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ABSTRACT

Recent suggestions that Ediacaran dios most common and ubiquitous fossils of the
Ediacara biotasepresent the holdfasts of fronds has led them to be relatively unstudied in recent
years. This thesis utilizes biometric, sedimentologic, and margicadlata from Ediacaran sites
in Avalonian Newfoundland and NW Canada to elucidatdibegical and preservational
natureof Ediacaran discoid fossils

A study on the Avalon and Bonavista peninsulas of NewfoundtantgparingConception
style preservatin of fronds visibly attached to discoid holdfast&ermeusestyle preservation
of isolated discoid fossils confirmed that isolated specimens of the discoid fogsidellaand
Hiemalorarepresent holdfasts whose petalodia were not preserved. Tapleastadies suggest
thattaxa such a€harniodiscusandPrimocandelabrunhadholdfasts at the sedimentater
interface whereagaxa such a€harniahad holdfast that werduried in the substrate

Morphological andedimentologicastudies ofAspidella Eoporpita, andHiemalorafrom
the AJune bedsodo in the Mackenzie Mountains of
complexity than hapreviously been described Bdiacaran discsAspidellaappears to
represent a membraf®und exterior surface that surrounded a tiered series of |latadjdigent,
hollow, clubshaped lobes within the holdfast that, if found separately, would be referred to the
discoid genug&oporpita

Restudy of the enigntia, Cryogeniammged A Twi tya di scso of Bl ue:
Mackenzie Mountains of NW Canada reveals probable exampkespadella This discovery
extends the known time rangeAdpidellaby nearly 80 Ma and offers a glimpse of deegter

benthic orgarims that presaged the Ediacara biota. The lack of a visible stem or petalodium on



either specimen dispidellafrom Bluefish Creek may be taphonomic, in which case complex
multicellularity may range considerably down into the Cryogenian. Alternativehgytimply

that the disc was the ancestral structure, and that the overlying frondose structure evolved later as
an oxygercollection structure under the low and fluctuating oxygenation conditions that

characterized Ediacaran seas.
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CHAPTER 1

General Introduction

1. General Background

1.1 The vorld of the Late Neoproterozoic

The Earth during the Neoproterozoic Era (1,0@2%1 Ma) was experiencing radical
changes in the atmosphere, hydrosphere, and biosphere-(Figrie supercontinent Rodinia
coalesced and disintegrated (Li et al., 2008); later, the supercontinent Gormbganao
coalesce from some of the fragments. At | east
Eartho event s ( Roorfey etred, 2018; Shiethou et all ZDBEBpence et
al., 2016). Oxygen levels began to rise towards modegtsi@v the mieEdiacaran concurrent
with the approximate timing of major glacial episodes and the emergence of the major metazoan
groups (Canfield and Teske, 1996; Fike et al., 2006; Canfield et al., 2007; Cole et al., 2016). It is
surmised that these eusrprobably facilitated one another either directly or indiretily,there
is little agreement as to how this occurred (Canfield et al., 2007; Mills et al., 2014; Spence et al.,

2016; Sperling et al., 2016; Pu et al., 2016).
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Figure 1-1. Timeline ofmajor events in the Neoproterozoic. Timeline based on ICS

International Chronostratigraphic Chart (Cohen et al., 2013). Rodinia timeline based on Li et al.
( 2 0 0'&)anomaly data from Le Gerroué et al. (2006) and Halverson et al. (2010). Glacial
datafrom Rooney et al. (2015), Pu et al. (2016), Shi&ldsu et al. (2016), and Sperling et al.
(2016). Biomolecular data from Erwin et al. (2011), Parfrey et al. (2011), and dos Reis et al.
(2015): 1i 8 represent major divergences of higlesel metazoan tax Fossil data from Love

et al. (2009), Xiao and Laflamme (2009), Meert et al. (2011), Xiao et al. (2014), and Sperling et
al. (2016). Timing of Twitya biota is approximate.
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1.2. The evolutionary history ofutticellularity

Multicellularity has a numbeuf different connotations, but an organism is usually
considered to be truly multicellular when it is composed of different types of interdependent cells
that have lost the ability to function independently (Knoll, 2011). Some hallmarks of true
multicellularity include cehto-cell adhesion and cetb-cell signalling. Multicellularity is known
to have arisen in several lineages independently (Knoll, 2011 and references therein). Within
eukaryotes, twentjwo independent origins of simple multicellulariye&known, while six have
independently evolved complex multicellularity: animals, embryophytic green algae (including
plants), florideophytic red algae, laminarialean brown algae, and two fungal lineages
(ascomycetes and basidiomycetes).

The earliestonvincingmulticellular eukaryotes ample algadound in1.56 Ga
Mesoproterozoic rocks from th@aoyuzhuang Formation in North Chi(zhu et al., 2016
Molecular clock data suggests a number of divergences ca. 800 Ma, coincident with substantial
increasan eukaryote fossil diversity, that includes the early origins of clades with true
multicellular members such as animals, fungi, red algae, green algae, and brown algae (Berney
and Pawlowski, 2006; Knoll et al., 2006a,b; Knoll, 2011; Parfrey et al., 20F1Reis et al.,

2015).

At least two Lower Ediacaran benthic multicellular assemblages are known from South
China. The Lantian biota (ca. 620{?%82(?) Ma; Xiao et al., 2014) consists almost entirely of
multicellular green algae (Xiao et al., 2002; iuaet al ., 2011) . i9/68e Wengo
Ma; Xiao et al., 2014) includes multicellular algae as well as spherical clusters of cells (Xiao et

al., 1998) described as metazoan embryos (Xiao and Knoll, 2000, Xiao et al., 2000). Other



interpretations havieeen put forward, including sulphteducing bacteria (Bailey et al., 2007)
and encysting holozoan protists (Huldtgren et al., 2011), but the original explanation remains
most likely (Xiao et al., 2014; Yin et al., 2016).

Molecular and fossil evidenceggest a Neoproterozoic origin for steamd crowngroup
Metazoa. Molecular clock data places the choanoflagéllatetazoan split in the Lower Tonian
close to 930 Ma , the appearance of cragguoup metazoans in the Upper Tonia@ryogenian
ca 8331 650Ma, and divergences between the major three groups (poriferans, radial taxa, and
bilaterians) within the Upper TonidnLower Ediacaran (Peterson et al., 2005; Erwin et al.,

2011, Knoll, 2011, Parfrey et al., 2011; dos Reis et al., 2015; Gold et al.,MDs6Gnd

Canfield, 2017). It should be noted that, while it has long been assumed that poriferans are sister
to all other metazoans, there are arguments for (Dunn et al., 2008; Whelan et al., 2015) and
against (Pisani et al., 2015; Simion et al., 201fEnGphora as the metazoan outgroup. Sponge
biomarkers reported from the Cryogenian (Love et al., 2009; Sperling et al., 2010) are
controversial (Antcliffe et al., 2014; Gold et al., 2016). Potential Cryogenian metazoan body
fossils have been reported frahe Northwest Territories of Canada (Hofmann et al., 1990), and
guestionable occurrences have been described from South Australia (Maloof et al., 2010),
Kazakhstan (Meert et al., 2011), and the Kimberley region of northwestern Australia (Lan and

Chen, 2015k



2. The Ediacara Biota

2.1. Overview

The Ediacaran Period (63%41 Ma), the first official addition to the Geologic Timescale
since 1891 (Knoll et al., 2004, 2006a; Narbonne et al., 2012a), represents a critical turning point
in the history of lie. Prior to the emergence of the Ediacara biota (cai DAl Ma; Fig. 12),
multicellular assemblages were simple, rare, dominated by simple algae, and rarely exceeded
mm:- or cmscale sizes. Approximately 10 Ma after termination of the Gaskiers Gteittie
oldest members of the Ediacara first appeared as large (>2m), relatively complex organisms
(Narbonne and Gehling, 2003; Pu et al., 2016). These were followed by digerseinitieof
large, complex, multicellular organisms (Clapham and Narbord®2)2The deepvater,
subphotic setting and demonstrated lack of transport of these earliest occurrences of the Ediacara
biota (Wood et al., 2001; Ichaso et al., 2007; Liu et al., 2015) precludes their identification as
photosynthetic forms. Eventually, Bdaran localities diversified in form, function, and habitat,
including evidence of mobility and behavioral complexity, and forms that are accepted by some
as sterdineages to major modern metazoan phyla (Seilacher et al., 1999; Lin et al., 2006;
Petersoret al., 2008; Xiao and Laflamme, 2009; Ivantsov, 2009, 2010; Sperling and Vinther,
2010; Erwin et al., 2011; Sperling et al., 2016; Laflamme et al., 2013; Carbone and Narbonne,
2014; Carbone et al., 2015; Darroch et al., 2015; Gold, et al., 2016; Buddraseh, 2017;
CavalierSmith, 2017; Mills and Canfield, 2017). In the final 10 Ma of the Ediacaran Period, the

Ediacara biota reduced in diversity before disappearing abruptly at the Edi€@eamdomian
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Figure 1-2. Timeline of Ediacaran assemblagesdated from Xiao and Laflamme (2009) with

time range extensions from Chen et al. (2014), Narbonne et al. (2014), and Darroch et al. (2016).
Dashed lines represent extended time ranges that lack definitive intermediate fossils. Geological
timescale datesdm Narbonne et al. (2012). Glacial data from Rooney et al. (2015), Pu et al.
(2016), Shieldszhou et al. (2016), and Sperling et al. (2016). Ash dates from Xiao and

Laflamme (2009), Schmitz (2012), Chen et al. (2014), and Pu et al. (2016): DR = Drook; MP =
Mistaken Point; ZG = Zimmie Gory; DO = Doushantuo; K = Kuibis; S = Schwarzrand. Line
drawings, left to right: Rangeomorphah@arnia), ArboreomorphaGharniodiscuy and
Primocandelabrunfrom Hofmann et al. (2008); Erniettomorpl&aartpuntia from Narbone

et al. (1997); Bilateriomorphaiarywaded from Waggoner (1996); Radialedandromedn

from Zhu et al. (2008 oporpitafrom Chapter 3 of this thesiktiemalorafrom Serezhnikova
(2007);Aspidellaf r om Gehl i ng et al . (200&x)etal.@)es of
Dates of Twitya biota from Sperling et al. (2016) are approximate.



boundary (Narbonne et al., 1997; Xiao and Laflamme, 2009; Laflamme et al., 2013; Darroch et
al., 20152016; Xiao et al., 2016; but see Budd and Jensen, 2017 aret 2hu2017 for an

alternative view).

2.2 History of sudy

The sudden appearance of | arge, complex fos
Expl osiono) was known by the time of Charles
legitimate challenge to his theory of evolution through natural selection; thattifdory was
correct, fAthe world swarmed with I|Iiving creat
not been found in the geologic record. Though the first Precambrian body fossils were identified
by Billings (1872), geologists and paleontologigtsndly dismissed these as inorganic in origin
(see review in Gehling et al., 2000). Future finds veepeiori assigned to Cambrian strata
(Gdrich, 1930, 1933; Sprigg, 1941949 until well-preserved fossils of undoubted biogenecity
described from unat@bly Precambrian strata in the Charnwood Forest of England (Ford, 1958)
confirmed the existence of macroorganisms prior to the Cambrian.

Once the existence of Precambrian macrofossils was confirmed, that potentially
represented the precursors of the Camdborn f auna, they were compared
metazoans. Frondose organisms sudBlesniaandCharniodiscusvere originally interpreted
as algae (Ford, 1958), but later reinterpr@tednidarian sea pens wh&rboreawas
synonymized with the lattdJenkins and Gehling, 197&imberellawas reconstructed as
various forms of medusoid cnidarians (see reviews in Ilvantsov 2009, 2010). Even more
contentious waBickinsonig which at one time or another has been allied with virtually every

major metazoa phylum (see review in Gold et al., 2018prigginawas regarded as an annelid



(Glaessner 1958; Glaessner and Wade, 1966) and later an arthropod (Gehling, 1991; Waggoner,
1996).Parvancorinawas regarded as a primitive arthropod (Glaessner, 1980). Disssils

such agCyclomedusaray-bearing discs such &iemalorg and circular, lobate forms such as
Eoporpitawere referred to as medusoid cnidarians, with their radial grooves compared to

feeding grooves, concentric rings compared to contractile nsuhaeclose the bell, and any

rays regarded as tentacles (Sprigg, 1947, 1949; Glaessner and Wade, 1966; Wade, 1972;
Fedonkin, 1980, 1985).

Seilacher (1984, 1989) proposed a radical reinterpretation of thethen | ed A Edi acar
faunao. Rat hcemtreprdsentativas efimadgrn groups, he proposed that they
represented a constructional pattern more related to each other than to any modern groups, the
AVendobi ontado whose u#diikee fpmresitsrou dti iean wo ft hp ia
of the Precambrian. This spurred a host of revisions and new interpretations, including fungus,

l ichens, fAmetacellul arso, and extinct metazoa
Buss and Seilacher, 1992; Retallack, 1994; Peterson et al., 206@3juirent consensus is that

the component organisms of the Ediacara biota represent a number of different lineages, much as

a modern forest includes virtually every biological kingdom and an untold number of phyla

(Narbonne, 2005; Xiao and Laflamme, 2008flamme et al., 2013).

