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Abstract

Ediacara-type macrofossils appear as early as ~575 Ma in deep-water facies of
the Drook Formation of the Avalon Peninsula, Newfoundland, and the Nadaleen
Formation of Yukon and Northwest Territories, Canada. Our ability to assess whether
a deep-water origination of the Ediacara biota is a genuine reflection of evolution-
ary succession, an artifact of an incomplete stratigraphic record, or a bathymetrically
controlled biotope is limited by a lack of geochronological constraints and detailed
shelf-to-slope transects of Ediacaran continental margins. The Ediacaran Rackla
Group of the Wernecke Mountains, NW Canada, represents an ideal shelf-to-slope
depositional system to understand the spatiotemporal and environmental context of
Ediacara-type organisms' stratigraphic occurrence. New sedimentological and pale-
ontological data presented herein from the Wernecke Mountains establish a strati-
graphic framework relating shelfal strata in the Goz/Corn Creek area to lower slope
deposits in the Nadaleen River area. We report new discoveries of numerous Aspidella
hold-fast discs, indicative of frondose Ediacara organisms, from deep-water slope de-
posits of the Nadaleen Formation stratigraphically below the Shuram carbon isotope
excursion (CIE) in the Nadaleen River area. Such fossils are notably absent in coeval
shallow-water strata in the Goz/Corn Creek region despite appropriate facies for po-
tential preservation. The presence of pre-Shuram CIE Ediacara-type fossils occurring
only in deep-water facies within a basin that has equivalent well-preserved shallow-
water facies provides the first stratigraphic paleobiological support for a deep-water
origination of the Ediacara biota. In contrast, new occurrences of Ediacara-type fos-
sils (including juvenile fronds, Beltanelliformis, Aspidella, annulated tubes, and multiple
ichnotaxa) are found above the Shuram CIE in both deep- and shallow-water deposits
of the Blueflower Formation. Given existing age constraints on the Shuram CIE, it
appears that Ediacaran organisms may have originated in the deeper ocean and lived
there for up to ~15 million years before migrating into shelfal environments in the
terminal Ediacaran. This indicates unique ecophysiological constraints likely shaped

the initial habitat preference and later environmental expansion of the Ediacara biota.
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1 | INTRODUCTION

The Ediacara biota represents the earliest uncontroversial large
and complex multicellular eukaryotes in the fossil record. Their first
occurrences are known exclusively from deep water (slope and ba-
sinal) deposits from the Avalon Peninsula in Newfoundland, Canada
(Narbonne & Gehling, 2003), Charnwood Forest in England (Wilby
et al., 2011), and the Mackenzie and Wernecke Mountains of NW
Canada (e.g., Moynihan et al., 2019; Narbonne et al., 2014; Sperling
et al., 2016). These fossil occurrences are colloquially referred to as
the “Avalon assemblage” and contain diverse sessile frond-like or-
ganisms with fractal morphologies divided into several groups, in-
cluding rangeomorphs and arboreomorphs (Liu et al., 2015; Xiao &
Laflamme, 2009), as well as other fossils tentatively interpreted to
be cnidarians (Liu et al., 2014) and sponges (Sperling et al., 2011).
The Avalon assemblage achieves maximal diversity and disparity in
deep-water successions which have been dated to ~574-560 Ma
(Canfield et al., 2020; Matthews et al., 2020; Noble et al., 2015; Pu
et al., 2016). These Avalon-type organisms also appear in shallow-
water shelf environments later in the Ediacaran, albeit in lower
diversity (Grazhdankin, 2014). Temporally longer-ranging fronds
co-occur alongside highly diverse Ediacaran groups in ca. 560-550
Ma shallow-water strata of Australia and Russia (known as the
“White Sea assemblage”), including the earliest bilaterian trace
fossils and taxa variously described as animals such as Dickinsonia,
Kimberella, and lkaria (Evans et al., 2020; Fedonkin, 2003; Gehling
& Droser, 2013; Sperling & Vinther, 2010). Few frondose Ediacaran
taxa extend into depauperate terminal ca. 549-539 Ma Ediacaran
ecosystems, which also include increasingly complex metazoan trace
and tubular fossils. This interval is colloquially known as the “Nama
assemblage” (Darroch et al., 2018, 2021). These frondose species
ultimately went extinct alongside the rest of the Ediacara biota at
the ca. 538 Ma Ediacaran-Cambrian boundary (Darroch et al., 2015;
Smith et al., 2016; Muscente et al., 2018; Bowyer et al., 2022; Nelson
etal., 2022, 2023; though this boundary may be as young as 533 Ma
(Nelson et al., 2023)).

A major unanswered question in Ediacaran paleobiology is
whether the first Avalon assemblage organisms truly originated in
deep-water, and if so, what environmental conditions may have in-
fluenced this evolutionary cradle. Although exact water depths are
difficult to quantify, the first Avalon fossil occurrences in the Drook
Formation of Newfoundland occur in a turbidite-dominated basin-
floor to lower-middle fan settings, likely representing >1 km water
depth (Gardiner, 1984; Wood et al., 2003), while the first appear-
ances in NW Canada occur in slope settings estimated to have been
deposited >750 m deep and more likely at ~1000-1500 m depths
(Dalrymple & Narbonne, 1996). From an environmental standpoint,
there is little to offer for animals in such settings compared to shal-
low water (discussed by Boag et al. (2018))—the deep ocean is cold,
dark, and unchanging, and has inherently lower food supply and ox-
ygen than shallow-water settings. Sinking organic matter is rapidly
remineralized in the upper ocean (Marsay et al., 2015), and there is
consequently limited chemical energy (e.g., organic carbon) delivered

to the deep-sea benthos. Today, the modern deep ocean contains
depressed species-level diversity, primarily because of the limited
food supply (Smith et al., 2008; Woolley et al., 2016). Because this
organic carbon remineralization occurs through aerobic respiration,
oxygen partial pressures in the deep ocean are never higher than
in shallow seas in direct gas exchange with the atmosphere. There
is also little or no sunlight, which prohibits benthic algae as a food
source for grazers. Further, an evolutionary appearance in the deep
sea would contrast with patterns observed in Phanerozoic animal
evolution, wherein major ecological innovations usually appeared in
nearshore environments and then expanded to deeper-water depths
(Jablonski et al., 1983). Thus, if the Avalon assemblage did first ap-
pear in the deeper ocean (Narbonne et al., 2014), this represents an
evolutionary and environmental conundrum.

Fortunately, geochronological data have helped clarify the
timing of Ediacaran fossil origination and the relationship to major
environmental changes, including regional glaciation(s) and the
Shuram carbon isotope excursion (CIE). Radiometric ages from
Newfoundland constrain glacial deposits of the Gaskiers Formation
to between 580.90 +0.40 and 579.24 +0.17 Ma, representing a du-
ration of <340 thousand years (Pu et al., 2016; although the glaci-
ation may have extended beyond this, Fitzgerald et al., 2024). The
Shuram CIE, which is present in Ediacaran strata globally across six
paleocontinents, represents the most negative CIE in Earth's his-
tory. Despite documentation of the Shuram CIE in widespread lo-
calities, there remain key uncertainties regarding its causal driver
(Bergmann, Osburn, et al., 2022; Busch et al., 2022; Fike et al., 2006;
Li et al., 2017) and the possible association with major changes in
marine redox conditions (Gong et al., 2023; Ostrander, 2023; Zhang
et al., 2019). Recently, new geochronological studies have provided
a revised temporal framework for the Shuram excursion (Canfield
et al., 2020; Matthews et al., 2020; Rooney et al., 2020). Re-Os
dates from the Wernecke and Ogilvie Mountains (both NW Canada)
and Oman constrain the age of the Shuram CIE to ca. 574-567 Ma
(Rooney et al., 2020), suggesting that the Shuram excursion oc-
curs entirely within the Avalon assemblage and predates the White
Sea assemblage altogether. Zircon U-Pb dates from fossiliferous
Ediacaran strata of the Conception Group in Newfoundland inde-
pendently agree with these Re-Os ages (Matthews et al., 2020). The
Conception Group ages bound a carbonate carbon isotope profile
with similar amplitude and pattern to the Shuram CIE (Canfield
et al., 2020), although these isotopic data were measured from trace
carbonate in siliciclastic-dominated rocks and may have an authi-
genic origin. Combined, these radiometric constraints present a new
opportunity to examine evolutionary trends in the Ediacaran fossil
record.

