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Ediacaran fossils ofMistaken Point and other localities inNewfoundland have been reconstructed as denizens of a
deep, dark ocean, based on a turbidite interpretation of their sedimentary context. Objections to this view include
geochemical indications of fresh water and volcanological and sedimentological evidence that they lived in soils
of coastal plains and tidalflats. Two distinct assemblages of these fossils are recognized: a low-diversityAspidella–
Heimalora community on sulfidic grey paleosols (Sulfaquent) and a high diversity Fractofusus–Charniodiscus
community on red ferruginous paleosols (Fluvent and Udept). These two assemblages and their paleosols
were comparable in habitat with Phanerozoic intertidal salt marsh and coastal woodlands, respectively. Paleosol
chemical composition is also evidence that Ediacaran communities of Newfoundland lived in humid, cool tem-
perate paleoclimates, unlike arid paleoclimates of the classical Ediacaran biota of South Australia.
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1. Introduction

Ediacaran fossils of Newfoundland have been considered algae,
fungi, or marine invertebrates with photosymbionts in the photic zone
(Fischer, 1965; Seilacher, 1984, 1989; McMenamin, 1986; Peterson
et al., 2003). Other plant-like and lichen-like features of these fossils in-
clude fractal branching (Cuthill and Conway Morris, 2014), nutrient-
acquiring root-like systems (Antcliffe et al., 2015), and both sexual
and vegetative reproduction (Mitchell et al., 2015). An alternative
view of these famous fossils of Mistaken Point and other localities
in Newfoundland (Figs. 1 and 2) is that they were deep marine
osmotrophic metazoans, perhaps anemones, jellyfish, or sea pens, be-
cause enclosing beds have been interpreted as turbidites (Anderson
and Misra, 1968; Misra, 1971; Clapham et al., 2003; Narbonne et al.,
2005; Hofmann et al., 2008; Liu et al., 2015). This study re-examines
these divergent hypotheses of deep versus marginal marine habitats
in two ways. First is comparative sedimentology, in which polished
slabs of fossiliferous beds in theMistaken Point Formation are compared
with polished slabs and outcrops of known Phanerozoic turbidites ver-
sus intertidal–supratidal paleosols and tsunamites. Second is paleoecol-
ogy, inwhich individual bedswith fossils growing in place are evaluated
as distinct kinds of communities.

Distinguishing marine from non-marine Precambrian sedimentary
rocks is difficult because the biological affinities and thus habitat
preferences of Ediacaran fossils remain problematic (Retallack, 2013b;
Retallack, 2014b-d; Antcliffe et al., 2015; Mitchell et al., 2015).
Shallow-water deposition of the Mistaken Point Formation of New-
foundland is supported by hummocky bedding, oscillation ripples, car-
bonate nodules, and purple-red color (Misra, 1971; Benus, 1988;
Dalrymple et al., 1999). The Mistaken Point Formation also includes
spindle bombs, accretionary lapilli, gas-escape structures, and ungraded
crystal tuffs that could only be deposited on land, as well as trace ele-
ment compositions of tuffs unique to forearc basins (Retallack, 2014a).
Geochemical indices from the Mistaken Point Formation (Fig. 3), such
as high (N2.8) C/S ratios (Canfield et al., 2007), are evidence of low-
sulfate, freshwater paleoenvironments (Berner and Raiswell, 1984;
Raiswell and Berner, 1986; Canfield et al., 2010). Furthermore low ratios
(b0.2: Canfield et al., 2007) of highly reactive iron (FeHR, mainly pyrite
or hematite iron) over total iron (including iron still within silicates,
FeTOT) are more like soils than modern marine or lacustrine sediments
(Ku et al., 2008). It could be that Ediacaran oceans and soils were totally
unlike modern (Canfield et al., 2007, 2010), but scatter of these indices
between freshwater and marine within the Mistaken Point Formation
(Fig. 3) more likely reflects facies changes than repeated whole ocean
freshenings (Retallack, 2013a). Finally, rates of sediment accumulation
for the Mistaken Point Formation (0.16 ± 0.08 mm a−1) were much
higher than observed in distal turbidite fans (0.012–0.026 mm a−1) or
the deep ocean (0.002–0.009 mm a−1; Retallack, 2014a). To these gen-
eral indications, this contribution adds bed-scale sedimentological in-
terpretations of the Mistaken Point Formation, and their relevance for
understanding the paleoecology of fossils which grew in these beds.
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Fig. 1. Geological maps of study sites in the Avalon Peninsula of Newfoundland; A, overview of Newfoundland; B, Catalina area, eastern Bonavista Peninsula (Hofmann et al., 2008);
C, Spaniards Bay, northwest Avalon Peninsula; D, Trepassey area, southern Avalon Peninsula (King, 1988).
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2. Geological background

The Conception Group of the Avalon Zone of Newfoundland
(Fig. 1) is well known for a variety of Ediacaran fossils, but they are
most diverse in the Mistaken Point Formation (Fig. 2). Four high-
precision radiometric dates within the Conception Group provide
an age model for the whole sequence, with the Mistaken Point
Formation dated at 565 Ma (van Kranendonk et al., 2008; Noble et al.,
2015). All examined localities were within the forearc basin of the Trin-
ity Synclinorium on granitic crust, between the Holyrood Granite
(Fig. 2) exposed in the Holyrood Horst to the east and the ancient
continental calcalkaline volcanic arc exposed to the west (Retallack,
2014a).
Cambrian (ca. 525 Ma) deformation metamorphosed the Conception
Group to prehnite-pumpellyite facies (Papezik, 1974). Paleomagnetic di-
rections of hematite and magnetite in the Conception Group were reset
bymetamorphism (Evans and Raub, 2011), but paleomagnetic directions
ofMarystownandMusgravetownVolcanics nearbywere less severely af-
fected and are evidence of peri-Gondwanan midlatitude locations:
S34.6± 8.0°, S23.6 ± 8.3°, S19.1 ± 11.1°, and S24.5± 11.9° successively
between570 and550Ma (Pisarevsky et al., 2012; Thompson et al., 2012).