2.3 Ediacaran fossil gganisms

2.3.1. Modular érms

Possibly the most iconic, and most problematic, fossils of the Ediacara biota are taxa that

used modular construction of elements to produce a wide array of forms and tsizeac¢hat



had not previously been seen on Earth. Three major groups of organisms used modular
construction of differently shaped elements to dominate different time intervals and
environments in the Ediacaran.

The first described, and most diverse,theeRangeomorpha (Pfi11972 Jenkins, 1985;
Narbonne, 2004; Narbonne et al, 2009; Erwin et al., 2011; Brasier et al., 2012; Dececchi et al.,
2017). The rangeomorphs are a clade united by the usage of repeasauital(fractal)
constructional units tich were assembled as modules to produce the complete organism
(Narbonne, 2004\arbonne et al, 2009; Brasier et al., 2012). They include a wide variety of
body plans, including single petalodia attached to a circular hol@esti{ukisCharnia,
Culmofrons Trepassiy, multiple petalodia along a linear, horizontal pedicle felcfinifrong;
multiple petalodia emanating from a central poBriadgatig); elongate surficial forms
(Fractofusu$; and upright multifoliate formsRangea (Ford, 1958; Nebonne, 2004; Antcliffe
and Brasier, 2008; Bamforth et al., 2008; Laflamme and Narbonne, 2008; Flude and Narbonne,
2008; Brasier and Antcliffe, 2009; Bamforth and Narbonne, 2009; Narbonne et al., 2009;
Laflamme et al., 2012; VickeiRich et al., 2018

Theseconeémost diverse modular forms are the Erniettomorpha, a globally distributed
group known primarily from Namibia. These organisms were assembled modularly using
laterally-adjacent, unbranching, tubular elements in a paliskde@rrangement. Their
morphology includes the multifoliate frond&eridinium(Grazhdankin an&eilachey2002)and
Swartpuntia(Narbonne et al., 1997) and the partially buried -&SlagpecErnietta (Elliot et al.,
2016; Ivantsov et al., 2016).

The third modular clade is the monogeic Arboreomorpha, which is represented by

several species @harniodiscugLaflamme and Narbonne, 2008 his clade is entirely

10



composed obifoliate fronds anchored to the seafloor by a surficial holdfast. The petalodia are
composed of peapeghaped kements arranged vertically on either side of a straight central axis.
The petalodium and stem are anchored by a prominent, circular holdfast (Jenkins and Gehling,
1979; Laflamme et al., 2004; Laflamme and Narbonne, 2008).

The exact affinities of modularganisms are uncertain at best. Direct assignments to
extant metazoan phyla such as Cnidaria (Glaessner and Wade, 1966; Jenkins and Gehling, 1978)
or Ctenophora (Dzik, 2002) are generally considered untenable (Narbonne, 2004; Antcliffe and
Brasier, 2007; Aflamme and Narbonne, 2008). It is possible that they represent completely
extinct experiments in multicellularity (Seilacher, 1984, 1989), sijssup metazoans (Budd and

Jensen, 2017), or basal taxa within Metazoa (Buss and Seilacher, 1992; ¢awéileP017).

2.3.2. Sterrgroup representatives of modern metazdayig?

Several forms have been tentatively linked to Metazoa proper, and in nearly all cases these
links are controversial. The bilaterally symmetrical, segme8paginawith a distinguishale
Aheado region has Jarthepod (Petersenrefpal., 8008, dhougtsthisdas st e m
controversial (Edgecombe and Legg, 2014). Some workers included the small, triangular form
Parvancorinaas a sterarthropod or even stemnlobite (Glaessnerl979; Lin et al., 2006),
though this is unlikely (Naimark and Ivantsov, 2009; Paterson et al., 20berella
resembles molluscs such as polyplacophorans and is commonly found in association with the
traceRadulichnusand is thus widely consideredlie a stemmollusc(Seilacher et al., 1999;

Ilvantsov, 2009, 2010; Gehling et al., 201ickinsoniahas been allied with a number of
metazoan phyla, and may represent a placozoan or basal bilaterian (Sperling and Vinther, 2010;

Gold et al., 2016); it is asciated with trace fossils indicating feeding and movement on the
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surficial microbial mats (Gehling et al., 2005). The eghapedrhectardishas been compared

to poriferans (Sperling et al., 2011), though this has been disputed (Antcliffe et al., 2014).

2.3.3. Radialdrms

Finally, there is a handful of radial Ediacaran forms that defy categorization.
Tribrachidiumis a circular, triradial form thought to be useful in fifeeding (Rahman et al.,
2015).Eoandromedas a surficial, circular, octoradial form composed of eight curved arms
(Tang et al., 2008; Zhu et al., 2008ykaruais a pentaradial form originally thought to be a
primitive echinoderm (Gehling, 1987), though this presently seems unlikely (Buddressh,Je

2000; Zamora and Rahman, 2014).

2.4. Preservation

Compared to Phanerozoic forms, understanding the preservation-bbdat Ediacaran
fossils is arguably of greater importance to the interpretation of the living forms (Narbonne,
2005). The widgzread preservation of such sbfidied forms is virtually unknown in the
Phanerozoic. The primitive paleobiological and paleoecological nature of the organisms in
guestion hampers direct comparison with modern organisms, necessitating careful recanstructio
of the living form from the potentially altered fossil form. The frequency of preservation of these
fossils, and high relief of many, led workers to suggest that the bodies of the organisms must
have necessarily been made of tough material resistaotpaction, such as cellulose
(Seilacher, 1984, 1989; Retallack, 1994). The

(21999), organisms preserved via burial by sediment and sealing into a reducing environment by
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microbial mats, rendered unusually toughstamctional materials unnecessary. Narbonne (2005)
recognized four primary modes of preservation of the Ediacara biota:-Btgl@aFlindersstyle,
Fermeussstyle, and Conceptiostyle.

Namastyle preservation is the characteristic preservation of uppacddn fossils from
Namibia (Grazhdankin and Seilacher, 2002; Vickeich et al., 2013; Ivantsov et al., 2016), but
also occurs in older deposits in the Mackenzie Mountains of NW Canada (Narbonne et al.,
2014). Fossils are preserved within storm, tutbjdbr contourite beds, rather than at the tops or
bases of beds. This preservation style preservesdimemnsional casts thabmmonlyinclude
rare external and internal detail not present in specimens preserved by other regimes (Narbonne,
2005; VickersRich et al., 2013).

Flindersst yl e preservation inspired the fAdeath
(1999), though more recent work suggests preservation of fossils in the Ediacara Member may
have additionally or instead occurred rapid silicificaion in silicarich oceans (Tarhan et al.,

2016). Fossils are preserved on the soles of event beds: more resistant organisms form negative
relief impressions, less resistant ones collapse and form positive relief impressions. The well
developed microbial nia necessary for the formation of this style of preservation grow best in
sunlit environments; most, if not all, occurrences of assemblages preserved primarily in this style
are from deposits between storm and fair weather wave base. The most famoussgrathd
preservation style are the Ediacara Member within the Flinders Ranges of Australia and the
White Sea of Russia (Gehling and Droser, 2@&krevskaya2014).

Fermeussstyle preservation isimilarto Flindersstyle, but less well developed. Since
many of the assemblages are deepater, it may be that the microbial mats were less-well

developed or noexistent. Assemblages preserved primarily in the Fermsygetypically
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preserve only holdfasti scs and trace fossils, and include
Newfoundland; Finnmark, Norway; and the Mackenzie Mountains of NW Canada (Farmer et al.,
1992; Gehling et al., 2000; Narbonne et al., 2014).

Conceptionstyle preservation preservesthe upu e fsnapshotsodo of Aval
ecosystems from Newfoundland and Charnwood Forest (Seilacher, 1999; Clapham et al., 2003;
Wood et al., 2003; Narbonne, 2005; Liu et al., 2015). Layers of volcanic ash blanketed the
seafloor, smothering existing commti@s. These ash layers were sealed off from the water
column by the growth of microbial mats, creating a reducing subsurface environment that
preserved the remains in a fashion similartboe fideat h masko model of G
suggested bythepe sence of framboi dal pyrite Aveneer so
2016). Whole communities were preserweglace as they lived, without evidence of transport,
as positive epirelief impressions on the top of bedding surfaces covered byothbiag ash, in
contrast to the hyporelief preservation of the Flindansl Fermeusstyles. Radiometric dating
of the volcanic layers constrains the ages of the fossiliferous beds (Benus, 1988; Narbonne et al.,

2012a; Schmitz, 2012).

2.5. Global sssemtdges

The Ediacara biota has been divided into three primary assemblages based on Waggoner
(2003) and expounded upon by Narbonne (2005): the Avalon assemblages@Y Ma), White
Sea assemblage (56G50 Ma), and Nama assemblage (5511 Ma) (Fig. 12). Grazhdankin
(2004) first suggested that the assemblages were artifacts of water depth and/or environment

rather than time; he later (2014) recognized the same divisions as suggested by Waggoner but
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used names based on RusmiiamdsS5®&MagrapPpal cmoamni
55955 0 ; and A K®0 Ma). Aitharough, statistledd analysis of an updated global

Ediacaran fossil database by Boag et al. (2016) supported the three original assemblages of
Waggoner (2003).

The oldest of thehree assemblages is the Avalon assemblage (Narbonne, 2005; Xiao and
Laflamme, 2009; Laflamme et al., 2013; Liu et al., 2015; Boag et al., 2016). This assemblage is
typified by deepwater localities such as southeastern Newfoundland; Charnwood Forest,
England; and the Mackenzie Mountains, Northwest Territories (Wood et al., 2003; Ichaso et al.,
2017; Mason et al., 2013; Sperling et al., 2016). This assemblage is composed primarily or
entirely of nonmotile forms, dominated by rangeomorphs and arboreomoiihspme
instances of other groups suchPasnocandelabrunand rare erniettomorphs (Hofmann et al.,
2008; Wilby et al., 2011; Narbonne et al., 2014; Liu et al., 2015). From its earliest appearance, it
displays epifaunal tiering and ecological successtommiscent of modern benthic communities
(Clapham and Narbonne, 2002; Clapham et al., 2003).

The middle, and most diverse, Ediacara biota assemblage is the White Sea assemblage
(Narbonne, 2005; Xiao and Laflamme, 2009; Laflamme et al., 2013; Boag €t14), ¥hite
Sea assemblage localities are typified by shali@ater localities such as the Pound Quartzite of
the Ediacara Hills, South Australia and the Vendian Complex of the White Sea region, Russia
(Gehling and Droser, 201Zakrevskaya2014). The rageomorphs and arboreomorphs persist
into this assemblage, but are numerically less dominant. Instead, there is an explosion of
bilaterally symmetrical, potential metazoan fossils sucBmggging Kimberellg and

Dickinsonig the latter two taxa even shawvidence of mobility (Gehling et al., 2005; Ivantsov,
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2009, 2010). Additionally, many unusual radial taxa, suohrlksrua Eoandromedaand
Tribrachidiumappear.

The youngest of the Ediacara biota assemblages is the Nama assemblage (Narbonne, 2005;
Xiao and Laflamme, 2009; Laflamme et al., 2013; Boag et al., 2016). The Nama assemblage is
primarily known from shallowwvater deposits in Namibia that include Ediaetgyze fossils up to
the EdiacaraitCambrian Boundary (Hall et al., 2013; Darroch et al., 220%6). The diversity
of the White Sea assemblage largely disappears (Darroch et al., 2015). In its place are several
genera of erniettomorphs includiignietta, Swartpuntia andPteridiniunm the rangeomorph
Rangeathe discoidAspidellg and the earliest known skeletal forms sucRlasidinaand
NamacalathugNarbonne et al., 1997; Elliot et al., 2011, 2016; Vickeish et al., 2013;

Darroch et al., 2015, 2016; Ivantsov et al., 2016, Xiao et al., 2016).

3. Ediacaran Discs

The most abodant, yet least studied fossils of the Ediacara biota are the discoid fossils
such as the form genéspidellaand its junior synonyms. They include the earliest described
Precambrian macrofossils (Billings, 1872; Gehling et al., 2000), and were |lobgatetbas
evidence that jellyfish were among the earliest metazoans in the fossil record (Sprigg, 1947,
1949; Glaessner and Wade, 1966; Wade, 1972) until their later reinterpretation as benthic discs
(Seilacher, 1984) that functioned mainly as the baddfdsis of fronds (Gehling et al, 2000).
They are found at nearly every Ediacaran macrofossil site on nearly every continent, and at many
sites are nearly the only fossils present (Narbonne and Hofmann, 1987; Narbonne and Aitken,

1990; Farmer et al., 199&ehling et al., 2000; Serezhnikova, 2013; Arrouy et al., 2016; Darroch
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et al., 2016). They appear in the earliest of the Avalon assemblage and persist into the Nama

assemblage, at the end of the reign of the Ediacara biota (Darroch et al., 2016).