Unfortunately, many of the Ediacaran's earliest fossiliferous lo-
cales occur in basins where only one major paleoenvironment is pre-
served. This is especially true in early Avalon assemblages, such as
those in Newfoundland, Canada, and England (and to some extent
in the Mackenzie Mountains; see below), which were deposited in
deep-water settings and where no regional up-dip shallow-water
deposits of equivalent age are exposed to search for comparable

d ‘€ YTOT ‘699vTLY1

:sdpy woiy popeoy

2SUAIIT suowo)) dANneal) a[qearjdde ayy £q pauroaoS aie sa[o1e VO (asn Jo sajni 1oj K1eiqi] auljuQ A3[IA\ UO (SUONIPUOI-PUE-SULIA)/ W00 K[ im  KIeIqrjaul[uo//:sdny) suonipuo)) pue sud [, ay1 a3 *[+20¢/50/£0] uo Lreiqiy aurjuQ Lo (TvH) Areiqiy a8o[j0) yinowned £q £6SZ1°198/1111°01/10p/wod Ko[im K



BOAG ET AL.

) 30f23
e WLy

fossils (Boag et al., 2016; Ichaso et al., 2007; Narbonne et al., 2014).
This fundamental issue has limited our understanding of many major
questions in Ediacaran paleobiology, such as when the Ediacara
biota appear in the fossil record, the details of the Avalon-White Sea
transition, whether the Ediacara biota evolved in the shallow or deep
ocean, and when and why early animals seemingly later radiated up
onto continental shelves. Answering such questions requires analysis
of fossil appearances using stratigraphic and paleobiologic methods
that have been employed for Phanerozoic intervals (Holland, 1995;
Patzkowsky & Holland, 2012). In this study, we present new data
from an extensive shelf-to-basin stratigraphic framework spanning
the Ediacaran Period in the Wernecke Mountains, Yukon, Canada
(Figure 1). These data allow us to utilize this stratigraphic paleobio-
logical approach to determine whether Ediacaran organisms did in-
deed originate in the deeper ocean during the Avalon interval before
radiating up onto continental shelves and whether environmental

drivers may have played a role in this pattern.

1.1 | Geological and paleontological background

Stratigraphic sections examined in this study occur in the Wernecke
Mountains, located in central Yukon, ~400 km NNE of Whitehorse
(Figure 1). Ediacaran strata of the Rackla Group in the Wernecke
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Mountains are part of a wider succession of Neoproterozoic to
Cambrian strata exposed in the North American Cordillera known as
the Windermere Supergroup (Moynihan et al., 2019, and references
therein) (Figure 2). These rocks were deposited in multiple subbasins
along the Laurentian margin due to protracted rifting of the super-
continent Rodinia in the Tonian and Cryogenian periods, with final
rifting occurring during the late Ediacaran-middle Cambrian (Bond
et al,, 1985; Moynihan et al., 2019; Strauss et al., 2015).

Previous investigations of the Wernecke Mountains have led
to the identification of an Ediacaran mixed siliciclastic and carbon-
ate succession that records the transition from inner shelf or plat-
form to slope facies along a present-day north-to-south transect,
specifically from the Goz/Corn Creek area (proximal or shallow
water) to the Nadaleen River region (distal or deep water) (Busch
et al., 2022, 2023; Macdonald et al., 2013; Moynihan et al., 2019;
Pyle et al., 2004) (Figure 1). The Ediacaran succession strati-
graphically overlies Marinoan glaciogenic strata of the Ice Brook
Formation and the informal Ravensthroat cap carbonate (James
et al., 2001; Macdonald et al., 2013, 2018; Moynihan et al., 2019),
which has been recently formalized as the Cliff Creek Formation
(Busch et al., 2021). The Cliff Creek Formation is succeeded by a
~400 m-thick shale-dominated succession known as the Sheepbed
Formation (Figure 2). In proximal areas of the Goz/Corn Creek re-
gion, the Sheepbed Formation is capped by ~100 m of recrystallized
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FIGURE 1 Location map. Study locations in the Goz/Corn Creek and Nadaleen River regions of the Wernecke Mountains, Yukon, Canada,
with towns shown as black dots. The Sekwi Brook locality is another Ediacaran locality from the Rackla Group in the Mackenzie Mountains.
Inset map: Shelf-slope transect from shallow-water facies at Goz A to offshore facies at Goz B-C, before moving into slope deposits found

at Pharaoh and Olistolith Central camps in the Nadaleen River Area. Ediacaran strata in the Goz D region may have been translated into the
region by later strike-slip faulting (see Busch et al., 2023). Figure adapted from Busch et al. (2023) and Moynihan et al. (2019).

d ‘€ YTOT ‘699vTLY1

:sdny woxy papeo|

2SUAIIT suowo)) dANneal) a[qearjdde ayy £q pauroaoS aie sa[o1e VO (asn Jo sajni 1oj K1eiqi] auljuQ A3[IA\ UO (SUONIPUOI-PUE-SULIA)/ W00 K[ im  KIeIqrjaul[uo//:sdny) suonipuo)) pue sud [, ay1 a3 *[+20¢/50/£0] uo Lreiqiy aurjuQ Lo (TvH) Areiqiy a8o[j0) yinowned £q £6SZ1°198/1111°01/10p/wod Ko[im K



BOAG ET AL.

4 of 23
<2 L wiLey-

13,
-20%06 C1 0%o

! L
Risky Fm -1
| | 7 [
'
1 .
: ‘ Blueflower|-=
1 % Fm
1
Y, 1 ¥567.3:30Ma
.‘ I : I
f Gametrail T
Fm ey
d K574.0 +4.7 Ma

3 ¢ -
Nadaleen
Fm

4X575.0 +5.1 Ma

Sty
©

\,‘ 4K632.6 + 6.3Ma

Cliff Creek Fm

Fossils Bilaterian trace
<2 Ribbonlike trace fossils /)/‘lfossns

Aspidella (& Beltanelliformis
W Tubular fossils ¢ Frond

Lithology & Chemostratigraphy Geochronology
Il shale R
e-Os ORR age
[ dolomite * 9
[Jsilt/sandstone
[iimestone

FIGURE 2 Stratigraphy of the Ediacaran Rackla Group.
Generalized stratigraphy of the Ediacaran Rackla Group in NW
Canada (following Busch et al., 2021; Moynihan et al., 2019; Rooney
et al., 2020). Simplified carbonate carbon isotope profile denotes
the Shuram carbon isotope excursion (CIE) within the Gametrail
Formation (adapted from Rooney et al. (2020)). Paleontological
information summarizes known fossils in the Nadaleen and
Blueflower formations in Yukon (Wernecke Mountains); fossil data
from these formations in the Northwest Territories (Sekwi Brook)
can be found in Carbone et al. (2015), Narbonne & Aitken (1990),
Narbonne (1994), Narbonne et al. (2014). Note fossils are depicted
at the formational level and not in exact stratigraphic placement.
The “sub-Cambrian” unconformity exists at the top of the Risky
Formation, while the Ediacaran-Cambrian boundary is slightly
higher in the Ingta Formation or the lacunae of the unconformity
depending on the position in the basin. Re-Os organic-rich rock
(ORR) geochronological and carbon isotopic data adapted from
Rooney et al. (2015, 2020).

dolostone. In some areas, this carbonate has been identified as
the Gametrail Formation (Narbonne, 2005; Pyle et al., 2004), but
recent work suggested it rests gradationally upon the Sheepbed
Formation and is referred to informally as the “Sheepbed carbonate”
(Busch et al., 2023; Macdonald et al., 2013). At the shallowest-water
Goz A section (Figure 5), the Sheepbed carbonate is capped by a
subaerial karstic unconformity and overlain by interbedded shale,
sandstone, and carbonate of the Nadaleen Formation (Macdonald
et al., 2013) (note the Nadaleen Formation was previously referred
to as the “June Beds” by Macdonald et al. (2013) before its formaliza-
tion by Moynihan et al. (2019)). In the deeper-water deposits of the
Nadaleen River area, the Nadaleen Formation has been divided into

the informal lower carbonate, heterolithic, upper carbonate, black
shale, and green siliciclastic members (Moynihan et al., 2019). The
sedimentology and depositional setting of the Nadaleen Formation
are key to understanding the paleoenvironmental setting of the ear-
liest Avalon assemblage fossils in NW Canada and are discussed at
length below.

