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Ferruginous biofilms are a form of preservation of fossil leaves making detailed imprints of venation even
in coarse sandstone. In modern examples, the biofilm is robust enough to persist after separation, or rot-
ting of the leaf. The biofilms are created by filamentous, iron-oxidizing bacteria such as Leptothrix and
Sphaerotilus, and have distinctive felted microscopic textures. Ediacaran vendobionts with fine detail pre-
served in coarse sandstone show these diagnostic felted textures under the scanning electron micro-
scope. These biofilms were thus pre-depositional ferruginous death masks, and lack distinctive
framboidal textures or pyritohedral textures of pyrite. Pyritic external-only ‘‘death masks” are undocu-
mented from any geological age or locality. Ediacaran fossils are also preserved by silica permineraliza-
tion, silica-cemented molds and casts, and pyrite permineralization and replacement after burial. This
examination of unskeletonized Ediacaran fossils from Australia, Russia, Namibia, California, and
Newfoundland in thin section and scanning electon microscope shows no evidence for a uniquely
Ediacaran style of fossil preservation.
� 2022 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The iconic unskeletonized, quilted, Ediacaran fossils known as
vendobionts present a preservational conundrum, because they
have been interpreted as animals preserved in organic-poor sand-
stones with high relief (Seilacher, 1989). Low-relief, soft-bodied
fossils are known in black shales, siderite and limestone of Edi-
acaran (Xiao et al., (2002; Grazhdankin et al., 2008; Bykova et al.,
2017), and Phanerozoic age (Schopf, 1975; Hou et al., 2008;
Retallack, 2011). In Phanerozoic sandstones the only unskele-
tonized fossils preserved in this way are plants, arthropods, and
dried dinosaur skin with tough biopolymers (Hall et al., 1988;
McNamara and Trewin, 1993; Gastaldo, 1992; Retallack, 1994;
Anderson et al., 1998; Paik et al., 2010; Retallack and Dilcher,
2012; Barth et al., 2013; MacGabhann et al., 2019), and other
vendobiont-like fossils of uncertain affinities (Glaessner, 1979;
Hagadorn et al., 2000, 2002; Jensen et al., 1998; MacGabhann
et al., 2019; Retallack, 2018).

One solution to high fidelity preservation of leaves in sandstone
is pre-depositional ferruginous death masks, observed from iron-
oxidizing bacterial biofilms (Fig. 1A-C. E) of filamentous bacteria
(Fig. 2C-D) on modern leaves (Fig. 1A-C,E: Dunn et al., 1997;
Spicer, 1977). Comparable ferruginous death masks also are known
from fossils (Fig. 3F-G, Fig. 4A-B: Retallack and Dilcher, 2012;
Locatelli et al., 2017), and have a characteristic felted microtexture
(Fig. 5A-H). These clayey oxidized biofilms of lakes and soils are
distinct from coarsely crystalline chlorite films found on marine
fossil compressions (Gámez Vintaned et al., 2011; Wan et al.,
2020; Becker-Kerber et al., 2022). They are further evidence for
non-marine habitats of some Ediacaran fossils (Retallack, 2013b,
2016a).

An alternative solution to high relief preservation of soft-bodied
fossils is the hypothesis of pyrite death masks, compaction-
resistant mineral rinds, preserving both the outline and relief of
the fossil exterior, but not its interior (Gehling, 1999; Liu, 2016).
Pyritization is formed by sulfate-reducing bacteria (Fig. 2A-B)
active while organic matter was still present as fuel to permineral-
ize and fill fossils (Fig. 3A-D). Pyritization has a distinct
micromophology of spherical framboids or angular pyritohedra
(Fig. 5I-P). A real death mask is a thick (2–3 cm) layer of plaster
applied to the face of the deceased to make a three-dimensional
replica: by definition, it does not penetrate the face or its cavities,
and oil is used to prevent hair entanglement (Kaufman and McNeil,
1989). The idea of pyritic death masks is fine in theory, but no one
has ever found an exterior-only, death mask of interlocking, rigid,
pyrite on a fossil (Liu et al., 2019; Tarhan et al., 2016, 2017). Both
Ediacaran and Phanerozoic fossils are pyritized internally to vary-
ing degrees, but have external pyrite only when completely filled
with pyrite (Liu, 2016; Retallack, 2016b). Lack of pyrite in almost
all Australian Ediacaran fossils has been attributed to oxidation
of pyrite in outcrop (Mapstone and McIlroy, 2006; Tarhan et al.,
2015). If that were true there should be remaining framboidal,
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Fig. 1. Modern (A-F) and deep time (G-I) terrestrial environments of pyritization (D,G), ferruginous biofilms (A-C,E, H) and silicification (F,I); A-C, ferruginous biofilms of
leaves of sweet gum (Liquidambar styraciflua) on concrete pavement near Erb Memorial Union, University of Oregon November 30, 2020; D, gleyed soil with pyritic horizon
below clams (Brachidontes modiolus) and humic surface with salt grass (Spartina alterniflora) on Bass Creek, Kiawah Island, South Carolina; E, leaf (Populus tremuloides) with
ferruginous encrustation, Holland Ponds, Shelby, Michigan; F, stump (Stigmaria ficoides) with uncompressed roots in a clayey paleosol (Fluvent) of the Limestone Coal
Formation of Carboniferous (Namurian) age in Victoria Park, Glasgow; G, pyritized root traces (shining and golden) in Bg horizon of gray Makizi pedotype of Cretaceous
(Cenomanian) Dakota Formation in Cloud Ceramic Company pit south of Concordia, Kansas; H, leaf-bearing surface horizon of weakly developed sandy Sagi paleosol (in sun
immediately below hammer) in levee facies, Cretaceous (Cenomanian), Dakota Formation in Kansas Brick and Tile Company pit south of Hoisington, Kansas; I, stump
(Pullisylvanoxylon arizonicum) in growth position within A horizon of purple Azid pedotype, Triassic (Norian), Blue Mesa Member, Chinle Formation, near Tepee Buttes,
Petrified Forest National Park, Arizona. Image B is from Mark Graf with permission. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Vibrio-shaped, sulfate-reducing bacteria are replacive, creating pits filled with pyrite, whereas filamentous iron-oxidizing bacteria form surface biofilms: sulfate-
reducing vibrio Desulfovibrio vulgaris (A-B), and iron-oxidizing filaments Leptothrix ochracea (C-D) in scanning electon microscopy (A,C) and light microscopy (B,D). Sources
are (A) bacilli on corroded metal surface from Weiwen Zhang and Fred Bockman, with permission; (B) by Graham Bradley, with permission; (C) by Fred Luiszer, with
permission; and D) by Brudersohn with permission.
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pyritohetral, or cubic molds. At issue is whether surficial
hematite encrustations of Ediacaran fossils were originally ferric
oxyhydrates or pyrite, and this question is addressed here with
comprehensive petrographic and scanning electron microscopic
studies.