3. Materials and methods

To determine the sedimentological context of Ediacaran fossils in
Newfoundland, this project studied the four most productive fossil



Fig. 2. Ediacaran geological succession Newfoundland with ranges of selected fossils (Clapham et al., 2003; Narbonnne et al., 2005; Hofmann et al., 2008).
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localities in the Mistaken Point Formation (Benus, 1988; King, 1988;
Narbonne et al., 2005, 2009): (1) Mistaken Point (Fig. 3), (2) St Shotts
(Fig. 4B); (3) Murphy's Cove near Catalina (Fig. 4A), and (4) Green
Head near Spaniards Bay (Fig. 4C). Other measured sections were
made of the fossiliferous Drook Formation at Pigeon Cove, Briscal For-
mation in Bristy Cove, and Trepassey Formation west of Portugal Cove
South (Fig. 5). Geographic coordinates of these localities are available
on request: all are protected from unauthorized fossil collection by
Newfoundland and Labrador regulation 67/11 of the Historic Resources
Act (O.C. 2011–198).

This study distinguishes paleosols, tsunamites, tempestites, and tur-
bidites by comprehensive characterization of individual beds. Petro-
graphic thin sections from oriented rock specimens were point counted
for grain size fractions and mineral content with error (Murphy, 1983)
of±2%. Specimenswere also analyzed formajor elements by x-ray fluo-
rescence, for organic carbon using a Leco combustion infrared analyzer,



Fig. 3.Measured section of theMistaken Point Formation (after Retallack, 2014b) through
the lettered fossiliferous horizons (D–J) recognized by Benus (1988) at Mistaken Point,
with selected paleoenvironmental proxy data for part of the section (Canfield et al.,
2007), on fields by modern behavior of C/S ratios (Berner and Raiswell, 1984; Raiswell
and Berner, 1986), FeHRT/FeTOT ratios (Ku et al., 2008) and pyrite isotopic composition
(Canfield et al., 2007, 2010).
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and for ferrous iron using Pratt titration by ALS Chemex of Vancouver, BC
(Retallack, 2014a). Bulk density was determined by the clod method
using paraffin (Retallack, 1997). Consumable specimens (R3925-4079)
are curated within the Condon Collection of The Museum of Natural
and Cultural History of the University of Oregon, Eugene (G.J. Retallack,
director), and archival polished slabs (G149-G176) in collections of
The Rooms (provincial museum), St. John's, Newfoundland (N. Djan-
Chekar, curator).

Newfoundland beds were also compared with known Phanerozoic
turbidites studied in the field and by means of polished slabs, from the
following localities: middle Ediacaran (584Ma), upper Mall Bay Forma-
tion, St Marys, Newfoundland, Canada (Retallack, 2013a; N46.91933°
W53.59828°); Late Ordovician (Sandbian, 455 Ma), Malongulli Forma-
tion, Millamolong, New South Wales, Australia (Stevens, 1957;
Percival and Glen, 2007; S33.585738° E148.973131°); middle Silurian
(Wenlockian, 430Ma), Trail Creek Formation, 15 km east of Sun Valley,
Idaho, USA (Dover et al., 1980; N43.81909°W114.25926°); Early Devo-
nian (Lochkovian, 415Ma),Waterbeach Formation, Crudine, NewSouth
Wales, Australia (Jagodzinski and Black, 1999; S33.04409° E149.52856°),
and Oligocene (30 Ma) Mehama Formation, Goshen, Oregon, USA
(McClaughry et al., 2010; N44.001294° W123.01423°). Also examined
in outcrop, but too clayey and friable to take a polish, were turbidites
of the early Eocene Tyee Formation, near Drain, Oregon (Snavely et al.,
1964; Ryu, 2007; N43.66158° W123.34034°) and early Eocene,
Elkton Formation, near Elkton, Oregon (Weatherby, 1991; Ryu, 2007;
N43.60210° W123.62171°). Other outcrops of coastal paleosols and
tsunamites were examined in the middle Eocene, Bateman Formation,
near Elkton, Oregon (Weatherby, 1991; Ryu, 2007; N43.59774°
W123.62929°), and correlative Coaledo Formation at Shore Acres, Ore-
gon (Dott and Bourgeois, 1982; N43.322443° W123.387027°). Polished
slabs are curated in the Condon Collection of the Museum of Natural
and Cultural History of the University of Oregon.

The distinction between turbidites or tsunamites and paleosols also
was attempted by calculating molar ratios for evidence of hydrolysis
and other soil-forming processes, by dividing weight percents by mo-
lecular weights (Retallack, 1997, 2001). In addition, bulk density was
used to calculate gains and losses (mass transfer) of elements in a soil
at a given horizon (τw,j in moles) from bulk density of the soil (ρw in g
cm−3) and parent material (ρp in g cm−3) and from the chemical con-
centration of the element in soils (Cj,w in weight %) and parent material
(Cp,w in weight %). Also needed are changes in volume of soil during
weathering (strain: εi,w as a fraction), estimated from an immobile ele-
ment in soil (such as Ti used here) comparedwith parentmaterial (εj,p).
The relevant equations (Brimhall et al., 1992) are given in Table 1. The
expectation is that well-drained paleosols would show negative strain
and mass transfer, but poorly drained paleosols, turbidites, and
tsunamites would show little or positive strain and mass transfer
(Retallack, 2001).

4. Comparative sedimentology

Genuine turbidites, tempestites, tsunamites, and intertidal to
supratidal paleosols are briefly documented and discussed in the fol-
lowingparagraphs in order to establish differentiating criteria. Although
very different in origin, these various kinds of graded beds can appear
superficially similar and can all be found in thick forearc basin succes-
sions, as envisaged for the Conception Group of Newfoundland
(Retallack, 2014a). These expectations are then compared directly
with individual Ediacaran beds in Newfoundland, in order to infer
their genesis.

