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Abstract

The earliest evidence of complex macroscopic life on Earth is preserved in Ediacaran-
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characterized by clean quartzose sandstones (as in the eponymous Ediacara Member)
as well as less compositionally mature, clay-rich sandstones and heterolithic siliciclas-
tic deposits. To investigate this preservational process, we conducted experiments
using different mineral substrates (quartzose sand, kaolinite, and iron oxides), a vari-
ety of soft-bodied organisms (microalgae, cyanobacteria, marine invertebrates), and
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a range of estimates for Ediacaran seawater dissolved silica (DSi) levels (0.5-2.0 mM).
These experiments collectively yielded extensive amorphous silica and authigenic
clay coatings on the surfaces of organisms and in intergranular pore spaces surround-
ing organic substrates. This was accompanied by a progressive drawdown of the DSi
concentration of the experimental solutions. These results provide evidence that soft
tissues can be rapidly preserved by silicate minerals precipitated under variable sub-
strate compositions and a wide range of predicted scenarios for Ediacaran seawa-
ter DSi concentrations. These observations suggest plausible mechanisms explaining
how interactions between sediments, organic substrates, and seawater DSi played a

significant role in the fossilization of the first complex ecosystems on Earth.
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1 | INTRODUCTION

However, moldically preserved Ediacara fossils have also been

described from compositionally immature sandstones (e.g., Hall

Fossils of the Ediacara Biota—Earth's earliest communities of mac-
roscopic, multicellular, morphologically complex organisms—com-
monly occur globally in sedimentary rocks as three-dimensional
casts and molds (“Ediacara-style” preservation; Gehling, 1999;
Narbonne, 2005; Tarhan et al., 2016). Some of the best charac-
terized and richest Ediacara fossil deposits, such as the Ediacara
Member of South Australia, are preserved in fine- to medium-
grained quartz-feldspar arenites (e.g., Tarhan et al., 2016).

et al.,, 2020) and heterolithic successions (Gehling et al., 2000),
and several assemblages have been described from carbonates
(e.g., Bykova et al., 2017; Chen et al., 2014). The preservation of
delicate structures has been interpreted as evidence that rapid
lithification by authigenic minerals played an important role in
the fossilization of these soft-bodied organisms, by facilitating the
stabilization of surrounding sediments prior to significant decay of
labile organic tissues (cf. Briggs & Kear, 1993; Saleh et al., 2020).

Geobiology. 2024;22:e12615.
https://doi.org/10.1111/gbi.12615

wileyonlinelibrary.com/journal/gbi

© 2024 John Wiley & Sons Ltd. | 10f17


www.wileyonlinelibrary.com/journal/gbi
https://doi.org/10.1111/gbi.12615
mailto:
mailto:
https://orcid.org/0000-0002-1100-2373
https://orcid.org/0000-0002-5878-929X
mailto:silvina.slagter@yale.edu
mailto:silvina.slagter@uoh.cl
mailto:silvina.slagter@uoh.cl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgbi.12615&domain=pdf&date_stamp=2024-08-16

SLAGTER ET AL.

20f17 0
= LwiLey- e

Studies employing observations of fossil material and tapho-
nomic (decay) experiments have further suggested that a variety
of mineral phases may have facilitated Ediacara-style fossiliza-
tion through authigenic cementation, including pyrite or iron ox-
ides (Darroch et al., 2012; Gibson et al., 2018, 2023; Liu, 2016;
MacGabhann et al., 2019), clays (Laflamme et al., 2011; Meyer
et al., 2014; Newman et al., 2019), and amorphous silica or quartz
(Slagter et al., 2021, 2022, 2024; Tarhan et al., 2016). However, the
lack of quantitative constraints on variations in mineral saturation
and precipitation under different combinations of sediment miner-
alogy, aqueous geochemistry, and organism biology has hampered
the determination of the most important authigenic mineralization
pathways for Ediacara-style fossilization across diverse environ-
ments and time intervals during the Proterozoic-early Paleozoic
window in which it occurred (cf. Tarhan et al., 2016). Resolving the
mechanisms of mineral formation associated with a wider range
of Ediacara-style fossiliferous lithologies is critical for detecting
biases inherent to this window and for reconstructing ecosystem
structure and evolutionary change on the late Ediacaran and early
Paleozoic seafloor.