The Nadaleen Formation is overlain by dolostone and limestone
of the Gametrail Formation (Figure 2), which records the Shuram
CIE (Busch et al., 2022, 2023; Macdonald et al., 2013; Moynihan
etal., 2019). Above the Gametrail Formation, the terminal Ediacaran
is recorded by the Blueflower and Risky/Algae formations (Figure 2).
In shallow-water settings, the Blueflower Formation is predomi-
nantly composed of siliciclastic-dominated strata with local sandy
carbonate facies. In deep-water settings, the Blueflower is sub-
divided into three informal members (Moynihan et al., 2019; Pyle
et al., 2004). The lower carbonate member is a mixed carbonate-
siliciclastic interval, the middle member is exclusively siliciclastic,
comprising rhythmically bedded mudstone, siltstone, and quartz
arenite, and the upper member is composed of heterolithic fine- and
coarse-grained siliciclastic strata. Busch et al. (2023) recently pro-
posed that the lower member of the Blueflower Formation should
instead be included with the Gametrail Formation. In shallow-water
settings, the top of the Rackla Group is marked by the dolostone-
dominated Risky Formation, while in deeper-water settings this unit
is dominated by limestone and dolostone of the Algae Formation
(Cecile, 2000; Moynihan et al., 2019). A “sub-Cambrian” unconfor-
mity locally removed the Ediacaran-Cambrian boundary and sepa-
rates the Risky/Algae formations from the overlying lower Cambrian
shale-dominated Ingta and Narchilla formations (Nowlan et al., 1985;
Pyle et al., 2006).

In the shallow-water deposits of the Goz/Corn Creek area, the pa-
leontology of the Ediacaran succession has been studied for decades,
albeit at a reconnaissance level (Hofmann et al., 1983; Narbonne &
Hofmann, 1987). No body or trace fossils have been recovered to
date in the Sheepbed, Nadaleen, or Gametrail formations, but the
Blueflower Formation contains documented occurrences of the
Ediacaran hold-fast disc Aspidella, an unnamed frond specimen, as
well as the colonial Beltanelliformis (Hofmann et al., 1983; Narbonne
& Hofmann, 1987; Pyle et al., 2004). The upper Blueflower Formation
also contains simple trace fossils (Helminthoidichnites, Planolites,
Helminthopsis) (Narbonne & Hofmann, 1987; Pyle et al., 2004). In
contrast, the paleontology of the deep-water Nadaleen area was
largely unexplored prior to this study. Moynihan et al. (2019) fig-
ured a single Aspidella specimen from the heterolithic member of the
Nadaleen Formation and reported the simple trace fossils Planolites
and Helminthoidichnites in the middle member of the Blueflower
Formation. Thus, while the Goz area records well-preserved fossils
in the Blueflower Formation, neither the Ediacaran paleontology of
the deeper-water Nadaleen River area nor the suitability of unfossil-
iferous shallow-water Nadaleen Formation strata in the Goz area for
preserving fossils have ever been fully examined.

Correlative Rackla Group strata in the Mackenzie Mountains
(Northwest Territories) are located to the east and south of the
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Wernecke Mountains (Figure 1). The best studied of these strata oc-
curs in the Sekwi Brook area, where much of the succession was de-
posited in deep-water slope to shelf margin settings (Aitken, 1989;
Dalrymple & Narbonne, 1996). The Nadaleen Formation at Sekwi
Brook is composed of channelized carbonate-clast conglomerate
and interbedded sandstone, siltstone, mudstone, and lime mudstone
that suggest persistent low-energy slope sedimentation (Dalrymple
& Narbonne, 1996) (note these strata were referred to as the
Sheepbed Formation in previous studies but are now assigned to the
Nadaleen Formation (Macdonald et al., 2013; Moynihan et al., 2019)).
A diversity of Ediacaran fossils are found in the deep-water Nadaleen
Formation at Sekwi Brook, preserved both on the base of turbid-
ite beds but also intrastratally within sandstone layers (Narbonne
et al., 2014). Taxa include Aspidella and fronds like Charniodiscus,
Charnia, Beothukis, and Primocandelabrum (Narbonne et al., 2014).
The overlying Gametrail Formation is locally composed of ~300 m
of predominantly unfossiliferous thick-bedded dolostone with abun-
dant carbonate rudstone (Aitken, 1989; Macdonald et al., 2013).
This is followed by the Blueflower Formation, which is divided into
a lower carbonate-dominated member (~300 m thick) and an upper
siliciclastic-dominated member (~280 m thick). The lower member
overlies the Gametrail Formation gradationally and is composed of
ribbon-bedded micritic limestone and lesser beds of sandy lime-
stone, while the upper member is predominantly composed of shale
with minor sandstone (MacNaughton et al., 2000). The upper mem-
ber of the Blueflower Formation records a shallowing-upward trend
into offshore to lower shoreface settings (Carbone et al., 2015).
The upper Blueflower Formation contains simple Ediacaran trace
fossils (Helminthoidichnites, Planolites, Helminthopsis) (Carbone &
Narbonne, 2014) and the body fossils Aspidella, Windermeria, and the
tubular forms Sekwitubulus and Annulatubus (Carbone et al., 2015;
Hofmann, 1981; Narbonne, 1994; Narbonne & Aitken, 1990), all of
which are characteristic of the terminal Ediacaran Nama assemblage
(Schiffbauer et al., 2016).

In contrast to the well-studied Ediacaran paleontology of the
deep marine Sekwi Brook area, the paleontology of shallow-water
Rackla Group strata exposed to the north and east in the Mackenzie
Mountains is relatively poorly known. This is due in part to ambigu-
ity regarding how strata above the Ravensthroat and Sheepbed for-
mations—which are regionally referred to as the Backbone Ranges
Formation—correlate with strata in the Sekwi Brook area and the
Wernecke Mountains (e.g., Macdonald et al., 2013; MacNaughton
et al., 2008). Recently, Geological Survey of Canada mapping proj-
ects have revealed Ediacaran body fossils in proximal areas at a
stratigraphic position equivalent to the upper Blueflower Formation
(MacNaughton, 2020; MacNaughton & Fallas, 2021; MacNaughton
et al., 2018). Thus, although our reading of the Ediacaran paleon-
tological record in the Mackenzie Mountains outside Sekwi Brook
remains hindered by stratigraphic uncertainty (and extremely lim-
ited search efforts), the known pattern is consistent with that from
the Wernecke Mountains. Specifically, Ediacaran body fossils are
present in both the Nadaleen and Blueflower formations at the
deep-water Sekwi Brook site and body fossils are recovered from

gebiology ERERIIRATE

the “Blueflower equivalent” in proximal sites, with no known fossils

below that stratigraphic level in shallow water settings.

2 | METHODS

A paleontological and taphonomic investigation of the Nadaleen
and Blueflower formations was conducted in the summers of
2017 and 2018 along a transect of informally named camps Goz A,
Goz B, Goz C, Goz D (following the nomenclature of Narbonne &
Hofmann, 1987; Pyle et al., 2004), Pharaoh, and Olistolith Central
(Figures 1, 3 and 4). While previous studies in this region have in-
cluded stratigraphic sections from Goz D in such transects, it has
recently been recognized that this structural panel exhibits anoma-
lous subsidence patterns and was likely transported to its current
location via Mesozoic-Cenozoic strike-slip displacement (Busch
et al., 2023). We note here that the paleobiological data from that
camp are consistent with the pattern along the north-south tran-
sect from the Goz/Corn Creek to the Nadaleen River areas. At each
camp, the entire Ediacaran succession was measured (time and ex-
posure permitting) and investigated for both fossil occurrences and
facies amenable to preservation. To test the likelihood of Ediacaran
fossils occurring in shallow-water facies of the Nadaleen Formation,
we evaluated two metrics common to stratigraphic paleobiology: 1.
search intensity; and 2. taphonomic and sedimentologic preserva-
tion potential, including abundance of microbial mat structures and
paleoenvironmental conditions analogous to other shallow-water

Ediacaran localities.

