Hiscott 1982; Myrow 1987; Landing
et al. 2013, 2022). Therefore, at Burin Peninsula,
ca. 2215 m of strata spanning the late Ediacaran to
early Cambrian are exposed without major break of
sedimentation. Babcock et al. (2014) further empha-
sized that a fault was present 6.5 m below the Global
Stratotype Section and Point (see also Conway Morris
1987 and Fig. 65). This fault was previously discussed
by Gehling et al. (2001), who suggested that the dis-
placement along the fault was minor; this is also cor-
roborated by observations and measurements from
coeval strata at Grand Bank Head (Myrow 1987).
Shahkarami et al. (2020) recently demonstrated that
minor unconformities are present in most sections
spanning the Ediacaran-Cambrian boundary interval
worldwide.

Fahreeus (1994) mentioned that radiometric dat-
ing was not doable in the Global Stratotype Section
and Point section. So far, radiometric dating used
to bind the Chapel Island Formation chronostrati-
graphically are (Fig. 3A): (1) a 552 + 3 Ma date from
volcanic rocks of the Long Harbour Group in direct
contact with the Rencontre Formation in northern
Fortune Bay (O’Brien et al. 1995); (2) a 565 + 26 Ma
date on K-Ar within the Rencontre Formation (King
1982); and (3) a 530.02 + 1.07 Ma date from volcanic
ash (Isachsen et al. 1994, later corrected by Schmitz
2012, 2020; see also Compston et al. 2008) in a bed
from New Brunswick suspected to be coeval with the
upper part of Member 5 at Burin Peninsula (Landing
et al. 2013; but see Barr et al. 2023 and ‘Regional and
stratigraphic framework’ section, p. 7). Moreover,
several researchers (e.g. Brasier et al. 1992; Fahreeus
1994; Babcock et al. 2014; Zhu et al. 2019) advocated
for the need to provide non-biostratigraphic data
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from the Global Stratotype Section and Point to offer
secondary correlation tools. Brasier & Cowie (1989)
recorded the presence of low-grade metamorphism in
the Chapel Island Formation which is problematic for
magnetostratigraphic and geochronometric studies.
Brasier et al. (1992) provided data on §“C and §"*0
from Members 3 and 4 at Little Dantzic Cove. These
authors attempted a correlation of the carbon isotope
record from Avalonia with the Siberian Platform, as
they noted that values of 8" °C remained well within
the range of normal marine carbonates and displayed
distinct excursions which support their chemostrati-
graphic significance. However, they emphasized that
thermal effects on burial diagenesis, metamorphism,
and plutonic intrusion affected 8O values which
therefore limit their importance. More recently,
Hantsoo et al. (2018) conducted a chemostratigraphic
analysis of carbon and sulfur isotopes in Members 1 to
4 and noted that changes in isotope ratios correlated
with increased burrowing and ventilation of seafloor.
Topper et al. (2022) noted that these data represented
organic carbon and not inorganic carbonate carbon
isotopes, which are the isotopes used for global cor-
relations. Nevertheless, other major issues related to
geochemical proxies (Lucas 2018; Geyer 2019; Steiner
et al. 2020; Yang & Steiner 2021; Topper et al. 2022)
affect carbon isotope curves and limit their impor-
tance for worldwide correlations.

