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ABSTRACT

Retallack GJ 2024. Rare earth element proxy for distinguishing marine versus freshwater Ediacaran fossils. Journal of

Palaeosciences 73(1): 67-91.

Ediacaran fossils and sedimentary rocks are controversial for whether they are marine or non-marine, and this study applies

the test of light rare earth over heavy rare earth weight ratios (LYREE/HYREE) to a variety of Ediacaran siliciclastic and carbonate
fossil matrices. Holocene soils have light—-YREE—-enriched arrays (LYREE/HYREE>4.8) and modern deep marine clays have
heavy—YREE-enriched arrays (LYREE/HYREE<2.7). Flat arrays of fluvial and shallow marine siliciclastic sediments (LYREE/
HYREE 2.7-4.8) are indistinguishable by this proxy. This proxy has been applied to a variety of Ediacaran and Cambrian rocks,
for which confounding provenance effects were minimized by comparing marine and non—marine pairs within the same formations.
Many samples were within the ambiguous zone (LYREE/HYREE 2.7-4.8), but Ediacaran red beds from Newfoundland, and some
beds from China, Namibia, central and south Australia showed diagnostic continental, terrestrial LYREE/HYREE weight ratios
of 4.8 to 11.3. A grey tempestite from Newfoundland, a grey sandstone from California, and grey dolostones from Australia and
Namibia showed marine LYREE/HYREE weight ratios of 2.7 or less, from the same provenance as terrestrial samples. This new
criterion for distinguishing marine from non-marine Ediacaran rocks is supported also by boron content, Ge/Si ratios, and eolian
interbeds. Furthermore, new analyses correctly interpreted trilobite and Cloudina beds as marine. One surprisingly secure result
is that fossiliferous Ediacaran rocks of Newfoundland were not formed in a deep ocean, but on coastal plains. Some fossiliferous
Newfoundland beds have LYREE/HYREE weight ratios of as much as 6.0-11.3, found only in paleosols.
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INTRODUCTION

HE nature of Ediacaran fossils called vendobionts

has been a continuing enigma since Seilacher (1992)
demonstrated that they could not be the kinds of animals
previously suspected. Although there are still proponents for
interpreting them as marine invertebrates (Gehling & Droser,
2013; Runnegar, 2022), deep marine xenophyophores are
an alternative model (Seilacher et al., 2003), and studies
of paleosols have been taken as evidence that they were
terrestrial lichens (Retallack, 2013; Retallack & Broz, 2021).
A variety of techniques have been applied to discriminating
Ediacaran marine and non—marine rocks and fossils: eolian
interbeds (Retallack, 2019a; McMahon et al., 2020),
desert roses (Retallack, 2022b), caliche (Retallack, 2013),
within—bed weathering trends (Retallack, 2013), stable
isotopic covariation (Retallack & Broz, 2020), high Ge/Si
ratios (Retallack, 2017), and low boron content (Retallack,
2020; Wei & Algeo, 2020). This study develops the use of

light versus heavy yttrium and rare earth (YREE) ratios for
discriminating marine versus non—marine habitats. Light rare
earth enrichment in soil clays was noted from the earliest
days of lanthanide studies (Ronov et al., 1967; Duddy, 1980),
and has been effectively used to discriminate marine from
non—marine chemical sedimentary rocks as old as Archaean
(Bolhar et al., 2004, 2005; Bolhar & Van Kranendonk, 2007).

Modern soils, fluvial, and marine siliciclastic sediments
each have distinctive arrays of yttrium and rare earth elements
(YREE) (Fig. 1). These rare elements have no known
biological function, yet are mobilized by metal-scavenging
organic ligands within soils (Bau, 1996), by anions and clay
in the sea (Lee & Byrne, 1992; Sholkovitz et al., 1994). Soils
and granites are enriched in light YREE, with atomic numbers
57-62, rather than heavy YREE, with atomic numbers 63—71
(Fig. 1C). In fluvial systems sediment mixing homogenizes
a variety of igneous, metamorphic and soils to more or less
flat, normalized arrays (Fig. 1E; Minatik et al., 1998; Bayon
etal.,2015; Munemoto et al., 2020). In contrast, deep marine
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clays have normalized arrays with a positive slope, enriched
in heavy YREE over light YREE by alkaline deposition and
halmyrolysis (Lee & Byrne, 1992; Sholkovitz et al., 1994;
Yasukawa et al., 2015; Tostevin et al., 2016a), compared with
shale averages such as PAAS (Taylor & McLennan, 1985;
Fig. 1B). Hydrothermal alteration of black smokers on the
deep—sea floor creates anomalous concentrations of europium
(Fig. 1A; Michard & Albarede, 1986; Hongo & Nozaki,
2001; Sugahara ef al., 2010; Tostevin et al., 2016a). Cerium
anomalies can be guides to chemically reducing sedimentary
environments (Ling et al., 2013; Tostevin et al., 2016b; Wu et
al.,2019). Similar YREE arrays have been found in Archaean
(3 Ga) chemical sediments (chert and carbonate) despite
metamorphism high in the greenschist facies and near—total
cementation and replacement by silica (Sugahara et al., 2010;
Allwood et al., 2010), which substantially diluted overall
YREE concentrations (Fig. 1F-I). In summary, heavy YREE
are favoured for deposition by local alkaline conditions and
basaltic provenance of the deep sea, whereas light YREE are
favoured by local acidic conditions and granitic provenance
of the land (Jaireth et al., 2014). This study uses compiled
observations of siliciclastic rocks of known environments to
interpret paleoenvironments from the matrix of a variety of
Ediacaran fossils.

YREE PROXY FROM MODERN COMPILATION

The use of YREE to distinguish marine and non—marine
sedimentary rocks has been based on tipping of normalized
arrays toward light or heavy REE (Bolhar et al., 2004, 2005;
Bolhar & Van Kranendonk, 2007). This paper attempted a
quantitative proxy derived from a literature compilation of
471 YREE analyses from a variety of Holocene siliciclastic
sediments and soils (Table 1). With the exception of modern
deep sea hydrothermal data, none of the Holocene data have
large La, Eu, Ce, or Y anomalies from normalized values (Fig.
1), so those environmentally specific anomalies (Taylor &
McLennan, 1985; Tostevin et al., 2016a, b), are not relevant to
this study. Light YREE enrichment is most marked in soils and
sediment derived from acidic weathering of granites (Minafik
et al., 1998), whereas heavy YREE enrichment is found
during alkaline deposition and halmyrolitic diagenesis of
deep sea clays (Yasukawa et al., 2015). There are also strong
provenance effects with rivers and turbidites from volcanic
arcs very different from those of granitic or mixed sedimentary
terranes (Table 1), affirming traditional use of sedimentary
YREE as a guide to provenance (Taylor & McLennan, 1985).
Oceanic basalts, mantle, and meteorites have low LYREE/
HYREE ratios, whereas granites have high LYREE/HYREE
ratios (Jaireth et al., 2014), so that the difference between deep
marine and well drained soil ratios (Fig. 2) also reflects land
Versus sea provenance.
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Fig. 1—Source to sink examples of YREE arrays (ppm
normalized to PAAS) and LYREE/HYREE ratios
(numbers beside arrays) for sediments, soils, and soil—
parent monzogranite compared with similar arrays in
Archaean (3 Ga) silicified and metamorphosed cherts
(Sugahara et al., 2010). Distinct slopes and anomalies
allow paleoenvironmental interpretation. (A) black
smoker hydrothermal vent Theya Ridge, Okinawa
Trough, northwest Pacific Ocean (Hongo & Nozaki,
2001); (B) DSDP site 213 sample 5657 central
Indian Ocean (Yasukawa et al., 2015); (C-D) Gleyic
Cambisol soil and the monzogranite from which it
formed, near Ri¢any, Czech Republic (Minatik er
al., 1998); (E) Erdenet River clay, near Erdenet,
Mongolia (Munemoto et al., 2020); (F-I) samples
GFTE3, GFTEL, GW98-1-55, GFSV3 respectively
of the Archaean (3 Ga) Farrel Quartzite near Mt
Grant, Western Australia (Sugahara ef al., 2010).