3.1 History of sudy

Sprigg (1947, 1949) described numerous discoid fossils from what was is now the classic
Ediacaran of the Flinders Ranges of South Australia, erecting numerous genera of discoid forms
(Beltanellg CyclomedusgEdiacaria, Madiganig Medusina ProtodipleurosomaProtoniobig
PseudorhizostomitePseudorhopilemaandTateang; Glaessner and Wade (1966) and Wade
(1972) erected several other taxa. All of these were regarded as medusoid cnidarians based on
similarities in their circular shapegwtimeter to decimeter size range, and presence of radial
marks and concentric rings inside the discs; an interpretation that stood for several decades. Ford
(1958) described and named the discoid f@marniodiscusvhich he later (1963) revealed was
the toldfast of a frond, but few authors followed suit except in cases where a frond was found
directly attached to a discoid holdfast (e.g. Jenkins and Gehling, 1978).

Seilacher (1984, 1989) made several important observations that cast doubt on medusoid
interpretations. While jellyfish preserved in marine sediments should be preserved roughly 50%
oral side down and 50% aboral side down, onlyfHii®rad side was ever preserved. Jellyfish
have a specific gravity only slightly higher than water, and much ldveer a turbid mixture of
water and quartz grains, so they should be preserved on the tops of event beds; undoubted
Mesozoic jellyfish typically are, yet Ediacaran fossil discs are found almost exclusively on the
bases of event bedSeilacher, 1984 ) ate studies showed abutting specimens that displayed

mutual deformation during growth, rather than passive settling through a water column
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(Narbonne and Aitken, 1990). Importantly, though relatively rare, many discs display portions of
stems identical to trs@ seen in frondose taxa (Narbonne and Aitken, 1990; Gehling et al., 2000;
Tarhan et al., 2010, 2015). Norris (1989) performed a series of taphonomic experiments, whose
results demonstrated that Ediacaran discs resemble neither modern nor Phanerdzoic fossi
jellyfish, although the latter two displayed close resemblance. Thus the medusoid interpretation
of discs was effectively dismantled, though the interpretation that some were polyps persisted for
some time (Jenkins, 1989).

Gehling et al. (2000), workingith discoid forms from Newfoundland and comparing
these to discoid taxa worldwide, brought to light the frond holdfast affinity of most discoid taxa.
They observed that many discoid taxa, rather than being morphologically distinct entities, graded
into eaxh other morphologically, suggesting they were taphomorphs of one another. They
revived the taxospidella terranovicaand were able to synonymize most discoid taxa with it.
Additionally, between the evidence of stems on some speciméspiufellg andtheir
resemblance to the holdfasts of frondose taxa, they were able to convincingly argue that discoid
taxa relatable téspidellawere holdfasts whose petalodia had escaped preservation; Hofmann et
al. (2008), with the discovery of the froRdimocandelabrumexpanded this interpretation to the
ray-bearing distHHiemalora andSerezhnikova (2013) includéke lobate discEoporpitaand
Mawsonitesamong the Ediacaran holdfast tax@though there have been rare dissenters
(Grazhdankin and Gerdg2007; MacGabhann, 2007), most subsequent work has supported the
holdfast interpretation of discs relatableAspidellaandHiemalora(Mapstone and Mcliroy,

2006; Serezhnikova, 2010, 2013; Tarhan et al., 2010, 2015; Laflamme et al., 2011).
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3.2. Holdast bxa

There are three primary identified holdfast form genasgpidellg Eoporpita and

Hiemalora These taxa, and features that distinguish them, are illustrated ir3ig. 1

3.2.1.Aspidella

Aspidellais the senior synonym for margrobablymost, Ediacaran discs. Though
members of the form genus can vary greatly in morphology, with extreramemdbers sharing
little resemblance to each other, they are united by an insensible gradation in morphology
believed to be caused by differences irhtapmic processes. Gehling et al. (2000) recognized
three morphological eathembers based primarily on relief: the flatteisgutiggiamorph, the
positive reliefEdiacariamorph, and the invaginafespidellamorph. Nearly alAspidellafall
within the triargular spectrum created by these-emeimbers (Gehling et al., 2000, tdix}. 6).

Aspidellais a disc that typically is preserved on the soles oftdweats (Fig. 13.2). The
outer periphery of many discs is delineated by a distinct outer rim, eithertivgos negative
relief. The outer disc contains most of the body of the fossil and many of its anatomical features,
such as tiers, radial grooves, and concentric rings. In most cases the centrasimgsyis

delineated, in greater relief than the ouwtesc, and many contain a circular plug in the center.

3.2.2.Eoporpita

Eoporpitais a disc composed of sheets of lateraltijacent lobes that radiate from a

central boss (Fig.-B.1). These sheets of lobes are stacked in tiers, reducing in diameter the
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Figure 1-3. Features common to discoid foss(lk). Eoporpita 1.1 Crosssection view of1; 1.2

Plan view ofl; 1.3 Eoporpitaspecimen JBELO8 from the June bed®) Aspidellg 2.1 Cross

section view oR; 2.2 Plan view of2; 2.3 Aspidellaspecimen JBED57from the June bed£3)
Hiemalorg 3.1aOne of two common crossection viewf 3 based on several Newfoundland
specimens (Hofmann et al., 2008)1b Second of two common crasgction views o8 based

on Russian specimens (Fedonkin, 1980), Newfoundland specimens (Hofmann et al., 2008), and
the single June bed specimen (Narbonne, 182Plan view of3; 3.3 Hiemaloraspecimen

GSC 102373 from the June bedsal® bas = 10 mm. Reproduced from &pter 3.
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further vertically they are from the bed surface. The central boss is prominent, and typically
includesa plug. The outermost boundary of masscsis ill-defined, delineated only by the

edges of the lobes of the widest tier.

3.2.3.Hiemalora

Hiemalorais a disc with numerous projectiot®greint er med f@Ar ays o, emanat
periphery (Fig. 13.3). The rays are thin and do not appear to have a regular pattern to their
arrangement beyond the periphery. This periphetypisally marked by alistinct outer rim.
Within the disc are occasionally found a plug and a single concentric ring. In complete
specimens oPrimocandelabrumthis ringtypically delineates the base of the stem. The interior

of the disc can be concave (FiglB.1a) or conex (1-1.3.1b).

3.3. Nonholdfast aixa

It is important to note that not all discoid fossils from the upper Neoproterozoic originated
as holdfaste vivo. Beltanelliformisis a highly gregarious, subspherical form found in shallow
water deposits worldwidinat may represent a cighaped organism or a spherical structure
perhapsomparable to modemostoc(Narbonne and Hofmann, 1987; Ivantsov et al., 2014).

The radial formdribrachidiumandEoandromedare commonly interpreted to be whole
organisms, piumably filterfeeders (Tang et al., 2008; Rahman et al., 2015).
Paleophragmodictyavas originally interpreted as a poriferan (Gehling and Rigby, 1996), though

its affinity is still in doubt (Gehling et al., 2000; Antcliffe et al., 2014).
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4. Objectivesof the Thesis

As discussed above, discoid fossils are, by far, the most common Ediacaran macrofossils
worldwide. They were the firgstamed taxon of the Ediacara biota (Billings, 1872) and were
studied intensely as the presumed earliest record of jelbgiish until a series of landmark
papers showed that few, if any, could be considered jellyfish (Seilacher, 1984, 1989) and that
they probably represent the attachment discs of Ediacaran fronds (Gehling et al., 2000). Since
that time, with a few notablexceptions (e.g. Mapstone and Mcllroy, 2006; MacGabhann, 2007;
Serezhnikova, 2013; Tarhan et al., 2010, 2015), interest in discs has waned and research
attention has turned to the more fidiagnostico
regaded Ediacaran discs as simple structures whose sole function was to anchor the frond to the
sea floor.

This thesis represents a detailed study of the taphonomy, paleoecology, and functional
morphology of the three primary Ediacaran discoid ttema: Aspicella, Hiemalora and
Eoporpita Studies were carried out in the Avalon and Bonavista peninsulas of Newfoundland
(Chapter 2), and the AJune bedso (Chapter 3)
(Chapter 4) of the Mackenzie Mountains of northwestema@a. Discoid fossils occur
abundantly on multiple surfaces in all three study areas, providing the large sample sizes
essential for meaningful morphometric aaghonomic studies. These discoid fossils are among
the oldest known anywhere, with discsfro Ne wf oundl and (Chapter 2) a
NW Canada (Chapter 3) representing the earliest assemblage of the Ediacara biota

(approximately 5860 Ma; Narbonne et al., 2012a; Macdonald et al., 2013; Pu et al., 2016),
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and the ATwi t yaCrydgersaa strata (CHaptes 4) apprpxpnately-685 Ma
(Rooney et al., 2015; Sperling et al., 2016), enhancing the evolutionary implications of this
study.

The three main chapters present analyses of three fossil assemblages from different
localities inthe Neoproterozoic of Canada (Fig. 4) to investigate four interrelated questions in

the paleontology and paleobiologf/Ediacaran discs:

1.What is the naturand significancef the anatomical features presentimiacarardiscs and
do they have any taxomic significanc@

2.How did these discdook in life, and what taphonomic processes led to their present
preservational shapes

3.Did these discs serve any function beyond attachment of the frond to the sea floor, and if so,
how did they carry out these fttions?

4.What wee their evolutionary originef discs and the different functions they facilitéed
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CHAPTER Il
The discs of Avalon: Relating discoid fossils to frondose organisms in the Ediacaran of

Newfoundland, Canada

Published as
Burzynski, G., and Narbonne, G.M., 2015. The discs of Avalon; relating discoid fossils to
frondose organisms in the Ediacaran of Newfoundland, CaRatieogeography,

Palaeoclimatology, Palaeoecologyl.434,pp. 34i 45.

Abstract

The oldest members ofdtEdiacardiota include discoi@ndfrondose forms The fronds have
been well described, blittle has been done muantify the relationship betweéme dismid

fossils andthe discoid holdfasts of frondSossilsurfacesrom the middleEdiacararof

southeastern Newfoundlamqmteservdronds directly attehed to their discoid holdfasts, along

with numerouspe@mens of the isolated discoid fossfispidellaandHiemaloraof less certain
affinities. However, most specimensAdpidellain Newfoundland are known from Fermeuse
style preservation of the base of discs, whereas most Mistaken Point fronds are known from
Conceptionrstyle preservation of the tops of discs, hindering direct comparison of these fossils.
The Discovery Surface ddonavista Peninsula preserves both basal and top vieaspafella

type discs on the same fossil surface, and thus serves as a morphological link between these
preservational modes and permits reconstruction of these circular holdfasts-ditieasions

We find asignificant positive correlation between disc size and frondveiiren each frondose
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specieswhichis consistentvith the purported function as holdfasts, tethering the frondose
organisms to the seafladrhis supports the notion that disddossilsrelatable toAspidellaand
its junior synonyms, and tdiemalora are the holdfasts dfondose forms whose petalodia
escaped preservation, and not whole organisms or microbial coésnies been suggested by

some authors

1. Introduction

Much work accomplished over the pasteral decaddsas helped to decipher many traits
of the previously enigmatiorganisms and communitie$ the Ediacaran Perio@he Ediacara
biota arose in the midiacaran Period, atting around 58Ma, anddisappeared athe
Ediacaran Cambrian boundary at 54a (Narbonne et al., 2012a)ith a few prominent
exceptionge.g. Retallack, 1994, 20),3nost workersegard the Ediacara biota as representing a
mix of stemgroup metazoans and/or stgmoups ofmodernmetazoan phyla (Narbonne, 2005;
Xiao and Laflamme, 2009; Knoll, 2011; Laflamme et al., 20T8e earliesassemblage of what
is traditionally regarded as the Ediacara bitita,Avalon assemblag&80' 560 Ma), isknown
from exclusively deepvater depositéh southeastern Newfoundland, Charnwood Boire
England, and the Mackenzie Mountains of NW Canada (Ford, 1958; Myrow, 1995; Narbonne
and Gehling, 2003; Wood et al., 2003; Ichaso et al., 2003; Waggoner, 2003; Narbonne, 2005;
Hofmann et al., 2008; Narboeret al., 2009, 2014; Xiao and Laflamme, 2009; Wilby et al.,
2011; Mason et al., 2013;). Itis dominated by rangeomorphs (macroscopic forms possessing
several orders of repeating, ssli mi | ar, #fAfractal o modul es; Jenk