Fahraeus (1994), Babcock et al. (2014), and Zhu
et al. (2019) claimed that Treptichnus pedum first
appearance datum may be diachronic across dif-
ferent regions. Notably, Babcock et al. (2014, fig. 3)
provided a diagram comparing Treptichnus pedum
first appearance datum from seven worldwide areas,
although it is unclear on which grounds the posi-
tion of the Ediacaran-Cambrian boundary point
was then decided to be placed. Five of these areas
(Newfoundland, Great Basin, Finmark, South
Australia, and Namibia) have Treptichnus pedum first
appearance datum in proximity to the Ediacaran-
Cambrian boundary position, which actually rein-
forces the current definition of the Global Stratotype
Section and Point boundary interval. The first appear-
ance datum from South China, placed in the middle
Fortunian, results from dominant carbonate facies
and major stratigraphic hiatus in this area (Yang et
al. 2014; Steiner et al. 2020; Yang & Steiner 2021).
Recent investigation of the classic Meishucun sec-
tion of the Yunnan province reveals the presence of
Treptichnus pedum in the Lower Phosphate (Unit 4)
of the Zhongyicun Member (Zhang et al. 2025) and
reinforces the position of the Ediacaran—Cambrian
boundary point in the area as previously established
based on the appearance of other trace fossils of the
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T. pedum Ichno-Assemblage Zone (Crimes & Jiang
1986). The first appearance datum from Greenland,
placed in Cambrian Stage 4, is a consequence of the
dearth of studies conducted in this region, and the
Ediacaran-Cambrian boundary point has so far not
been identified there. Furthermore, Buatois (2018)
emphasized that range offset plays a key role in the
ecological characteristics of taxa and depends on the
stratigraphic architecture of depositional settings. For
instance, Treptichnus pedum is typically found above
sequence boundaries within lowstand systems tracts
and within parts of transgressive systems tracts, and is
notably lacking in sections demonstrating valley inci-
sion (Buatois et al. 2013; Buatois 2018; Shahkarami
et al. 2020). In that respect, the Chapel Island
Formation represents a particularly adequate section
to host a Global Stratotype Section and Point, as inci-
sion by fluvio-estuarine sediment is notably absent
(Buatois 2018).

Treptichnus pedum was originally described as
Phycodes pedum (Seilacher 1955b) and was subse-
quently referred to as Trichophycus pedum (Geyer &
Uchman 1995) and Manykodes pedum (Dzik 2005).
Taxonomy in ichnology is continuously improving
thanks to standardization of methods (Bromley 1990,
1996; Bertling et al. 2006, 2022; Buatois & Mangano
2011; Rindsberg 2018). After reviews of type materials
and using ichnotaxobases (see also Buatois 2018), it
can be concluded that: (1) Phycodes is a subhorizon-
tal burrow with branches forming bundles (Osgood
1970; Fillion & Pickerill 1990); (2) Treptichnus is a
three-dimensional burrow with modular segments,
pits or projections (Miller 1889; Buatois & Mangano
1993b); and (3) Trichophycus is a three-dimensional
burrow with U-shaped segments displaying vertical
spreiten and delicate striae (Miller & Dyer 1878b;
Geyer & Uchman 1995). Manykodes was erected by
Dzik (2005) to describe a trace fossil based on its sup-
posed producer; this procedure does not follow the
International Code of Zoological Nomenclature rec-
ommendations and conflicts with the long-standing
approach in ichnological systematics (Bertling et al.
2006, 2022; Buatois 2018). Consequently, the taxo-
nomic position of Treptichnus pedum is sound, and
most early Cambrian burrows displaying the morphol-
ogy suggested by the type material belong to this ich-
nospecies. Geyer & Uchman (1995) described forms
with ‘teichichnoid’ segments that infer the presence
of spreiten and therefore an affinity to Trichophycus.
These should then be described as Trichophycus isp. or
as another ichnospecies of Trichophycus, but should
not be placed in synonymy with Treptichnus pedum
as the type material from Pakistan (Seilacher 1955b)
does not display spreiten.
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Treptichnus pedum was recovered 3.31 and 4.41
m below the Global Stratotype Section and Point at
Fortune Head by Gehling et al. (2001), which led some
researchers (Babcock et al. 2014; Lucas 2018; Zhu
et al. 2019) to question the pertinence of the Global
Stratotype Section and Point. Our study also agrees
with the presence of Treptichnus pedum 0.6 m below
the Global Stratotype Section and Point (Figs 56, 65;
‘Data 1’ file in Gougeon et al. 2025b), but confident T.
pedum specimens below that point were not found.
First appearance data always underestimate the true
range of a species in a section (Geyer 2005; Landing
et al. 2013). Landing et al. (2013) and Gougeon et al.
(2023) calculated that Treptichnus pedum could be
recorded as low as 40 and 55.6 m below the Global
Stratotype Section and Point, respectively, based
on two different datasets. In fact, the International
Commission on Stratigraphy explicitly stated that,
after the ratification of a Global Stratotype Section
and Point, further discoveries of an index fossil
below its original position would not necessarily dis-
credit the original position of the Global Stratotype
Section and Point, and that the issue could be over-
come using other fossils, to correlate assemblages
(Cowie 1978; Cowie et al. 1986; Remane et al. 1996).
The lower position of Treptichnus pedum first appear-
ance datum at Fortune Head led Landing et al. (2013)
to re-emphasize the use of other trace fossils of the
T. pedum Ichno-Assemblage Zone to accurately locate
the base of the Fortunian, as well as the use of index
fossils Harlaniella and Palaeopascichnus to constrain
the uppermost limit of the Ediacaran. Our current
study conforms with that view, and the Cambrian
Global Stratotype Section and Point at Fortune Head
that contains the first appearance datum of Treptichnus
pedum also records the first appearances of a multi-
tude of other trace fossils in the section, highlighting a
rapid evolutionary event in trace-fossil diversification
(see Fig. 65 and previous section; see also Narbonne
et al. 1987 and Gougeon et al. 2023, 2025a). Babcock
et al. (2014) also added that the definition of the basal
Cambrian slightly changed depending on researchers,
and that a different emphasis was placed on either the
use of Treptichnus pedum first appearance datum or
the lower boundary of T. pedum Ichno-Assemblage
Zone. However, both Brasier et al. (1994a) and
Landing (1994) clearly stated that: (1) the index fossil
for the basal Cambrian is Treptichnus pedum; (2) the
first appearance datum of that coincided with the base
of the T. pedum Ichno-Assemblage Zone; and (3) the T.
pedum Ichno-Assemblage Zone started at the upper-
most limit of the Harlaniella podolica Zone, which
comprises simple trace fossils and index fossils of the
Ediacaran (i.e. Harlaniella and Palaeopascichnus). This
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definition was and still is in accordance with Global
Stratotype Section and Point recommendations by the
International Commission on Stratigraphy (Cowie et
al. 1986; Remane et al. 1996).