3 | RESULTS

3.1 | Sedimentology and lithostratigraphy of
the Nadaleen Formation across the Goz/Corn
Creek - Nadaleen River transect

311 | GozA-C

Although it has been previously recognized that Ediacaran units
deepen from north to south along the Goz/Corn Creek-Nadaleen
River transect (Busch et al., 2022, 2023; Macdonald et al., 2013;
Pyle et al., 2004) (Figures 1, 3 and 4), there has been no detailed
sedimentological and paleoenvironmental analyses of the Nadaleen
Formation along this transect. At the northernmost camp, Goz
A, the Nadaleen Formation is ~50 m thick and overlies the infor-
mal Sheepbed carbonate above a prominent karstic unconformity
(Macdonald et al., 2013). The basalmost Nadaleen Formation strata
consist of ~15 m of lenticular to planar, coarse-grained, trough cross-
bedded quartz arenite which were deposited on an undulatory sur-
face above an irregular paleokarst horizon. Above this, coarse- to
fine-grained trough cross-bedded quartz arenite horizons are inter-
calated with vuggy and recrystallized dolograinstone or dolopack-
stone strata, some of which host relict-coated grains. At times, these
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FIGURE 3 Stratigraphic fence diagram of the Nadaleen Formation along the Goz/Corn Creek-Nadaleen River transect. The figure shows
correlation of the Nadaleen Formation from shallow-water facies of the Goz/Corn Creek area into slope facies in the Nadaleen River area.
Stratigraphic column in the Nadaleen River area adapted from Moynihan et al. (2019). Aspidella fossils have been recovered from the deep-
water heterolithic member in both the Olistolith Central and Pharaoh Camp localities in the Nadaleen region. See text for more detail on the
sedimentological observations.
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FIGURE 4 Stratigraphic fence diagram of the Blueflower Formation along the Goz/Corn Creek-Nadaleen River transect. The figure
shows correlation of the Blueflower Formation from shallow-water facies of the Goz/Corn Creek area into slope facies in the Nadaleen River
area. Stratigraphic position of Blueflower fossils in the Nadaleen River area is approximate as these fossils were found in float.
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FIGURE 5 Shallow-water sedimentary facies of the Nadaleen Formation. Shelf facies of the Nadaleen Formation at Goz A display clear
evidence for shallow-water marine sedimentation, including abundant trough cross-stratification in sandy dolograinstone facies (a) and
subaerial exposure in the form of desiccation cracks (b). View looking south at distinct shoaling-upwards parasequences in the uppermost
Nadaleen Formation at Goz A. Each parasequence consists of a basal mudstone or siltstone interval capped by a package of cross-bedded
oolitic dolostone and/or dolomitic sandstone. Note people for scale in the uppermost parasequence (c). These strata also display a diversity
of microbial mat textures, ranging from Kinneyia-type wrinkle structures (d) to clotted-type textured organic surfaces (e) and pucker-type
textures in (f) (terminology after Gehling and Droser (2009)). Canadian coin for scale is 26.5 mm.

carbonate strata transition into mixed sandy dolostone and dolomitic
sandstone (Figure 5a) with coarse-grained sparry cement. Above
these basal strata are distinct m- to decameter-thick parasequences
consisting of (in ascending order) thin-bedded shale and sandstone
overlain by trough cross-bedded quartz arenite or recrystallized

dolograinstone (Macdonald et al., 2013; Pyle et al., 2004). The
Nadaleen Formation at Goz A is capped by a subaerial exposure sur-
face, which is indicated by abundant desiccation cracks (Figure 5b).

To the south at Goz B, shelf facies of the Nadaleen Formation
expand abruptly to 280m thick (Figure 3). Here, the Nadaleen
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Formation rests on a ~10-m-thick package of clast-supported rud-
stone/breccia with a dolomite-cemented sandy matrix. This rud-
stone/breccia interval likely represents the local equivalent of the
Sheepbed carbonate and may record redeposition of carbonate ma-
terial sourced from karsted portions of the more proximal Sheepbed
carbonate observed at Goz A. The basal Nadaleen Formation here is
composed of fissile shale interbedded with thin-bedded limestone
and medium- to fine-grained quartz arenite. These mixed lithologies
continue for ~50 m before another ~3-m-thick clast-supported rud-
stone/breccia unit with tabular limestone clasts. These strata are
succeeded by ~50 m of poorly outcropping shale that terminates
with another carbonate-clast rudstone with a sandy matrix. The up-
permost Nadaleen Formation at Goz B is dominated by interbedded
thinly laminated grey-green siltstone and fine-grained quartz aren-
ite below the contact with the Gametrail Formation. The sandstone
beds record abundant microbial mat structures that display sym-
metrical and asymmetrical ripples and gutter casts. Swaley cross-
stratification is present in isolated beds of fine-grained sandstone.

At Goz C, the basal contact between the Nadaleen Formation
and the underlying Sheepbed Formation is not exposed. The ob-
servable Nadaleen Formation is locally ~300 m thick, and the base
is primarily composed of blue-grey thin-bedded sandy siltstone with
planar lamination. Rarely, there are tabular beds of fine-grained
quartz arenite which locally preserve microbial mat structures. At
~60 m in the measured section, an interval of fine-grained sublithar-
enite preserves symmetrical ripples and gutter casts. The remainder
of the section primarily follows this same lithological suite with in-
tervals of blue-grey siltstone interrupted by fine- to coarse-grained
quartz arenite beds that display abundant microbially induced sed-
imentary structures (MISS) and occasional gutter casts and slump
folds (Figures 3 and 5).

3.1.2 | Nadaleen River

Farther south, the type Nadaleen Formation in the Nadaleen River
area expands to >800 m thick (Figure 3). Here, the ~60 m-thick
lower carbonate member (Moynihan et al., 2019) is composed of
carbonate-clast rudstone interbedded with grainstone and matrix-
supported conglomerate with oolitic limestone clasts. This most
likely represents a deep-water equivalent to the Sheepbed carbon-
ate, similar to that documented at Goz B. Above this, the heterolithic
member (Moynihan et al., 2019) is composed of a heterogeneous
package of normal-graded sandstone, shale, limestone, and conglom-
erate. Mass transport deposits occur widely within these strata, with
local rafting and imbrication of slope-derived mudstone clasts with
prominent soft-sediment deformation (Figure 6c). Above the hetero-
lithic member is the upper carbonate member, which is composed of
interbedded calcareous shale and thin-bedded limestone with partial
Bouma sequences. The top of the upper carbonate member is made
up of a thick rudstone unit that is then overlain by the black shale
member. The lower portion of this unit is composed of homogenous
black shale, while the upper portion is dominated by interbedded

gebiology RRERVIIRATEE

sandstone and shale. The uppermost Nadaleen Formation is com-
posed of the green siliciclastic member, which is dominated by green-
grey shale and siltstone with occasional graded sandstone beds,

interpreted to be upper slope turbidites (Moynihan et al., 2019).

3.2 | “Paleontology” of the shallow-water
Nadaleen Formation

Our field observations, as well as previous field investigations
(Busch et al., 2023; Hofmann et al., 1983; Macdonald et al., 2013;
Narbonne & Hofmann, 1987; Pyle et al.,, 2004), failed to find
shallow-water fossils in the Nadaleen Formation from the Goz/
Corn Creek area—the critical question is whether this is due to lack
of searching, lack of amenable preservation, or that the organisms
were simply not living there. Regarding search effort, our research
group spent more than 90 person days in the Goz area camps, with
much time spent specifically aiming to find fossils in the Nadaleen
Formation. Prior to this, researchers from Harvard and McGill uni-
versities spent an estimated 138 person days working on Ediacaran
strata of the Goz/Corn Creek area (Macdonald et al., 2013), and
researchers from Queen's University spent an estimated 72 person
days in the region (Narbonne & Hofmann, 1987; Pyle et al., 2004).
The Goz/Corn Creek area has also been studied extensively by the
Geological Survey of Canada (Fritz et al., 1983; Nowlan et al., 1985),
while researchers from Dartmouth and Virginia Tech universities
subsequently worked in the area for 25 person days in 2022. During
the 325 total person days documented, no body fossils were ever
found. Considering the research efforts in the Goz/Corn Creek area
and the number of experienced Ediacaran paleontologists and ge-
ologists who have worked there, we conclude that shallow-water
Nadaleen Formation fossils are unlikely to be found.

The outstanding question then is whether the fossils would
have been preserved had organisms been living there in the
Ediacaran. Nadaleen Formation shallow-water facies from Goz B
and C are both dominated by fine-grained siliciclastic strata dis-
playing current-swept features indicative of deposition in offshore
shelf conditions below fair-weather wave base (Pyle et al., 2004)
(Figures 3 and 5c). This results in the generation of distinct bed-
ding plane slabs on which Ediacaran fossils could potentially be
preserved. Although such a factor as slab-forming strata may
seem trivial, the lack of such slabs can render large portions of a
stratigraphic column unamenable to fossil preservation (Sperling
et al.,, 2016) and is an important consideration in placing confi-
dence limits on where and when Ediacaran fossils appear in the
record. Perhaps more importantly, many of these slabs at Goz
A/B/C contain specific structures found in fossiliferous Ediacaran
deposits elsewhere in the world. For example, these strata record
a diversity of MISS features formed by layers of microbial mats
on the sediment surface (Figure 5a,d-f), which are also common
in the Ediacaran of South Australia (Tarhan et al., 2017). These
mats are a critical component in “Flinders style” preservation