If pyritic exterior-only death masks existed, as opposed to com-
mon pyritic replacement, permineralization, and nodularization
(Gan et al., 2021; Liu, 2016; MacGabhann et al., 2019), they would
have been a uniquely Ediacaran style of preservation, explained by
Gehling (1999) as due to sedimentary oxidation through the post-
Ediacaran evolution of marine bioturbation. Similarly, Tarhan et al.
(2016) and Slagter et al. (2020) propose that animals were not
silica-cemented after the Ediacaran because marine silica concen-
trations were biologically depleted during the Phanerozoic. These
claims of uniquely Ediacaran styles of fossil preservation are also
addressed here with examination of both Ediacaran and Phanero-
zoic fossil preservation, to evaluate the null hypothesis that Edi-
acaran fossils were preserved in the same ways as Phanerozoic
fossils (MacGabhann et al., 2019; Retallack, 1994, 2007).
2. Materials and methods

This study examined large collections of fossils (Table 1) as
hand specimens (Fig. 3), in thin section (Fig. 4), and under the scan-
ning electron microscope (Figs. 5-6). Ediacaran fossils were exam-
ined from the Ediacara Member of the Rawnsley Quartzite in the
Flinders Ranges, South Australia (Fig. 3E; Retallack, 1994, 2007,
2013b), the Arumbera and Grant Bluff Formations of Northern Ter-
ritory (Glaessner and Walter, 1975; Mapstone and McIlroy, 2006;
Retallack and Broz, 2020a, 2020b, Wade, 1969), the Drook, Mis-
taken Point, and Fermeuse Formations of Newfoundland (Fig. 3A;
Gehling et al., 2000; Retallack, 2014, 2016b, 2016c), the Cambridge
Argillite of Massachusetts (Bailey 1987; Retallack, 2022), the Dabis
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Formation of Namibia (Fig. 3H; Pflug, 1973, 1994; Vickers-Rich
et al., 2013, 2016), the Bradgate Formation of England (Carney
et al., 2008), and the Dengying Formation of China (Cao et al.,
2010). Also included was examination of 96 specimens of Dickinso-
nia reported by Retallack (2007: collection of South Australian
Museum, Adelaide), and 6 specimens of Arumberia reported by
Glaessner and Walter (1975) and Retallack and Broz (2020a: col-
lection of Geoscience Australia, Canberra). The FEI Qanta ESEM-
VPSEM scanning electron microscope at the University of Oregon
CAMCOR facility was used to examine Ediacaran sandstone fossils
under both back-scatter, which presents atomic number as a tone
(Fig. 5), and under secondary electron beam, giving relief form only
(Figs. 5-6). Pyrite appears bright white under back-scatter, but
hematite, clay and other silicate minerals are gray (Ohfuji et al.,
2005).
3. Ferruginous biofilms

3.1. Ediacaran ferruginization

Ediacaran fossils with hematite encrustation are common
among classic fossils of South Australia (Gehling, 1999; Retallack,
2007), central Australia (Mapstone and McIlroy, 2006; Retallack
and Broz, 2020a, 2020b), and India (Retallack et al. 2021). Dickinso-
nia for example shows unusually detailed texture for sandstone
casts, compared with areas of sandstone matrix away from the fos-
sil (Fig. 3E). The detailed upper surface of the fossil is preserved as
a concave hyporelief in the overlying slab in most fossils, and has a
thick, upper rind of hematite (Fig. 4A-B), which appears smooth to
striated and tufted under the scanning electron microscope (Fig. 5-
A-B, 6A-B). Interior seams and less detailed convex impressions of
the lower surface of the fossil on the substrate are also oxidized
with hematite, but are less strongly ferruginized than the upper



Fig. 3. Fossils preserved by pyritization (A � D), ferruginous biofilms (E � G), and silicification (H� J) in the Ediacaran (A,E,H) and Phanerozoic (B � D, F - G, I - J): A, Ivesheadia
lobata, Ediacaran, Drook Formation, Drook, Newfoundland; B, cross section of Langoxylon asterochlaenoideum, Devonian (Givetian), Bois de Bordeaux Formation, Ronquiéres,
Belgium; C, Paraspirifer brownockeri, Devonian (Givetian), Silica Shale, Sylvania, Ohio; D, Myloceras joffrei, Cretaceous (late Albian), Wangarlu Mudstone, Harneys Beach,
Northern Territory, Australia; E, Dickinsonia costata, Ediacaran, Ediacara Member, Rawnsley Quartzite, Ediacara Hills, South Australia; F, Araliopsoides cretacea, Cretaceous
(Cenomanian), Dakota Formation, Ellsworth, Kansas; G, Dakotanthus cordiformis, Cretaceous (Cenomanian), Dakota Formation, Ellsworth, Kansas; H, Erniettia plateauensis,
Ediacaran, Kuibis Formation, Aus, Namibia; I, Palaeophytocrene foveolata, Eocene (Lutetian), Clarno Formation, Clarno Nut Beds, Clarno, Oregon; J, Pullisylvanoxylon arizonicum,
Triassic (Norian), St Johns, Arizona. Panel A is a field photograph, and specimen numbers in Condon Collection of Museum of Natural and Cultural History, University of
Oregon are F114846 (C), F117299 (D), F113777 (K), F109381 (I), F111197 (J); of Institute Royal des Sciences Naturelles, Brussels 107,303 courtesy of Stephen Scheckler (B); of
the South Australian Museum, Adelaide is F17462 (E); of Thomas Burke Memorial Museum, University of Washington is PB17535 (F); of University of Florida Natural History
Museum is 3428 (G).
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surface (Fig. 4A-B; Gehling, 1999; Retallack, 2007; Evans et al.,
2019). These interior structures and lower surface are evidence
against rheotrophic deformation of sediment into the dome of
the upper rind, as proposed by Wade (1968) and Bobrovskiy
et al. (2019). Sediment infiltrated a system of chambers opened
by partial decay and does not show rheid folding. Fossils such as
Dickinsonia, Tribrachidium and Parvancorina, show resistance to
burial compaction, unlike collapse found in discoid Ediacaran fos-
sils on the same slabs (Gehling, 1999; Reid et al., 2017; Retallack,
1994, 2016b). Yet the resistant fossils, as well as the collapsed dis-
coids, and the elephant-skin textured surface bearing the fossils
are often coated in felted hematite (Retallack, 2013a, 2016b). These
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are indications that the fossils, as well as textured microbial sur-
faces around them, were enriched in iron before burial.

One explanation for these hematite rinds is that they were oxi-
dized from pyritic death masks in current outcrop (Gehling, 1999;
Mapstone and McIlroy, 2006; Tarhan et al. 2015), and that possibil-
ity was tested here by searching for relict molds of pyritohedra or
framboids in Ediacaran ferruginized fossils using the scanning elec-
tron microscope. Scanning of 106 red bed specimens from the Edi-
acara Member of South Australia and the Arumbera Formation of
central Australia failed to find any pits or molds of pyritohedra
or framboids (Fig. 5A-B, 6A-D). None of the ferruginised Ediacaran
fossils showed pyritohedra, framboids, or pseudomorphs of them,



Fig. 4. Three distinct styles of Edicaran fossil preservation in petrographic thin sections: A-B, ferruginous biofilms from the Ediacara Member of the Rawnsley Quartzite in
Brachina Gorge, South Australia; C-D, partial pyrite replacement of organic matter from the Mistaken Point Formation at St Shotts, and Drook Formation at Pigeon Cove,
Newfoundland (C-D, respectively); E-G, early silica cementation from the Aar Member of the Dabis Formation, Aus, Namibia. The fossils are Dickinsonia costata (A-B), cf.
Ivesheadia lobata (C), Trepassia wardae (D), and Ernietta plateauensis (E-G). Thin sections and fossils in Condon Collection, Museum of Natural and Cultural History, University
of Oregon: F1179737 (A), F117936A (B), F1179332 (C), F117935 (D), F113782 (E), F113781 (F), F113779 (G).
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like those shown in here (Fig. 5I-P, Fig. 6E-F). Also fruitless were
other searches for pseudomorph remnants of pyritization in classic
Australian red-bed Ediacaran fossils by Gehling (1999), Mapstone
and McIlroy (2006), Tarhan et al. (2015), and Retallack and Broz
(2020a). Although Liu et al. (2019a, 2019b) found framboid shaped
iron oxides in the Ediacara Member of South Australia, Tarhan et al.
(2019) reject a ‘‘pyritic death mask” interpretation because all
known framboids are too few and too dispersed to form a mask,
and also not clearly associated with the fossils.