Narbonne2004; Brasier and Antcliffe, 2009; Brasier et al., 204@rbonne et al., 2009, 2014)
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along with othefrondose and discoid forms, displaying early examplaescofogical complexity
(Clapham and Narbonne, 20@apham et al., 2003; Wilbst al., 2011] aflamme et al., 2012;
Liu et al., 2012; Darroch et al., 2013; Ghisalberti et al., 2014); bilaterian body fossils and trace
fossils are absent or rare (Waggoner, 2003; Narbonne, 2005; Xiao and Laflamme, 2009; see Liu
et al., 2010, 2014 for an example of pb&sicnidarian trails from the Avalon assemblage). A
few members of the Avalon assemblage also occur indbegerWhite Sea ssemblag€560
550 Mg and Nama assnblage (550641 M3, which are recorded in both deep and shallow
water settings (Grazhdanki®Q04; Narbonne, 2005; Xiao and Laflamme, 2008; Gehling and
Droser, 2013; Chen et al., 2014), but are not ecologically dominant

Ediacaran discs and fronds were discovered and described separately during the first 80
years of description of what is now leal the Ediacara biota, and this greatly shaped
interpretations of their affinitie§.he first recognizetody fossilsnamed from conclusively
Precambriastratai n t he fossil record were discoid forr
(Billings 1872; see upda and review in Gehling et al., 2000). This fos&dpidella terranovica
Billings, 1872, wa®riginally regarded as an animal, but vegsckly reinterpreted by other
workers as amorganic sedimentary structufgee review in Hofmann, 19719s it washe
paradigm of the time that macroscopic body fossils did not exist below the Cambrian (Gehling et
al., 2000).Sprigg (1947, 1949%:laessner and Wade (196@)ade (1972)and othemworkersin
the Ediacara Hills of Australialong with Fedonkin1978, 198) and other workers in the East
European Platform, subsequerdiyscribecabundantiscoid formssuch asEdiacariaSprigg
1947 Cyclomedus&prigg 1947 HiemaloraFedonkin 1982andEoporpitaWade 1972Most of
thesediscoid fossilsvere originallyinterpreted as theemains of pelagic medusoid cnidarians

Seilacher (1984) refuted this, pointing out morphologic and taphonomic features of these discs
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that were inconsistent with a pelagic organism and strongly implied that most or all of these discs
were attached to the sea bottom during life, a view that has found widespread support. Three
interpretations have been published that attempt to relate Ediacaran discs to benthic organisms:
Jenkins (1992) regarded these isolated discoid impressions as#sedn tops of fossil polyps;
Gehling et al. (2000) regarded isolated Ediacaran discs sudpatellaas holdfasts for which

the overlying frond was not preserved; and Grazhdankin and Gerdes (2007) regarded many of
them as microbial colonies. Some werk have suggested different origins for different discoid
structures; for example, Grazhdankin (2014) regarded unornamented discoid taxa as (such as
Cyclomeduspas microbial in origin but ornamented discoid taxa with radiating extensions (such
asHiemalaa andEoporpitg as the bases of frondose taxa. Interpretation of isolated Ediacaran
discs as frond holdfasts has received the greatest supmpsi{dhe and Mcllroy, 2006;
MacGabhann, 2007;Serezhnikova, 208@fmann et al., 20081ofmann and Mountjoy2010;

Tarhan et al., 201®015 Laflamme et al., 2011; Serezhnikova, 208arbonne et al., 20)4
However, with the exception of Tarhan et al. (2015) from the Ediacaran of Australia, few
comparisons between isolated Ediacaran discs and those presehesbases of fronds have

been carried out to test this relationship or to determine whether any specific disceidxXarm

can be consistently related to specific frondose ftaxa.

The present study compares therphologyandbiometrics of isolated diss with those of
attachment discs of fronds in the same succession. The Ediacaran of eastern Newfoundland
represents a nearly ideal location for this study. Ediggaefossils occur abundantly on
hundreds of bedding surfaces on the Avalon and Bormrepestinsulas (Fig.-2). Fossils occur
through more than 2 km of stratigraphy encomp

groups (Fig. 22). Conceptiorstyle preservation throughout the Conception Group has preserved
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both complete fronds and isolated discs beneath beds of volcanic ash. In contrast, Feyieeuse
preservation in the St. Johnds Group preserve
(Narbonne, 2005), providing two contrasting preservational styles for comparison. The

systematic paleontology of the 11 species of fronds (Narbonne and Gehling, 2003; Laflamme et

al., 2004, 2007, 2012; Narbonne et al., 2009; Bamforth and Narbonne, 2008r Bnals

Antcliffe, 2009; Brasier et al., 2012) and the five fegenera of discs (Gehling et al., 2000;

Hofmann et al., 2008; Liu et al., 2011) reported from Avalonian Newfoundland is well

established. This paper will investigate the relationship betwese discoid and frondose taxa.

2. Geological @tting

Fossiliferous atcropsof this study occum the Avalon and Bonavista peninsulas of
southeastern Newfoundland (Fig12. Fossils of southeastern Newfoundland are known from
the Drook Briscal, and Nstaken Pointdrmatiors of the Conception Groy@nd the Trepassey
and Fermeustormatiorso f t he St . (Figl 2), with the [Book thrgugh Mistaken
Point formations typically showingjscs directly attached to frond3iscoid fossils include all
morphotypes oAspidella(Gehling et al., 2000) andiemalora(Hofmann et al., 20085everal
frondose taxa are known, includiBgothukisBrasier and Antcliffe2009,CharniaFord 1958,
Charniodiscud=ord 1958,CulmofronsLaflamme Flude and Narbonne 2Q Etimocandelabrum
Hofmam OO Br i e n a n direpassiatproéhfdtaBammeasnedntree and Trusler
2009(Anderson and Misra, 1968; Misra, 1978; Seilacher, 1992, 1¢&%onne and Gehling
2003;Laflamme et al., 2004, 20070@Q9, 2011, 2012;aflamme and Narbonne 2008; Hofmann

et al. 2008; Narbonne et al. 2009; Brasier and AnécifH09) which form the basis of this study.
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BeothukisCharnia CulmofronsandTrepassisar e i ncl uded 1| nmftehe ficharn
Rangeomorphé_aflamme and Narbonne, 2008a, b; Narbonne et al., 200@)niodiscuss a
member of the Arboreomorpha (Xiao and Laflamme, 2009; Erwin et al., 2011; Laflamme et al.,
2013), andP’rimocandelabruntannot yet be related to any major Ediacaran clade (Hofetann
al., 2008; Narbonne et al., 2014).

The major stratigraphic units of the upper Neoproterozosoatheastern Newfoundland
are shown in Fig2-2. Above the igneous rocks of the Harbour Main Grobp,dverall trend is
shallowing, from a deepasinfloor setting in thdower Conception Group to a shallonarine
to alluvial fansettingof the Signal Hill Groupln contrast to the paleosol interpretation put forth
for these strata by Retallack (2014 abundance of turbiditic features and the complete
absence of wavgenerated structures or evidence of emergence through thousands of meters of
stratigraphy imply that the Conception and | o
belowbothstam wavebase and the photic zone. The abundance of volcanic and volcaniclastic
layers in the Conception Group of the Avalon Peninsula, and in the Conception and lower St.
Johndés groups of the Bonavista Penhotel a, are
fossils, and permit precise radiometric dating (Benus, 1988; Narbonne et al., JbiE2a).
Conception Group was deposited in a degper, active margin setting below the photic zone,
progressindgrom a basirfloor setting in theMall Bay, GaskiersDrook, and Briscal formations
to a deepwvater slope setting in the Mistaken Point FormatidreoverlyingSt . Johndés Gr o
displays an overall shallowingpward sequence, from a progradational slope setting in the
Trepassey and Fermeuse formations poograding delta/terrestrial setting in the Renews Head

Formation The Signal Hill Group continudkis shallowing trend, passing upward from
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fluviodeltaicto terrestrial deposit&Gardiner and Hiscott, 1988; Conway Morris, 1989; Myrow,

1995; Wood et al2003; Ichaso et al., 200A0fmann et al., 2008ylason et al., 2013)

3. Terminology

No consistent terminology exists to describe the anatomical/morphological features
common to discoid fossils and holdfasts. In a manner analogous to the work of La#iachme
Narbonne (2008) on frondose fossils, we present terminology to be used to describe the common
features of Ediacaran discs (Fig3Rin order to alleviate future confusion. Many of these terms
are already regularly used in the literature and areftiverased here in order to maintain
familiarity. Since the function of some of these features, and the phylogenetic affinities of the
whole organisms, are still uncertain, care has been taken to avoid terminology that suggests
function or evolutionary retaonship. For example, the projections from the outer circumference
of discs such adiemaloraar e ref erred to as Arayso rather t
latter might suggest a phylogenetic affinity to plants or cnidarians, respectively.

Figure 23.1 is an idealized view of a disc/holdfast preserved from above (i.e. Coneeption
style; Narbonne, 2005) and Figure&2 is an idealized view of a disc/holdfast preserved from
below (i.e. Flindersand Fermeusstyle; Narbonne, 2005). The overtature itself, whether
i sol ated or attached to a fronddld@).Aossil, is
associated stem base may be presentin Conceptioy | e speci m&d)sandaibo i n |
stem can be found in specimens of bottspger v at i on t y-p.¥ ). Somedscsi n Fi g.
di splay thin-3lay)s dmamatinndgifgrom@ the circumfert
inFig.23. 2) are common on specimens presKB838rved frc

protruding fom the center of the disc (or a cavity where the plug would normally be, implying it
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Conception-style Fermeuse-style
positive epirelief positive hyporelief
Fig. 2-3. Idealized diagram of a disc/holdfast displaying tewtogy proposed in this pap€d.)

Concepion-style positive epirelief(2) Fermesestyle positive hyporeliefa. disc;b. stem base;
c. stem;d. rays;e. concentric ringsf. plug. Not to scale.
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was somehow lost); these features are common among discs from surfaces preserved in the
Flinders and Fermeuse styles worldwide, but aeeror absent from Conceptistyle surfaces

such as those at Mistaken Point.

4. Taphonomy

Ediacaran fossils in the Conception Group (Drook, Briscal, and Mistaken Point formations)
in the Mistaken Point Ecological Reserve and elsewhere in the AvalomsBEnwere preserved
beneath beds of volcanic ash in what is termed Concegtiyba preservation (Narbonne, 2005).
The ash lithified quickly, and, following decomposition of the organic remains, the empty space
was filled by mud from beneath (SeilachE992; Narbonne, 2005). Discs and stems occur as
positive epireliefs on the top of the mudstone bed and exclusively show features on the tops of
the discs (Fig. 8.1; 24.17 2). Discs are typically smooth, and commonly show a stem
attachment in the midel of the top of the disc. Conceptistyle preservation resulted in features
that were at the sediment/water interface being preserved in greatest detail, with the quality of
preservation declining distally due to ash infiltrating between the frond andutdy sea floor
(Laflamme et al., 2004, 2007).

Ediacaran fossils in the Fermeuse Formation of the Avalon Peninsula were preserved
beneath sandy event beds in what is termed Fernstylsepreservation (Narbonne, 2005). The
holdfast was probably coatég a microbial mat, which enhanced preservation following burial
(Laflamme et al., 2011), but it seems likely that the microbial covering was thin and/or
composed of heterotrophic or suloxidizing bacteria, and this precluded the exceptional
preservatin evident in the otherwise similar Flindestyle preservation (Narbonne, 2005). In

both Flindersand Fermeusstyle preservation, the holdfast collapsed following decomposition,
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A

Fig. 2-4. Examples of preservation styles foundhe Avalonian of Nedoundland.(1) and(2)
Charniodiscusspp. inConceptiorstyle positive epirelief at Mistaken Poii(8) Charniodiscus
spp. in psitive eprelief at Discovery Surfac€4) Negative epirelief counterpart of Fermeuse
style positive hyprelief from Discovery Surfac€p) and(6) Aspidellain Fermeusestyle

posiive hyporelief at Ferryland(1) and(5) demonstrateiggh relief; (2) and(6) demonstrate low
relief. Scale bes=1 cm. All specimens excef) are retrodeformed.
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and overlyingsoft sediment slumped into the space formerly occupied by the organic tissues.
Fermeussstyle preservation preserved discpasitive hyporelief on the soles sdndybeds

with negative epirelief counterparts on the directly underlymuglstonébed andshow

exclusively features that were on the bottoms of the discs (Bg;24.57 6). No attachments
between a disc and its stem are preserved in these hyporelief views, although a stem impression
may rarely appear to emanate from the margin of the(8ig. 23.2; Gehling et al., 2000,

fig.14). This results in th&spidella, Spriggia, andEdiacariamorph discs of Gehling et al.

(2000) that typically display plugs and concentric rings, but only rarely stem impressions that are
exclusively outsidette margins of the disc (Fig-22); these morphological characters

(concentric rings and plugs) are commonly preserved at other localities worldwide.