(sensu Narbonne, 2005) of White Sea biota in shelf environments
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FIGURE 6 Deep-water sedimentary facies of the Nadaleen Formation. (a) Well-exposed Ediacaran strata in the Nadaleen River area
(Pharaoh Camp), displaying a deep-water succession from black shale of the Sheepbed Formation (lower left) into the various mappable
members of the Nadaleen Formation above. The ridgeline at the top of the frame is cliff-forming carbonates of the Gametrail Formation. (b)
Well-preserved turbidite sequences within the fossiliferous heterolithic member of the Nadaleen Formation. Note: Localized faulting can be
seen in the background by the displacement of the thick structureless sandstone bed. (c) Polymictic matrix-supported boulder conglomerate
with intrabasinal shelf- and slope-derived carbonate clasts, as well as slump-folded mudstone and sandstone derived from underlying strata,
in the heterolithic member of the Nadaleen Formation at the type section. These mass transport deposits indicate an active portion of the
slope or basin-floor submarine fan where coarser-grained material was being transported in diverse sediment gravity flows. (d) Polymictic
graded conglomerate beds from the Nadaleen River area at Pharaoh Camp are indicative of mass transport. Rock hammer for scale. (e) Thin-
bedded turbidites displaying normal grading from the same Pharaoh Camp locality. Canadian penny for scale. (f) Fold structure at Pharaoh
Camp, further evidence of significant soft-sediment deformation induced by slumping. Canadian coin for scale is 26.5mm.

in Australia and Russia, as they both prevent erosion and enhance & Droser, 2009; Slagter et al., 2022). Furthermore, in the absence
the preservation of soft tissues by sealing buried organisms be- of widespread deep-burrowing animals, microbial mats in the
tween layers of sand (Darroch et al., 2012; Gehling, 1999; Gehling Ediacaran may have also played a key ecological role for sessile
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Ediacara organisms by bounding the upper few centimeters of
benthic sediment and providing a cohesive substrate integral to
the lifestyle of many organisms (Droser et al., 2022; Laflamme
et al., 2012; Seilacher, 1999; Tarhan et al., 2022).

Previous work has shown some, but not all, shallow-water
Ediacaran taxa are capable of living in all Nadaleen Formation facies
present in the Goz Creek area. For example, in South Australia, classic
taxa of the White Seabiota, including Dickinsonia and Parvancorina, are
preserved in sandstone-dominated strata across wave base, as well
as delta front deposits, that resemble some facies at Goz B-C (Gehling
& Droser, 2013; McMahon et al., 2020). Aspidella also demonstrates a
similarly cosmopolitan environmental distribution in South Australia,
but with even higher abundance (Gehling & Droser, 2013). While

i i, 110f23
cebioogy R

some White Sea fauna certainly lived in restricted environments, the
diversity of facies and amenable taphonomic conditions across the
shelfal portions of the Nadaleen Formation in the Goz Creek area,
combined with the considerable search intensity undertaken over
multiple decades, makes the lack of a single fossil discovery extraor-

dinary when compared to younger Ediacaran basins.
3.3 | Paleontology of the deep-marine
Nadaleen Formation

We describe here newly discovered Aspidella discoidal holdfasts

including convex relief morphotypes Kullingia sp. (Figure 7a) and

FIGURE 7 Deep-water fossils of the Nadaleen Formation in the Nadaleen River area. (a) Kullingia sp. morphotype disc in positive epirelief
discovered at Pharaoh camp, and (b) Single Aspidella displaying prominent central boss with several sets of rings surrounding it recovered
from Olistolith Central, similar to the Cyclomedusa sp. morphotype as figured in Narbonne & Hofmann (1987). (c) Flat, annulate Aspidella
displaying a range of taphonomic quality with varying features preserved, also recovered from Olistolith Central. Most similar to the Spriggia
sp. morphotype from Gehling et al. (2000) and Narbonne & Hofmann (1987). The range in preservation quality is likely due to the uprooting
of a once-attached frond due to currents that eventually resulted in the burial of the discs, for instance in (d) only the central boss of an
Aspidella is preserved on a microbial mat from the heterolithic member of the Nadaleen Formation at Pharaoh Camp (top left corner of slab).
Scale bars=1 cm.
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Cyclomedusa sp. (Figure 7b), the flat relief morphotypes Spriggia
sp. (Figure 7c), and less well—preserved discs that retain a central
boss (Figure 7d) (nomenclature follows that of Gehling et al., 2000;
Narbonne & Hofmann, 1987). These fossils have been recov-
ered from the heterolithic member of the Nadaleen Formation in
multiple deep-water slope localities of the Nadaleen River area
(Pharaoh Camp and Olistolith Central). Like the fossiliferous deep-
water sandstone deposits at Sekwi Brook (Mackenzie Mountains),
deep-water fossils in the Wernecke Mountains are predominantly
recorded through “Fermeuse-style” preservation, either in posi-
tive hyporelief on the soles of sharp-based turbidites or in nega-
tive epirelief on the top of the underlying bed (Narbonne, 2005). In
this taphonomic mode, hold-fast discs and trace fossils are prefer-
entially preserved due to their semi-infaunal position during life. In
contrast, many Sekwi Brook taxa are also preserved within sand-
stone beds, referred to as intrastratal or “Nama style” preserva-
tion (Narbonne, 2005), as opposed to just preservation of the bed
surface (“Fermeuse”). Most likely the higher energy slope setting of
the Nadaleen River area is not amenable to this additional preserva-
tional style. Despite the predominance of high-energy flow regimes,
some intermittent Aspidella fossils do record partial “Nama-style”
preservation in lower-energy turbidites. For instance, the Aspidella
disc shown in Figure 7b shows preservation of multiple concentric
rings across multiple fine layers of sediment, and another Aspidella
in this bed possibly records a poorly preserved frond. Despite these
instances, the overall preservational regime limits the extent to
which frond diversity can be determined. Aspidella themselves are
a shared element of all fronds, but despite impressive morphologi-
cal variation, they cannot be used to identify the taxonomy of the
attached frond (Burzynski & Narbonne, 2015). Nonetheless, al-
though the general taphonomic setting of the deep-water Nadaleen
Formation in the Nadaleen River area does not allow for the pres-
ervation and documentation of diverse fronds as at Sekwi Brook,
their occurrence across multiple localities unequivocally confirms
the presence of deep-water Avalon assemblage fronds stratigraphi-
cally beneath the Shuram CIE.

3.4 | Paleontology of the Blueflower Formation
In contrast to the paleontological pattern observed in the

Nadaleen Formation, the Blueflower Formation records a diver-

sity of trace and body fossils in both shelf and slope facies. In

shelf facies at Goz A and Goz B, numerous new specimens of
convex epirelief Aspidella discs were recovered (Figure 8a dis-
playing similarities to Tirasiana sp. morphotype, and Figure 8b
comparable to the Cyclomedusa sp. morphotype figured in
Narbonne & Hofmann (1987)). In addition, colonial aggrega-
tions of Beltanelliformis (Figure 8c, with noted similarity to
the Beltanelliformis brunsae specimens figured in Narbonne &
Hofmann, (1987)) were also found. The discovery of these fossils
is consistent with previous finds at these localities (Narbonne &
Hofmann, 1987; Pyle et al., 2004). Several juvenile fronds were
also discovered for the first time in the region (Figure 8d), and due
to the presence of an external stalk they could represent the gen-
era Arborea, Charniodiscus, or Trepassia. Adult Charniodiscus speci-
mens have been found in NW Canada previously at Sekwi Brook
(Narbonne et al., 2014), and all are present at Mistaken Point,
Newfoundland (Laflamme & Narbonne, 2008; Liu et al., 2012).
One frond preserves a circular depression at its base which likely
represents the external stalk passing through the bedding plane,
while the petaloidium show differential preservation indicative of
the dynamic burial that preserved these fronds. At a finer scale,
secondary branches moving outwards from the central stalk are
also visible, although the silt and sand grain-size are too large to
see higher orders of self-similar fractal morphology needed to ac-
curately assign a genus-level taxonomic designation.

In deep-water deposits of the lower Blueflower Formation
at Olistolith Central, a new trace fossil we informally name prob-
lematicum was recovered with clear curve and looping behavior
(Figure 8e). A variety of complex trace fossil have been previ-
ously recognized in NW Canada from the Blueflower Formation
and the Cambrian Ingta Formation (Carbone & Narbonne, 2014;
Pyle et al., 2004). This specimen requires important consideration,
both due to its apparent size and its occurrence in deep-water set-
tings. As this is a single specimen, we designate it as a problemat-
icum until further specimens can be found that further elucidate
the taxonomy.