4.1. Turbidites

In the field and polished slabs, turbidites show characteristic normal
grading by grain size in intertidal (Fig. 6A), graptolite-bearing deepma-
rine (Fig. 6B–D), foraminifera-bearing deep marine (Fig. 7A, B), and
shallow lacustrine facies (Fig. 6E). There is great variation of relative
thickness of coarse and fine parts of these graded beds, in part due to
differences in their paleoenvironments. Thick fine tails were more



Fig. 4.Measured sections of the Mistaken Point Formation at Murphy's Cove (A), St Shotts (B), and Green Head (C).
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common in turbidites considered deep water (Jagodzinski and Black,
1999; Ryu and Niem, 1999) than those thought to have been deposited
in shallowwater (McClaughry et al., 2010; Retallack, 2013a). Turbidites
share gray color, even when stained orange or yellow by weathering in
modern outcrop (Fig. 6B and D). Grain size grading also persists when
partly destroyed by burrowing (Fig. 6C). Ripplemarks andwashouts re-
veal traction currents during waning phases of turbidite current
(Figs. 6A–D and 7A, B). Also common are erosional bed bases showing
scours and lensing (Fig. 6A, B, and D). These various observations corre-
spond well with other descriptions of turbidite facies and processes
(Bouma, 1962; Ludlam, 1974; Talling et al., 2012).
4.2. Tempestites

Tempestites are event deposits of storms with sand to breccia grain
size and a variety of sedimentary structures revealinghigh energy depo-
sition (Seilacher, 1982). A key sedimentary structure is hummocky
cross stratification formed by storm wave interference creating broad
domal structures (Fig. 7E). The low domes rise from a planar-bedded
base and are always in cosets. Convolute lamination, claystone breccias,
fossil shells, andmegaripples are commonly associatedwith hummocky
stratification (Dott and Bourgeois, 1982). The sudden onset of violent
from still conditions is revealed by shales or burrows above and below
the hummocky coset (Fig. 7E). These observations of hummocky strati-
fication are similar to other occurrences (Dashtgard et al., 2009), but
single-set smaller features have beenmisidentified as hummocky strat-
ification elsewhere (Higgs, 2011; Tarhan et al., 2015).
4.3. Tsunamites

Tsunamites are best known within Holocene tidal flats and marshes
in Oregon (Atwater et al., 1992; Atwater and Hemphill-Haley, 1997)
and Chile (Cisternas et al., 2005), where they can often be attributed
to known subduction zone earthquake events. They are clean, white,
planar-bedded, sand beds, 5–20 cm thick within sequences of peat
and claystone, including stumps and leaf litter of buried coastal soils.
Comparable thin, planar- to wavy-bedded sands were also left on fields
and streets by the 2011 Tohoku-oki tsunami (Szczuciński et al., 2012).

Tsunamites are little known in deep time but are well exposed in
Eocene marine rocks near Elkton, Oregon (Fig. 7A, B). The Bateman
Formation shows common thin tsunamites separating intertidal silt-
stones with estuarine fossil crabs (Raninoides lewisianus) and clams
(Brachidontes cowlitzensis,Nuculanawashingtonensis) and carbonaceous
root traces (Weatherby, 1991). The tsunamites are thin sandstoneswith
sharp tops and bottoms, washed-out ripples to parting lineation, and
plane bedding. They stand out as the most clearly bedded horizons
within massive pyritic siltstones, thoroughly bioturbated by root traces
and burrows. The tsunamite grain size does not grade into intervening
massive siltstones, which appear to be bioturbated suspension deposits.
4.4. Intertidal and supratidal paleosols

Intertidal siltstones of the Eocene Bateman Formation of Oregon
(Fig. 7C–D) contain not only fossil estuarine crabs and clams but also
carbonaceous root traces (Weatherby, 1991), so were intertidal



Fig. 5. Grain size and mineral (from point counting) and chemical composition (from X-ray fluorescence) of paleosols, tuffs, and tempestites of the Conception Group of Newfoundland,
with field sketch (upper right) of paleosol erosion at 0–1.5 m, Mistaken Point. Molar weathering ratios are designed to reveal degree of common soil-forming reactions, such as base loss
(Retallack, 1997).
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Table 1
Transfer functions used to interpret Ediacaran paleosols.

Equation Variables Coefficient of variation (R2) Standard error Reference

τ j;w ¼
�
ρw �C j;w

ρp �C j;p

��
εi;w þ 1

�
−1

τw,j (mole fraction) = mass transfer of a specified (j) element
in a soil horizon (w); ρw (g cm−3) = bulk density of the soil; ρp
(g cm−3) = bulk density of parent material; Cj,w (weight %) =
chemical concentration of an element (j) in a soil horizon (w);
Cp,w (weight %) = chemical concentration of an element (j) in
the parent material (p): εi,w (mole fraction) = strain due to soil
formation

Not applicable to mass
balance equation

Not applicable to mass
balance equation

Brimhall et al., 1992

εi;w ¼
�

ρp �Ci;p

ρw �Ci;w

�
−1

εi,w (mole fraction) = strain of a soil horizon (w) with respect
to a stable chemical constituent (i); ρw (g cm−3) = bulk
density of a soil horizon; ρp (g cm−3) = bulk density of parent
material; Ci,w (weight %) = chemical concentration of stable
element (i) in a soil horizon (w); Cp,w (weight %) = chemical
concentration of stable element (i) in the parent material (p)

Not applicable to mass
balance equation

Not applicable to mass
balance equation

Brimhall et al., 1992

T = 0.21I −8.93 T (°C) = mean annual palaeotemperature; I (mole fraction) =
chemical index of weathering

ðI ¼ 100Al2O3
ðAl2O3þCaOþNa2OÞÞ

0.81 ±0.5 °C Óskarsson et al.,
2012)

P = 221e0.0197I P (mm) = mean annual precipitation; I (mole fraction) =
chemical index of weathering