Evidence for Ediacaran oxidation during deposition of the Edi-
acara Member, Arumbera Formation, Grant Bluff Formation, and
Maihar Sandstone comes from core and outcrop observations of
unoxidized pyritic beds, as well as distinct red beds, and claystone
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breccias with both red-hematite and gray-pyritic clasts derived
from erosion of coexisting red and gray beds (Mawson and
Segnit, 1949; McMahon et al., 2020; Retallack and Broz, 2020a;
Retallack et al., 2021). Loose packing of ferruginized sand grains
in silica cements is also evidence for oxidation and cementation
before burial compaction (Tarhan et al., 2016). Quaternary age
was demonstrated for some iron oxides in the outcropping Edi-
acara Member by 234U/238U methods, but that isotopic system can-
not return an Ediacaran age (Tarhan et al., 2018). Fresh drillcore
from Ediacara DDH3 and DDH4 shows no pyrite or jarosite where
cored within the Ediacara Member at 61–70 m and 58–93 m below
the surface, respectively (Retallack, 2012), nor in Arumbera Sand-
stone red beds of Central Australia at 615–618 m in Lake Amadeus



Fig. 5. Backscatter and secondary scanning electron micrographs of fossils preserved in hematite (A-H), including some oxidized from pyrite (E-F), compared with fossils
preserved in pyrite (I-P); A-B, vendobiont (Dickinsonia costata) from the Ediacaran, Ediacara Member of the Rawnsley Quartzite in Brachina Gorge, South Australia; C - D,
sandy matrix to right of leaf (Araliopsoides cretacea) from the Cretaceous (Cenomanian), Dakota Sandstone, near Hoisington Kansas; E - F, ferruginized ammonite (Myloceras
joffrei) from the Cretaceous (Albian) Wangarlu Mudstone of Harneys Beach, Northern Territory, Australia; G-H, trilobitomorph (Naraoia spinosa) from Cambrian (Atdabanian)
Yuanshan Member, Qiogzhusi Formation of Maotianshan Hill, near Chengjiang, China; K-L, bacterial filament and trilobite (Parabolina spinulosa) from Cambrian
(Jiangshanian), Dolgellau Member, Cwmshegen Formation, Brin-Llin-Fawr, Wales; M � N, crinoid (Lasiocrinus scoparium) from Devonian (Givetian), Marcellus Shale, Falling
Water, West Virginia; O-P, brachiopod (Paraspirifer brownockeri) from Devonian (Givetian), Silica Shale, Sylvania, Ohio. Specimens in Museum of Natural and Cultural History
of the University of Oregon are F34287 (A � B), F111084A (C - D), F117299 (E � F), F112961 (G � H), F109875 (I - L), F114671 (M � N), F114846 (O � P).
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5 DDH01 core (Mapstone and McIlroy, 2006). Deep weathering did
not oxidize outcropping pyritic black shales of the nearby Wonoka
Formation and Parara Limestone, which underlie and overlie Edi-
acaran fossiliferous red sandstones for hundreds of kilometers
along strike in dipping sequences of South Australia (Clarke,
1990; Hurtgen et al., 2005). Detailed geochemical and mineralogi-
cal study of South Australian Ediacaran rocks are unlike deep
weathering profiles, either Phanerozoic (Retallack, 2010) or Edi-
acaran (Liivamägi et al., 2014, 2015). Ediacaran fossils of South
Australia and their matrix are not kaolinite, alunite, or boehmite,
but ferruginized illites with sharp 10 Å peaks in x-ray diffrac-
tograms, as evidence of late diagenetic alteration during deep bur-
ial (Retallack, 2008, 2012).
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3.2. Phanerozoic ferruginization

Goethite and other iron oxyhydroxides form a death mask of
minerals which do not penetrate the body. These biofilms are espe-
cially robust on deciduous leaves on pavement (Fig. 1A-C). Robust
and detachable predepositional ferruginous biofilms are a tapho-
nomic mode suggested by Spicer (1977), from observations of
goethite encrustation of modern leaves in lakes (Fig. 1E). This
mechanism explains why venation is so clear on fossil leaves in
coarse-grained sandstone matrix (Dunn et al., 1997; Locatelli
et al., 2017), well known in the mid-Cretaceous (Cenomanian)
Dakota Formation of Kansas (Fig. 3F, Fig. 5C, D). This kind of death
mask is ferruginous, in the original Latin sense of ‘‘rusty” (as in fer-



Table 1
Fossils considered and illustrated in this study.

Taxon Age Formation Locality Collection number Figure herein

Palaeophytocrene foveolata, fruit Eocene Clarno Formation Clarno, Oregon OF109381 3I
Betulites westii, leaf Cretaceous Dakota Formation Hoisington, Kansas OF111085 6C-D
Dakotanthus cordiformis, flower Cretaceous Dakota Formation Hoisington, Kansas UF3428 3G
Araliopsoides cretacea, leaf Cretaceous Dakota Formation Hoisington, Kansas PB17535 3F, 5C-D
Mortoniceras inflatum, ammonite Cretaceous Wangarlu Mudstone Harneys Beach, N. Territory OF117298 6F
Myloceras joffrei, ammonite Cretaceous Wangarlu Mudstone Harneys Beach, N. Territory OF117299 3D, 5E-F
Pullisylvanoxylon arizonicum,

wood
Triassic Chinle Formation Holbrook, Arizona OF111197 3J

Lasiocrinus scoparius, crinoid Devonian Marcellus Shale Falling Waters, West
Virginia

OF114671 5M�N

Paraspirifer brownockeri,
brachiopod

Devonian Silica Shale Toledo, Ohio OF114846 3C, 5O-P

Langoxylon asterochlaenoideum,
wood

Devonian Bois de Bordeaux Form. Ronquiéres, Belgium RF107303 3B

Parabolina spinosa, trilobite Cambrian Cwmshegen Formation Bryn-Llin-Fawr, Wales OF109875 5K-L, 6E
Naraoia spinosa, trilobitomorph Cambrian Qiongzhusi Formation Maotianshan, China OF112961 5G-H
Ernietta plateauensis, vendobiont Ediacaran Kuibis Formation Aus, Namibia OF113777 3H, 4E-G
Dickinsonia costata, vendobiont Ediacaran Ediacara Member. Rawnsley

Quartzite
Brachina Gorge, South
Australia

OF34287; OF115737;
F1179737
F117936A

3E, 4A-B, 5A-B,
6A-B

Ivesheadia lobate, vendobiont Ediacaran Drook Formation Drook, Newfoundland Field photo 3A, 4C
Trepassia wardae, vendobiont Ediacaran Mistaken Point Form. St Schotts, Newfoundland F117935 4D

Note: Specimen numbers are from the Institute Royal des Sciences Naturelles in Brussels (RF-), Florida Natural History Museum in Gainesville (FF-), Condon Collection of the
University of Oregon Museum of Natural and Cultural History (OF-), and Thomas Burke Memorial Museum of the University of Washington in Seattle (PB-),
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ruginous metal prints) or ‘‘rust colored” (as in ferruginous hawk).
The term ferruginous ocean (Canfield et al., 2007) in contrast, is a
misnomer, because those oceans had mainly ferrous (green) not
ferric (red) iron. The red color of fossiliferous Psamment paleosols
(Fig. 1H) yielding these distinctive fossils comes from ferric (Fe3+)
iron oxides and hydroxides. The Cretaceous fossil leaves include
thin water-lily leaves, thick densely veined leaves (Fig. 3F), and
woody reproductive structures (Fig. 3G). The differential relief of
the fossils are not due to the ferruginous biofilm. Clay crystallinity
and stratigraphic considerations indicate only 800 m of burial of
these Cretaceous leaves (Retallack and Dilcher, 2012), but resis-
tance to burial compaction was conferred in proportion to original
lignin, rather than thickness of ferruginous death masks (compare
Fig. 3F and G). Burial dehydration of original ferric oxides and
hydroxides converted them to hematite (Retallack and Dilcher,
2012). Scanning electron microscope study of leaves from the
Dakota Formation of Kansas revealed a striking difference between
the biofilmed fossil and the sandy matrix (Fig. 5C-D). In electron
microscope back-scatter views these hematite surfaces are gray
and lack the white spheres or pyritohedra of pyritized fossils
(Fig. 5C, Fig. 6C). In electron microscope secondary view, the hema-
tite has a nearly smooth texture with microlineation like the felt of
hats, and lacks spheres or pyritohedra (Fig. 5D, Fig. 6D). Other fossil
leaves preserved by ferruginous biofilms in sandstone are Permian
Evolsonia (Mamay, 1989), and Triassic Sanmiguelia (Tidwell et al.,
1977).