Detailed characterization of the sedimentology, petrography,
and geochemistry of Ediacara Member fossil assemblages combined
with a survey of the distribution of Ediacara-style fossil deposits
indicate that global marine biogeochemical conditions—includ-
ing high dissolved silica (DSi) concentrations—may have facilitated
Ediacara-style fossilization in subtidal marine settings by means of
authigenic amorphous silica cementation (Tarhan et al., 2016). The
prevalence and paleoenvironmental distribution of silica-rich sed-
imentary deposits, as well as the nature of other silica-associated
examples of exceptional fossilization such as Bitter Springs-style
preservation of organic-walled microfossils in cherts, have been
widely attributed to higher seawater DSi concentrations across a
broad range of marine environments prior to the radiation of silica-
biomineralizing organisms (e.g., siliceous sponges and radiolarians)
in the early Phanerozoic (Conley et al., 2017; Fischer & Knoll, 2009;
Gao et al.,, 2020; Kidder & Erwin, 2001; Knoll & Kotrc, 2015; Maliva
et al., 1989; Racki & Cordey, 2000; Siever, 1992; Ye et al., 2021).
Recent work has also demonstrated that precipitation of amorphous
silica from seawater may have been enhanced by silica sorption onto
organic matter, even at conditions where DSi was lower than the
solubility product of amorphous silica, through binding between DSi
and hydroxyl, carboxyl, amino, and phosphoryl functional groups
present in a wide range of soft-bodied invertebrate animals, bacte-
ria, and algae (Chang et al., 2020; Moore et al., 2020, 2022; Slagter
etal.,, 2021, 2022). Experimental results also indicate that this mech-
anism may have facilitated the preservation of both Ediacara-style
and other Ediacaran-aged (e.g., Moczydtowska et al., 2021) siliceous
fossils (Slagter et al., 2022). Further constraints on the DSi concen-
trations of the Ediacaran ocean are critical to assessing the potential
importance of this process. Some evidence points to the persistence
of Precambrian-like seawater DSi values of ~2.0mM until as late
as the Cretaceous (Grenne & Slack, 2003). However, recent geo-
chemical modeling and lithium isotope studies have estimated that

marine DSi levels may have decreased through the later Proterozoic
and early Paleozoic, possibly driven by increases in authigenic clay
formation (Trower & Fischer, 2019), the rise of silica-biomineralizers
and changes in continental silicate weathering intensity (Kalderon-
Asael et al., 2021). Furthermore, silicon isotope signatures of sponge
spicules and radiolarians in lower Paleozoic cherts have been inter-
preted as indicative of Ordovician seawater dissolved silica levels of
<~150puM, potentially preceded by earlier declines in DSi levels asso-
ciated with the Neoproterozoic emergence of demosponges (Trower
et al., 2021), though definitive evidence of siliceous spicules has not
yet been recovered from Ediacaran strata (e.g., Sperling et al., 2010).
In addition, recent experimental findings indicate that high silica
concentrations may be detrimental to eukaryotic algae. This implies
that DSi concentrations following the initial Neoproterozoic radia-
tion of algae (cf. Brocks, 2018; Isson & Planavsky, 2018; Zumberge
et al., 2020) may have been lower or more variable than commonly
proposed (Tostevin et al., 2021).

To more broadly investigate the range of DSi levels under which
Ediacara-style fossilization may have occurred, and to determine the
likely importance of various authigenic minerals in Ediacara-style
fossilization, we used a combined experimental and modeling ap-
proach to explore the preservation of soft-bodied organisms under a
range of marine DSi concentrations (0.5, 1.0, and 2.0mM) and in the
presence of variably quartz-, kaolinite-, and iron-rich substrates. Our
experiments indicate that the fossilization of soft tissues can occur
via amorphous silica precipitation from variable concentrations of
seawater DSi across all mineral substrates, or via authigenic clay for-
mation in high-DSi seawater in the presence of mineral substrates
containing kaolinite.