Finally, Babcock et al. (2014) mentioned that
the behaviour associated with Treptichnus pedum
may have arisen more than once in time (i.e. behav-
ioural convergence among different organisms). In
fact, Treptichnus pedum is known to be produced at
least by two groups of animals: scalidophoran pria-
pulid-like worms (Vannier et al. 2010; Kesidis et al.
2019b; Turk et al. 2024a) and insect larvae (Muiiiz
Guinea et al. 2014). However, insect larvae produce
Treptichnus pedum in continental settings, an envi-
ronment that was not colonised by animals dur-
ing the Cambrian. It is possible that other groups of
organisms produced Treptichnus pedum; however, the
question of behavioural convergence with Treptichnus
pedum has no relevance to the debate on Ediacaran-
Cambrian biostratigraphy, as it does not affect the
line of reasoning at the origin of the placement of
the Ediacaran-Cambrian boundary point (Buatois
2018). Furthermore, Babcock et al. (2014) suggested
that the behaviour affiliated to Treptichnus pedum
may correspond to an undermat-mining strategy
(following a suggestion by Seilacher 2007), and hence
would not be a true testimony of burrowing verticali-
zation. However, in its original description, Seilacher
(1955b, fig. 4b) clearly depicted Treptichnus pedum
as a three-dimensional burrow system made of ver-
tical branches, an interpretation based on observa-
tions from the type material. This suggestion is well
demonstrated while looking at different preserva-
tional variants of Treptichnus pedum (e.g. Gougeon
et al. 2023, fig. 5), and is also strikingly displayed on
the specimen selected as first appearance datum for
the Global Stratotype Section and Point which shows
penetration more than 1.5 cm deep (Narbonne et al.
1987, fig. 6D; Hantsoo et al. 2018, fig. 2h). Regardless
of the trophic type associated with Treptichnus pedum,
this ichnotaxon typifies a combined vertical and hori-
zontal behaviour associated with deeper colonisation
of the substrate (Buatois 2018). The vertical or hori-
zontal configuration of a trace fossil is a property that
can be visually appreciated regardless of the suggested
interpretation of such morphology.