In contrast with the coccoid-vibrio shape of corrosive-replacive,
sulfate-reducing bacteria are filamentous biofilm-forming, iron-
oxidizing bacteria (Fig. 2C-D), which form death masks, 2–3 lm
thick, of ferric hydroxides on leaves in shallow lakes and puddles
(Fig. 5A-C, E). Spicer (1977) found that these biofilms were created
by the iron-oxidizing bacterium Sphaerotilus natans. These beta
proteobacteria settle on surfaces by entanglement and by an adhe-
sive base (Pellegrin et al., 1999). Sphaerotilus, and the similar Lep-
tothrix ochracea are heterotrophic, and fueled by simple organic
compounds from leaf decay (van Veen et al., 1978). Iron is not
essential to the heterotrophic metabolism of Sphaerotilus and Lep-
tothrix, and iron hydroxide biofilms may be byproducts of catalytic
proteins in their mucopolysaccaride sheaths (Chan et al., 2009;
Furutani et al., 2011). Iron oxyhydrates dehydrate on burial to
hematite (Retallack, 1991; Mapstone and McIlroy, 2006). Filamen-
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tous iron-oxidizing bacteria with adhesive bases reproduce to form
robust biofilms. Comparable filamentous iron-oxidizing bacteria
have a fossil record extending back perhaps 2 billion years
(Trewin and Knoll, 1999).

Ferruginous biofilms can be distinguished from pyritic fossils
that have been subsequently oxidized in outcrop. Reddened but
originally pyritic Cambrian fossils in yellow matrix from Cheng-
jiang, China, are best known from the locality Maotianshan, which
means ‘‘red cap hill”. This name refers to laterite of Neogene age
above the fossiliferous yellow beds, which are deeply weathered
in the saprolite of that thick paleosol (Hou et al., 2008). The same
stratigraphic level elsewhere in Yunnan has comparable pyritized
fossils in black shale (Gaines et al., 2008). Oxidized trilobitomorphs
from Chengjiang maintain preservation of the finest genal caecae
and other internal organs in hematite spheres after framboids,
and one cluster of hematite spheres includes skeletal pyrite rem-
nant visible in back-scatter view (Fig. 5G�H). Comparable oxida-
tion of trilobites also is found at Emu Bay, South Australia, where
the fossiliferous gray shale is reddened at the lower fringe of a
lateritic saprolite (Daily et al., 1974), and hematite replacing pyrite
has preserved fine details of limbs, hairs, and eyes (Gabbott et al.,
2004; Gaines et al., 2008; Paterson et al., 2011). Hematite ammo-
nites (Fig. 3D) from near Darwin, Northern Territory, Australia,
are found mainly loose on the beach, eroded from a nearby, thick,
red laterite. This Neogene, deeply weathered, lateritic paleosol is
developed on Cretaceous, Wangarlu Mudstone, which is gray and
pyritic in deep drill holes (Henderson, 1990). The lateritized
ammonites are very strongly ferruginized, but still betray original
pyritization in the form of pitting within the original shell from for-
mer pyrite framboids (Fig. 5E�F, Fig. 6F). The overall shape of the
shell interior and of septae are little disrupted by this deep pitting
(Fig. 4F). Oxidized leaves with casts of framboids from Permian
siltstones of abandoned paleochannels of Texas have both red
hematite and yellow jarosite framboid pseudomorphs, but clear
tracheids, stomates and other cells (Chaney et al., 2009).

In addition to ferruginous biofilms and oxidation of pyrite,
MacGabhann et al. (2019) propose a third mechanism of Tafilalt-
style preservation of problematic fossils from Ordovician rocks of
Morocco: adsorption of ferrous iron on biopolymers then later oxi-
dized to ferric iron on exposure. This particular mechanism does
not explain observations made here because close examination of



Fig. 6. Backscatter (A,C,E) and secondary electron images (B,D,F) of same small areas of Dickinsonia costata (A-B) from the Ediacaran, Ediacara Member of the Rawnsley
Quartzite in Brachina Gorge, South Australia, and Betulites westii (C-D) from the Cenomanian, Dakota Sandstone, near Hoisington Kansas. No pyrite, nor casts of framboids, nor
cubic crystals, were found on these ferruginous clayey surfaces. In contrast, are clear pyritohedra in a back-scatter image (E) of pleural segments of a trilobite (Parabolina
spinosa) from the Late Cambrian (Jiangshanian) Dolgellau Member, Cwmshegen Formation of Brin-Llin-Fawr, Wales, and cavities after framboids in a secondary electron
images (F) of a ferruginized ammonite (Mortoniceras inflatum) from the Early Cretaceous (late Albian) Wangarlu Mudstone of Harneys Beach, Northern Territory, Australia.
Specimens in Museum of Natural and Cultural History of the University of Oregon are F115737 (A � B), F111085B (C - D), F109875B (E) and F117298 (F).
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Ediacaran vendobionts does not reveal cell structure of original
biopolymers (Fig. 5A-B, Fig. 6A-B), nor well preserved ferruginized
internal structures (Fig. 4A-B). The Ediacaran oxidized iron enrich-
ment in the Flinders Ranges of South Australia is largely at the top
and bottom (Fig. 4A-B). Tafilalet-style preservation may be a case
of internal pyritization, also documented in Ediacaran fossils from
Mistaken Point, Newfoundland (Fig. 4C-D).

3.3. Uniquely Ediacaran ferruginization?

Hematite encrustations of Ediacaran fossils in sandstone
(Fig. 3E) are no different from those of Cretaceous leaves in sand-
stone (Fig. 3F), and show similar microfabric (Fig. 4B, 5A-B, 6A-
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B). Hematite death masks of ferruginized Ediacaran fossils may
have been formed by iron-oxidizing bacteria such as Leptothrix
(Fig. 2C-D) and Sphaerotilus, as demonstrated for modern leaf fos-
sils (Spicer, 1977). By this interpretation there is no evidence for
chemically unique Ediacaran oceans or microbial mats required
for this kind of preservation (Canfield et al., 2007; Gehling, 1999;
Tarhan et al., 2016). Pyritic death masks, or solid external-only
coatings of pyrite, remain to be demonstrated in any geological
period.