ðI ¼ 100Al2O3
ðAl2O3þCaOþNa2OÞÞ

0.72 ±182 mm (Sheldon et al.,
2002)
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paleosols of mangrove vegetation. These paleosols are gray colored,
with local high chroma red mottles and seams, weak relict bedding,
and common subsurface pyrite nodules and framboids. Comparable
drab, red-mottled intertidal paleosols, and red-green-mottled sup-
ratidal paleosols are well known from the Miocene (Retallack
and Kirby, 2007) and Cretaceous (Retallack and Dilcher, 2012). Pyrite,
red mottles, and relict bedding also characterize early Cambrian
Fig. 6. Polished slabs of intertidal (A), deep marine (B–D), and lacustrine (E) graded beds. A, m
Late Ordovician (Sandbian, 455 Ma), Malongulli Formation, Millamolong, New SouthWales, Au
Valley, Idaho, USA;D, EarlyDevonian (Lochkovian, 415Ma),Waterbeach Formation, Crudine, Ne
Specimens are curated in the Condon Collection of theMuseumof Natural and Cultural History o
(Retallack, 2013c) and Ediacaran (Retallack, 2014b, d) intertidal
paleosols, although these are geologically too old for root traces
and large shells. Intertidal paleosols are easily overlooked because
they retain relict bedding and estuarine fossils and lack the dominantly
red color, strong soil structure, and geochemical and mineralogical
horizon differentiation of well-drained paleosols (Retallack, 1997,
2001).
iddle Ediacaran (584 Ma), upper Mall Bay Formation, St Marys, Newfoundland, Canada; B,
stralia; C, middle Silurian (Wenlockian, 430 Ma), Trail Creek Formation, 15 km east of Sun
wSouthWales, Australia; E, Oligocene (30Ma)Mehama Formation, Goshen, Oregon, USA.
f the University of Oregon: R4171B (A), R5061A (B), R4164B (C), R5056A (D), R4163B (E).



Fig. 7. Field photographs contrasting turbidites in the Eocene, Elkton Siltstone (A), and Tyee Formation (B), near Elkton (A) andDrain (B),with tsunamites and intertidal pyritic paleosols in
the middle Eocene, Bateman Formation (C–D), near Elkton, Oregon, as well as hummocky cross stratification from the Eocene Coaledo Formation at Simpson's Beach, Oregon (E).
Tsunamite sandstones have sharp tops and bottoms, intertidal paleosols show grading only near the surface, but turbidites are graded throughout. Hammers for scale are 25 cm long.
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4.5. Forearc basin successions

The Elkton (900 m thick), Bateman (900 m), and Lower Coaledo
(300 m) formations are the upper 2.1 km of the Tyee Basin, a 9.2 km
thick forearc basin sequence of Eocene age in the southern Oregon
Coast Range (Dott and Bourgeois, 1982; Heller et al., 1985; Ryu and
Niem, 1999). Much of this great thickness is turbidites and submarine
fans (Fig. 7A, B), but only the upper 1.2 km formed on continental
shelf to shorefaces with hummocky bedding and intertidal deposits
(Fig. 7C–E). Most forearc basins have thin intervals of shallow



Fig. 8. Polished slabs of Ediacaran paleosols from theMistaken Point (A, C–G) andDrook Formation (B) of Newfoundland showing variation in redox (red versus green) and destruction of
bedding (laminated versus massive): (A) Murphy's paleosol at 2.0 m., St Shotts; (B) Murphy's paleosol below tuff at Pigeon Cove; (C) Acis paleosol at 9.7 m, Mistaken Point; (D) Acis
paleosol at 9.8 m, Mistaken Point; (E) Catalina paleosol at 1.3 m, Mistaken Point; (F) Catalina paleosol at 9.6 m., Murphy's Cove; (G) Maglona paleosol at 22.5 m, Mistaken Point;.
Specimen numbers in The Rooms, St. John's, are NFM G-174 (a), NFM G-157 (b), NFM G-163 (c), NFM G-162 (d), NFM G-159 (e), NFM G-154 (f), NFM G-167 (g). Designations of A
and B horizons are interpretations from the terminology of soil science (Retallack, 2001).
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(intertidal) facies but great thicknesses of deep (turbidite) facies (Ito
and Katsura, 1992; Takashima et al., 2004). The Conception Group of
Newfoundland has a similar ratio of thin shallow-water and thick
deep-water facies (Retallack, 2014b).

4.6. Glacioeustatic sea level changes

Forearc basins not only show close geographic juxtaposition of
coastal facies and deep trench sedimentary facies, but steep gradients
and facies changes record fluctuation in sea level withwaxing andwan-
ing of ice caps. Deep-water turbidites of the Elkton Formation correlate
with amiddle Eocene high sea level, but tsunamites of the Bateman For-
mation and coal seams of the Coaledo Formation correlate with a late
middle Eocene 70m sea level fall (van Sickel et al., 2004). A late Eocene
high stand is reflected in deeper water shales of the upper Coaledo
Formation, but marine regression from the Oligocene in Oregon
corresponds with growth of the Antarctic ice sheet (Zachos et al.,
2001). The Conception Group of Newfoundland also records profound
glacioeustatic regression during the Gaskiers Glaciation (Retallack,
2013a).

4.6. Comparisons with Mistaken Point Formation of Newfoundland

Graded beds of the Mistaken Point Formation (Fig. 8) have been
interpreted widely as turbidites (Anderson and Misra, 1968; Misra,
1971; Clapham et al., 2003; Narbonne et al., 2005; Hofmann et al.,
2008; Liu et al., 2015), but these red silty beds bear little resemblance
to turbidites (Figs. 6 and 7A, B). Siltstone beds in Newfoundland do
not grade upwards into shale or downwards into sandstone but have
sharp tops as well as bottoms (Fig. 8D, G). Much of the appearance of
grading by grain size (Fig. 8) is loss of bedding upwards (Fig. 5). The
thin intervening sandstone beds have planar bedding and sharp tops
and bottoms better interpreted as tsunamites (Retallack, 2014b), like
those of the Bateman Formation of Oregon (Fig. 7C–D) and the 2011
Tohoku-oki tsunami (Szczuciński et al., 2012). The Newfoundland red
beds have abundant silt-size grains (Fig. 5), and very little clay, unlike
turbidites and other deep-sea oozes (Fig. 6). Clayey beds in Newfound-
land are gray, pyritic, and ungraded (Fig. 5). Sandstone beds in New-
foundland with hummocky stratification, convolute lamination, and
megaripples (Fig. 5E; Retallack, 2014a, Fig. 4F) appear to be tempestites
(Dalrymple et al., 1999), like those where hummocky stratification was
defined in the lower Coaledo Formation of Oregon (Fig. 7E). Tempestite
beds are not common in the Coaledo or Mistaken Point Formation, but
the Bateman (Fig. 7C, D) and Mistaken Point Formations (Figs. 3 and
4A) have many successive tsunamite beds.