Multiple specimens of a tubicolous organism were also discov-
ered for the first time in the Blueflower Formation of the Nadaleen
River area. These consist of annulated tubes preserved on the top
of a microbial mat-covered slab (Figure 8f). At Sekwi Brook, mul-
tiple species of tubular body fossils have been described. These
include the rigid Sekwitubulus annularis and flexible Annulatubus
flexuosus (Carbone et al., 2015). The specimen discovered in the

Nadaleen River area was highly flexible, implied by its ribbonlike

FIGURE 8 Shallow- and deep-water fossils of the Blueflower Formation. (a) Well-preserved Aspidella discs of the Tirasiana sp., (b) and
Cyclomedusa sp. morphotypes preserved in sandy siltstone partings discovered from Goz B (morphotype nomenclature follows Narbonne
& Hofmann (1987)). (c) Colonial aggregations referred to as Beltanelliformis recovered from Goz A. This taxon is found in the Blueflower
Formation throughout NW Canada and commonly co-occurs with simple horizontal trace fossils such as Planolites and Helminthoidichnites.
(d) Two well-preserved juvenile fronds with at least one order of branching were found at Goz B. (e) A newly discovered trace fossil we
informally name problematicum from deep-water deposits of the Blueflower Formation at Olistolith Central in the Nadaleen River area.
This large slab shows numerous visible impressions that are 0.5-1.5 cm in diameter and often overlap. This is a single specimen and thus
any taxonomic interpretation will require further specimens to be found. (f) Ediacaran tubular fossils (arrows) recovered from deep-water
deposits of the Blueflower Formation at Olistolith Central. Scale bar=1 cm.
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features (Figure 8f). This ribbonlike morphology is unlike a trace
fossil, as the specimen clearly overlaps itself in multiple instances
but does not cross-cut - implying the fossil was never bioturbat-
ing through sediment (Figure 8f above lower arrow). Furthermore,
there are clearly preserved cylindrical (disc-shaped) transverse
annulations, implying a three-dimensional bodyplan. The new
Blueflower fossil is broadly like specimens recovered from the ter-
minal Ediacaran Nama Group in Namibia, which have been tenta-
tively assigned to the genus Shaanxilithes ninggiangensis (Darroch
et al., 2016), although there are several critical differences. The
specimen's annulated discs are far closer together than the Nama
fossils and are therefore also somewhat different in gross mor-
phology from the tubiculous fossils both in South China (Hua
etal., 2000; Xing et al., 1984) and Namibia. Despite this taxonomic
uncertainty, the new fossil discoveries highlight the presence of
Ediacaran fossils in both shallow and deep-water depositional set-
tings in the Blueflower Formation.

4 | DISCUSSION

4.1 | Paleoenvironmental interpretations of the
Nadaleen Formation

Following subaerial exposure and erosion of the Sheepbed car-
bonate, the Nadaleen Formation at Goz A experienced an initial
deepening into subtidal to supratidal settings within and above
fair weather wave base. This is indicated by the predominance
of trough cross-stratified sandstone, sandy dolostone, and
coated grain grainstone, as well as the presence of distinct par-
asequences. The top of the Nadaleen Formation at Goz A also
records evidence for another episode of subaerial exposure, in-
dicating a consistent depositional setting within or above wave
base. The presence of swaley cross-stratification in the Nadaleen
Formation at Goz B is also an important paleoenvironmental indi-
cator. Hummocky and swaley cross-stratification has been tradi-
tionally interpreted to result from oscillatory and combined flow
conditions produced by storms between fair-weather and storm
wave base between ~15 and 50 m water depths (Arnott, 1992;
Duke, 1985). Evidence from the rock record supports this pattern,
as swaley cross-stratification is often recorded overlying hum-
mocky cross-stratification in shallowing-upward marine succes-
sions (Arnott, 1992).

The occurrence of gutter casts in the Nadaleen Formation at
Goz B and C is also of note, as the fine-grained lithology and distal
location of the Goz C camp relative to the shallow-water Goz A lo-
cality indicates a transition into a slightly deeper-water depositional
setting. Gutter casts can occur in many depositional settings if there
is significant erosional capacity (e.g., from deep-water sediment grav-
ity flows to fluvial channel settings), although the location of the
Nadaleen Formation at Goz C midway along the shelf-slope transect
likely indicates a storm-generated source for these gutter cast de-
posits (Myrow, 1992). In the fine-grained sandstone intervals above

these strata are several event beds with soft-sediment deformation
features, such as shale rip-up clasts (Pyle et al., 2004; their Figure éc,
note that the basal member of the Blueflower Formation reported
in that study is actually the Nadaleen Formation. For discussion see
Macdonald et al., 2013). This is likely caused by rapid sedimentation
and liquefaction as storm-generated currents interacted with the
seafloor (Dalrymple, 1979; Jelby et al., 2020). These features in the
Nadaleen Formation indicate that strata south of the subaerially ex-
posed Goz A locality were likely deposited in a shallow shelfal envi-
ronment between ~15 and 50 m of water depth under the influence
of wave action (Arnott, 1992; Duke, 1985).

In contrast, the widespread presence of sediment gravity flow
deposits, including turbidites and debrites, suggests that the fos-
siliferous heterolithic member of the Nadaleen Formation in the
Nadaleen River area was likely deposited within a slope deposi-
tional environment (Moynihan et al., 2019). Based on these re-
sults, the shelf-slope break along the Rackla Group transect was
likely present between Goz C and the Nadaleen River area during
Nadaleen time. This indicates that all sections within the Nadaleen
Formation north of Goz C were deposited at storm wave base and
above, while sections to the south represent slope to basin-floor
deposits. Using these paleoenvironmental interpretations, the oc-
currence of Ediacaran fossils exclusively in deep-water settings of
the Nadaleen River area (and absence in the Goz/Corn Creek area)
prior to the Shuram CIE represents the best sedimentological evi-
dence supporting the deep-water (>200 m) evolution of Ediacaran

organisms.

4.2 | The age for the Blueflower Formation and
its importance for understanding global trends in
Ediacaran biodiversity

New geochronological constraints on the age and duration of
the Shuram CIE in the Gametrail Formation also place new tem-
poral considerations on the age of the Blueflower Formation
(Busch et al., 2023; Rooney et al., 2020). Traditionally this unit has
been assigned a terminal Ediacaran age (<550 Ma) based on the
complexity of its trace fossils and lack of older White Sea biota
(Carbone et al., 2015). However, given the Shuram CIE is now
known to terminate at ca. 564 Ma, much more of the White Sea
assemblage time interval (ca. 560-550 Ma) could theoretically exist
within the lower Blueflower Formation. A better understanding of
the age range of the Blueflower Formation will be a critical addi-
tion to Ediacaran evolutionary history given the diversity of fos-
sils found within this unit. For instance, the report of Windermeria
aitkeni from upper Blueflower Formation strata in the Sekwi
Brook area (Narbonne, 1994) has at one point been suggested
to be a White Sea-style dickinsoniid. Beyond the uncertainty of
Windermeria's taxonomy, it also co-occurs locally alongside multi-
ple tubular genera characteristic of the terminal Ediacaran Nama
assemblage (Schiffbauer et al., 2016), Aspidella, and numerous trace
fossils (Carbone et al., 2015; Carbone & Narbonne, 2014). If this
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specimen is not a dickinsoniid, this would relax available biostrati-
graphic age constraints and allow the upper part of the Blueflower
Formation to reflect sedimentation during ca. 550-540 Ma Nama
assemblage time. Thus, more work is needed to understand the
affinity of Windermeria, as it would aid in understanding whether
any biostratigraphic overlap exists for the White Sea and Nama
biotas. Future geochronological efforts to constrain the age of the
Blueflower Formation will therefore also have significant additional

implications for Ediacaran biostratigraphy.