Nor is there indication in the form of framboidal or cubic cavi-
ties that Ediacaran fossils of South and central Australia were once
pyritized, but later oxidized in outcrop (Gehling, 1999; Mapstone
and McIlroy, 2006; Retallack, 2014, 2016b, 2016c; Tarhan et al.,
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2015, 2018, 2019). Oxidation of pyrite in saprolites of modern soils
is known to be thorough at the transition from grey bedrock and
saprock below the water table to yellow and mottled saprolite
above (Anderson et al., 2002; Girard et al., 1997). The crystal form
of pyrite weathered initially to goethite and hematite is preserved
within saprolites as thick as 25 m., but becomes unrecognizable
higher in soil profiles by replacement with clay and its deformation
by soil structure (Girard et al., 1997). Faithful replicas of pyrite
framboids in goethite are found in the mottled, intermittently
drained portions of upper intertidal and surpratidal soils of Great
Sippewissett Marsh (Cape Cod, Massachusetts), Sapelo Island
(Georgia), and Hackensack Meadowlands (New Jersey: Luther
et al., 1982). Abiotic oxidation of pyrite is complex and involves
several intermediates (Luther, 1987; Moses et al., 1987), but can
proceed at very low oxygen tensions by exchange with dissolved
Fe3+ (Rimstidt and Vaughan, 2003). The rate of oxidation of pyrite
is markedly accelerated by acidophilic, chemoautotrophic, iron-
oxidizing bacteria, such as Acidilithiobacillus ferrooxidans, and Fer-
robacillus ferrooxidans, and related species (Silverman, 1967), again
within a wide range of oxygen tensions (Gleisner et al., 2006;
Silverman, 1967).
4. Pyritization

4.1. Ediacaran pyritization

Ediacaran fossils from Newfoundland (Fig. 3A, 4C-D) demon-
strate three degrees of pyritization: (1) complete pyritic perminer-
alization (Charniodiscus, Ivesheadia: Retallack 2016b, 2016c), (2)
unpyritized organic preservation (Charnia: Retallack, 2016b), or
(3) mixed pyrite-organic preservation (Aspidella: Gehling et al.,
2000: Retallack, 2016b). Regardless of degree of pyritization, all
these fossils are compaction-resistant (up to 6 mm thick, not flat-
tened like other soft-bodied fossils on the same slabs), indicating
that biopolymers rather than pyrite are giving them strength to
resist burial compaction (Retallack, 1994). Ivesheadia from New-
foundland (Fig. 3A) has an indistinct nodule-like form, and this
appearance may be partly due to decay (Liu et al., 2011).

A comparable range from weak to strong pyritization has been
recorded in compaction-resistant fossils of the White Sea Group of
Russia (Dzik and Ivantsov, 2002; Steiner and Reitner, 2001), Khaty-
spyt Formation of Siberia (Bykova et al., 2017), ‘‘Mohyliv” (Mogi-
lev) Formation of Ukraine (Dzik and Martyshyn 2015), and
Dengying Formation of China (Cao et al., 2010). Some Russian pyri-
tized fossils are replaced from within by pyrite (Steiner and
Reitner, 2001), and in one case a thoroughly pyritized fossil is over-
grown with a rounded and lumpy pyrite nodule that obscures its
morphology rather than forming a death mask (Dzik and
Ivantsov, 2002). There is some wall and internal organ pyritization,
but limited lumen or matrix pyritization of Ediacaran tubular fos-
sils from China (Cai et al., 2010), and USA (Schiffbauer et al., 2020:
Smith et al., 2016). Thus no one has yet documented a pyritic
‘‘death mask” in the sense originally proposed by Gehling (1999)
as a compaction-resistant, mm-thick encrustation that does not
also permeate the body of a fossil. The excuse that museum cura-
tors do not allow cutting of precious specimens (Liu et al., 2019) is
inadequate in view of numerous Ediacaran fossils now examined in
thin and polished sections, which fail to demonstrate death masks
(Dzik and Ivantsov, 2002; Gehling, 1999; Liu, 2016; Liu et al., 2019;
Mapstone and McIlroy 2006; Retallack, 2016b, 2016c; Tarhan et al.,
2019).

Russian and Chinese pyritic fossils are regarded as shallow mar-
ine, deltaic and estuarine, including intertidal (Bobkov et al., 2019;
Bristow et al., 2009; Bykova et al., 2017; Grazhdankin, 2004).
Although the Mistaken Point and Drook Formations of Newfound-
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land with pyritized fossils have been interpreted as deep water tur-
bidites on basaltic oceanic crust (Ichaso et al., 2007; Wood et al.,
2003), there are reasons to doubt that setting. These formations
overlie a continental-margin, subduction-complex, including Holy-
rood Granite (Retallack, 2014). The 365 Ma age of the Mistaken
Point Formation (Matthews et al., 2020) is the same as the Bou
Azzer Glaciation of Morocco (Linnemann et al., 2018), and a
sea-level low-stand 600 m lower than before or after in Wonoka
Paleocanyons of South Australia (Retallack et al., 2014). Reexami-
nation of the Newfoundland sequence demonstrates interbedded
gray pyritic and red hematitic beds, as well as volcanic ash with
gas-escape structures, and matrix-supported lapilli and crystals
which could not have been deposited in any depth of water
(Retallack, 2014; Retallack, 2016a). Each of these Ediacaran
formations also has very low boron content typical of freshwater
paleoenvironments (Retallack, 2020). A complete sulfur cycle
including oxidation and reduction is known from sulfur isotopic
studies of Ediacaran and geologically older pyrite and sulfate,
assumed to be marine (Canfield et al., 2007; Bykova et al., 2017;
Lyons et al., 2014). Low values of highly reactive iron over total
iron are evidence of pyritization under near-oxic conditions in
the Mistaken Point Formation of Newfoundland (Canfield et al.,
2007). Such conditions are common in tidal flats and coastal plains
where there is a strong gradient between air with oxygen and
oxygen-depleted pore water below (Retallack, 2016c).

4.2. Phanerozoic pyritization

Pyritization can be both a form of permineralization and
replacement (Schopf, 1975; Retallack, 2011, 2015, 2016b, 2016c),
because organic or skeletal material of a fossil is both supported
by cavity-infill, and replaced by framboidal pyrite (Fig. 3A-G, 4C-
D). Plant pyritization fills cell lumens and can preserve cell walls
for anatomical study, such as the complex structure of cladoxyl
steles (Fig. 3B). Massively pyritized shells like those of Paraspirifer
brownockeri retain unencrusted outer surfaces (Fig. 3C). A charac-
teristic form of pyrite are tiny spherical framboids, often aggre-
gated into larger spheres (Fig. 5M - P). Microscopic angular
pyritohedra also are common (Fig. 5I - J), and in some cases these
are visble to the unassisted eye (Fig. 5O - P), perhaps due to neo-
morphic growth during deep burial diagenesis (Perkins, 1998).

Pyritization is remarkable for keeping within bounds of organic
structures, and continuous form-fitting external-only rinds of pyr-
ite (‘‘death masks”) have not been found in Phanerozoic fossils.
Pyritohedra are contained within tiny filaments only 18 lm wide
(Fig. 5I - J), as small as sulfur bacteria such as Beggiatoa (Larkin
and Strohl, 1983). Pleural spines of trilobites are infiltrated by pyri-
tohedra (Fig. 6E). Gills, walking legs, antennae and other fine
appendages of trilobites are faithfully replicated by pyrite, rather
than obscured by encrustation (Farrell et al., 2009; Struve, 1985).
Excess pyrite can form encrusting nodules that overgrow the fossil,
and are partly recrystallized diagenetically from the original fram-
boidal microstructure, but only after the inside of the fossil is thor-
oughly pyritized (Fisher, 1986; Marynowski et al., 2007; Matten,
1973). Phanerozoic plants and molluscs are pyritized by formation
of framboids in cell lumens or within shells to create permineral-
ized plant cells (Allison, 1988; Borkow and Babcock, 2003;
Matten, 1973) or replaced and nodularized shells (Fisher, 1986;
Marynowski et al., 2007).