Also comparable with the Bateman Formation and Tohoku-oki sedi-
ments, polished slabs of Newfoundland red and grey siltstones revealed
a variety of features of paleosols (Fig. 8). Some of the beds are gray and
pyritic with relict bedding (Fig. 8A, B), like intertidal paleosols (Fig. 7C,
D), but others are red and mottled like intermittently drained and oxi-
dized coastal paleosols (Fig. 8C, G). In all cases, the uppermost portion
of the purple siltstones are less distinctly laminated than the lower por-
tions, a characteristic feature of soil disruption (Retallack, 2014a). De-
gree of surficial disruption was minimal in gray siltstones (Fig. 8A, B),
and some thin red siltstones (Fig. 8C, D), but more marked in thick red
siltstones (Fig. 8E, G), comparable with variations attributed to varying
time available for soil formation in paleosols (Retallack, 2014a).

Disruption of primary lamination in Newfoundland Ediacaran
paleosols is accompanied by drab mottles (Fig. 8D, F), comparable
with drab surfaces and drab-haloed filament traces of other Ediacaran
paleosols (Retallack, 2013a, b) in showing little significant iron mobili-
zation (Fig. 5). Disruptions nearest the surface are by the basal stalks
of fossil vendobiont fronds (Fig. 9B), but deeper within the profiles are
finer filaments of thinner stalks (Fig. 9B) and disruptions on themicron



Fig. 9. Photomicrographs of vendobiont fossils in place of growth from theMistaken Point (A, B) and Drook Formations (C, D) of Newfoundland: A, oblique vendobiont stalk and euhedral
sanidine crystals (labeled) in A horizon of Catalina paleosol at 9.6 m., Murphy's Cove; B, stalk of unidentified frond (Charnia or Charniodiscus) through cumulic ash addition to Catalina
paleosol at 1.3 m, Mistaken Point; C, D, tubular interior stucture of Ivesheadia lobata from beneath tuff in Drook Formation at Pigeon Point. All images are scanned from slides cut
vertical to bedding and oriented with upper side to top. Sample numbers in Museum of Natural and Cultural History of the University of Oregon are R3940 (A), R3987 (B), R3984 (C),
R3985 (D).
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scale of rope-forming bacteria (Retallack, 2014a). Drab-haloed filament
traces are widespread in paleosols of Ediacaran and Cambrian age
and are attributed to microbial burial gleization of organic matter
(Retallack, 2008, 2013a–c).

Mineral and chemical variation within these red siltstones is com-
patible with terrestrial weathering, rather than marine diagenesis
(Fig. 5). In most cases, both alkali and alkaline earth elements are de-
pleted toward the surface, as expected for hydrolytic weathering
(Retallack, 1997). However, alumina enrichment is modest and does
not outstrip desilication. These trends were also detected in dacitic vol-
canic ash of the Mistaken Point and Drook Formation, which showed
surprising loss of silica for what appeared to be fresh ash in the field
(Retallack, 2014a). Loss of silicamay be due to devitrification of volcanic
glass, which is very scarce in thin sections (Retallack, 2014a). Ash-
dusted Catalina and Union pedotypes fail to show grading expected
under water (Retallack, 2014a) and show varied abundance of alkali
and alkaline earth elements because of the sprinkling of sanidine
phenocrysts (Fig. 5). They are nevertheless red with hematite and
have ferrous–ferric iron ratios near unity (Fig. 5), like intermittently
oxidized and gleyed paleosols (Retallack and Dilcher, 2012). Gray
beds of the Mistaken Point Formation have pyritic horizons below
the surface, like soils of marine-influenced intertidal and surpratidal
flats (Altschuler et al., 1983; Patching, 1987; Retallack and Dilcher,
2012). Such patterns indicate hydrolytic pedogenesis in a coastal en-
vironment interrupted by additions of ash and local groundwater
stagnation and pyritization.



Fig. 10.Mass balance geochemistry of paleosols (lower quadrats) and a tempestite (upper right quadrat) of theMistaken Point Formation of Newfoundland, including estimates of strain
from changes in an element assumed stable (Ti) and elemental mass transfer with respect to an element assumed stable (Ti). Zero strain andmass transfer is the parentmaterial lower in
the profile: higher horizons deviate from that point due to soil formation or sedimentation as indicated in key to lower right (Brimhall et al., 1992).
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Terrestrial weathering is especially revealed by base cation and
volume loss in chemical mass balance of the red siltstone beds
because soil formation is a process of nutrient depletion (negative
mass transfer and strain in Fig. 10). In contrast, sedimentation with-
out subsequent weathering is a process of adding of both cations and
volume, as in event beds, such as the tempestite of Fig. 10, showing
positive mass transfer and strain. Furthermore, strong loss of
phosphorus in the paleosols, but not sedimentary beds (Fig. 10), is
evidence of microbial activity within the paleosols because microor-
ganisms contribute ligands to mobilize phosphorus from apatite
(Neaman et al., 2005).

Although bed-scale observations of the Mistaken Point Formation
(Figs. 5 and 8–10) and Gaskiers Formation (Retallack, 2013a), reveal a
variety of paleosols, other parts of the Conception Group show graded
bedding comparable with turbidites, especially in the Fermeuse, Briscal,
lower Drook, and Mall Bay Formations (King, 1988; Retallack, 2014a).
The 7.4 km thickness of Conception, St. John's and Signal Hill groups
(Fig. 2) is thus similar to comparably thick sequences of the Tyee
Basin of Oregon (Heller et al., 1985; Ryu and Niem, 1999) and compara-
ble forearc basins elsewhere (Ito and Katsura, 1992; Takashima et al.,
Table 2
Definition and identification of paleosols in the Mistaken Point Formation.

Pedotype Derivation Diagnosis

Acis S.S. Acis shipwreck August 3, 1901 Thin drab-mottled surface (A) over red
bedded siltstone (C)

Catalina Town of Catalina Thin drab-mottled surface with scattered
sanidine crystals (A) over thick red
siltstone (Bw) and red bedded siltstone (C

Maglona Schooner Maglona shipwreck
September 2, 1887

Thin drab-mottled surface (A) over red
massive siltstone (Bw) and red bedded
siltstone (C)

Murphy's Murphy's Cove, near Port Union Thin carbonaceous gray shaley silt
(A) over gray sheley silt with pyrite
framboids and stringers (By)

Union Fishing village of Port Union Thin drab-mottled surface with scattere
sanidine crystals (A) over thick red
siltstone with relict bedding (C)
2004) in showing both deep-sea turbidites and paleosols at different
stratigraphic levels.