Oldest fossil evidence of stem-group
euarthropod in the Chapel Island Formation
The Chapel Island Formation offers the opportu-

nity to study early arthropod evolution before the
advent of trilobites with calcified exoskeletons. In
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Newfoundland, the oldest report of trilobites is within
the Brigus Formation (Cambrian Stage 4), more than
1000 m above the position of the Cambrian Global
Stratotype Section and Point (Landing et al. 2013).
Trilobites of the lower Brigus Formation correspond
to eodiscoid forms affiliated to Serrodiscus Richter
& Richter, Hebediscus Whitehouse, and sclerites
of ?Meniscuchus Opik and Calodiscus Howell that
were recovered along Conception and Trinity bays
(Hutchinson 1962; Westrop & Landing 2011).
Trilobites appeared at the start of the Cambrian Stage
3 worlwide (outside of Avalonia, ca. 521 Ma) and rep-
resent definite crown-group euarthropods that are
abundant in Burgess-Shale type lagerstitten (Daley et
al. 2018; Edgecombe 2020; Holmes & Budd 2022).

In strata below the Brigus Formation, arthropod
trace fossils are commonly recorded in the Chapel
Island and Random formations (Crimes & Anderson
1985). In the Chapel Island Formation, their diversifi-
cation can be interpreted as a two-phase scenario. The
first phase corresponds to the appearance of simple
and poorly organized scratch imprints. At Fortune
Head, this is demonstrated by Monomorphichnus
indet. a few meters above the Ediacaran-Cambrian
boundary point (Fig. 65 and Narbonne et al. 1987),
while Monomorphichnus bilinearis is first recorded ca.
70 meters above the boundary (Fig. 56, ‘Data 1’ file in
Gougeon et al. 2025b). Both trace fossils are recov-
ered within the Treptichnus pedum Ichno-Assemblage
Zone. At Grand Bank Head, Treptichnus pedum Ichno-
Assemblage Zone strata are not as easily accessible
compared to Fortune Head (Gougeon et al. 2023), but
rare large bed bases still display cf. Dimorphichnus
isp., Monomorphichnus bilinearis, M. lineatus, and
Monomorphichnus isp. (Fig. 57). All those scratch
imprints were made on the seafloor surface without
significantly displacing the sediment. Therefore, their
tracemaker(s) did not necessitate a complex muscu-
lature nor an extensive sclerotization of their limbs to
mark the surface. These scratch imprints, albeit sim-
ple, suggest the presence of stem-group euarthropods
early in the Fortunian (ca. 538-536 Ma), which sig-
nificantly predates their first record from body-fossil
evidence (ca. 521 Ma; Daley et al. 2018; Holmes &
Budd 2022).

At the start of the Rusophycus avalonensis Ichno-
Assemblage Zone at Fortune Head, Grand Bank Head,
and Lewin’s Cove, arthropod trace fossils drastically
increased in diversity and comprise surficial scratch
imprints (cf. Allocotichnus dyeri, Dendroidichnites aff.
D. irregulare, Dimorphichnus isp. A, Dimorphichnus
isp. B, Monomorphichnus needleiunm) and very-shal-
low infaunal burrows (Cruziana problematica,
Rusophycus avalonensis, R. dabardae, Rusophycus isp.).
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Arthropod burrows represent the main evolutionary
innovation of this second phase, as their formation
would require more robust appendages and a power-
ful musculature to process sediment (Birkenmajer &
Bruton 1971; Seilacher 1985; Fortey & Owens 1999).
As such, Rusophycus is typically regarded as the oldest
fossil evidence of crown-group euarthropods because
it highlights the bilateral symmetry of a tracemaker
that possessed paired jointed appendages with claws
(Budd & Jensen 2000; Budd & Telford 2009; Strausfeld
et al. 2016; Daley et al. 2018; Giribet & Edgecombe
2019). This line of reasoning also applies to Cruziana
and Dimorphichnus, and therefore poses the question
of whether or not cf. Dimorphichnus isp. recorded at
Grand Bank Head would represent the oldest evi-
dence of crown-group euarthropods. Nevertheless,
the presence of both Cruziana and Rusophycus within
the Rusophycus avalonensis Ichno-Assemblage Zone
suggests sclerotization of appendages to process the
sediment, which would at least argue for arthropodi-
zation to have taken place early in those animals. The
order of appearance of arthrodization (i.e. scleroti-
zation and jointing of the trunk exoskeleton) versus
arthropodization (i.e. sclerotization and jointing of
limbs) in arthropods (cf. Liu et al. 2011; Fu et al. 2022)
requires further analyses for the trace-fossil record to
provide novel elements to this debate.