Pyritic salt-marsh paleosols are a common location for pyri-
tized fossils (Fig. 1D), and have a long fossil record extending
back to the Cambrian (Retallack, 2013a) and Ediacaran
(Retallack, 2014, 2016b-c). Unpyritized paleosols in contrast, have
moldic or permineralized plant preservation (Fig. 1F, H-I). Pyriti-
zation is also known from marine anoxic basins (Fisher, 1986),
but pyritization is most intense within the modern intertidal zone
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(Clark and Lutz, 1980; Thomas et al., 2004). Sea water delivers
abundant sulfate, and organic soils of salt marsh grasses and
mangroves with high water tables provide an anaerobic environ-
ment for the activity of sulfate-reducing bacteria, such as Desul-
fovibrio (Altschuler et al., 1983). The corrosive and replacive
nature of sulfate-reducing bacteria can be related to their forma-
tion of sulfuric acid intermediaries and coccoid to short vibrio
morphology (Fig. 2A-B). The short curved-rod form of Desulfovib-
rio (Gilmour et al., 2011) contrasts with the coccoid form of other
sulfate-reducing microbes (Thauer et al., 2007). Other mesophilic
sulfate-reducing delta proteobacteria include Desulfobacterium,
Desulfobacter, and Desulfobulbus. The four other sulfate-reducing
lineages are also anaerobic, but thermophilic: (1) gram negative
bacteria such as Thermodesulfovibrio, (2) Gram positive bacteria
such as Desulfotomaculum, (3) clostridian bacteria such as Ther-
modesulfobium, and (4) Euryarchaeota such as Archaeoglobus
(Thauer et al., 2007). Curved rods of Desulfovibrio are common
within invasive metal corrosion (Fig. 2A; Dinh et al., 2004). Both
the energy and carbon source for sulfate-reducing bacteria are
organic compounds (Birnbaum and Wireman, 1984). This explains
the common geological association of pyrite with organic-rich
black shales (Borkow and Babcock, 2003; Fisher, 1986). Sulfate
in sea water is the electron acceptor used to create biogenic pyr-
ite (mainly framboids) under anaerobic conditions (Voordouw,
1995). Comparable bacteria can be inferred back well before the
Ediacaran by isotopic fractionations of sulfur in pyrite compared
with sulfate (Hurtgen et al., 2005).
4.3. Uniquely Ediacaran pyritization?

Liu (2016) argues ‘‘that in the Phanerozoic, pyritization is usu-
ally spatially restricted to only the area immediately surrounding
organisms, and is typically documented in fine-grained clastic suc-
cessions, whereas in the Ediacaran, pyritization often extends
across entire bedding surfaces, in a range of different lithologies.”
This observation neglects extensive pyritic layers and nodules in
intertidal paleosols and soils on mud, sand, and limestone, under
salt marsh, mangroves, and other intertidal vegetation of Ediacaran
to Holocene age (Fig. 1D,G). Such Phanerozoic intertidal pyritic
nodular paleosols are common and widespread (Altschuler et al.,
1983; Clark and Lutz, 1980; Retallack, 2013a, 2015, 2016c;
Retallack and Dilcher, 2012; Retallack and Kirby, 2007). Ediacaran
intertidal pyritic paleosols also have extensive nodules and layers
of pyrite (Retallack, 2014, 2016b, 2016c), much more heavily pyri-
tized than surface Ediacaran biofilms (Steiner & Reitner, 2001).Pre-
cision Ediacaran pyritization of guts (Schiffbauer et al., 2020) and
hyphae (Gan et al., 2021), is matched by equally precise pyritiza-
tion of trilobite antennae, guts and gills (Struve, 1985; Farrell
et al., 2009). Because Ediacaran intertidal pyritic preservation is
not discernably different from Phanerozoic intertidal pyritization
(Clark and Lutz 1980; Altschuler et al., 1983; Retallack and
Dilcher, 2012; Retallack and Kirby, 2007), there is no evidence
for a taphonomic window of uniquely Ediacaran pyritic ‘‘death
masks” closed by advent of Cambrian marine bioturbation
(Gehling, 1999), or changes in marine chemistry (Canfield et al.,
2007, 2010).

Laboratory experiments with chitinous exoskeletons of arthro-
pods reveal formation of ellipsoidal nodules of pyrite rather than
thin pyritic rinds (Darroch et al., 2012). These forms of interior
replacement followed by overgrowing nodularization are similar
to pyritization observed throughout the fossil record (Allison,
1988; Fisher, 1986; Marynowski et al., 2007; Matten, 1973), and
reflect the dependence of sulfate-reducing bacteria on organic
substrates.
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5. Silica and phosphate permineralization

5.1. Ediacaran silica and phosphate permineralization

The most biologically informative mode of fossil preservation is
silica permineralization, which is known in Ediacaran megafossils
and microfossils (Fig. 7). Silica permineralization of Ediacaran
microfossils have organic cell walls remaining, but supported out-
side and inside with transparent colloidal silica (Liu et al., 2014;
Xiao, 2004; Xiao et al., 2010). Millimetric fossils of Horodyskia
and Palaeopascichnus have also been found silicified (Dong et al.,
2008). In another Ediacaran example, microscopic, pyritized, fun-
gal hyhae are embedded in chalcedony (Gan et al., 2021). Ediacaran
phosphate permineralised microfossils are also known (Chen et al.,
2009; Xiao et al., 2014), including remains interpreted at first as
embryos, but subsequently as mesomycetozoa (Huldtgren et al.,
2011). Millimetric fragments of phosphatized Ediacaran thall,
identified as glomeromycotan or mucoromycotan lichens, have fil-
amentous structure with terminal vesicles (Yuan et al., 2005).
Large silica-permineralized fossils (8 � 12 cm) of Petalostroma kui-
bis from Namibia (Pflug, 1973, 1994) have an internal histology of
long tubular cells, and spheroidal cells with haustorial hyphal dim-
ples (Fig. 7). These tubular cells and spheroids form the margin of
larger tubes (Fig. 7A), and spheres with budding tubes (Fig. 7B). The
beauty of such preservation is its unexpected biological detail: the
tubular cells have been interpreted as aseptate fungal hyphae, the
spheroids as endosymbiotic cyanobacteria, the larger tubes as fun-
gal podetia, and the large spheres with budding tubes as fungal isi-
dia (Retallack, 1994). In both phosphatization and silicification,
colloidal mineral fills cell lumens and preserves microscopic
details unobtainable in other forms of preservation.

Examination of thin sections of Ernietta plateauensis did not
reveal such details (Retallack, 2016b; Elliott et al., 2016; Ivantsov
et al., 2016), as perhaps could have been predicted from their red-
dish tinge of hematite, an indication of oxidation of much organic
matter (Fig. 3K). The best-preserved silica permineralized fossils
are distinguished by black to dark brown color and soft tissue
preservation (Gould and Delevoryas 1977; Gould, 1971; Nishida
et al., 2004). Although the interior of Ediacaran Ernietta from Nami-
bia is filled with sand, it is cemented with silica cement predating
burial compation (Fig. 4E - G). Similarly, Dickinsonia specimens are
simple films between two beds of sandstone (Retallack, 2007), but
some specimens show silica cementation of a thick body with a
distinct orthogonal network of wall layers (Fig. 4A � B). The pre-
served biological structures are not always as clear as in unoxi-
dized silicified fossils, but consistent from specimen to specimen
in showing opaque partitions of less opaque regions (pneu struc-
ture of Seilacher, 1989). These orthogonal internal partitions are
evidence that Dickinsonia is not preserved as rheid deformation
into cavities, as proposed by Wade (1968) and Bobrovskiy et al.
(2019). Nor was it necessarily a wormlike creature, inferred from
isolation of cholesterol from Dickinsonia (Bobrovksiy et al., 2018),
because cholesterol is also known in many fungi and red algae
(Retallack, 2020). The preservation of South Australian moldic
Dickinsonia (Fig. 3E) and other vendobionts is most like preserva-
tion of leaves in sandstone poor in organic matter (Fig. 3F:
Retallack and Dilcher 2012). The moldic preservation of Nambian
Ernietta (Fig. 3H) is most like plants such as Stigmaria and Calamites
in Pennsylvanian quartz sandstones (ganisters: Retallack, 1977;
Percival, 1983).