These two contrasting preservations of discs are united in the Discovery Surface near Port
Union (Fig. 21), which shows positive preservation of the top and negative preservation of the
bases of different discs on the same surface (Hg32 4). Specimens adjacent to each other
can show different modes of preservation (Fi§.2). Some discs are presaiva positive
epirelief (Fig. 24.3), and show a stem and a lack of concentric rings or plugs, similar to
specimens from Mistaken Point (Fig42). Others are preserved in negative epirelief (Fig. 2
4.4), and show the concentric rings and plugs of Famdyspecimens, as well as the inherent
lack of a visible stem on the holdfast (Fig42). Composite moldingsénsuWade, 1968)
locally preserves features from the base and top of the disc on the same preservational surface

(Fig. 25.1). Proportions of eh preservational type are shown on Figu& 2
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; A % M3
Fig. 2-5. Specimens from Discovery surface that show a combination of traits from both
preservationastyles(l), and an example where a positive epirelief specif2dr)is found
adjacent to a negative epirelief countergar®). (1) Charniodiscus(2) 1.Charniodiscus?2.
BeothukisScale bars=1cm. All specimens are retrodeformed.
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ti: Positive Relief B Composite Moulding Negative Relief W Undetermined

2

N=100

i Positive Relief W Composite Moulding Negative Relief

Fig. 2-6. Proportion of fossils at Discovery Surface that correspond to each presetypgdql)
includes specimens of undeterminm@dservatiortype;(2) does noinclude specimens of
undetermined preservation type
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5. Biometrics

We carried out biometrical studies to investigate the relationships between the discoid
fossils preserved in different preservational modes on the surfaces in Bonavista Peninsula and at
Mistaken Point and Ferryland in the Avalon Penins@pecimens werghotographeah situ,
retrodeformedollowing the procedures aVood et al. (2003) to correct for tectonic
compressionvhere appropriate, and anatomical characters were meabBisedliametersvere
comparedhgainst plug diameters (in positive hyporeliefjative epirelief specimens) or stem
diameters (in positive epirelief specimens) to determine the relationships between these features
and the disc, and to see if there was any anatomical relationship between plug and stem
measurements are shown in Appiend Disc diameter was compared to frond area in all
available specimens to see if there was a significant relationship between the sizes of the
features, as might be expected for the biomechanical function of tethering the frond to the

seafloor in regios that experience regular currentseeasurements are shown in Appendix Il

5.1.Comparison of preservation styles

Four different taphonomic groupings were used for comparison: Ferryland (FL), Discovery
Surface hyporelief [DS)], Discovery Surface epilief [DS (+)], and Mistaken Point (MP).
Composite moulds from Discovery Surface were not used in this particular test; since they would
have to be included twice (once for disc diameter versus plug diameter, and once for disc

diameter versus stem diametehere is potential for confusing the resultsaddition, they were
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low in number N=7) and do not add information that cannot be derived from the other
Discovery Surface taphonomic groups.

Ferryland represents the enmgember of positive hyporelief prawation characteristic of
Fermeussstyle preservation (Fig-2.51 6); these do not display a petalodium of any kind, but
typically display concentric rings and plugs within the discs, with very rare preservation of a
stem outside of the margin of thesdi DS {) specimens occur as negative epirelief counterparts
on the Discovery Surface, and contain features common to Fensiglesdiscs [e.g. concentric
rings and plugs within the discs, and a stem (where present) relegated to the outside of the disc]
and are typically attached to the petalodia of the frondoseBotukis Charnia,

Charniodiscusor PrimocandelabrungFig. 2-4.4). DS (+) specimens occur as positive epirelief

parts on the Discovery Surface, and generally contain features common eptwrstyle discs

and holdfasts (e.g. an expanded stem base and a stem emanating from the center of the disc, but
no concentric rings or plugs) (Fig-423).Like DS (), DS (+) typicallyncludes attachment to the
frondose tax@eothukis Charnia, CharniodiscusandPrimocandelabrumbut with the

significant exception that this stem appears to emanate from the centre of the disc rather than its
margin. MP represents the emmeember of positive epirelief characteristic of Concepstyte
preservationand includes specimens from several skatbwn surfaces (Fig.-2.11 2); these
specimens are typically attached to a petalodium and show an expanded stem base and a stem
emanating from the center of the disc, but do not contain concentric rings ar plugs

All measured specimens were subjected to Standard Major Axis (SMA) regression
analyses using the smatr package in R (Warton et al., 2012; R Core Team, 2014) to determine the
relationship between disc diameter and plug diameter (in positive hyporetielegative

epirelief counterpart specimens) or stem diameter (in positive epirelief part/negative hyporelief
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counterpart specimens). These produced slopes for a regression line and an upper and lower
95% confidence interval (Cl) farach group studied, agll as correlation coefficientq) andp-
values. Greatar’ values were taken to represent closer relationship between the variables.
Statistical significance was establisheg<®.05. The results for regression lines, and upper and
lower 95% Cls werglotted. Overlapping Cls indicate statistically indistinguishable regres,
while norroverlapping Clisndicate significant difference

Significant values were taken to imply a direct relationship between the diameter of the
disc and the diameter of tipdug or stem, and, when two or mom®gps were combined,
increased? values were taken to imply a relationship between the two groups (assuming the
original values were significant). Three main plots were constructed: the first combined all
specimens i one group, the secosdparatethyporelief specimens and epirelief specimens
into two distinct groups (Fermeuffel plus DS €)] and ConceptiofiMP plus DS (+)]
respectivelyland compared thenand the thircdcomparedeach taphonomic group separately
(Fig. 2-7). In order to test the validity of grouping FL with D$&nd MP with DS (+) into
taphonomic groups, a fourth analys@mpared mixep r e ser vati on types [i . e
and AFL pl us Ddseqiftheré wegersigiam diffeignseks in allometry

The results are shown in F2.7 and Tabl&€-1. All relationships were significant
(p<0.05) with all but DS (+) having-values below 2&. The most significant relationships
were fAAll Surfaceso and AfAdale-vamesuwghohe formérhash had
a much lower? value. Thea?value of the Fermeuse grouping is greater than the individual
values of Ferryland or DS)( which suggests a stronger relationship between disc diameter and
plug diameter when both groups are treated as one group; the same is true for the Conception

groying versus DS (+) and MP individually. While the mixed preservaiipa groups [i.e. FL
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All Specimens Preservation Types
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Plug Stem
Plug.Stem
20
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Disc
Disc

A Conception-style preservation
® Fermeuse-style preservation

Individual Surfaces Mixed Preservation Types

o
N

Plug.Stem
Plug.Stem
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Disc Disc
A Mistaken Point A Discovery Surface (+) A Mistaken Point + Discovery Surface (-)
® Ferryland > Discovery Surface (-) @ Ferryland + Discovery Surface (+)

Fig. 2-7. Results of SMA analyses disc diameter versus plug diameter Fgrmeussestyle
preservatiohor stem diameter (i@onceptionrstyle preservation Solid lines represent

regression curves, dashed lines represent 95% confidence intervals. The horizontal axes report
disc diameter, the vertical axes report plug/stem diameter (all measurements Blope) R,
andp-values are shown in Tab®el.
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Table 2-1. Results of SMA regression analyses for disc diameter vpisgstem areédata shown in Appendix I).

LOCALITY N LOWER 95% ClI REGRESSION LINE UPPER 95% ClI 2 b
Slope Y -Intercept Slope Y -Intercept Slope Y -Intercept
All Surfaces 223 0.2466984 -1.4033548 0.274118 -0.3722646 0.3045853 0.6588256 0.3656174 2.22E16
Fermeuse 104 0.3972902 -2.3787295 0.4432938 -0.37222646 0.4946243 0.0326483 0.6875185 2.22E16
Conception 119 0.1648682 -0.7060206 0.1913906 0.5051605 0.2221798 1.7163416 0.3312821  7.52E12
FL and DS(+) 63 0.1358993 0.1584031 0.1604693 0.6165231 0.1894815 1.074643 0.5747647 6.25E13
MP and D) 160 0.2457217 -2.216513 0.2829861 -0.5808811 0.3259019 1.0547508 0.1871198 1.11E08
Ferryland 44  0.2000769 -0.22325038 0.2443997 0.04647653 0.2985413 0.31620344 0.5815252  1.79E09
Discovery Surface-] 60 0.3782685 -4.774467 0.460866 -1.813916 0.5615007 1.146634 0.4279737 1.44E08
Discovery Surface (+) 19 0.08427568 -0.1375685 0.13044327 1.6510568 0.20190221 3.439682  0.2236328  0.040874
Mistaken Point 100 0.1654768 -1.024593 0.195349  0.4150231 0.2306136 1.8546391 0.3083144  2.03E09
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plus DS (+) and MBlus DS €)] show significant disc diametérplug/stem echmeterp-values,
Table2-1 shows that the Fermeustyle localities have a much greateérandp-value than either
of the mixed preservatietype groups. These results imply that there is indeed a direct
relationship between Discovery Surface specimens and their respective tagheqoivalents
at Ferryland or Mistaken Point.

Also of interest is whether the plug and stem represent the same feature. Analyzing the
results, disc diameter versus plug diameter (i.e. Fernstykgepreservation) showraarkedly
greater?values than disdiameter versus stem diameter (i.e. Concefsttgle preservation).

This is consistent with the plug and stem being different, unrelated anatomical features preserved
on opposite sides of the disc.

These resultdlustrate allometric similaritiebetween the Ferryland specimens of
Aspidellaand the negative epirelief holdfasts of the Discovery Surface, as well as between the
positive epirelief holdfasts of Discovery Surface and those of the Mistaken Point surfdoes
suggesting that they reggent the same biological featuf@phonomic groupings (i.e. Fernseu
and Conception) show higherandp-values than their individual component surfaces [i.e. FL
and DS ) and MP plus DS (+), respectively] and mixed preservéiipe groups, which is
consistent with the hypothesis that they are natural groupings. Both groups of Discovery Surface
discs [i.e. DS+) and DS (+)] also show attachment to the same frondose taxa, as mentioned
above, which is consistent with the hypothesis that they are diffeides of the same feature.
Taken together, this implies a direct link between Ferryland discs and Mistaken Point holdfasts,
with the Discovery Surface discs and holdfasts as an intermediate. This implies that isolated
discs preserved on the soles olb&n Fermeusstyle preservation represent the same features

as the discs attached to fronds on the tops of beds in Conespi@preservation.
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5.2.Holdfast presencabsence

The presence or absence of holdfasts were recorded for all frondoseesyse(ftng. 28).
Results were divided between ADi scovery Surfa
percentage. At least 85 percent of specimer@hairniodiscusCulmofrons and
Primocandelabrundisplayed discs at all localities where present; thislmer increases at
surfaces other than Discovery Surface. All of these taxa routinely exhibit a prominent holdfast
disc which appears to have been located at the sedimaget interface. As pointed out by
Hofmann et al. (2008), the holdfastffimocandehbrum(Fig. 2-9.1) is commonly
indistinguishable fronHiemalora(Fig. 229.51 8), displaying rays emanating from the outer
perimeter of the disc. In other specimens (Fi§.2 29.4), these rays are absent. The occasional
presence and occasional absevfoeys on the holdfasts &rimocandelabrunirom the
Discovery Surface, their thin structure, and the probability that at least the top of the
Primocandelabrunimoldfast was above the sedimsvdter interface, suggests that these rays
were most likely seminfaunal to very shallow infaunal, possibly forming at the base of a
microbial mat that coated the sea floor. This is consistent with the function of tethering the
organism to the sea floor in an area of constant currents.

Less than 50 percent of specimeariBeothukisCharnia, andTrepassiehad visible discs
at all surfaces studied, witbharniaat other surfaces and dliepassiashowing especially low

percentages of attached discs. Similar observations in the White Sea led Grazhdankin (2004) to
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Fig. 2-9. Examples oPrimocandelabrungli
4) andHiemalora(5i 8). Sampés are from
Discovery Surfacél, 5), Little Catalina(2i 3),
other Bonavista surfacég), and Mistaken
Point(4, 7 8).
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N
n=19 f
Mean=260.5°
Fig. 2-10. Rose diagram of directionality @harniaon Sword Point Surfacet St . Shott 0s

showing strong directionality implying tethering. Orientations Hasen retrodeformed
following the procedures described by Wood et al. (2@@8)Ichaso et al. (2007)

49



guestion whethe€Charniawas a freestanding frond or lived prone on the sea floor. In Avalonia,

at least some individuals of all of these taxa digplaldfasts, and consistent current alignment

of specimens o€harniaon t he Swor d Poi nt-10pa&sdimpliestethering Shot t
to the seafloor (Seilacher, 1999; Narbonne et al., 2001; Wood et al., 2003). The paradox of
abundant evidence afbasal holdfast disc but only rare observations of that diShanniaand
Trepassiamplies that their holdfast was buried below the sedimater interface and was only

rarely exhumeddf. Laflamme et al., 2007).