Red beds of theMistaken Point Formation represent a sea level drop
because they are underlain and overlain by marine facies (Retallack,
2014a). This marine regression was glacioeustatic because the same
age as the Fauquier Glaciation, named for a glacial diamictite and a
‘cap carbonate’ of the Fauquier Formation in Virginia, below Catoctin
Volcanics dated at 571 ± 1 Ma by zircon U–Pb (Hebert et al., 2010).
The Fauquier Glaciation was 567 ± 6 Ma in age from the interpolated
age of paleocanyons created by sea level drop of 700 m in the Wonoka
Formation of South Australia (Retallack et al., 2014). This age of the
Fauquier Glaciation is indistinguishable from the 565±3Ma age by zir-
con U–Pb of the Mistaken Piont Formation (van Kranendonk et al.,
2008). The best known Ediacaran glacioeustatic sea level drop was dur-
ing the Gaskiers Glaciation, significantly older at between 582.4 ±
0.5 Ma and 583.7 ± 0.5 Ma by zircon U–Pb in the upper and lower
parts of the Gaskiers Formation, respectively (van Kranendonk et al.,
2008). The Gaskiers Formation of Newfoundland included a terrestrial
moraine interbedded with paleosols and is overlain and underlain by
marine gray facies (Retallack, 2013a).
US taxonomy (Soil
Survey Staff, 2010)

FAO world map (Food and
Agriculture Organization, 1974)

Australian classification
(Isbell, 1996)

Fluvent Eutric Fluvisol Lutic Rudosol

)

Eutrudept Eutric Cambisol Red-Orthic Tenosol

Eutrudept Eurtric Cambisol Red-Orthic Tenosol

Sulfaquent Thionic Fluvisol Intertidal Hydrosol

d Fluvent Eutric Fluvisol Lutic Rudosol



Table 3
Interpretation of paleosols in the Mistaken Point Formation.

Pedotype Palaeoclimate Organisms Palaeotopography Parent material Time of soil
formation

Acis Humid (975 ± 182 mm MAP)
cool temperate (8.8 ± 0.7 °C
MAT)

Aspidella terranovica, Bradgatia linfordensis, Charnia grandis,
Charniodiscus spinosus, Fractofusus andersoni, Ivesheadia
lobata, Primocandelabrum heimaloranum

Well-drained estuary
margin

Rhyodacitic reworked tuff 10–100 yr

Catalina Humid (N633 ± 182 mm
MAP) cool temperate (N8.1 ±
0.7 °C MAT)

Aspidella terranovica, Charnia antecedens, C. masoni, C. grandis,
Charniodiscus arboreus, Fractofusus misrai, Hadryniscala
avalonica, Hadyrnichorde catalinica, Heimalora stellaris,
Ivesheadia lobata, Primocandelabrum heimaloranum, P. sp.

Well-drained coastal
floodplain

Sanidine tuff 1000–5000 yr

Maglona Humid (1065 ± 182 mm
MAP) cool temperate (8.8 ±
0.7 °C MAT)

Aspidella terranovica, Beothukis mistakenensis, Bradgatia
linfordensis, Fractofusus andersoni, F. misrai, Charnia masoni,
Charniodiscus procerus, C. spinosus, Hapsidophyllas flexilis,
Ivesheadia lobata, Parviscopa bonavistensis, Pectinifrons abyssalis,
Primocandelabrum heimaloranum, Thectardis avalonensis

Well-drained coastal
floodplain

Rhyodacitic reworked tuff 1000–5000 yr

Murphy's Not diagnostic of climate Aspidella terranovica, Avalofractus abaculus, Charnia antecedens,
Charniodiscus arboreus, C. spinosus, Heimalora stellata, Ivesheadia
lobata, Thectardis avalonensis, Trepassia wardae

Intertidal flats Rhyodacitic silty clay 10–100 yr

Union Humid 909 ± 182 mm MAP)
cool temperate (9.9 ± 0.7 °C
MAT)

Aspidella terranovica, Bradgatia linfordensis, Charnia antecedens,
C. masoni, C. grandis, Charniodiscus spinosus, Fractofusus misrai,
F. andersoni, Heimalora stellaris, Ivesheadia lobata

Well-drained estuary
margin

Sanidine tuff 10–100 yr
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5. Paleoecology of the fossils

5.1. Fossil preservation

An evocative feature of Newfoundland Ediacaran fossils is the ap-
pearance that they were knocked down where they grew, as indicated
by consistently oriented holdfasts, distinct tiering, and regular spacing
of the fossils (Clapham et al., 2003). Firm attachment by distributed sys-
tems of organic tubules was confirmed in petrographic thin sections
intersecting vertical stalks (Fig. 9A, B) and fine tubules below other fos-
sils (Fig. 9C, D). Specimens in gray shale are pyritized (Fig. 9C, D), but
others in red beds are not pyritized and show only remnant organic
matter (Fig. 9A, B). Pyritized specimens (Fig. 9C, D) are permineralized,
with pyrite filling cell lumens (Retallack, 2011), rather than pyritic sur-
ficial encrustations, or “death masks” of Gehling (1999).

Ediacaran fossils fromNewfoundland are thus unlike fossils found in
turbidites, which are mainly trace fossils scattered through accreting
shaley bed tops and truncated by scouring of the next turbidite, because
shells are poorly preserved below calcium carbonate compensation
depth, and the deep sea is too oligotrophic for common large organic
fossils (Sutcliffe et al., 1999). Newfoundland Ediacaran fossil beds are
more like miniature fossil forests (DiMichele and Falcon-Lang, 2011),
or gardens of the ancient Roman city of Pompeii (Jashemski, 1979).
Burial by ash has commonly been envisaged for preservation of the
Newfoundland Ediacaran fossils (Clapham et al., 2003), but petrograph-
ic examination of covering sandstone has shown that only a few fossil
assemblages (5 of 48 examined) were buried by primary pyroclastic
ashes (Figs. 3 and 4). Most fossils were buried by redeposited
volcaniclastic (epiclastic) sandstone, which lacks shards or euhedral
crystals of primary airfall (Retallack, 2014a). Like deposits of the
Tohoku-oki tsunami of March 11, 2011 (Szczuciński et al., 2012) and
Holocene paleotsumani beds in Oregon (Peters et al., 2007), these
epiclastic sands have a sharp top and bottom and flattened vegetation
of the buried soil with little uprooting. Such buried plants in growth po-
sition (“ghost forests”) have been critical to reconstructing Holocene
tsunami history (Peters et al., 2007). Tsunami deposits also have outsize
ripup clasts, internal parting lineations, and subtle normal and reverse
grading of sand and silt (Peters et al., 2007; Szczuciński et al., 2012),
also seen in the sandstone beds of Mistaken Point (Retallack, 2014a).