Early diagenetic silica cements of vendobionts have also been
recently demonstrated by cement-supported, uncompacted grains
within hollow holdfasts of Ediacaran frond fossils from Nilpena,
South Australia (Tarhan et al., 2016) and experimental studies
(Slagter et al., 2020). Median Ge/Si values 2.51 lmol/mol (but up



Fig. 7. Petrographic thin sections of Petalostroma kuibis (from Pflug, 1973), upper Kliphoek Formation of the Dabis Formation (late Ediacaran) at Aarhausen locality, Namibia
(Vickers Rich et al., 2016); A, large tubule containing spheroidal cell clusters; B, spheroidal cell cluster with budding tubular cells; C, details of dimpled spheroidal cells wthin
large tubular cells; D, spheroidal cells within tube-margin tubular cells. These structures may be fungal podetia (A), isidia (B), photobionts (C) and hyphae (D: Retallack, 1994).
Figures from Pflug (1973) with permission from Sschweitzerbartsche.
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to 10 lmol/mol) for early diagenetic cements within Ediacaran
holdfasts contrast with 0.91 lmol/mol (but up to 4 lmol/mol)
for clastic grains derived from granitic source terrains. The cements
are pedogenic (Ge/Si > 1), not marine, nor aquatic (Kurtz et al.,
2002; Street-Perrott and Barker (2008)). Archean paleosols also
have high Ge/Si ratios (1.06 to 3.22 lmol/mol; Delvigne et al.,
2016). Marine and fresh waters and biogenic silica in contrast have
Ge/Si ratios less than 1 lmol/mol (Filippelli et al., 2000); Murray
et al., 1991), as do Archean (Delvigne et al., 2012) and Ediacaran
marine cherts (Dong et al., 2015; Wen et al., 2016). An exception
is Ediacaran siliceous nodules with Ge/Si values as high as
2.54 lmol/mol (Shen et al., 2011) due to pedogenic saponite
(Bristow et al., 2009). High Ge/Si ratios of 8–20 lmol/mol also
are common in hydrothermal solutions, sinters, cherts, and iron-
rich parts of banded iron formations (Mortlock et al., 1993;
Delvigne et al., 2012), but there are no independent indications
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of hydrothermal alteration or banded iron formation with Edi-
acaran fossils in South Australia (Retallack, 2012; Tarhan et al.,
2016).

5.2. Phanerozoic silicification and phosphatization

Permineralizing silica fills cell lumens of fossil plants, fungi, and
insect carapaces (Retallack, 2011). Permineralization has been
urged instead of the familiar term petrified, because original cell
walls are not turned to stone, but faithfully preserved within
engulfing colloidal silica (Schopf, 1975). Nevertheless, Petrified
Forest National Park in Arizona is not a complete misnomer:
although it has much permineralized wood, it also yields red aga-
tized wood with poor or no cell structure, thus literally petrified or
‘‘made into stone” (Fig. 3J). The Eocene Clarno Nut beds also has
both permineralized and agatized fossil fruits and seeds
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(Manchester, 1994), that are also ferruginized (Fig. 3I). The red
color of these fossils comes from hematite, and its oxidation in
associated paleosols was accompanied by some aerobic decompo-
sition of plant material (Sigleo, 1978, 1979; Retallack, 1997). Silica
permineralization of Phanerozoic plants can give many useful bio-
logical details, such as mesenchyme lacunae and palisade structure
of leaves (Fig. 8A), aerating lumens in woody roots (Fig. 8B), details
of megasporophylls with ovules (Fig. 8C), and even pollen in the
pollen chamber of ovules (Fig. 8D: Gould and Delevoryas, 1977).
Such information is invaluable for biological understanding of fos-
sil plants. Silica and calcite permineralization is capable of preserv-
ing very delicate biological microstructures, including sperm
(Nishida et al., 2004), and nuclei (Gould, 1971). Plants are most
commonly permineralized in silica, but rare remains of arthropod
exoskeletons without internal soft tissue are also known
(Whalley and Jarzembowski, 1981). Phanerozoic calcite perminer-
alization can also preserve delicate structures of plants including
pollen tubes (Rothwell, 1972), and fat globules (Baxter and
Willhite, 1969). Phanerozoic phosphate also permineralizes soft
tissues including muscle fibers (Martill, 1990), prokaryotes
(Martill and Wilby (1994)), egg membranes, and embryos
(Bengtson and Zhao, 1997).

Silica permineralization can grade into mold and cast preserva-
tion, in which sandstone has been cemented with silica before
compaction. In fossil fruits, an internal mold of an endocarp can
be called a locule cast (Manchester, 1994; Manchester et al.,
2018). In plants, the difference is that the casting body is not usu-
ally a skeleton or shell, but organic matter prone to decay. Thus,
red permineralized and agatized wood can pass laterally in the
same specimen to log casts and stump casts where the wood has
rotted away (Sigleo, 1978, 1979; Retallack 1997). An exception in
plants is calcite and silica biomineralized endocarps of hackberry
(Celtis), which are a form of plant hard part with a central hollow
that may be filled with sediment or cement (Retallack, 1984). Early
silica cement of fossil molds and casts is especially well seen in fos-
sil ganisters, which are silicified eluvial horizons of paleosols
(Retallack, 1977; Percival, 1983). Carboniferous equisetalean pith
Fig. 8. Petrographic thin sections of silica permineralised remains of leaves and fertile st
near Homevale Station, Queensland (after Gould and Delevoryas, 1977); A, cross section
cross section of chambered root; C, cross section os seed-bearing structure; D, cross sec
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casts and stigmarian root casts in growth position are commonly
cemented with early-diagenetic silica that fortifies them against
burial compaction (Percival, 1983; Gastaldo, 1992; Retallack,
1994).

5.3. Uniquely Ediacaran permineralization?

Tarhan et al. (2016) conclude that ‘‘death and burial of Ediacara
communities were followed by rapid nucleation of silica films on
macroorganisms and matgrounds and precipitation in the sur-
rounding pore space”, and that ‘‘closure of the Ediacara-style
preservational windowmay therefore reflect global scale evolution
of the marine silica cycle.” Their analysis assumes that Ediacaran
vendobionts were marine, an assumption which has failed recent
tests (Retallack, 2016b, 2020, 2022). Silica permineralization is
best known from terrestrial facies, especially of fossil plants
(Fig. 8). None of the observations of Tarhan et al. (2015, 2016)
are unequivocally marine, and evidence from Ge/Si ratios of early
diagenetic cements, from stable isotopes of calcareous nodules,
wind-drift laminae, and from boron assay and geochemical mass
balance (tau analysis) of substrates, supports terrestrial habitats
(Retallack, 2016b, 2017, 2019, 2020). There is a continuous
Phanerozoic fossil record of Ediacara-style raised impressions of
fossil plants, arthropods and skin impressions in quartz sandstones
(Hall et al., 1988; McNamara & Trewin, 1993; Gastaldo, 1992;
Retallack, 1994; Anderson et al., 1998; Paik et al., 2010; Retallack
and Dilcher 2012; Barth et al., 2013; MacGabhann et al., 2019),
due to compaction-resistance of lignin and chitin, as well as early
cementation (Retallack, 1994). There is no obvious difference
between Ediacaran and Phanerozoic silica permineralization or sil-
ica cementation of moldic preservation.