4.3 | Time versus water depth in the
Avalon assemblage

There has been a long debate in the Ediacaran literature regard-
ing the extent to which the three Ediacaran fossil assemblages
represent a biostratigraphic succession, an environmentally con-
trolled biotope (e.g., a reflection of water depth, paleohabitat, etc.),
broad-scale preservational bias, or biogeography (discussed by
Boag et al. (2016), Grazhdankin (2004), Gehling & Droser (2013),
Narbonne (2005), Waggoner (2003)). Our newly discovered fossils
from the Wernecke Mountains, in the context of the shelf-slope
transect from Goz/Corn Creek to Nadaleen River, provide the first
evidence that the origination of the Ediacara biota in deep-marine
environments is a robust paleontological pattern when tested in a
basin with appropriate and coeval shallow-water facies. Because
this approach is based on an “absence of evidence,” it could be
refuted simply by finding shallow-water Ediacaran fossils that are
older than ~565 Ma. While this straightforward test remains open,
the environmental hypothesis has proven robust to the first strati-
graphic paleobiological investigation, and all current published data
support a paleoenvironmental control on the nature of the Avalon
assemblage's appearance in the fossil record (Boag et al., 2016;
Narbonne, 2005; Narbonne et al., 2014). However, there is also
an important temporal component that could not previously be
tested without robust geochronology. These Wernecke Mountains
Avalon assemblage fossils occur several hundreds of meters below
new Re-Os dates from whole-rock organic-rich mudstone beneath
the Nadaleen-Gametrail Formation contact. Specifically, the Re-Os
ages of 574.0 +4.7 and 575.0 +5.1 Ma stratigraphically above the
fossils (Rooney et al., 2020) indicate that these new discoveries are
among some of the oldest complex Ediacaran macrofossils in the
record and that they are coeval within radiometric age uncertain-
ties to ca. 574 Ma fronds in the Drook Formation of Newfoundland
(Matthews et al., 2020; Pu et al., 2016; Rooney et al., 2020). Despite
the analytical uncertainty on these ages individually, it is likely that
all these fossils appeared in a relatively narrow window postdat-
ing the Gaskiers glaciation and preceding the Shuram CIE (Rooney
et al., 2020) (Figure 9), and then remained in these deeper-water
settings for a protracted period of time. Put differently, arguments
for temporal versus environmental controls on the appearance of
the Avalon assemblage are not mutually exclusive: the fossils are old
and solely inhabited deep waters (Figure 10).

gebiolooy SR RIRC

4.4 | Therole of physiology in the origination of
Ediacaran organisms

The hypothesis derived from other successions worldwide that the
Ediacara biota first appeared in deep water is consistent with this
stratigraphic paleobiological examination. Thus, it is worth consid-
ering possible environmental drivers for both the initial appearance
of the Avalon assemblage in deeper waters and the radiation/ap-
pearance of Ediacaran organisms to shelfal environments in White
Sea time. Although an environmental/ecological driver is not strictly
required, both evolutionary events appear to involve multiple inde-
pendent clades (e.g., frondose rangeomorphs and arboreomorphs,
and possible metazoan cnidarians and sponges) following the same
pattern (a polyphyletic radiation), pointing to an external environmen-
tal forcing rather than, for instance, a key innovation or genetic trig-
ger in one clade (an adaptive radiation). Further, some of the same
organisms (specifically Aspidella) are found in the Avalon assemblage
in deep water and the White Sea assemblage in shallow water, sug-
gesting this environmental shift was not due to wholesale replace-
ment of one group of organisms with a given physiology by another.
In Precambrian paleobiology much weight is given to the role of oxy-
gen, and although oxygen is an important factor in controlling hab-
itability for large multicellular eukaryotes (Cole, Mills, et al., 2020;
Sperling et al., 2022), the role of environmental perturbations in
governing where and when Ediacaran organisms evolved is likely to
have been more complex than just redox changes alone. Sperling and
Stockey (2018) used the metaphor of the “fire triangle” in discussing
animal energetics and habitability, comprising the fuel (organic mat-
ter), oxygen, and heat (temperature) that are required to sustain a fire
(in the metaphor) or as discussed here, life in ancient oceans. We will
use this energetic framework in considering the role of environment
in the early evolution of the Ediacara biota in deeper water.

Considering the environmental downsides of the deeper ocean
discussed in the introduction (specifically, lower levels of food, ox-
ygen, and light compared to shallower waters), it is likely that this
setting provided a potential refugium for Avalon assemblage organ-
isms against some detrimental oxygen, temperature, or food supply
condition of the mid-Ediacaran marine system. Three hypotheses
explored below are: (1) escape from high surface temperatures that
caused hypoxic stress, (2) escape from high surface temperatures
that resulted in high food demand, and (3) escape from surface tem-
perature fluctuations that pushed organisms into hypoxic stress.
Notably, all three of these hypotheses rely on an assumption of
lower-than-modern levels of atmospheric oxygen in the Ediacaran,
an idea that has strong empirical and modeling support even if the
exact oxygen levels, and the exact timing of fluctuations, remain
uncertain (Krause et al., 2022; Lu et al., 2018; Sperling, Wolock,
et al., 2015; Stolper & Keller, 2018).

With respect to the first hypothesis, it is important to consider
that environmental oxygen and temperature are synergistically
linked via aerobic metabolism, since metabolic rates increase ex-
ponentially with temperature (Gillooly et al., 2001; Schulte, 2015).
Consequently, at increased temperatures, organisms require
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FIGURE 9 Paleoenvironmental habitats of Ediacara biota through time. (Top) Paleoenvironmental habitats occupied by Ediacara biota,
including diverse frond groups and possible animals from the deep-water Avalon communities, shallow-water White Sea ecosystems made
up of mobile bilaterians and Ediacara biota (note there are no known basinal occurrences of the White Sea biota, but also no known outcrops
of that age that have received extensive study), and the terminal Ediacaran Nama interval made up of increasingly complex bilaterian trace
fossils, tubicolous animals, early skeletonizing fauna, and depauperate groups of classical Ediacara biota. Data from Boag et al. (2016).
(Bottom) Revised Ediacaran timescale showing trends in body-fossil diversity within a revised chronostratigraphic framework developed
from new constraints on the Shuram CIE from Rooney et al. (2020). Proposed stage and series terms from Xiao et al. (2016). Ph, Phanerozoic,

€, Cambrian. Data from Muscente et al. (2018).

increasingly higher levels of oxygen to meet metabolic demand
(Deutsch et al., 2015; Sperling et al., 2022; Stockey et al., 2021).
With lower Ediacaran atmospheric oxygen levels, one possibility
to explain the deep-water appearance of the Avalon assemblage
is simply that the surface ocean was too hot for animal life. Note
that temperatures required for this scenario need not be that ex-
treme—there is little aerobic safety margin for elevated metabolic
rates if atmospheric oxygen is low (Stockey et al., 2021). Given an
oceanic temperature structure where deep waters are consider-
ably cooler than the surface (see Figure 4 of Boag et al. (2018)) the
deep ocean would certainly have provided a temperature refuge
against elevated metabolic rates and consequent higher oxygen
demand. Two lines of evidence, however, argue against this being
the primary driver of the observed deep-sea origination hypothe-
sis. First, even in a “hot” Earth system, temperatures at the poles
are still generally equitable, and no shallow-water Avalon assem-
blage fossils have been found on the continents at presumed tem-
perate/polar latitudes, such as Azania, Amazonia, Avalonia, Coats
Land Block, Congo, Dronning Maud Land, Kalahari, and Rio de
La Plata (noting that not all of these continents have appropriate
aged sedimentary successions and/or well-constrained paleomag-
netic data, and that Avalonia, the paleocontinent containing the
deep-water Mistaken Point and Charnwood Forest assemblages,
does not have shallow-water strata that are >567 Ma (pre-Shuram
CIE) in age) (Evans et al., 2022; Matthews et al., 2020; Merdith
etal.,2021; Rooney et al., 2020). Second, recent geochemical tem-
perature records for the ca. 590-550 Ma period suggest that while

the Shuram CIE interval itself may have been associated with
substantial warming, the temperatures prior to and during the
appearance of the Avalon assemblage were not actually that hot
(Bergmann, Osburn, et al., 2022, in agreement with the worldwide
occurrences of glaciogenic sedimentological evidence as seen in
Hoffman and Li (2009) and Wang et al. (2023)). This is especially
true when compared to other times in the Tonian or Cambro-
Ordovician where much hotter tropical temperatures of ~35-
45°C have been suggested (Bergmann, Boekelheide, et al., 2022;
Goldberg et al., 2021; Hearing et al., 2018).