Compiled values in ppm were normalized to Post
Archaean Australian Shale (PAAS) values (Taylor &
McLennan, 1985) for plotting (Fig. 1). A variety of ways
of characterizing the slope of normalized YREE arrays was
attempted, but lacked discriminating power. Normalizing
YREE arrays is done to minimize the Oddo—Harkins effect of
natural variation and visually accentuate anomalies. However,
the purpose here was simply to compare two groups of YREE.
The most effective discriminator of multiple trials was the
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Table 1—Compilation of data for Holocene environments.
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Category Number LYREE/ References
of HYREE
analyses mean and
st. dev.
soil 38 55+2.7 Minarik ef al. 1998, Braun ef al. 1998, Compton et al. 2003,
Harlavan et al. 2009, Sanematsu et al. 2009, dos Santos et al.
2019
river on continent 94 3.6+0.8 Compton et al. 2003, Bayon et al. 2015, Munemoto et al. 2020
river on volcanics 12 1.8+ 1.0 Bayon et al. 2015
salt pan 29 3.6+0.9 Compton et al. 2003, Roy & Smykatz—Kloss 2007
lake 12 3.7+0.8 Das & Haake 2003, Das et al. 2008
estuary 78 3.8+0.5 Brito et al. 2018
eutrophic marine 40 3.6+0.7 Yang et al. 2004, Revillon ef al. 2011, Anaya—Gregorio et al.
2018
oligotrophic marine 77 1.2+0.3 Caccia & Millero 2007
turbidite from continent 15 3.8+£1.0 McLennan et al. 1990
turbidite from volcanic arc 34 2.8+0.8 McLennan et al. 1990
deep sea grey clay 15 1.9+0.3 Yakusawa et al. 2015
deep sea red clay 11 1.9+0.1 Yakusawa et al. 2015
deep sea hydrothermal 16 1.5 Hongo & Nozaki 2001, Dias & Barriga 2006

simple ratio of non—normalized weights (ppm) of light YREE
to heavy YREE, as in the following equation.

LYREE La+ Ce + Pr+ Nd +Sm
HYREE ~ Eu+Gd+Th+Dy+Y+Ho+Er+Tm+Yb+ Lu

— equation 1

Yttrium (Y) was placed between Dy and Ho based on
its effective ionic radius (Bau, 1996). Including Y in the
LYREE/HYREE ratio has the effect of biasing interpretation
of the arrays towards marine (Fig. 1). This is a simple weight
ratio, not a ratio of values normalized to PAAS (Taylor
& McLennan, 1985; Bolhar & Van Kranendonk, 2007),
nor MUQ (Bolhar et al., 2005), nor chondrite (Singh &
Manikyamba, 2020). The ratios are reflected in slopes and
ratios of normalized values as a part of this work, but that
approach was abandoned because yielding only fractional
values, whereas simple weight ratios go from fractional to
11 (Table 1). Nevertheless, high LYREE/LYREE weight
ratios do correspond roughly to negative slopes on plots of
normalized data (Fig. 1). The weight ratio underemphasizes
REE, such as Eu, Ho, Tm, and Lu present in small amounts
within sediments and soils not hydrothermally altered.
Heavier YREE with increased atomic mass form complexes
with common marine alkaline anions, unlike acidic soils and

rivers where those ions are depleted (Lee & Byrne, 1992;
Sholkovitz et al., 1994). Use of weight ratios emphasizes the
mass effect on fixation, rather than diminishing it. The weight
ratio used here is similar to other weight ratios significant for
paleosalinity, such as C/S (Berner & Raiswell, 1984), and
B/K (Retallack, 2020).

The result of this modern compilation is that deep oceanic
sedimentary rocks are distinguished by LYREE/HYREE
weight ratios of less than 2.7, and soil environments at weight
ratios of more than 4.8 (Fig. 2). Between those extremes rocks
may be either marine or non—marine, and show flat REE
patterns close to PAAS standard (Fig. 2).

APPLICATION TO EDIACARAN-CAMBRIAN
ROCKS

Because YREE elements strongly reflect provenance
(Taylor & McLennan, 1985), this study was designed to
compare red, plausibly terrestrial, and grey, plausibly marine,
beds in the same sequences and thus same provenance, so
that paleoenvironmental differences might emerge. Volcanic
versus continental source is also evident from petrography
of the Ediacaran—Cambrian samples (Retallack, 2013, 2016,
2019 a; Retallack & Broz, 2020; Muhlbauer et al., 2020). Most
of the samples were from well-known sites for enigmatic
Ediacaran megafossils (Figs 3—6), but several Cambrian
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Fig. 2—Comparison of LYREE/HYREE
weight ratios of sediments and soils
in different Holocene environments
(A) and for analyzed Ediacaran and
Cambrian rocks and fossils of this
study (B). The vertical yellow shaded
band are ratios ambiguous for land
or sea.
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Fig. 3—Ediacaran Mistaken Point Formation in Newfoundland, Canada: (A) Overview of purple fossil surface E at Mistaken
Point, with overlying grey shale beds at arrows; (B) Primocandelabrum hiemalorum (left) and Fractofusus misrae
(right) on surface E; (C) illegal collection hole on surface E showing fossils at surface, green—grey reduction of
surface and purple subsurface of an Acis bed; (D) cross section of green grading down to purple Acis bed and sharply
defined sandstone beds at 7.3 m in section at Mistaken Point; (E) polished slab of Maglona bed at 22.3 m in section
at Mistaken Point; (F) polished slab of Acis bed at 9.8 m in section at Mistaken Point; (G) thin section scan of lapilli
and scoria tuff specimen R3932 at 8 m in section near Catalina. Named beds and sections are detailed by Retallack
(2014, 2016), panel B is courtesy of Cathryn R. Newton, Sarah Tweedt is scale in panel A.

marine shales with trilobites in the same regions were also
analyzed (Fig. 7). All the Holocene data and most of the
Ediacaran—Cambrian data are for siliciclastic sediments, with
exception of three Ediacaran dolostones, which stand out for
order of magnitude lower amounts of YREE (Fig. 8D, F, K).
All were collected by hammering in the field, then transported
and stored dry. Samples of rocks and fossils analyzed here
(summarized in Table 2, with full analyses in Tables 3—4)
are all archived in the Condon Collection of the Museum
of Natural and Cultural History of the University of Oregon
(online catalog at http://paleo.uoregon.edu/).