5.2. Fossiliferous paleosols

Five distinct kinds of paleosols can be recognized in the Mistaken
Point and Drook Formation and are named as pedotypes from nearby
towns and shipwrecks (Parsons, 2011) and defined in Table 2. Chemical
and petrographic data have been used to interpret each pedotype with-
in three modern soil classifications (Food and Agriculture Organization,
1974; Isbell, 1996; Soil Survey Staff, 2010). Pedotypes are the basis for
paleoenvironmental interpretations of the paleosols (Table 3).

Ediacaran paleoenvironments of Newfoundland can be interpreted
from these paleosols by making modern comparisons (Table 3) and
quantifying climatically sensitive features (Retallack, 2014a). A modern
soilscape most like paleosols of the Mistaken Point Formation is map
unit Je 11-3a (Eutric Fluvisols) covering 2,227 ha of coastal floodplains
of lower Rio Villarico and Rio Tolten near Valdivia, Chile (Food and
Agriculture Organization, 1971). Lowland Valdivia supports Nothofagus
forest and has a humid temperate climate (mean annual temperature of
11 °C; mean annual precipitation of 1630 mm; Veblen and Ashton,
1978). Similar organic and oxidized Holocene paleosols separated by
tsunamite sands have been excavated along Rio Maullin 200 km south
of Valdivia (Cisternas et al., 2005).

Also supportive of a cool temperate paleoclimate is a transfer function
based on modern soils under lichen-tundra of Iceland (Óskarsson et al.,
2012). These calculations (Table 1) give temperate mean annual
paleotemperatures for paleosols of the Mistaken Point Formation:
11.0 ± 0.4 °C for the Union pedotype, 11.1 ± 0.4 °C for Catalina, 11.5 ±
0.4 °C for type Maglona, 11.2 ± 0.4 °C for another Maglona and 10.9 ±
0.4 °C for Acis. A humid paleoclimate comes from another pedogenic
proxy (Sheldon et al., 2002) of chemical index of alteration without pot-
ash, which increases with mean annual precipitation. For paleosols of
theMistaken Point Formation, such calculations yield humidmean annu-
al precipitation: 909 ± 182 mm for the Union pedotype, 633 ± 182 mm
for Catalina, 1065 ± 182 mm for type Maglona, 1062 ± 182 mm for an-
other Maglona and 975± 182mm for Acis. The estimate for the Catalina
paleosol is anomalous due to scattered sanidine crystals (Fig. 9A). These
estimates are unlikely to be compromised by high CO2 because the Mis-
taken Point Formation is correlative with Fauquier Glaciation and sea
level drop (Retallack, 2014a; Retallack et al., 2014). Humid temperate
paleoclimate is unremarkable for the kinds of paleosols found (Table 3),
and for the putative paleolatitude of S34±8° inferred frompaleomagnet-
ic directions of the coeval and nearby Marystown and Harbour Main Vol-
canics (Pisarevsky et al., 2012). Ediacaran paleoclimate of Newfoundland
was thus different from low latitude arid Ediacaran paleoclimate of South
Australia (Retallack, 2013b), demonstrating a wide paleoclimatic range
for vendobionts.

5.3. Vendobiont paleoecology

Different fossil assemblages vary with differences between the five
recognized pedotypes, and may reflect paleoecological zonation and



Fig. 11. Phytosociology chart for fossils from paleosols of the Mistaken Point Formation of Newfoundland. Black squares are occurrences recorded in the field. Gray squares include other
published accounts of paleosols (O'Brien and King, 2004; Hoffman et al., 2008) and fossil occurrences (Clapham et al., 2003, 2004; Laflamme et al., 2004; Gehling and Narbonne, 2007;
Bamforth et al., 2008; Flude and Narbonne, 2008; Hofmann et al., 2008; Bamforth and Narbonne, 2009; Brasier and Antcliffe, 2009; Darroch et al., 2013).
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succession. Fossils were observed during fieldwork (black in Fig. 11) on
each of the paleosols of the measured sections (Figs. 3 and 4) and in-
ferred from prior publications (grey in Fig. 11, after O’Brien and King,
2004; Laflamme et al., 2004; Clapham et al., 2003, 2004; Gehling and
Narbonne, 2007; Hofmann et al., 2008; Bamforth et al., 2008; Flude
and Narbonne, 2008; Bamforth and Narbonne, 2009; Brasier and
Antcliffe, 2009; Darroch et al., 2013).

Low-diversity (1–2 spp.) assemblages of discoid fossils (Aspidella
andHeimalora) are found largely inMurphy's pedotype gray and pyritic
paleosols. The greatest diversity (2–13 spp) of fossils dominated by
frondose Fractofusus and Charnodiscus was found in the Catalina
pedotype (Hofmann et al., 2008), and comparable diversity (1–11
spp) is found in Maglona paleosols, such as surface E frequented by
tourists (Clapham et al., 2003). Less diverse (1–6 spp) assemblages of
fronds are found in very weakly developed Union and Acis pedotypes.
Increased diversity has been attributed to ecological succession
(Clapham et al., 2003), and this hypothesis is strongly supported here
Fig. 12. Reconstructed ecological transect for the Ediacaran of Newfoundland (A), compared w
Dilcher, 2012). The sulfidic grey intertidal pedofacies of the Aspidella–Heimalora community is
pedofacies of the Charniodiscus–Fractofusus community is comparable with soils of coastal w
Maglona paleosols late successional communities.
by increased thickness, bedding destruction, and chemical differentia-
tion from Union–Acis to Catalina–Maglona pedotypes in concert with
fossil diversity increase. The difference between gray pyritic (Murphy's)
paleosols and red non-pyritic paleosols (Acis, Union, Maglona, and Cat-
alina) in contrast follows an inferred ecological zonation along a hydro-
logical gradient between waterlogged, chemically reducing and well-
drained, chemically oxidizing soils (Retallack, 2014a). Pyritic Murphy's
paleosols are identical to soils and paleosols of marine-influenced tidal
flats, currently supporting salt marsh (Patching, 1987) or mangal
(Altschuler et al., 1983; Retallack and Dilcher, 2012) vegetation. In con-
trast, red Acis, Union, Maglona, and Catalina pedotypes are comparable
with soils of coastal floodplains, with a greater variety of plants
(Cisternas et al., 2005; Patching, 1987).