Conclusions

A revision of the sedimentology and trace-fos-
sil taxonomy of the Chapel Island Formation of
Newfoundland, Canada, permitted the identifi-
cation of fourteen sedimentary facies and twen-
ty-eight ichnogenera. Sedimentary facies encompass
intertidal and shallow-marine environments, cov-
ering the tidal flat, tide-dominated or -influenced
embayments, and the shoreface, offshore, and shelf.
Two limestone beds also provide additional infor-
mation on intertidal and subtidal settings. Overall,
sedimentary facies show recurrence in time across
the Ediacaran, Fortunian, and Cambrian Age 2.
Trace fossils are recovered from almost all sedi-
mentary facies, and are represented by epifaunal
and semi-infaunal trails (Archaeonassa fossulata,
Circulichnis ligusticus, C. montanus, Cochlichnus
anguineus, C. luguanensis, Gordia marina, Hel-
minthoidichnites tenuis, Helminthopsis abeli, H. hier-
oglyphica, H. tenuis), epifaunal scratch imprints (cf.
Allocotichnus dyeri, Dendroidichnites aft. D. irregu-
lare, Dimorphichnus isp. A, Dimorphichnus isp. B,
cf. Dimorphichnus isp., Monomorphichnus biline-
aris, M. lineatus, M. needleiunm, Monomorphichnus
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isp., Rusophycus avalonensis, Rusophycus dabar-
dae, Rusophycus isp.), shallow infaunal burrows
(Arenicolites aff. A. carbonarius, Bergaueria perata,
B. cf. B. radiata, Conichnus conicus, Curvolithus mul-
tiplex, C. simplex, Curvolithus isp., Didymaulichnus
miettensis, Halopoa imbricata, Gyrolithes gyratus,
G. scintillus, Palaeophycus annulatus, P. tubularis,
Palaeophycus isp., Psammichnites gigas circularis, P,
cf. P saltensis, Saerichnites kutscheri, Torrowangea
rosei, Treptichnus bifurcus, T. coronatum, T. pedum,
T. pollardi, Trichichnus linearis), mid infaunal bur-
rows (Arenicolites isp., Rosselia erecta, Rosselia isp.,
Teichichnus rectus), and deep infaunal burrows
(?Diplocraterion isp., Trichichnus isp.).

At Fortune Head, trace fossils show a burst of
diversity at the start of the Fortunian, in concomi-
tance with increased vertical burrowing behaviours,
increased bioturbation intensities, and increased
ichnodisparity. These observations support the
view that many trace fossils — not only Treptichnus
pedum, the index fossil for the Cambrian, but also
other vertical burrows such as Arenicolites aff. A.
carbonarius or Gyrolithes scintillus — were made by
metazoan-grade organisms possessing a bilateral
symmetry and a gut system. The current place-
ment of the Ediacaran-Cambrian boundary point
at Fortune Head is then reaffirmed as being based
on the appearance of trace fossils of the Treptichnus
pedum Ichno-Assemblage Zone, which also corre-
sponds to the demise of Ediacaran body fossils such
as Harlaniella podolica and Palaeopascichnus delica-
tus. The Fortunian marks a period of more systematic
burrowing, increased vertical bioturbation, and lat-
eral expansion of the seafloor colonisation on dom-
inantly firmground substrates. Arthropod scratch
imprints and burrows demonstrate the presence of
stem-group euarthropods early in the Fortunian,
which correspond to their oldest evidence from the
fossil record. The ecology that was typical of the
Ediacaran, dominated by matgrounds colonised by
simple, surficial or very shallow infaunal grazers,
survived in localized areas of the Fortunian. By the
end of the Fortunian, vertical partitioning of the
substrate became more complex with the advent of
mid- and deep-tier burrows colonising the deepest
sediments, whereas shallow homogenized sediments
resulted from intense churning by animals. This par-
titioning is significant as it demonstrates the estab-
lishment of modern-style seafloors with shallowly
emplaced mixed layers and deeper transitional lay-
ers. Overall, this study highlights the need for com-
prehensive and multi-disciplinary approaches to
further our understanding of early animal evolution
on Earth.
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