Most of these samples were siliciclastic, and the few
dolostone analyses were clayey. Unlike purely chemical
sediments which reflect local solutions, clastic rocks also
contain YREE evidence of provenance, because these
refractory elements represent sediment sources (Taylor &
McLennan, 1985; McLennan, 1989). Each local area has
unique europium, cerium, or other anomalies, and different
overall YREE concentrations, that are carried forward from
source to sink (Bau, 1996). For this reason, this study compared
marine and non—marine rocks of similar provenance. Sample
selection for this study thus included known grey marine
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Locality Formation Fossil or pedotype Horizon Depth  Sample Ma Coordinates LYREE/
cm HYREE

Ten Mile Ck, S. Aust. Oraparinna Shale  Redlichia F114817 512 S31.287879 E138.916839 39
Tecopa, California Wood Canyon F.  sandstone top 3 R5658 518 N35.889204 W116.07844 2.0
Tecopa, California Wood Canyon F. sandstone middle 7 R5659 518 N35.889204 W116.07844 2.0
Tecopa, California Wood Canyon F.  sandstone middle 10 R5660 518 N35.889204 W116.07844 2.0
Tecopa, California Wood Canyon F. sandstone middle 15 R5661 518 N35.889204 W116.07844 2.0
Tecopa, California Wood Canyon F. sandstone bottom 20 R5662 518 N35.889204 W116.07844 2.0
Ross Rr, central Aust. Arumbera Sands.  sandstone R5433 520 S23.596572 E134.492300 4.0
Ross Rr, central Aust. Arumbera Sands.  Urrpetye A 5 R5437 520 S23.596572 E134.492300 3.6
Ross Rr, central Aust. Arumbera Sands.  Urrpetye Bk 30 R5439 520 S23.596572 E134.492300 32
Ross Rr, central Aust. Arumbera Sands.  Urrpetye C 64 R5442 520 S23.596572 E134.492300 2.9
Taishanmiao, China Shiujingtou F. Coleoides typicalis F117755 521 N30.907617 E111.330759 4.2
Swartpunt, Namibia Spitzkopf Mem. Streptichnus narbonnei F120826 541 S27.476522 W16.696385 2.4
Swartpunt, Namibia Spitzkopf Mem. Manykodes pedum F120827 541 S27.476522 W16.696385 3.7
Hookapunna, S. Aust. Uratanna Form. shale R3528 541 S30.581446 E138.309247 3.6
Fortune Head, Nfdld. Chapel Island F. Manykodes pedum F116766 542 N47.074504 W55,859303 32
Donna Loy, California ~ Wood Canyon F.  Ernietta plateauensis F123791A 543 N35.814486 W116.07878 2.6
Donna Loy, California ~ Wood Canyon F. Nataanga A 3 R5356 543 N35.814486 W116.07878 2.7
Donna Loy, California ~ Wood Canyon F. ~ Nataanga 7 R5357 543 N35.814486 W116.07878 2.8
Donna Loy, California ~ Wood Canyon F. ~ Nataanga C 15 R5358 543 N35.814486 W116.07878 2.9
Swartpunt, Namibia Felshuhorn M. Pteridinium simplex F120822 546 S27.477082 W16.695310 2.3
Jiulongwan, China Shibantan Mem.  Lamonte trevallis F117748 547 N30.815032 E111.077073 1.5
Jiulongwan, China Shibantan Mem. Lamonte trevallis F117749 547 N30.815032 E111.077073 3.0
Aar Farm, Namibia Aar Member Cloudina hartmannae F120805 549 S26.713174 W16.525328 2.1
Aarhausen, Namibia Aar Member Pteridinium simplex F120802 549 S26.720574 E16.535195 2.8
Brachina Gorge, S.Aust. Ediacara Mem. Yaldati A 5 R3205 550 S31.344963 E139.556663 3.1
Brachina Gorge, S.Aust. Ediacara Mem. Yaldati Bk 25 R3207 550 S31.344963 E139.556663 32
Brachina Gorge, S.Aust. Ediacara Mem. Yaldati C 40 R3209 550 S31.344963 E139.556663 4.1
Brachina Gorge, S.Aust. Ediacara Mem. Muru A 10 R3215 550 S31.344963 E139.556663 3.2
Brachina Gorge, S.Aust. Ediacara Mem. Muru By 30 R3217 550 S31.344963 E139.556663 33
Brachina Gorge, S.Aust. Ediacara Mem. Muru C 50 R3219 550 S31.344963 E139.556663 32
Brachina Gorge, S.Aust. Ediacara Mem. Inga A 12 R3229 550 S31.344963 E139.556663 3.1
Brachina Gorge, S.Aust. Ediacara Mem. Inga By 30 R3230 550 S31.344963 E139.556663 2.8
Brachina Gorge, S.Aust. Ediacara Mem. Inga C 40 R3231 550 S31.344963 E139.556663 3.0
Pockenbank, Namibia ~ Kanies Member Ernietta plateauensis F120819 550 S27.123739 E16.463789 3.5
Ross Rr, central Aust. Arumbera Sands.  Utyewe A 5 R5407 550 S23.594518 E134.491531 3.4
Ross Rr, central Aust. Arumbera Sands.  Utyewe C 10 R5408 550 S23.594518 E134.491531 3.2
Mt Skinner, Australia Grant Bluff F. Akweke A 5 R4290 559 S22.24932 E134.307132 2.5
Mt Skinner, Australia Grant Bluff F. Akweke C 12 R4291 559 S22.24932 E134.307132 2.9
Mt Skinner, Australia Grant Bluff F. Akweke C 26 R4292 559 S22.24932 E134.307132 2.5
Central Mt Stuart, Aus.  Grant Bluff F. Arnerre A 5 R5160 560 S21.935294 E133.436189 3.2
Central Mt Stuart, Aus.  Grant Bluff F. Arnerre By 15 R5161 560 S21.935294 E133.436189 32
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Central Mt Stuart, Aus.  Grant Bluff F. Arnerre C
Mistaken Pt, Newfound. Mistaken Pt F. tempestite

Port Union, Newfound. Mistaken Pt F. lapilli tuff

Donna Loy, California  Stirling Quartzite =~ Hebinga above
Donna Loy, California  Stirling Quartzite ~ Hebinga A
Donna Loy, California  Stirling Quartzite = Hebinga By
Donna Loy, California  Stirling Quartzite ~ Hebinga

Donna Loy, California  Stirling Quartzite =~ Hebinga

Mistaken Pt, Newfound. Mistaken Pt F. tempestite

Mistaken Pt, Newfound. Mistaken Pt F. Catalina A
Mistaken Pt, Newfound. Mistaken Pt F. Catalina C
Mistaken Pt, Newfound. Mistaken Pt F. Acis A
Mistaken Pt, Newfound. Mistaken Pt F. Acis C
Mistaken Pt, Newfound. Mistaken Pt F. Maglona C

Umberatana, S. Aust. Wonoka Form. laminated dolostone

Brachina Gorge, S.Aust. Wonoka Form. Palaeopascichnus delicatus

Ross Rr, central Aust. Julie Formation dolostone

Pigeon Cove, Drook Formation  white tuff upper
Newfound.