These observations potentially pet an evaluation of the position of the holdfast disc in
three groups of Ediacaran fronds in the Mistaken Point assemblage-(Aig. Zhese different
positions may have had significant implications for the ecology and taphonomy of these frondose
taxa.

Difficulty arises when attempting to assign disem taxonomy to frond taxonomy. As
mentioned above, nearly all specimeng€barniodiscsin Conceptiorstyle preservatioshow
an attachment disc, and these are relatable morphologic#tly formgenusAspidella
Charnids (excludin@ulmofrong only rarely show their attachment discs; these are also relatable
morphologically tahe formgenusAspidellg though the charnid taxa afharniodiscusare
thought to beunrelated. The most interesting case cefnem the holdfasts of
PrimocandelabrumAs mentioned earlier in this sectidmldfasts of this taxoriF(g. 29.1) are
relatable morphologically tbliemalora(Fig. 229.57 8). However, in some casewgative
epirelief specimens show the concentric ringaracteristic oAspidellafrom other negative
epirelief (and related positive hyporelief) surfadéig(2-9.2). Likewise, there are positive
epirelief specimens whose holdfasts are nearly identical to th&dgaohiodiscugrom

Mistaken Point and disqy rays characteristic dliemalora(Fig. 29.3). At Mistaken Point, the
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Fig. 2-11. Holdfast life positions relative to the sedimevater interface. Not to scale.
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Fig. 2-12. Aspidella Hiemalorataphomorph spectrunil) Spriggiamorph ofAspidellg (2)
Positive epireliefAspidellg (31 6) intermediate formg(7i 8) Hiemalora All specimens from
Discovery Surface, Port Unipand are retrodeforme8cale bars = 10 mm.
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holdfasts ofPrimocandelabrungFig. 2-9.4) are identical to those GharniodiscugFig. 2-4.1).

On the Discovery Surface, the morphologyAspidellacan insensibly grade into the

morphology ofHiemalora(Fig. 212). The rays oHiemaloraand the holdfast of
Primocandelabrunare a defining feature, but as seen from a fescisnens of
PrimocandelabrunfFig 2-9.27 4) and can be inferred from specimend\spidellathat border

on Hiemaloramorphology (Fig. 212), they are not always faithfully preservétbwever, as
mentioned above, they were most likely presemivoin all individuals, whether or not they are
visible after preservatiorgince there are no internal features to clearly differentiate between the
two form taxa, and rays are not always preserved, it is impossible to confidently assign isolated
discs to frondostaxa.The si mi | ar mor phol ogy of discs acro
of Erwin et al. (2011) may be convergent, or may be evolutionarily retained from a distant

common ancestor.

5.3. Disc diameter and petalodiuamea

The disc diameter and thetplodium area of frondose specimens from several localities on
the Avalon and Bonavista peninsulas were measured, and subjected to SMihasgbeapter,
section 5.1As discussed ithis chaptersection 5.2, it is likely that any frondose taxa witbsle
than 50% of specimens displaying holdfasts had infaunal holdfasts. Therefore, any that show a
hol df ast | i kely show an incomplete one, as it
the bedding plane. Al so, frh,¢ayawdhrfesverthen®0% o n u mb
specimens displaying holdfasts were excluded from the analyses.

The numerical results are shown on Tab €harniodiscugN=109) accounts foover

four and a halfimes the number of measured specimens of atickrdedtaxa(Culmofronsand
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Table 2-2. Results of SMA regression analyses for disc diameter versus petalodium area.

TAXON

LOWER 95% CI

REGRESSION LINE

UPPER 95% CI

Slope Y -Intercept Slope Y -Intercept Slope Y -Intercept ” P
All 41  169.02 -7110.29 216.6151 -4909.03 277.62 -2707.77 0.4009599 0.000008868
Charniodiscus 17  58.257 -1416.7 73.793 -778.14 94.361 -162.95 0.7029427 0.000026257
Culmofrons 8 193.3 -35994 364.89 -10836 904.17 -1112.6 0.4706095 0.06031
Primocandelabrum 16 75.3 -2120.36 104.65 -1009.82 145.46 100.72 0.6580207 0.00013702
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Primocandelabrumhcombined N=24).To avoid the potential f@harniodiscugo artificially
skew the results of the analys&g,specimens wemandomlyselectedy including only every
seventh numbered specimen found. Wtienthree taxare combined, thp-value is highly
significant (p<0.01), with arr? value (04) lower than that oindividual taxa At the genus level,
CharniodiscusandPrimocandelabrunshow ahighly significant p<0.01) correlation between
disc size and frond areandCulmofronsis slightly above the significance threshobe@.06)

All genera have? values greater than @4up to just over 0.7

Fig. 2-13 shows the results of SMA of the gps listed in Table-2. When combined, a
clear trend is visible. When considered separately, it is cleaChaathiodiscusand
Primocandelabrungroup together. The slope Gulmofronss much greater, and the wide Cls
are an indication of its loy-value It is of interest to note that, on visual inspection, the
specimens o€ulmofronsappear to fit well with the trend seen in specimenStadrniodiscus
andPrimocandelabrumit is conceivable that, if smaller individuals©filmofronscould be
found and dded to the analyses, ti@tilmofronswvould have a similar slope apevalue to the
other taxa that regularly display holdfasts; this is supported by the exceptionaiywklue of
the combined regression (p=0.000008868).

This correlation between disize and petalodium areésin agreement with the function
of the disc as a means to tether the frond to the seaflberstatistically similar slope of genera,
and the strongly significamtvalue of the combined regression, further strengthens this
conclusion. Sedimentological studies imply that these de&jer communities were affected by
a contour current that was below the ripple field on a microbiailynd surface (Wood et al.,

2003; Ichaso et al., 2007; Mason et al., 2013), necessitating theoneed$tant, moderate
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adhesion to the substrate. The much larger variation in the size of discs described from a deep

water assmblage from Charnwood Forest (Wilby et al., 2011) is intriguing in that regard.

6. Discussiomand Conclusions

The results of this study are consistent with the view that the abundant Ediacaran discs
from Avalonian Newfoundland predominantly representibiefasts of fronds (Gehling et al.,
2000) rather than inorganic features, polyp bases, or microbial colonies as suggested by other
workers. Similarity of Ediacaran discs worldwide imply that this conclusion can be extended
more broadly. For example, tepecimens of the discoid Ediacayae fossils figured in
Grazhdankin and Gerdes (2007) and Grazhdankin (2014) are within the morphological spectrum
of theEdiacaria andSpriggiamorphs ofAspidellaas described by Gehling et al. (2000); these
morphologes are reflected in this study in the dsdy specimens from Ferryland and many of
the discs and holdfasts from Discovery Surface, which are in turn directly relatable to the
holdfasts from Mistaken Point. The presence of stem impressions emanatirigdredge of
some of the discs in specimens from Newfoundland (Gehling et al., 2000, Fig. 14), NW Canada
(Narbonne and Aitken, 1990, PI. 1 Fig. 1, 7), and Australia (Tarhan et al., 2010, Fig. 4f) provides
additional evidence against a microbial origin toede discoid taxa.

This biometrical and taphonomgtudysupportsstudiesbased on other aspectsdi$cs
(Gehling et al., 200Gylapstone and Mcllroy, 2006; MacGabhann, 20D&shan et al.2010,
2015; Laflamme et al., 2011; Serezhnikova, 2013) that conclude that many of the Ediacaran
discs that were once considered separate genera are in fact ontogenetic or taphonomic variants of

one or a few basic plans, and that these are indeed thedtslidfiafronds that otherwise escaped
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preservation. The correlation of disaly specimens from Ferryland, through Discovery Surface
specimens, to the holdfasts of Mistaken Point specimens strengthens the suggestion that they are
the same feature. The difence in morphology, in this case, is most likely due to differing
taphonomic processes at different levels of the sediment as mentioned in 5.2 (i.e. infaunal, semi
infaunal, or epifaunal) and/or differing preservational regimes as mentioned in 5.1 (i.e.
Fermeuseor Conceptiorstyle). There is no evidence to suggest that concentric rings were
present as temporal accretionary structures as suggestadydankin and Gerdes (2007): they
are present in Ferryland positive hyporelief specimens, absent fistakigh Point positive
epirelief specimens, but the discs represent different sides of the same feature as seen by
Discovery Surface positive and negative epirelief specimens. To date, the best estimate is that
they are collapse structures arising fronfetténce in sediment layers, as described by Gehling et
al. (2000); different sediment layers would be an issue for something that collapsed and was
preserved from below, but not something preserved from above by falling ash. Since the
Fermeussstyle presaration of Ferryland is analogous to the Flindstyde preservation of
Ediacaria, Australia, and the White Sea, Russia, among others, this interpretation can also
directly be related to sites preserved under that preservational regime.

It is important to ote that it is expected that, as the size of the petalodium increases, so too
does the force of currents it, so a larger holdfast még necessary to keep it tethered to the
sea floor (Tarhan et al., 2010, 2015). Laflamme et al. (2004) demonstrat€thaénaiodiscus
grows by inflation. Since holdfasts maintain size in relation to the size of the petalodium, and
disc morphologies are not sigpecific, it can be inferred that the holdfast also grew by inflation.
Also, the ratio of disc size to petalodiwarea is conserved throughout different taxa. This

principle could be used to aid in studies of dieguency distributions dCharniodiscuswithin

58



communities. Darroch et al. (2013) used petalodium length and width to great effect for that
purpose, buttis technique also necessarily limited the sample size, as only specimens with
complete, intact petalodia could be used. Now, incomplete fronds and isolated discs can be
utilized in such studies, increasing sample sizes greatly.

Critically, this study agres with the results of Tarhan et al. (2015) although it involves
discs from Newfoundland rather than Australia, and utilizes different methods. This strengthens
the conclusion that discs relatableAspidellaare holdfasts, and helps demonstrate that this

pattern is not isolated geographically, environmentally, or temporally.
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CHAPTER 1lI

The Ins and Outs of Ediacaran Discs

Abstract

Abundant discoid fossils referableAgpidellaand rarer specimens BbporpitaandHiemalora
occur in the Ediacaran AJune bedsodo deposits
Canada. Among them are specimens that preserve partial stem imprints, supporting recent
interpretations of Ediacaran discs relatabl@gspidellaas the basaldidfast structures of fronds.

The range and morphological transitions among the June beds specimens accounted for by
taphonomy have implications for our recognition and classification of Ediacaran discoidal

fossils. We find thafspidellarepresents theemains of an outer membranous cover of the

holdfast structure and thebporpita,rather than being a distinct biological taxon, represents the
remains of its internal contents. Here we reconstruct the internal structure of these holdfasts as a
series ofterallyadjacent, hollow, clulike lobes arranged in tiers. This complex structure

implies that Ediacaran discoid holdfasts functioned as more than just anchors for Ediacaran
fronds, and may additionally have assisted with collecting ergrlgynoleculs immediately

below the microbial mats that covered most Ediacaran sea floors, with the petalodium collecting

oxygen and additional dissolved organic carbon from the water column.
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1. Introduction

Discs are the most common fossils of the Ediacara biotklwide, and can occur in
densities of hundreds to thousands per square meter (Gehling et al., 2000; Serezhnikova, 2013).
This ubiquity places great import on understanding their structure and function in order to more
fully understand and interpret tpaleobiology and paleoecology of the earliest benthic
multicellular communities. They also have historical significance, as discs were the first
documented fossil from what came to be known as the Ediacaran dating back to a time when
Precambrian macrofossiwere scarcely known and controversial (Billings 1872; see Gehling et
al., 2000). They have undergone several major reinterpretations over the past 150 years
including: inorganic pseudofossils (see review in Hofmann, 1971), medusoid cnidarians (Sprigg,
1947, 1949; Glaessner and Wade, 1966; Wade, 1972), bases of polyps (Jenkins, 1985), and
microbial colonies (Grazhdankin and Gerdes, 2007), but the current general consensus is that
Ediacaran discs ascribableAspidellaterranovicaBillings, 1872 represenhe holdfasts of
frondose organisms whose petalodia had escaped preservation (Gehling et al., 2000; Tarhan et
al., 2015; Burzynski and Narbonne, 2015). This view is bolstered by multiple specimens of
fronds attached to holdfasts indistinguishable fromatwtould otherwise be classified as discoid
taxa (Ford, 1958; Jenkins and Gehling, 1978; Gehling et al., 2000; Hofmann et al., 2008;
Laflamme and Narbonne, 2008; Tarhan et al., 2010, 2015; Laflamme et al., 2011; Serezhnikova,
2010, 2013; Burzynski and Nambne, 2015).

Though their identity as holdfasts of fronds is now largely resolved, many important
aspects of their anatomy, functional morphology and taphonomy remain uncertain. Is the surface

of the structure that we see true to the surface in life@ What was their internal morphology?
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What is the nature of the concentric rings and radial grooves that are common on many
specimens? Were they flufdled or sandfilled structures? Did these discs have any function
beyond anchoring? Until now, taphoniz and other factors have restricted our ability to address
these fundamental questions and | imited our u
adhesion for frondose organisms.