The long geological record of intertidal salt marsh and mangal vege-
tation was always less diverse than freshwater coastal vegetation
(Fig. 12). Intertidal woodlands include modern angiosperm mangrove
genera back into the Tertiary (Retallack and Kirby, 2007) and extinct
ith vegetation in comparable Phanerozoic soils (B, C: after Patching, 1987; Retallack and
comparable with soils of intertidal salt marsh and mangal. The mottled to red supratidal
oodlands and forests. Acis–Union paleosols supported early successional and Catalina–
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angiosperm mangroves back to Cretaceous (Retallack and Dilcher,
2012). Other plants formed mangal in deep time, such as ferns in the
Cretaceous (Smith et al., 2001), and early cladoxylaleans in the Devoni-
an (Retallack and Huang, 2011). Enigmatic lichen-like nematophytes
formed Silurian intertidal vegetation, when more diverse non-vascular
plants occupied coastal plains (Retallack, 2015). Few plants are adapted
to intertidal stresses, including osmotic stress of saltwater, searing by
salt crystals, episodic storm surges, and stagnant groundwater, so that
intertidal vegetation is low in diversity compared with that of well-
drained coastal plains (Hacker and Gaines, 1997; Duke et al., 1998). Edi-
acaran organisms remain problematic but were lichen-like in form
(Retallack, 2013b), attachment (Antcliffe et al., 2015), and reproduction
(Mitchell et al., 2015), as well as showing low-diversity intertidal and
diverse coastal plain communities (Fig. 13). Dramatic evolutionary dif-
ferences in intertidal vegetation since the Ediacaran is reflected in the
array of roots, rhizoids, and rhizines preserved in paleosols (Retallack,
2001), but the soil profiles themselves have changed little since that
Fig. 13. Conjectural reconstruction of the sedimentary paleoenvironment of the Ediacaran (565
time. Ediacaran intertidal paleosols were gray, pyritic, and very weakly
developed, and Ediacaran coastal plain paleosols redwith greenmottles
and weakly to moderately developed, like modern profiles (Fig. 12).
These differences extend to muted mineral and geochemical profiles
in intertidal paleosols compared with coastal plain paleosols in Ediacar-
an (Fig. 5), as well as in geologically younger paleosols (Retallack and
Huang, 2011; Retallack and Dilcher, 2012).

6. Conclusions

Sessile vendobionts of intertidal pyritic paleosols documented here
refine the marine (Hofmann et al., 2008) versus terrestrial (Retallack,
2013b, 2014c) controversy concerning vendobionts, with an intermedi-
ate habitat comparable with that of salt marshes and mangroves
(Fig. 12). Thus, some Ediacaran fossils have been found in intertidal fa-
cies, not only as drift specimens (Retallack, 2014d) but also in terrestrial
red beds (Retallack, 2014c). Whole communities of Ediacaran fossils in
Ma) Mistaken Point Formation in Newfoundland (based on data from Retallack, 2014a).
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life position on large slabs like those of the Mistaken Point and Drook
Formations of Newfoundland are stunning tourist attractions that de-
serve World Heritage listing currently sought by Parks and Natural
Areas Division of Newfoundland and Labrador. Interpreted as lichenized
fungi (Retallack, 2014a), these Ediacaran communities were ecological-
ly at least, as plant-like as they appear.

Fine grained intertidal to supratidal facies and paleosols as well as
comparisons with Oregon (Heller et al., 1985; Ryu and Niem, 1999)
and Chile (Atwater et al., 1992; Cisternas et al., 2005) support interpre-
tation of the Trinity Bay Synclinorium as a forearc basin and of the
Holyrood Horst as the central uplifted portion of a subduction complex
(Fig. 13). The subduction zonewould have been to the present east and
the calcalkaline volcanic arc is still there to the west (Retallack, 2014a).

If Mistaken Point assemblages were organisms of intertidal to flood-
plain soils, it is unlikely that they were algae, sponges, cnidarians, or sea
pens (Narbonne, 2005; Hofmann et al., 2008), which could not tolerate
such exposure. Also unlikely was the locomotion of Aspidella (Menon
et al., 2013) or other putative cnidarian trace fossils (Liu et al., 2010),
which can be interpreted as growth rugae of sessile organisms
(Retallack, 2014b) or as tilting trace tool marks (Retallack, 2010),
respectively.

The variety of fossils in paleosols of the Mistaken Point Formation
(Narbonne, 2005; Hofmann et al., 2008) may reflect a comparable vari-
ety of biological affinities (Liu et al., 2015). Fungal affinities for the large,
foliose, quilted fossils (such as Fractofusus and Charniodiscus) have been
argued by Peterson et al. (2003) from sessile habit, lack of mouth, anus,
or body cavities, population structure of indeterminate growth, fractal-
modular organization, mycelium-like structures, and strong resistance
to burial compaction. For these same reasons, Ediacaran fossils of New-
foundland have long been regarded as osmotrophic (Clapham et al.,
2003; Liu et al., 2015). Lichenization of Ediacaran fungi to include a pho-
tosynthetic symbiont (Retallack, 2013b) would explain foliose form,
tiering, and limited-overlap of fossils on single paleosol surfaces
(Clapham et al., 2003). Permineralized glomeromycotan lichens are
known from the early Ediacaran (ca. 600 Ma) of China (Yuan et al.,
2005), so that Mistaken Point fossils (465 Ma) would not have been
the most ancient known lichens.
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