Pigeon Cove, Drook Formation  white tuff middle
Newfound.

Pigeon Cove, Drook Formation  white tuff middle
Newfound.

Pigeon Cove, Drook Formation  white tuff lower
Newfound.

Bristy Cove, Newfound. Briscal Form. Murphys A
Enorama Creek, S.Aust. Brachina Form. shale

45 R5163 560 S21.935294 E133.436189 32
R4029 564 S46.626287 W53.163835 1.6
R3932 565 N48.506842 W53.061619 11.3
=7/ R5351 565 N35.813181 W116.08137 5.1
4 R5352 565 N35.813181 W116.08137 3.6
7 R5353 565 N35.813181 W116.08137 4.7
11 R5354 565 N35.813181 W116.08137 6.6
15 R5355 565 N35.813181 W116.08137 33
R4025 565 N46.62468 W53.164122 1.6
3 R3995 565 N46.62468 W53.164122 2.7
7 R3996 565 N46.62468 W53.164122 35
2 R4007 565 N46.62468 W53.164122 52
8 R4009 565 N46.62468 W53.164122 79
12 R4012 565 N46.62468 W53.164122 4.6
R3651 565 S30.23542 E139.122242 2.8
F115698 567 S31.336495 W138.566726 3.1
R5403 568 S23.594080 E134.491604 1.4
5 R3980 574 N46.684862 W53.259280 9.4
10 R3981 574 N46.684862 W53.259280 2.6
15 R3982 574 N46.684862 W53.259280 2.7
20 R3983 574 N46.684862 W53.259280 2.7
R4032 575 N46.631333 W53.189757 2.9
R3500 600 S31.33156 E138.594026 2.1

Ediacaran stromatolites and Cambrian marine shales with
trilobites. Grey Ediacaran dolostones also included likely
marine tubular fossils such as Cloudina (Cai et al., 2017) and
Namacalathus (Zhuravlev et al., 2015). In contrast, samples
of rocks with Ediacaran quilted fossils of unknown affinities,
such as Fractofusus, Charniodiscus (Retallack, 2014, 2016),
Dickinsonia and Arumberia (Retallack & Broz, 2021) are
siliciclastic red beds with YREE array distinct from grey beds
within the same sequences and provenance.

Specimens were pulverized, and 0.2 g of powder added to
lithium borate flux (0.9 g), mixed well, and fused in a furnace
at 1000°C by ALS Chemex, of North Vancouver, Canada.
The resulting melt was cooled, and dissolved in 100 mL of
4% HNO, and 2% HCI solution. The same acid treatment
and borate flux for silicates was used for the two carbonates
analyzed, rather than more thorough leaching recommended
by Rongemaille et al. (2011) and Zhang et al. (2015). This
solution was then analyzed from inductive coupled plasma by
atomic emission spectroscopy for major elements (ICP—AES),
with correction for inter—element interferences, and mass
spectroscopy (ICP—MS) for trace elements. Loss on ignition

was from 1 g heated to 1000°C for one hour. The standard
used for comparison was Canadian Certified diorite gneiss
SY4 from Bancroft, Ontario. Error bounds were from multiple
runs of standards.

Newfoundland

The Ediacaran, Mistaken Point and Drook formations
with vendobiont fossils Fractofusus and Charniodiscus in
the Avalon Peninsula of Newfoundland have been interpreted
as turbidites of abyssal marine depths (Wood et al., 2003;
Ichaso et al., 2007). Reexamination of these beds in the field
and in polished slabs failed to find any characteristic turbidite
features: purple rather than grey color (Fig. 3C-Q), silty
rather than clayey tails (Fig. 3E-F), loess—like granulometry,
and sharp sandstone top rather than grain—size grading (Fig.
3D-F). Other features of the beds are evidence of paleosols,
such as matrix—supported accretionary lapilli (Fig. 3G) and
sanidine crystal tuffs, tau analysis including base and P
depletion, and low B content (Retallack, 2014, 2016, 2020).
Turbidites in contrast show base enrichment (McLennan et
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Fig. 4—Chemical and petrographic data on an Ediacaran paleosol from the Ediacara Member in Brachina Gorge, South Australia
(from 13.6 m in fig. 1 of Retallack 2013), contrasted with a tempestite from the upper Mistaken Point Formation at
Mistaken Point, Newfoundland (63.7 m in fig. 3B of Retallack 2014, 2016).

al., 1990; Korsch et al.,1993; Garcia et al., 2004; Kiminami
& Fujii, 2007). Furthermore, the fossils of Fractofusus and
Charniodiscus are preserved in life position (Fig. 3D) like
vegetation mantled by tsunami sands, rather than uprooted
into claystone breccia of the erosive bases of turbidites or
tempestites (Peters et al., 2007; Szczucinski et al., 2012). Other
unfossiliferous horizons in the Mistaken Point (arrows in Fig.
3A), and overlying and underlying formations, have mineral
and chemical profiles very different from paleosols, and
represent genuine turbidites and tempestites (Fig. 3B). These
Newfoundland formations were deposited in a forearc basin
floored by granitic continental basement, rather than deep—sea
pillow—basalt and hydrothermally altered crust (King, 1988;
O’Brien et al., 1996). These divergent interpretations and
their implications remain unsettled. Were vendobionts deep
marine invertebrates in turbidites and evolutionary precursors
of late Ediacaran shallow marine vendobionts (Narbonne et
al., 2014; Mitchell et al., 2015, 2019)? Or were they an early
form of terrestrial vegetation in coastal paleosols buried by
tsunamite sandstones (Retallack 2016)? Did they absorb
deep marine dissolved organic matter (Mitchell ef al., 2015,
2019), or biologically enhance weathering and photosynthetic
productivity on land (Lenton & Watson, 2004)?

South Australia

The Ediacara and Nilpena Members of the Rawnsley
Quartzite are red siltstones and sandstones with iconic
megafossils such as Dickinsonia and Spriggina (Figs 4A,
5A, 6A-B), traditionally interpreted as deposited in shallow
sea, lagoons, and coastal plain of a passive margin, granitic
coast (Mawson & Segnit, 1949; Jenkins et al., 1983).
Later interpretations emphasized shallow siliciclastic shelf