Here we present a comprehensivevaluation of some of the most commaiscoidal
Ediacaran fossils based on a study of more than 100 slabs containing specimen impressions that
were collected from the informally named AJun
Canada (Fig.-d). All specimens described here are preseméla Fermeusstyle taphonomic
mode éensuNarbonne, 2005) from deepater turbidites (Narbonne and Aitken, 1990;
Dalrymple and Narbonne, 1996; Macdonald et al., 2013; Narbonne et al., 2014; Sperling et al.,
2016). In contrast with occurrences of deegter Ediacaran discs in Finnmark (Farmer et
al.,1992) and Newfoundland (Gehling et al., 2000; Burzynski and Narbonne, 2015), the June

beds lack cleavage, facilitating thsection studies of the internal anatomy of the discs.

2. Geological ®tting

2.1.Regonal geology

Upper Neoproterozoic strata in the Mackenzie Mountains comprise the Windermere

Supergroup, a b 10 km succession of TonidrEdiacaran siliciclastics and carbonates that

crops out discontinuously from the Alask&ukon border to the SonareDesert of Mexico
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(Ross, 1991). Earliest Windermere strata inMlaekenzie Mountains consist of rif¢lated
deposits concurrent with the opening of the p#eéaeific Ocean that pass upward into deep
water passive margin deposits that contain abundant Ediggperdossils (Aitken, 1989;
Narbonne and Aitken, 1995; Dainple and Narbonne, 1996; MacNaughton et al., 2000;
Macdonald et al., 2013; Sperling et al., 2016).

The continuous section at Sekwi Brook North begins above a large thrust fault in the
Sheepbed Formation and continues upwards for 1.5 km to the erosional top of the Risky
Formation (Fig3-1.2). Aitken (1989) included all of the firgrained siliciclastistrata below
the Gametrail Formation at Sekwi Brook within the Sheepbed Formation, and this was followed
by Narbonne and Aitken (1990, 1995), Dalrymple and Narbonne (1996), and Turner et al.
(2011). Macdonald et al. (2013) subsequently separated thelfeddegrmation at Sekwi
Brook into a lower unit of dark, pyritic shales similar to those of the type Sheepbed and an
unconformably overlying unitoffing r ai ned tur bi dites and contour
bedsod, a desi gnat i o mwrkessyNamanmeteteak. 2004y Casbanb stal.g u e n t
2015; Sperling et al., 2016; Eyster et al., 2017). The June beds are significant in containing the
oldest Ediacaran body fossils in the NW Canada (Narbonne and Aitken, 1990; Narbonne, 1994;
Narbonne et al., 20t). The Gametrail Formation overlies the June beds, and consists primarily
of thin-bedded limestones interbedded with massive carbonate debris flows (Aitken, 1989;
Macdonald et al., 2013). Gradationally overlying the Gametrail Formation is the Blueflower
Formation, consisting of a lower carbordtaminated member and an upper member composed
primarily of shales and turbiditic sandstones from a shallaveger setting (MacNaughton et al.,
2000; Macdonald et al., 2013). The Blueflower Formation containsldest trace fossils in the

succession (Hofmann, 1981; Aitken, 1989; Narbonne and Aitken, 1990; Carbone and Narbonne,
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2014) along with a sparse assemblage of Ediacaran discs, tubes, and segmented fossils (see
review in Carbone et al., 2015). The youngéstta of the Windermere Supergroup, the

dolomitic Risky Formation, was deposited between stamd fairweather wave base
(MacNaughton et al., 2000). The Windermere Supergroup is capped by a major karstic
unconformity that corresponds to the base of tigkSSequence. The Ediacaia@Gambrian
boundary at Sekwi Brook North is located within this unconformity (Macdonald et al., 2013) but
occurs within the overlying Ingta Formation in more distal sections (MacNaughton et al., 2000;

Carbone and Narbonne, 2014)

2.2. June bds

The fossils in this study were collected at Sekwi Brook North from the June beds, a 450 m
thick unit dominated by deepater turbidites (Macdonald et al., 2013; Narbonne et al., 2014,
Sperling et al., 2016). The basal contact of the June beds is eroarahad,marked by 10 m
deep channels filled with matrsupported cobblelast conglomerate with giant ooids (> 2 mm)
and mediumto coarsegrained quartz sand with detrital mica (Dalrymple and Narbonne, 1996;
Macdonald et al., 2013). Overlying stratalué June beds are dominated by turbiditic
sandstone, contourite sandstones, and ritlisalded carbonates. The June beds are interpreted as
having been deposited on a deegter, southwesdiacing continental slope, based on abundant
turbidites showing unidectional southwest transport, slump scars, slump folds, and poorly
sorted debriglow deposits (Dalrymple and Narbonne, 1996; Narbonne et al., 2014). Shallow
water features are absent. Redox geochemistry of the June beds suggests that conditions were

predominantly anoxic and ferruginous, with brief episodes of oxygenation (Sperling et al., 2016).
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Radiometric dates are absent, but considerations of the sequence stratigraphy and
chemostratigraphy suggest that the June beds date to approximatelg&@bMa (Macdonald et
al., 2013), roughly coeval with the Ediacaran fessi intervals of Avalonian Newfoundland
(Pu et al., 2016).

The June beds are dominated by thin turbidites interspersed veithlspackages of
contourite sandstones and ribHoedded ime mudstone (Dalrymple and Narbonne, 1996;
Macdonald et al., 2013; Narbonne et al., 2014). Turbidites less than 2 cm thick typically contain
only the uppermost part of a typical turbidite successieTglturbidite nomenclature after
Bouma, 1962); thicketurbidites 37 10 cmthick typically begin with the Jdivision (rarely &
or Tp) The discs of this study predominantly occur on the soleslof@n thick fine to
mediumgrained T.e beds.

Ediacaran discs in the June beds are found primarily on the sbthe numerous
turbidites (Fermeusstyle preservation of Narbonne, 2005). Original nomenclature of these
discs (Narbonne and Aitken, 1990) followed the names described from Ediacara and the White
Sea, but nearly all of these discoid taxa worldwideshaow been referrei the Ediacaran
form-genusAspidellaBillings, 1872, a view with which we concur. Several individuals
referable to the lobate forEoporpitaWade, 1972 and a single example of thelvagiring form
HiemaloraFedonkin, 1982 have alsogviously been described from the June beds (Narbonne
and Aitken, 1990; Narbonne, 1994; Narbonne et al. 20%#igle specimens of the
erniettomorpiNamaliaand the frondPrimocandelabrunalso occur on turbidite soles in the
June beds (Narbonne et al.,12). A sparse but diverse assemblage of Ediacaran body fossils

(the spindleshaped fossiFractofususand the frond8eothukisCharnia andCharniodiscu$
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occur within contourite beds in the June beds (Natyle preservation of Narbonne, 2005:

Narbonneet al., 2014), but discs are only very rarely preserved in these deposits.

3. Methods

More than 100 fossiliferous slabs containing 163 fossil discs were coliactéd and
from very local float derived fronm situbeds at Sekwi Brook North. Forfive specimens
representing the range of size, morphology, and taphonomic features visible in the June bed discs
were cut and polished to observe interior sedimentology and to identify any potential biogenic
and/or posburial structures; 19 suitable specimens were selected feséuitoning.

The morphological relationships between the various discoid taxa of the June beds were
exploredusingprincipal components analyses (PCA) in the program PAST 3.01 (Hammer et al.,
2001). Presence/absence data pertaining to eight characters based on major diagnostic features
were used to evaluate the morphological disparity between discs: outer rim, concentric rings,
radial grooves, distal bosses, tiering, central boss, plug, ray&@taral chambers (described in

Table2-1, illustrated in Fig3-2).

4. Disc morphology

Discoid fossils of the June beds are preserved on the bases of thin turbidite beds. Most are

preserved in positive relief, though some are flat or negative rélieffollowing descriptions

and interpretations are based on the fossil as viewed upwards from beneath the base of the bed.
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| Outer |
Disc

| Central | | —

Concentric Rings Radial Groove Plug Outer Rim  Concentric Ring Ray Plug

Figure 3-2. Features common tediacarardiscoid fossils(1) Eoporpitg (1.1) Crosssection

view of 1; (1.2) Plan view ofl; (1.3) Eoporpitaspecimen JBELO8 from the June bedg)
Aspidellg (2.1) Crosssection view o®; (2.2) Plan view of2; (2.3) Aspidellaspecimen JBBD57
from the June bed§3) Hiemalorg (3.1a)One of two common crossection views 08 based on
several Newfoundland specimens (Hofmann et al., 2008; Burzynski and Narbonne(20b5);
Second of two common crasection views 08 based on Russian specimens (Fedonkin, 1982),
Newfoundland specimens (Hofmann et al., 2008; Burzynski aniddNae, 2015), and the single
June bed specimen (Narbonne, 1994; this st@y3) Plan view of3; (3.3) Hiemaloraspecimen
GSC 102373 from the June be8sale bas =10 mm.
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Table 3-1. Common features of Ediacaran discs. See also Fg. 3

Feature Location Diagnosis
, Distal perimeter of outer Defined outer perimeter of disc. Can be positive or
Outer Rim . S !
disc negative in relief.
: Between central boss an The largest portion of the disc, extending from the
Outer Disc : .
outer rim (where present periphery of the central boss to the outer edge of the «
Vertical levels of the disc, increasing in diameter
Tiers Outer disc upyvards from the_base to the bedding surface (_posmv
relief), or decreasing in diameter from the bedding
surface to the top (negative relief).
Concentric Outer disc, rarely central Ringsthat are parallel to the central boss and outer
Rings boss rim/edge and do not intersect each other.

Radial Grooves

Lobes

Rays

Central Boss

Plug

Outer disc, rarely central
boss

Outer disc

Extending from outer rim

Center of disc

Central boss

Negative relief, linear marks at right angles to the oute
rim. Radial markings on one tier are not continuous w
those on other tiers.

Tubular to clubshaped radial extensions, almost entire
>1mm in diameter, originating from the periphery of th
central boss. Flat to semicircular in relief. Typically in
contact with adjacent tubes. Individual lolesk
branching.

Long, thin (typically <1 mm), positive relief radial
extensions originating from the periphery of the disc.
Typically paralletsided and, in a few cases, branching
Rarely in direct contact with adjacent rays

Center portion of disc, distinct from outer disc. Can be
negative, flat, or positive in relief. Morphology ranges
from flat to domal to cylindrical.

Small circular feature in the center of the central boss
Can be flat, negative, or positive in relief relative to the
surrounding boss.
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4.1.Aspidella

4.1.1. Description

Aspidellaand its morphotypesénsuGehling et al., 2000) are abundant within the June
beds (Fig. 3). They range in diameter fromi 607 mm with the average disc at 27 mm. For
comparisonAspidellafrom Newfoundland range from 2i5100 mm, with an average of 27.4
mm (Burzynski and Narbwme, 2015 supplemental data). Disc morphology varies from simple
peripheral rings with no internal detail to higidgtailed with abundant internal features. Most
discs are preserved as positive features extending up to 8 mm (average 2 mm) belowditee turbi
sole, some as negative impressions up to 7 mm (average 1 mm) below the surface of the bed, and
some as virtually flat impressions. Both positive and negative impressions can occur on the same
turbidite sole.

Discs are commonly tiered, creating a keatappearance. The diameter of the tiers
increases upwards from the base to the midpoint and then contracts to the top.

The outermost periphery of the disc is typically marked by a distinct outer rim preserved in
either positive or negative relief. Betarethe outer rim and central boss is the outer disc,
housing many of the features common to the discs. Concentric rings can be thin and
discontinuous or robust and continuous, and are predominantly positive in relief; robust
concentric rings are formed ltlye distal boundaries of tiers. Radial grooves are invariably
truncated by robust concentric rings/tier boundaries; distal to each ring, the radial grooves are
discontinuous with those proximal to the ring.