A second hypothesis to explain the deep-water appearance
of the Avalon assemblage relates temperature to food demand.
In essence, this is a similar argument as above, but concerning the
other half of the highly simplified respiration reaction (CH,O +
O, = CO, + H,0 + energy). In this second scenario, food supply
is limiting, and so organisms seek cooler habitats to lower their
energetic requirement (through lower metabolic rates) and thus
lower their required food intake (note there are other effects on
food and oxygen provisioning at cold temperatures that are not
discussed here (see Boag et al., 2018; Simpson, 2021; Verberk
et al.,, 2011; Woods et al., 2022)). Critically, recent geochemical
data and modeling have suggested that if the Proterozoic Earth
system was low in oxygen, it also likely had low primary productiv-
ity between 1% and 10% of modern levels (Derry, 2015; Laakso &
Schrag, 2018; Ozaki et al., 2019; Reinhard et al., 2017; Sperling &
Stockey, 2018). Low primary productivity likely occurred because
anoxic and ferruginous conditions stripped phosphorus from the
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oceans (Derry, 2015; Reinhard et al., 2017), although the exact
mechanism is not known with certainty. In any case, low primary
productivity is likely a requirement for maintaining a low-oxygen
Earth system, as high levels of primary productivity coupled with
widespread reducing conditions would eventually result in large
organic carbon burial and the oxygenation of the Earth system
(Ozaki et al., 2019). Although these modeling efforts cited above
are normally focused on a time-agnostic “mid-Proterozoic,” low
levels of shale total organic carbon contents through the Ediacaran
(Sperling & Stockey, 2018) could be taken as empirical evidence
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FIGURE 10 Block diagram of bathymetric evolution of the
Ediacara biota. Block diagrams denote the successive evolution

of Ediacaran habitat changes from bottom to top. During the
deposition of the Avalon assemblage, global assemblages of

frond species from Newfoundland, NW Canada, and England

are restricted to slope and bathyal settings and are entirely

absent from shallow-water facies. This previously known depth
restriction is now supported by stratigraphic paleobiological study
along the Goz-Nadaleen transect in the Wernecke Mountains.
Transitioning into the White Sea interval, classical Ediacara biota
(e.g., Dickinsonia, Kimberella) appear in shelf habitats, predominantly
in South Australia and the White Sea area of Russia. Also occurring
alongside these mobile organisms are emerging simple trace fossils.
As noted in Figure 9, deep-water fossils in White Sea time are not
known, but are drawn here schematically as they are unlikely to
have been extirpated from this environment. The Nama assemblage
occurs in the terminal Ediacaran and represents a dramatic
reduction in the diversity of Ediacara fauna occurring in both shelf
and slope environments. In comparison, trace fossil abundance

and complexity increase significantly, alongside early skeletonizing
animals and tubiculous body-fossils.

for low productivity extending through that time interval. In this
hypothetical Ediacaran world with limited food supply, one viable
ecological strategy might be to limit metabolic demand. Recent
studies of the ectothermic Greenland shark (a long-lived sluggish
predator inhabiting polar regions) have demonstrated extremely
low field metabolic rates and consequently low prey consumption
requirements (Ste-Marie et al., 2022). In fact, their field metabolic
rate is ~10-20 times lower than similarly sized bull sharks living
in tropical habitats (Lear et al., 2020). It may simply be that the
cold, deep sea was the only habitat in the middle Ediacaran where
animals could depress their metabolic rates sufficiently to meet
the limited available food supply, recognizing that the decrease
in organismal food demand with depth must be sharper than the
attenuation of food supply with depth. While this “Greenland
shark” strategy may explain some of the paleontological pattern,
it also cannot explain why Avalon assemblage organisms are not
found in polar regions, which, given available temperature records
(Bergmann, Osburn, et al., 2022) suggest that similarly cold tem-
peratures to the deep sea (and concomitantly low metabolic rates)
would also have been found at high latitudes. Again, uncertainties
in Ediacaran paleogeographic reconstructions also confound this
counterpoint.

A final hypothesis linking oxygen and temperature places the em-
phasis on temperature fluctuations experienced by an organism rather
than the maximum temperature of habitability. Physiological experi-
ments on anthozoan cnidarians have revealed that hypoxia tolerance
decreases not only at temperatures that are warmer than a species'
specific environmental optimum (due to increased metabolic demand),
but also at colder temperatures (Boag et al., 2018; see also Duncan
et al., 2023; Endress et al., 2024; Portner, 2010). This increased ox-
ygen requirement at cold temperatures is due to the lower diffusive
potential of oxygen in cold seawater, as well as the amount of available
energy that must be devoted to ventilation in colder, more viscous
seawater. If atmospheric oxygen levels were relatively low in the early
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and middle Ediacaran, the shallow shelf—which is characterized by
frequent diurnal and seasonal temperature swings—thus becomes an
aerobically challenging environment, with every temperature change
(hotter or colder) pushing animals into a state of hypoxia and prevent-
ing regular ecological function (Boag et al., 2018). Boag et al. (2018)
consequently hypothesized that the Avalon assemblage inhabited the
deeper ocean, despite the apparent downsides, for its environmental
stability. Lack of appreciable temperature change (termed stenother-
mal) in the deep ocean would have then provided a refugium where or-
ganisms could optimize to live at oxygen levels only slightly above their
minimal requirement (Boag et al., 2018). We note that these three hy-
potheses are not mutually exclusive but given the apparent permis-
sibility of cold habitats in polar regions during the middle Ediacaran,
we view the stenothermal hypothesis as the best explanation for the
deep-water appearance of the Avalon assemblage.

In all the hypotheses outlined above, the Avalon assemblage
was limited to the deep sea because of energetics—either low aer-
obic scope due to very hot temperatures or fluctuating tempera-
tures, or low metabolic rates driven by limited chemical energy in
the marine system. In this view, the radiation of Ediacaran animals
onto the shelf in the ca. 560-550 Ma interval (White Sea) rep-
resents an increase in aerobic scope or available energy. A better
understanding of how the environment may have changed, and
thus affected the Ediacara biota, requires increased study of the
White Sea time interval. As noted by Ostrander et al. (2023) and
Rooney et al. (2020), an older age for the Shuram CIE means there
is relatively little geochemical data from the actual time the White
Sea biota flourished (at least based on published ages from silici-
clastic successions in Russia (Martin et al., 2000)). Nonetheless, it
is worthwhile discussing available geochemical data, specifically
whether there was widespread oxygenation associated with the
Shuram CIE that occurred between the Avalon and White Sea
biotas. There is a clear positive uranium isotope excursion ob-
served in carbonates during the CIE in many localities worldwide
that has been interpreted as representing near-modern oxygen-
ation (Zhang et al., 2019). However, more recent modeling by
Gong et al. (2023) has suggested this could represent an expan-
sion of anoxic but non-sulfidic (“ferruginous”) conditions at this
time rather than an expansion of oxic waters. This interpretation
is primarily based on the observation that sediments deposited
under ferruginous conditions often show a similar and negligible
fractionation in uranium isotopes from seawater compared to oxic
sediments (Cole, Planavsky, et al., 2020). Thallium isotopes, an-
other redox-sensitive isotopic proxy, also do not show evidence
for oxygenation either across the Shuram CIE or the Ediacaran
more broadly (Ostrander et al., 2020, 2023; but see alternate in-
terpretations of data from South China in Fan et al. (2020) and
subsequent discussion in Ostrander et al. (2020)). Thus, although
there may have been minor oxygenation in the middle Ediacaran
(that could have still been biologically meaningful; Sperling, Knoll,
& Girguis, 2015), current interpretations of geochemical data do
not support widespread oxygenation. Consequently, we tenta-
tively lean toward the effect of minor oxygenation coupled with

synergistic changes in climate and/or primary productivity as
being important in the upslope migration of Ediacaran organisms
in the White Sea interval. The timing and climatic effects of possi-
ble late Ediacaran glaciation (e.g., Wang et al., 2023) are important
in this regard, and further study of all three key drivers of animal
energetics, and of the fossil record itself, are required to fully ad-

dress such questions.

5 | CONCLUSIONS

The stratigraphic paleobiological study presented here from the
Rackla Group of the Wernecke Mountains, NW Canada, repre-
sents the first basin-scale attempt to test whether the deep-ocean
origination of the Ediacara biota represents a genuine evolutionary
phenomenon in both geological time and space. These data dem-
onstrate that the earliest complex macroscopic eukaryotes and ani-
mals in the fossil record were initially restricted to the deep ocean
for ~15 Ma in an apparent refugium (Figure 10). As such, there is
now geological support for the hypothesis that low oxygen and/or
climatic conditions initially restricted early animals from inhabiting
the shallow ocean during the Avalon interval >574-560 Ma (Boag
et al., 2018). Additionally, these data provide important new insight
into the broader temporal and evolutionary history of the Ediacaran
Period. Specifically, the middle Ediacaran origination of animals and
large eukaryotes in the fossil record was not coincident with the be-
ginning of the ca. 574-567 Ma Shuram CIE, but rather predates the
excursion. Furthermore, the eventual migration of Ediacaran fauna
up onto the shelf in White Sea time occurred after the termination
of the Shuram CIE. These results have important implications for
previous hypotheses which have suggested the Shuram CIE had a
major role in facilitating the initial diversification of the Ediacara
biota (e.g., Fike et al., 2006; Zhang et al., 2019). Future directions
may now focus on providing new constraints on the chronology and
geochemical conditions during the White Sea interval to understand
whether environmental drivers were genuinely responsible for the
magnitude and timing of metazoan diversification onto the shelves
of the global oceans. These data can then be used to support or
refute existing physiological models (e.g., Boag et al., 2018; Evans
et al., 2018; Sperling & Stockey, 2018) linking the paleontological
and geochemical records.
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