environments that were completely subtidal, based on
interpretation of massive sandstones as submarine mass
flows and dish structures as evidence of dewatering (Gehling,
2000; Gehling & Droser, 2013; Runnegar, 2022). In contrast a
terrestrial interpretation of the red beds came from discovery
of desert roses (Fig. 5C) and chemical and petrographic
evidence for paleosols (Fig. 4A), as well as eolian interbeds
(Retallack, 2019a, 2022a; McMahon et al., 2020). Other
paleosols with caliche nodules (Fig. 5B) were found in the
Ediacaran upper Nuccaleena Formation (Retallack, 2011).
These massive redbeds are quite distinct from grey laminated
and graded beds of the Brachina Formation (Fig. 5G), and
Wonoka Formation (Fig. 5SH) within the same Ediacaran
succession, considered uncontroversially marine (Retallack,
2020). Vendobionts persisted after the appearance of abundant
Cambrian marine burrows in the Uratanna Formation (Jensen
et al., 1998). The trilobite bearing Oraparinna Shale in Ten
Mile Creek (Paterson & Brock, 2007) was also sampled
as a securely marine deposit in the same region. There are
conflicting interpretations of these fossil localities. Were the
vendobionts shallow marine invertebrates without modern
relatives, destroyed by the rise of marine bioturbation, then
replaced by the Cambrian evolutionary explosion of marine
phyla (Briggs, 2015; Wood et al., 2019)? Or were they a
form of terrestrial vegetation which continued well into the
Paleozoic (Retallack, 2018, 2022 b), replaced by the evolution
of terrestrial fungi and land plants (Retallack, 2019b; Strother
& Foster, 2021)? Did they graze shallow marine microbial
mats (Tarhan et al., 2017), or biologically enhance weathering
and photosynthetic productivity on land (Lenton & Watson,
2004)?
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Fig. 5—Ediacaran Ediacara Member of Rawnsley Quartzite (A,C), Nuccaleena Formation (B), Brachina Formation (G) and
Wonoka Formation (H) in South Australia, and Grant Bluff Formation (D) and Arumbera Sandstone (E—F) in central
Australia: (A) fossiliferous beds (at arrows) in Brachina Gorge (hammer circled for scale); (B) successive calcarecous
nodular Ika beds in Enorama Creek (hammer for scale); (C) thin section scan (R3229) of gypsum desert rose from
Inga bed in Brachina Gorge; (D) overview of red—beds on the southeast spur of Central Mount Stuart; (E—F) profile
and thin section scan (R5412) of Atwakaye bed at 192 m in Ross River section; (G) outcrop of Brachina Formation
near Enorama Creek; (H) thin section scan (F115701) of shale with Paleopascichnus delicatus from Bunyeroo Gorge.
Sections are detailed by Retallack (2011, 2013) and Retallack & Broz (2020).

Central Australia

Red beds of the Grant Bluff Formation (Fig. 5D) and
Arumbera Sandstone (Fig. SE-F) in Australia’s Northern
Territory have unusual, low diversity, megafossil assemblages,
including Arumberia, Hallidaya and Noffkarkys (Fig. 6C—F;
Retallack & Broz, 2020). These fossils were originally
considered cnidarian polyps and medusae in shallow
marine sands (Wade, 1969; Glaessner & Walter, 1975),
and Arumberia has also been considered a microbially

influenced sedimentary structure (McMahon et al., 2022).
Recent evidence for paleosols immediately below these
fossils includes petrographic and chemical evidence of clay
production, tau analysis of cationic base and P depletion, and
stable isotopic covariation (Retallack & Broz, 2020). The
Arumberia—Hallidaya—Noffkarkys assemblage continues
within the same red bed facies well into the Cambrian,
above a thick interbed of green—grey siltstone with marine
trace fossils including trails of trilobites in the Arumbera
Sandstone (Retallack & Broz, 2020). Were these a form of
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Fig. 6—Ediacaran megafossils: (A) Dickinsonia costata from Ediacara Member in the Ediacara Hills, South Australia (South
Australian Museum F17462); (B) Spriggina floundersi (holotype) from same locality (South Australian Museum
F18887); (C) Arumberia banksi from Arumbera Sandstone at Valley Dam, central Australia (Geoscience Australia
F14948); (D) Noffkarkys storaasli from Grant Bluff Formation at Central Mount Stuart, central Australia (University
of Oregon F127427); (E-F) Hallidaya brueri (holotypes) from Grant Bluff Formation at Mt Skinner, central Australia
(South Australian Museum F16478 and 16464 respectively); (G), Pteridinium simplex from Kliphoek Member at
Aarhausen, Namibia (field photo); (H) Ernietta plateauensis from Kliphoek Member on Aar farm, Namibia (Namibian
Geological Survey F687); (1) Rangea schneiderhoehni (holotype) from same locality (Namibian Geological Survey
F193).
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Fig. 7—Stratigraphic position of Ediacaran and Cambrian samples analyzed relative to carbon isotopic chemostratigraphy
and named Cryogenian—Cambrian glacial advances: (A) chemostratigraphy from carbonates of the Yangtze Gorge
region of South China (Xiao & Narbonne, 2020), scaled to correlation of Gaskiers Glaciation with isotopic minimum
EN2, and named glacial advances (Retallack, 2021a); (B) Yangtze Gorges, Hubei, China (Xaio & Narbonne, 2020);
(C) western Georgina Basin, Northern Territory, Australia (Retallack & Broz, 2020); (D) eastern Amadeus Basin,
Northern Territory, Australia (Retallack & Broz, 2020); (E) Stansbury Basin, South Australia (Retallack et al., 2014);
(F) Avalon Peninsula, Newfoundland (Retallack, 2016); (g) southern Namibia (Vickers—Rich et al., 2013); (h) southern

California (Smith et al., 2016, 2017).

terrestrial vegetation continuing little—altered from Ediacaran
to Cambrian (Retallack & Broz, 2020) until replaced by
terrestrial fungi and land plants (Retallack, 2019b; Strother
& Foster, 2021)? Did they consume shallow marine microbial
mats and other biota (Wade, 1969; Glaessner & Walter, 1975;
McMahon et al., 2022), or enrich weathering and productivity
on land (Lenton & Watson, 2004)?

Namibia
Mattress—like vendobionts in red beds such as the

Kliphoek Member of the Dabis Formation in Namibia
include forms such as Ernietta (Fig. 6H; Ivantsov et al.,

2016) and Pteridinium (Fig. 6G; Grazhdankin & Seilacher,
2002), which lived partly buried within the substrate, as well
as squat conical forms, such as Rangea (Fig. 61; Vickers—
Rich et al., 2013). In contrast grey shales and dolostones of
the Mooifontein Member of the Dabis Formation and the
Feldshuhorn Member of the Urusis Formation have a very
distinct assemblage of tubular fossils such as Cloudina (Cai
et al., 2017) and Namacalathus (Zhuravlev et al., 2015).
All of these fossils have been considered shallow marine
invertebrates (Grazhdankin & Seilacher, 2002; Ivantsov et al.,
2016; Cai et al., 2017), but Rangea was found in a paleogully
that both flares and has strong sinuosity (Vickers—Rich et al.,
2013), more like an intertidal creek than open marine (Davies
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Fig. 8—Continental affiliation from Zr/Hf and Y/Ho weight
ratios of all samples analyzed here (closed circles),
compared with characteristic continental silicate
igneous rocks (CHARAC), deep sea Fe—Mn crusts,
sea water, and hydrothermal vein fluorite (Bau, 1996).

& Woodroffe, 2010). Eolian interbeds, massive red beds, and
nodules in the Kliphoek Member are more like coastal plain
facies (Retallack, 2019a). Were the vendobionts shallow
marine invertebrates without modern relatives, destroyed by
the rise of marine bioturbation, then replaced by the Cambrian
evolutionary explosion of marine phyla (Briggs, 2015; Wood
et al., 2019)? Or were vendobionts a form of vegetation
later replaced by terrestrial fungi and land plants (Retallack,
2019b; Strother & Foster, 2021)? Were vendobionts marine
filter feeders or infaunal feeders (Vickers—Rich et al., 2013;
Ivantsov et al., 2016), or did they enhance weathering and
photosynthetic productivity on land (Lenton & Watson, 2004)?