In the centre of the disc lies the central basdistinct region of the disc, typically in

positive relief relative to the outer disc with a sharp and distinct boundary that contains the plug
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Figure 3-3. Examples ofAspidellafrom the June bed§l) Negative and relief specimens-co
occurring on one slalf1.1) Negative relief specimen (JBD00a),(1.2) Positive relief specimen
(JBD-100b);(2) Negative relief specimen (JBD02);(3) Negative relief specimen (JBO78);

(4) Negative relief specimens wittomal central bosses and a positive outer (#ni,) JBD-
107b,(4.2)JBD-107a;(5) Tiered, positive relief specimen (JBIB4); (6) Positive relief
specimen (JBBD36) with prominent concentric ring&;) Positive relief specimen (JBD21),

with radial grooes within the central bosg) Two-tiered positive relief specimen with radial
grooves (JBBL16);(9) (9.1) Low relief specimen with a positive relief outer rim, faint
concentric rings, a central boss, and plug (Bb),(9.2) with few-to-no featureveyond a
negative relief outer rim (JBD11c),(9.3)with few-to-no features beyond a negative relief outer
rim (JBD-011d);(10) Flat relief specimen with numerous thin, discontinuous concentric rings
(JBD-022);(11) Dual positive relief specimens (JBIDJ); (12) Positive relief specimen with a
possible stem (JBID09); (13) Negative relief specimen with a possible stem (ZBDd). Black
arrows indicate stem, white arrows indicate plug. Scale bars = 10 mm.
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and, rarely, concentric rings and/or radjedoves. The plug is a small feature commonly found

in the center of the boss; this feature normally occurs either flush or in negative relief relative to

the top of the central boss. In positive relief discs, the central boss is in greater relief than the

outer disc, suggesting that the boss was less compressible than the outer disc. In some negative

relief specimens, there is a less wadfined boss in positive relief relative to the outer disc and

displaying collapse marks. This suggests a hollow centine axial structure and that the boss

of negative relief specimens is not the same feature as that of positive relief specimens. A small

number of negative relief specimens show the central portion in negative relief, consistent with

being the top tieof the organism. These lines of evidence suggest that the central boss was a

distinct, solid feature on the base, but that the portion of the disc directly above was hollow.
Several discoid specimens from the June beds display a partial stem eman@atitingg fro

edge of the disc. The stem in Fig33.3 appears at the leftige of the disc and is interpreted as

emanating from the top centre of a disc preserved in negative hyporelief, whereas the stem in

Figure 3.12 appears at the middle of the disc and plplbeflects composite molding€nsu

Wade, 1968) of features on the top and bottom of the fossil onto a single plane of preservation.

Scarcity of visible stems in other June bed discs is typicaspidellaspecimens worldwide,

and probably reflects remaal of the stem and petalodium from the holdfast by the turbidity

current or entrainment of the stem and petalodium within the overlying sandstone event bed

(Gehling et al., 2000; Tarhan et al., 2010, 2015; Burzynski and Narbonne, 2015).

4.1.2. Relatiorio describedaxa
All of the Aspidellatype discs in this study fit into thspidellamorphological spectrum

proposed by Gehling et al. (2000), though none represeAsitidellaend member itself. This
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suggests all of these forms are variants of theesstracture that is commonly referred to as

Aspidellg and we refer to all of them as such.

4.1.3. Interpretation an@construction

The external view ofAspidellafrom the June beds is herein reconstruatedvo as
biconvex (Fig. 34), as suggested lmpmal positive and negative hyporelief discs, and similar to
the interpretation reached by Gehling et al. (2000) and Carbone et al. (2015). This interpretation
is consistent with positive domal epirelief holdfast structure€farniodiscugprocerusandC.
spinosusat the Mistaken Point-Burface (Laflamme et al., 2004; Laflamme and Narbonne,
2008) and discs associated with new exampl&hatniodiscus yorgensitvantsov, 2016, pl.
2.17 3). This furthers the interpretation that the top of discs rougiriyred the bottoms of the
discs in life. Larger rings are typically consistent and continuous, and appear to represent the
peripheral edges of tiers. Smaller rings are discontinuous and more likely represent collapse
features, analogous to structuresrsin preserved jellyfish (Young and Hagadorn, 2010) and
Chuaria(Tang et al., 2017). The near ubiquitous presence of a central boss in discs of all reliefs
suggests that it was a prominent feature in the living organism. The plugs of positive redief disc
are proportionately the same size as those of negative relief discs; this suggests they originate
from the same structure. In one specimen displaying a stem {Bifj2B there is a central tube
within the stem that is roughly the same diameter asappéars to emanate from, the plug. A
small amount of collapse at the base of this tube suggests it is hollow, consistent with a hollow

tube running from the plug up through the organism to the petalodium.
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Figure 3-4. Life reconstruction oAspidellabased on June bed dis¢k) Lateral view in life
position within sediment and microbial mé2) Plan view of base.

76



4.2.Eoporpita

4.2.1. Description

Lobate discs occur rarely in the June beds with a total of 10 specimens knovagFig.
all of them cmscale (14 70 mm; average 42 mm in diametefhe discs are bipartite, with a
prominent central boss surrounded by a radial pattern of lobes that passes outward from the
central boss towards the periphery of the fosdilse central boss isi123 mm (average 11 mm)
in diameter and 1 2 mm (average 2 mm) in reliehe apex of the central boss is rounded and
may exhibit a central slitke depression or a plugfhe outer margin of the central boss is
smooth and sharp.

The outer part of each spew@n consists of an array of lobes that radiate outward from the
edge of the central boss. Most lobes are hemicylindrical, with a slight club shape expanding
outwards from I 5 mm (average 2 mm) in diameter at their baseitd@ mm (average 4 mm)
at ther ends, an average increase of approximately 50% mediolaterally (T2bl€He distal
ends of lobes are typically are preserved on the turbidite sole, and typically appear flattened.

Lobes occur in positive relief on the turbidite sole and in many spesiitihe amount of
relief decreases distallj.obes are typically confined to single layers, and these lobes are
typically of similar length, so the ends of the lobes create an irregular edge similar to the edges
of a flower. An inner ring immediately adjant to the central boss in F&5.2.1 consists of
shorter lobes; isolated lobes and lobes that cross the main radiating pattern occur in several other
specimens.This pattern is consistent with the existence of at least two layers (i.e. tiers) of
radiding lobes in these specimens. The longest lobes are invariably present at the sgdisrent

surface, with sheets of shorter lobes stratigraphically beneath them. Lobes in the lower tier
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Figure 3-5. Examples oEoporpitafrom the June bed§l) Oblique view showing tiering (GSC
95917)(2) (2.1) Specimen with multiple tiers and diverging lobes (GSC 95926) Plan view
of 1; (3) Specimen with proximally inflated and distally flattened lobes/tubes {JBL);(4)
Specimen JBEL09; (5) Specimerwith proximally inflated and distally flattened lobes/tubes

(GSC 95905)(6) Specimen with truncated lobes and hints of tiering (IBR). Scale bars = 10
mm.
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exhibit circular crossections, implying that they were full relief structures in the unihegyly

mudstone; distal lobes show either flat relief or positive relief similar to those in the lower tier.

4.2.2. Relation to describeaxa

Among described taxa, the lobate discs from the June beds most closely resemble
Eoporpita medus&Vade, 1972, a tan originally described from the Ediacaran of Australia and
subsequently reported from the White Sea in Russia (Fedonkin, 1985; Serezhnikova 2013) and
the June beds at Sekwi Brook (Narbonne and Aitken, 1&a@prpitacomprises cascale discs
composed of a stacked series of efillaped lobes that radiate outward from a central boss. The
size, shape, and arrangement of the lobes in specimens in the June beds is similar to that shown
in the type material dtoporpita Serezhnikova (2013) regardé&bporpitaas the attachment
disc of a frondike organism; a view with which we concur.

The other weldocumented lobate geniawsonitesconsists of two specielSlawsonites
spriggi Glaessner and Wade, 1966, is similaEtpapita in consisting of stacked arrays of
club-shaped lobes surrounding a central boss (Serezhnikova, BEMSonites randallensis
Sun, 1986 is presently described from only three examples that give limited insight into its
morphology. Both are similar teoporpitg differing mainly in the number and proportionate
width of lobes. Specimens of clasMawsonitesare absent from the June beds and could not be

evaluated in this study.

4.2.3. Interpretation an@construction
Specimens oEoporpitain the Jme beds show tiers composed of sheets of laterally

adjacent lobes, with some adjacent lobes on the same tier on the same specimen diverging from
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one another. This suggests that, while the lobes tended to abut one another laterally, they were
not bound to ach other.

Lobes that are circular in cressction proximally and flatten distally are reminiscent of a
tube flattened from one end, suggesting hollow lobes that opened to the center. Measurements of
lobe width in available specimens shows that theyhaegly universally wider distally than
proximally (Table 22), which is a geometric requirement of lobes that originate and terminate
directly adjacent to one another without overlapping. This gives each lobe a club shape, though it
is less obvious with saller diameter lobes and/or partly obscured higher tiers.

The reconstructed lobate disc is tiered, with tiers consisting of sheets of lobes, stacked
upon one another, with an upward increase in diameter (6.8 prominent hemispherical
central boss eanates from the bottom of the disc and continues as a central axis through the

centre of each of the tiers. In the center of the central boss is a circular plug.

4.3.Hiemalora

HiemaloraFedonkin, 1982, a globally distributed taxon (Hofmann et al., g8
represented in the June beds by a single specimen reported by NarbonneHi€8djora
consists of a crscale disc with few internal features and radiating rays emanating from the
periphery (Fig. 2.3). In marked contrast with the lobeskafporpta, the rays oHiemaloraare
considerably thinner, parallsided, commonly branched, strictly restricted to the bedding

surface, and invariably extend from the outer rim rather than the central boss.
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Figure 3-6. Life reconstruction oEoporpitabasedn June bed discél) Lateral view in life
position within sediment and microbial mé2) Plan view of base.
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Table 3-2. Measurements ahdividual lobes on eacbune bedspecimen oEoporpita

Length Proximal Width Distal Width Difference
Specimen
ID N=| Min. Max. Avg. | Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.
JBD-005 16 | 46 146 90| 14 30 21 19 46 28 00 31 11
JBD-008 0 - - - - - - - - - - - -
JBD-070 3 |126 182 160| 20 15 13 22 22 22 07 12 10
JBD-092 8 26 79 59| 08 19 13 13 23 17 02 10 04
JBD-108 9 57 180 105| 19 53 32 24 65 42 03 12 10
JBD-109a | 4 47 82 65|19 35 31 57 95 67 24 61 37
JBD-110a | 4 66 129 93| 17 28 24 24 39 29 -01 11 05
JBD-110b 2 51 84 67|30 32 3136 81 59 06 49 27
JBD-111c 5 124 286 202| 13 33 26 25 35 30 -01 18 04
JBD-112 7 18 32 24|07 18 12 01 11 07 01 11 0.7
Group Min. | O 18 32 24|07 15 12,01 11 07  -01 10 04
Group Max.| 16 | 126 286 202| 30 53 32 57 95 67 24 61 37
GroupAvg.| 58| 6.2 133 96 | 15 29 23 25 46 33 05 24 13
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5. Taphonomic and Taxonomic Affinities

Principal components analyses (PCA) (Fig., 3able 3) of the June bed discs show a

clear distinction between the single specimeHieimaloraand the six sp@mens ofEoporpita
(Fig. 3-7.1). HoweverAspidellahas a much broader range that includes these two taxa and the
space between their boundaries. This would be consistentieitialoraandEoporpita
representing distinct forms, each of which can grapleamomically into the range of
morphologies exhibited bspidella

To aid comparison, the PCA distributions from the June beds were overlain with data from
published specimens éfspidellaand its synonyms (Sprigg, 1947, 1949; Glaessner and Wade,
1966; Becker, 1985; Fedonkin, 1980, 1985; Gehling et al., 2@ prpita(Wade, 1972;
Fedonkin, 1980, 1985; Serezhnikova, 2013), diemalora(Fedonkin, 1980, 1985; Hofmann et
al., 2008) worldwide (Fig3-7b). The distinction betweeBoporpitaandHiemalorabecomes
more apparent when published forms of these taxa worldwide are added to the June beds data.

Global recognition of overlap betwe&oporpitaand the discoid taxa now referred to
Aspidellaextends as far back as Wade (1972). Serezhnikova (2013)ed&oporpitawithin a
morphological spectrum of Ediacaran holdfast discs that inclasigislellaand its junior
synonyms, implying that they shared a similar function. In the June Aspislellaand
Eoporpitashare several important morphological similarities, including evidence of tiering, with

the pattern of tiering withikspidellaandEoporpitasimilarly reflecting an increase in diameter
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Figure 3-7. (1) Result of principle components analyses (PCAhefJune bed discs, divided

into three generaAspidella Eoporpitg andHiemalorg the lack of overlap betwedtoporpita
andHiemaloraindicates that they represent two distinct clades Aapidellamorphology
overlaps botleoporpitaandHiemalora (2) These are included in a global comparison of discoid
forms (Sprigg, 1947, 1949; Glaessner and Wade, 1966; Wade, 1972; Fedonkin, 1980, 1985;
Becker, 1985; Sun, 1986; Gehling et al., 2000, Hofmann et al., 2008; Serezhnikova, 2013).
AspidellaoverlapsHiemalora andEoporpitaat opposing ends of its morphological spectrum,
while the latter two show no overlap. Several specimei&lafcaria, one of the discoid forms
prominently synonymized tAspidellaby Gehling et al. (2000), display features virtually
indistinguishable from rays, though the holotype does not. Biglotiter rim,B plug,C

concentric ringsD radial groovesk tiering, F lobes,G central bossH rays. See Table 3 for
percentages.
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