An influential theory of wood permineralization arising from
experimental work of Leo and Barghoorn (1976) is that silicic acid
[H4Si(OH)4] in aqueous solution forms hydrogen bonds with holo-
cellulosic complexes of cell walls. Silicic acid can be elevated in
hydrothermal hot springs (Rice et al., 2002), or in low temperature
ground waters or formation waters by devitrification of volcanic
ructures attributed to Glossopteris from the Late Permian Fort Cooper Coal Measures
of leaf with upper palisade, lower mesenchyme and stomatiferous lower surface; B,
tion of apex of ovule with pollen grains clustered in the pollen chamber.
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shards (Murata, 1940), or diagenesis of clay minerals (Sigleo, 1979)
and feldspars (Matysová et al., 2010). Observations of wall silicifi-
cation before cell interiors in volcanic lahars of Mt St Helens sup-
port this model of precipitation from solution (Karowe and
Jefferson, 1987). Subsequent experimental studies show that this
can take thousands of years (Ballhaus et al., 2012), but possible
accelerants include nuclei of biogenic opal (Richmond and
Sussman, 2003), and silica spicules from sulfate-reducing bacteria
in early stages of cytoplasmic decay (Birnbaum and Wireman,
1984, 1985).

The red to brown color of some fossil woods and Ediacaran fos-
sils comes from occluded goethite and hematite, usually associated
with fossil wood as a red paleosol or fluvial matrix (Sigleo, 1978;
Matysová et al., 2010). Goethite and hematite are stable in aerobic
environments, in which a variety of aerobic decomposers would
have been active (Retallack, 1984, 2011), and so explain the poor
preservation of cellular detail in red-brown fossil woods (Sigleo,
1978, 1979; White, 1991).

6. Conclusions

Ediacaran fossils are preserved by the same processes as
Phanerozoic fossils, with the exception of freezing, mummification,
amber entombment, and charcoalification (Schopf, 1975; Retallack,
2011). Preservation of the complexly-quilted, soft-bodied Edi-
acaran fossils known as vendobionts is most similar to that of mod-
ern and Phanerozoic fossil plants (Fig. 9), and not unique to the
Ediacaran Period. Ediacaran to recent taphonomic modes include
pyrite permineralization and replacement (Steiner and Reitner,
Fig. 9. Models for two common modes of microbial preservation of unskeletonized Ediac
oxyhdrates precipitated by aerobic iron-oxidizing bacteria consuming organic matter o
precipitation by anoxic sulfate reducing bacteria consuming organic matter. A-B, based on
2013b), and C-D, based on observations in the Drook Formation at Pigeon Cove, Newfou
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2001; Dzik and Ivantsov, 2002; Gehling et al., 2000), pyrite oxida-
tion to hematite (Cai et al., 2010; Liu et al., 2011), silica perminer-
alization and cementation (Pflug, 1973, 1994; Xiao 2004; Xiao
et al., 2010; Liu et al., 2014; Tarhan et al., 2016), phosphate per-
mineralization (Yuan et al., 2005; Chen et al., 2009; Xiao et al.,
2014), ferruginous biofilms (Spicer, 1977), and molds and casts
(Dzik, 1999; Bouougri et al., 2011). Pyritization by sulfate-
reducing bacteria is penetrative and replacive (Dinh et al., 2004),
but ferruginous surficial biofilms from iron-oxidizing bacteria are
woven filaments with adhesive bases (Pellegrin et al. 1999;
Furutani et al. 2011). Examination of numerous Ediacaran fossils
in red sandstone (Figs. 3-4), and by Mapstone and McIlroy (2006)
and Tarhan et al. (2019), found no evidence of uniquely Ediacaran
death masks either of pyrite, nor of pyrite subsequently oxidized to
hematite in outcrop (Gehling, 1999). Nor are pyritic death masks
found in Phanerozoic fossils (Allison, 1988; Fisher, 1986), nor mod-
ern observations of pyritization (Clark and Lutz, 1980; Altschuler
et al., 1983; Darroch et al., 2012). Pyrite replacement and nodules
are strongly resistant to burial compaction (Matten, 1973; Allison,
1988), but ferruginous biofilms are thin and weak (Spicer, 1977), so
that compaction-resistance of fossil leaves preserved in this way is
determined by degree of original lignification (Retallack and
Dilcher, 2012). Thus, observed resistance of red Ediacaran sand-
stone fossils to burial compaction is more likely due to an original
compaction-resistant biopolymer, such as chitin, rather than the
ferruginous death mask (Retallack, 1994, 2007; Fedonkin 2002).
Cementation by early diagenetic silica also maintained Ediacaran
fossil relief (Tarhan et al., 2016) in a process similar to preservation
of stigmarian root traces in ganisters of paleosols (Retallack, 1977,
aran fossils. A-B, ferruginous biofilms transform to hematite during burial from iron
f the fossil shortly after death. C-D, pyrite permineralization forms by burial and
observations in the Ediacara Member in Brachina Gorge, South Australia (Retallack,
ndland (Retallack, 2014, 2016b-c).
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2016b; Percival, 1983). Ferruginous biofilms nevertheless enhance
detail visible on Ediacaran (Retallack, 2007), Permian (Mamay,
1989), Triassic (Tidwell et al., 1977), and Cretaceous (Retallack
and Dilcher, 2012) fossils in sandstone. Silica permineralized Edi-
acaran fossils (Pflug, 1973, 1994; Xiao, 2004; Xiao et al., 2010;
Liu et al., 2014) appear preserved in ways comparable with per-
mineralized fossil wood and seeds (Manchester, 1994; Wright,
2002), but show neither plant nor animal histology (Retallack,
1994, 2016b). Molds and casts can also be very resistant to burial
compaction if formed from quartz sandstone (Dzik, 1999). A sum-
mary of two common Ediacaran modes of preservation of ferrugi-
nous biofilm and pyrite permineralization comparable with
Phanerozoic plant preservation are shown in Fig. 9.

The ‘‘pyritic death mask” concept of Gehling (1999) is an exam-
ple of several hypotheses which abandon the present as a guide to
interpreting Ediacaran preservational and living paleoenviron-
ments. For example, soft-bodied Ediacaran fossils have been con-
sidered preserved in a world with ineffective decomposers
(Seilacher, 1989). Ediacaran fossils have been considered to lack
modern analogues, and extinguished with the rise of bioturbation
at the base of the Cambrian (Seilacher, 1999). Ediacaran oceans
have been argued to have the low sulfur content of Swiss lakes
and unusually low highly reactive iron relative to total iron
(Canfield et al., 2007). Each of these non-uniformitarian hypothe-
ses is unlikely for the following reasons. Differential decay of Edi-
acaran megafossils and acritarchs is well documented (Retallack,
2007; Grey and Willman 2009; Liu et al., 2011). Some
vendobiont-like fossils persisted through to the Devonian with
preservational style similar to that in Ediacaran (Jensen et al.,
1998; Retallack, 2009, 2015). Rocks with anomalous sulfur and
reactive iron contents for marine sediments alternate within
meters with normal marine values for these values (Canfield
et al., 2007), and it is more likely that the anomalous beds are pale-
osols exposed by sea-level change than due to abrupt whole-ocean
change in chemistry (Retallack, 2013b, 2014). Ediacaran paleoenvi-
ronments may have been odd and did predate the evolution of land
plants and extensive marine benthic burrowing, but did not have
discernably distinct styles of fossil preservation.
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