California

Ediacaran vendobionts and facies of southern California
are comparable with those of Namibia, including Ernietta
(Smith et al., 2017), and Swartpuntia, with the latter ranging
into Cambrian rocks in California (Hagadorn et al., 2000).
Vendobionts are found in both the Stirling Quartzite and
Wood Canyon Formation, which both have fluvial and
marine facies at different stratigraphic levels (Corsetti &
Kaufman, 1994; Corsetti et al., 2000; Fedo & Cooper, 2001;
Mubhlbauer et al., 2020). The Wood Canyon Formation also
includes grey dolostones and shales with Cloudina and other
small tubular fossils (Smith et al., 2016; Selly et al., 2020).

Were the vendobionts marine invertebrates uprooted by the
rise of marine bioturbation (Bottjer ef al., 2000)? Or were
vendobionts an early form of life on land and underground
(Retallack, 2013, 2019a)? Were vendobionts marine filter
feeders or infaunal feeders (Corsetti & Hagadorn, 2003),
or did they enhance terrestrial weathering and productivity
(Lenton & Watson, 2004)?

China

Ediacaran Shibantan Member of the Dengying Formation
has yielded vendobionts such as Paracharnia (Chen et al.,
2014) and trace fossils such as Lamonte (Meyer et al., 2014).
A small, but diagnostic fragment of Dickinsonia also has been
reported (Wang et al., 2021). These dark grey calcareous
shales are usually interpreted as part of an anoxic marine
basin (Ling et al., 2013; Tahata ef al., 2013). However, the
samples collected for this study in the Jiulongwan section
included ferruginized bed tops and pyritic nodular bed
bases, associated with flaser bedding, like intertidal facies
and gleyed paleosols better known in Ediacaran rocks of
Newfoundland (Retallack, 2016). The Cambrian Shiujingtuo
Formation was also sampled as definitively marine black
shale with trilobites (Zhang et al., 2020). Were the Chinese
vendobionts enigmatic marine invertebrates replaced by the
Cambrian marine biota (Briggs, 2015; Wood et al., 2019), or
were they a form of intertidal vegetation which continued into
the Paleozoic (Retallack, 2018)? Did they graze on microbes
or absorb nutrients osmotrophically from sea water (Wang et
al., 2021), or stabilize intertidal flats against coastal erosion
(Retallack, 2018)?

RESULTS AND DISCUSSION
Limitations to YREE as paleoenvironmental indicators

Some limitations to the use of this technique for
distinguishing marine from non—marine are clear. The highest
marine LYREE/HYREE weight ratio of turbidites from land
is 4.8, and lowest non—marine ratio of salt pans is 2.7. Most
LYREE/HYREE weight ratios are within this range (Fig.
2), and their arrays are flat and close to PAAS (Fig. 8), so
ambiguous for distinguishing fluvial and shallow marine
siliciclastic clastic sediments by themselves. An exception is
rivers in volcanic terranes which can have LYREE/HYREE as
low as 0.8-2.8 (Fig. 2A), and such provenance can be flagged
by petrographic and geochemical compositions (Retallack,
2014, 2016).

All the samples analyzed here have igneous (CHARAC)
provenance rather than extensive aqueous oceanic, deep—sea
Fe—Mn nodular, or hydrothermal alteration, judging from
proportions of trivalent to tetravalent rare earth elements of
similar charge and radius (Fig. 8). This reflects provenance
of these trace elements by weathering and mixing in streams
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(McLennan, 1989), supporting the established use of YREE
to approximate bulk upper continental crust compositions
(Taylor & McLennan, 1985). None of these samples betray
prolonged exposure to deep marine or hydrothermal alteration.

Samples with low LYREE/HYREE (2.7—4.8) and flat
arrays normalized to PAAS are ambiguous. They may be
paleosols, but weakly developed, and other techniques are
needed for environmental interpretation, such as interbedded
eolian sedimentary structures (Retallack, 2019a; McMahon
et al., 2020), within—bed geochemical weathering trends
(Retallack, 2013), stable isotopic covariation (Retallack &
Broz, 2020), high Ge/Si ratios (Retallack, 2017), and low
boron content (Retallack, 2020). Thirteen of the samples
analyzed here were also included in a recent study of
paleosalinity from boron/potassium ratios adjusted for
clay diagenesis evaluated in two ways from the ratio of 10
over 10.5 A values of the illite peak (Weaver index) and
width of illite peak at half height (Kiibler index) in x—ray
diffractograms (Retallack, 2020). These samples plotted
against LYREE/HYREE ratios indicate that the red beds
analyzed here are indeed non—marine, because the divide
between positive and negative 4, at the threshold between
marine and non—marine is near the LYREE/HYREE ratio of
2.7 (Retallack, 2020; Fig. 10).

The expectation of sampling red and grey formations
from the same sequences (Fig. 7) was that grey would be
marine and red non—marine, as is generally the case for the
Phanerozoic sedimentary record (Davies et al., 2011; Retallack
& Broz, 2020). Phanerozoic marine red beds are known, but
are chemical sediments, such as shales and carbonates (Wang
et al., 2009; Hu, 2013), rather than siliciclastic sediments
analyzed here. Holocene oceanic red clays are very different
in YREE arrays than all the other samples of this study (Fig.
2). Grey beds with low LYREE/HYREE ratios and positive
slope similar to marine sediments (Fig. 1) include Ediacaran
dolostones of the Julie and Wonoka formations in central
and South Australia (respectively), an Ediacaran tempestite
from the upper Mistaken Point Formation of Newfoundland,
latest Ediacaran to Cambrian Spitzkopf Member of Urusis
Formation in Namibia, Cambrian portion of the lower
Arumbera Sandstone with marine trace fossils in central
Australia, and multiple levels of a single Cambrian bed with
Bergaueria and Wyattia in the Wood Canyon Formation of
California (Figs 2, 7). However Cambrian trilobite—bearing
shales from China and South Australia, and grey to white
Ediacaran tuffs from Newfoundland lack these marine
differentiae, and have instead relatively flat arrays like those
found in rivers, coastal plains, deltas, and shallow offshore
marine sediments (Fig. 1). Although some trilobites are now
known to have invaded estuaries (Mangano et al., 2021), this
is an unlikely explanation for trilobites in regionally extensive
Orarapinna and Shiujingtuo shales analyzed here (Paterson &
Brock, 2007; Zhang et al., 2020). These marine siliciclastic

rocks inherited fluvial YREE arrays like deep sea turbidites
(McLennan et al., 1990)

Environmental indicators at LYREE/HYREE extremes

Despite LYREE/HYREE weight ratios that are
paleoenvironmentally ambiguous, because compromised
by provenance, extreme ratios can be diagnostic: especially
of soils, oligotrophic marine, deep sea clay, deep sea red
beds and deep sea hydrothermal (Fig. 2A). The Holocene
oligotrophic marine data are from Florida Bay (Table 1),
where terrestrial silicate and nutrient cation input is filtered out
by a fringe of mangroves and the waters are clear with little
turbidity (Caccia & Millero, 2007). Reconstruction of South
Australian Ediacaran rocks as this kind of tropical oligotrophic
ecosystem on the cover of a book by Fedonkin et al. (2008)
is thus unlikely based on data presented here (Fig. 2B). Nor
do South Australian Ediacaran rocks show deep sea YREE
arrays (Tables 1, 2).

Some of the red bed LYREE/HYREE weight ratios are
much higher than 4.8 (Fig. 2B), and their arrays negatively
sloped like those of soils (Fig. 8). Especially notable in this
regard are the Ediacaran Maglona and Catalina profiles of
Newfoundland, and the Hebinga profile of California. The
Newfoundland rocks include volcaniclastic sandstones (Fig.
3D) and felsic tuffs (Fig. 3G) among other lines of evidence for
derivation from a volcanic arc nearby (Retallack, 2014, 2016),
so are extremely anomalous compared with Holocene river
alluvium and deep marine turbidites derived from volcanic
arcs (Fig. 2A). These new observations support a variety of
other lines of evidence (Figs 3-5) that both the siliciclastic
and volcaniclastic facies were paleosols (Retallack, 2013,
2016, 2019a). The Hebinga profile of the Stirling Quartzite has
pseudomorphs of gypsum desert roses, like other Ediacaran
paleosols (Retallack, 2013, 2022a).

Array differences within beds

In cases where multiple samples were taken at decimetric
intervals within single beds less than 64 cm thick (Table 2),
grey beds showed identical YREE arrays (Figs 2B, 9H, J),
whereas individual named red beds showed strong internal
differentiation of the bed (Figs 2B, 9A,1,K). In none of these
beds was there marked concentration of heavy minerals toward
the base, which can affect YREE arrays (McLennan, 1989).
The marked differentiation of YREE arrays within single beds
is a distinctive feature of soil formation (Minaiik et al., 1998),
and thus marks paleosols, also recognized for these samples
from other lines of evidence (Retallack, 2013, 2016, 2022a).
Furthermore, the divergence in YREE arrays of different
horizons of the same bed is greatest in moderately developed
paleosols with sulfate desert roses (By in Fig. 9I) and caliche
nodules (Bk in Fig. 9A-B). This effect is especially marked
in profiles with sulfate desert roses, formed by acid—sulfate
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weathering, rather than carbonic acid hydrolysis resulting
in carbonate nodules (Retallack, 2013; Retallack & Broz,
2020). Other paleosols with lesser textural and geochemical
development due to shorter duration of formation have less
distinct YREE arrays within different parts of the same bed.

No anoxic signatures in analyzed samples

None of the specimens analyzed here had significant Ce
anomalies, although some are in sequences which include Ce
anomalies at other stratigraphic levels (Ling ef al., 2013; Wu
et al., 2019). Thus, the samples chosen here for Ediacaran
fossils were not from anoxic depositional environments,
neither during, nor after deposition. Nor were they from source
terranes including igneous rocks with Ce anomalies (Taylor
& Maclennan, 1985).

Few hydrothermal signatures in analyzed samples

Positive Eu anomalies were found in dolostones of the
Mooifontein Member of the Dabis Formation in Namibia,
the Wonoka Formation of South Australia, and the Julie
Formation of central Australia, and a negative europium
anomaly in a grey Murphys profile from Newfoundland (Fig.
9). The positive anomalies may be evidence of hydrothermal

alteration in the dolostones, as in modern hydrothermal
systems (Michard & Albarede, 1986; Hongo & Nozaki,
2001), and in Archaean metamorphosed cherts (Sugahara et
al., 2010). The negative europium anomaly may have been
derived from phyllitic metamorphic rocks (Fowler & Doig,
1983), alkali granite, or rhyolite (Beyth ez al., 1994). The latter
is most likely, because the profile in question includes fresh
rhyolitic tuff (Retallack, 2014, 2016).

Volcaniclastic versus siliciclastic clastic signatures

Flat YREE arrays in shallow marine and non—-marine
deposits are similar with LYREE/HYREE ratios around
3, because neither pedogenesis nor marine waters diluted
by runoff profoundly modified their fluvial provenance.
Shallow marine stromatolitic dolostones (Fig. 9D—F) do have
distinctive marine YREE arrays with LYREE/HYREE ratios
less than 2.7, less influenced by provenance, and reflecting
precipitation of carbonate from seawater. Deep sea shales
also acquire HYREE enrichment (Figs 1-2), and would have
been apparent in the Ediacaran Mistaken Point and Drook
formations, if they were deposited in the deep sea (Wood et
al.,2003; Ichaso et al., 2007). Point counting of the samples
analyzed here showed that they had no more than 36 volume
percent clay (Retallack, 2014, 2016), and thus lacked the

—

Fig. 9—Rare earth element (YREE) analyses (ppm normalized to PAAS) and LYREE/HYREE ratios (numbers beside arrays)
of named Ediacaran red beds (left), compared with Cambrian—Ediacaran grey beds with clear evidence of marine
conditions in the same area (right): (A) Ediacaran paleosols of the Ediacara and Nilpena Members with Dickinsonia
and other vendobionts of the Rawnsley Quartzite, in Brachina Gorge, Flinders Ranges (Retallack, 2013); (B) Cambrian
Oraparinna Shale with trilobite Redlichia (Paterson & Brock, 2007). Ediacaran shale of Wonoka Formation with
Palaeopascichnus in Brachina Gorge, and laminated dolostone of Wonoka Formation from Umberatana, South
Australia (Retallack et al., 2014); (C) Ediacaran paleosols of Grant Bluff Formation from Central Mount Stuart, and
Mt Skinner, and Arumbera Sandstone from Ross River with Dickinsonia and other vendobionts, Northern Territory
(Retallack & Broz, 2020); (D) Cambrian siltstones of Arumbera Sandstone Member III with marine trace fossils, and
Ediacaran stromatolitic dolostone of Julie Formation from Ross River, Northern Territory (Retallack & Broz, 2020);
(E) Ediacaran Ernietta from Kanies Member at Pockenbank and Pteridinium from Aar Member at Aarhausen, both
in Dabis Formation, Namibia (Vickers—Rich et al., 2013); (F) drifted and deflated specimen of Pteridinium from
Feldshuhorn Member, and Cambrian trace fossils Streptichnus and Manykodes from Spitzkopf Member, all Urusis
Formation at Swartpunt; and Ediacaran Cloudina dolostone at Aar Farm in Aar Member, Dabis Formation, Namibia
(Vickers—Rich et al., 2013); (G) Ediacaran paleosols Murphys in Briscal Formation at Bristy Cove, and Murphys in
Drook Formation at Pigeon Cove, and others in Mistaken Point Formation at Mistaken Point, Newfoundland (Retallack,
2016); (H) 4 samples of Ediacaran volcanic tuff in Drook Formation at Pigeon Cove, Ediacaran tempestite sandstone
in Mistaken Point Formation at Mistaken Point, Cambrian Manykodes trace fossil from Chapel Island Formation at
Fortune Head, Newfoundland (Retallack, 2016); (I) Ediacaran Hebinga paleosol in Stirling Quartzite near Donna Loy
Mine, and other less developed paleosols from Wood Canyon Formation (in background), southern California (Smith
etal.,2017); (J) 4 successive samples in bed 15 cm thick with marine trace fossil Bergaueria and body fossil Wyattia
in Cambrian Wood Canyon Formation in Emigrant Pass, southern California (Smith ez al., 2017); (K) ferruginized
surface of Ediacaran tidal-flat paleosols (Sulfaquent) with trace fossil Lamonte from the Shibantan Member, Denying
Formation near Jiulongwan, Hubei (Meyer ef al., 2014); (L) Cambrian black shale of Shuijingtou Formation with
trilobite Tsunydiscus near Taishanmiao, Hubei (Zhang et al., 2020).
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clayey tails of genuine turbidites (Bouma, 1964; Korsch et
al., 1993). Geochemically, the Newfoundland beds were also
very distinct from turbidites (Retallack, 2014, 2016).

EDIACARAN HABITATS AND PALEOCLIMATE

The clearest result of this study is falsification of
abyssal marine paleoenvironment for the Ediacaran fossil
beds of Newfoundland (Narbonne ef al., 2014; Liu ef al.,
2015). A tempestite from Newfoundland has marine LYREE/
HYREE ratios less than 2.7, but even that is normal for rivers
and turbidites derived from volcanic arcs (Fig. 2A). Most
Newfoundland beds have higher ratios of shallow marine

to terrestrial sediments and intertidal paleosols, and some
paleosols and tuffs have clear paleosol values of 6.0-11.3 (Fig.
9G-H). This new result supports a variety of lines of evidence
that the surfaces with vendobionts in the Mistaken Point and
Drook formations were coastal paleosols (Retallack, 2014,
2016). Supposed animal trails in the Mistaken Point Formation
(Liu ef al., 2010) were thus tilting traces formed in shallow
water (Retallack, 2010). The problematic fossil Haootia
(Liu et al., 2014, 2015), with cnidarian affinities disputed
by Miranda et al. (2015), is more like the modern lichen
Cetraria (Karnefelt et al., 1993; Pérez—Ortega ef al., 2012).
Mistaken Point fossils are more like communities of plants
and lichens than any known benthic marine communities in
their unusually high beta diversity (Finnegan ef al., 2019),
vegetative propagation (Mitchell et al., 2015), and lack of
interspecific interaction (Mitchell et al., 2019). Comparable
terrestrial habitats for vendobionts from other parts of the
world are neither falsified nor strongly supported by flat YREE
arrays presented here, but rest on evidence from paleosols
(Retallack, 2013, 2019a; Retallack & Broz, 2020), boron
content (Retallack, 2020), Ge/Si ratios (Retallack, 2017), and
eolian interbeds (Retallack, 2019a; McMahon et al., 2020).

Alternation of marine and non—marine facies in Ediacaran
sequences can be related to glacial drawdowns of sea level
(Fig. 7). The Wonoka Paleocanyons of South Australia are
evidence of least 600 m of sea level drawdown (Retallack et
al., 2014) during deposition of Bou Azzer tillites in Morocco
now dated to 565 Ma (Linneman et al., 2018), which is
also the age of Mistaken Point Formation red beds in the
otherwise marine continental forearc basin of Newfoundland
(Retallack, 2016). Each of four named glaciations during
the Ediacaran are also reflected in carbonate carbon isotopic
chemostratigraphy (Fig. 7; Xiao & Narbonne, 2020), because
meteoric weathering during low stands of the sea imparts a
very low carbon isotopic composition (Retallack et al., 2014,
2021). Ediacaran paleoclimate was generally cool with a
chance of icebergs, and Ediacaran paleosol paleothermometers
return temperate values even in tropical paleolatitudes
(Retallack, 2013, 2016; Retallack & Broz, 2020). Fluid
inclusion homogenization temperatures of Ediacaran halites
are evidence of tropical seawater temperatures of only 23.1
+ 5°C (Meng et al., 2011), and cool tropical waters also
are indicated by relatively high 3'®0 values of Ediacaran
marine carbonates (Tahata et al., 2013). Ikaite pseudomorphs
(glendonites) indicative of cold (—1.9 °C to +3 °C) marine
waters have been reported from low paleolatitude Ediacaran
rocks of China (Wang et al., 2017).

The Ediacaran Period was not a permanent paleoclimatic
reversal of Cryogenian “Snowball Earth”, which itself may
have been the result of biologically enhanced weathering on
land with evolution of fungi and other eukaryotes replacing
largely prokaryotic microbiomes (Lenton & Watson, 2004;
Retallack, 2021b, 2023; Retallack et al., 2021). Observed
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evolutionary increases in size and complexity of Ediacaran
vendobionts culminating in large Dickinsonia and Arumberia
interpreted as terrestrial vegetation in paleosols (Retallack,
2013; Retallack & Broz, 2020), may have triggered additional
glacial advances punctuating the Ediacaran Period (Hebert et
al., 2010; Linneman et al., 2018; Retallack, 2021a).

CONCLUSIONS

YREE arrays have long been used to determine
provenance and general composition of source areas of
sedimentary rocks (Taylor & McLennan, 1985). LYREE/
HYREE ratios also have been used to distinguish Precambrian
marine from non-marine depositional environments, most
effectively in chemical sediments (Bolhar et al., 2004, 2005).
The approach employed here to minimize provenance effects in
siliciclastic sediments is to use of weight ratios, as a reflection
of marine versus non—marine complexation in proportion to
atomic number (Ronov et al., 1967; Duddy, 1980), and to
compare different samples of the same provenance.

Ediacaran red beds, and some grey beds from
Newfoundland, China, Namibia, and Australia showed
ambiguously continental terrestrial or very shallow marine
arrays with modest light YREE enrichment. A grey tempestite
from Newfoundland, a grey sandstone from California, and
grey carbonates from Australia and Namibia showed clear
oceanic arrays with heavy YREE enrichment. Vendobiont
fossils such as Dickinsonia, Spriggina, Ernietta and
Pteridinium have flat YREE patterns undiagnostic of marine
or terrestrial, although other evidence favours terrestrial
(Retallack, 2013, 2020, 2022a). However, Fractofusus and
Charniodiscus from Newfoundland show significant light
YREE enrichment of paleosols. These vendobionts did not
live at abyssal depths in the ocean, but on coastal plains
(Retallack, 2014, 2016).

Evidence from YREE falsifies the view that
Newfoundland vendobionts were deep marine invertebrates
living on dissolved organic matter or sulfide chemosymbiosis
(Mitchell et al., 2015, 2019), that they were deep water
evolutionary precursors of late Ediacaran shallow marine
organisms (Narbonne et al., 2014), and that they were
uprooted by later Ediacaran development of burrowing
marine organisms (Briggs, 2015; Wood et al., 2019). Evidence
from YREE for habitats of other Ediacaran vendobionts are
less conclusive, but also compatible with the view that they
were instead an early form of terrestrial vegetation in coastal
paleosols buried by tsunamite sandstones (Retallack, 2014,
2016). These large creatures would have enhanced weathering
and productivity on land, and thus fueled the late Ediacaran
and Cambrian explosion of life on the sea (Retallack, 2022a).
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