2 | MATERIALS AND METHODS
2.1 | Experimental setup

Experiments were conducted in tightly capped sterile plastic cul-
turejars (Carolina Biological Supply Company, Burlington, NC, USA)
at a constant room temperature of ~25°C and 1 atm. Combinations
of three different minerals were used to represent a range of sedi-
mentary substrates characteristic of siliciclastic Ediacara-style
fossil assemblages, as well as monomineralic compositional end-
members. The substrates were composed of pure quartz sand of
0-2 ¢ (0.2-0.8 mm) (Carolina Biological Supply Company), as well
as kaolinite and iron oxides (ferric oxide: Fe,Og; both from Merck
KgaA, Darmstadt, Germany); the minerals were sterilized by au-
toclaving at 121°C for 15min. All experiments were performed
in triplicate. Specimens of the anemone Phymanthus crucifer and
sponge Cinachyra were purchased from Carolina Biological, along
with cyanobacteria including Anabaena and Fischerella and mi-
croalgae Vaucheria and Spirogyra which were aggregated to ap-
proximate a biofilm (hereafter referred to as a “biofilm”; cf. Slagter
etal., 2022). We designed our experiments to encompass combina-
tions of these parameters, including experiments with euthanized
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anemone Phymanthus (P), Phymanthus and the biofilm detailed
above (PM), and the demosponge Cinachyra (CY). Each of these
categories, in turn, encompassed a range of experiments exploring
a variety of mineral substrates: (1) quartz; (2) quartz and kaolinite;
(3) quartz, kaolinite, and Fe,O, (hereafter iron oxides); (4) kaolinite
and iron oxides; (5) kaolinite; and (6) quartz and iron oxides. These
mineral combinations were selected to mimic the potential range
of fossiliferous Ediacara sandstones (substrate categories 1, 2, 3,
and 6) as well as to explore the potential relative contributions of
clays and iron oxides using non-sandy compositional endmembers
(substrate categories 4 and 5). Experiments were carried out with
a range of initial DSi concentrations bracketing Ediacaran seawater
estimates: 2.0, 1.0, and 0.5 mM, referred to by the suffixes “-2" “-1”
and “-05”, respectively. DSi levels were not replenished during the
experiments. Control experiments were also performed with no
DSi (C), no organisms (S), and no substrate (A). Experiment names,
as referenced in the following sections, reflect this hierarchy of
variables; for instance, PM1-1 refers to experiments conducted
with Phymanthus and biofilm, a quartz substrate and 1.0 mM initial
DSi (Table 1).

Mineral substrates were placed in sterile jars (details in Table 1),
followed by cyanobacteria and algae (in those experiments that
included a biofilm). Specimens of Phymanthus or Cinachyra were
weighed and rinsed with ultrapure water (18.2 MQ-cm) and placed
in the experimental solution, on top of but not buried by mineral
substrates where the latter were included. Organisms were left
unburied to facilitate high-resolution observations of organismal
decay and mineral authigenesis while minimizing disturbance (pre-
vious studies, e.g., Darroch et al., 2012, utilized artificial barriers
such as cling-film to facilitate excavation but we did not implement
this approach, in order to mitigate disruption of diffusion, advec-
tion and redox gradients). A volume of ~200mL of artificial seawa-
ter (Table S1) with concentrations of 2.0mM, 1.0mM, or 0.5mM
DSi was added to the experiments to represent Ediacaran sea-
water (Siever, 1992), and the pH was adjusted to 7.8 (cf. Halevy &
Bachan, 2017) by adding 1 N HCI. The pH was maintained for the du-
ration of the experiments by adding 1M MOPS (3-(N-morpholino)
propanesulfonic acid) buffer. This pH-buffered approach was uti-
lized in order to mimic naturally pH-buffered systems, such as the
coarse-grained, high-porosity and high-advection, hydrodynami-
cally active shallow marine settings reconstructed for fossiliferous
Ediacara-style deposits such as those of the Ediacara Member (e.g.,
Gehling & Droser, 2013; Tarhan et al., 2017). Changes in solution
chemistry associated with organic decay were tracked by extract-
ing seawater solution samples (2mL) with a syringe at timed inter-
vals (one sample per day for 1week) and storing them in tightly
capped polyethylene containers for analysis of DSi and DOC (dis-
solved organic carbon) concentrations. To account for new mineral
formation, solid samples were extracted at the same time intervals,
and transferred to sample holders for scanning electron micros-
copy (SEM) analyses, while other portions were freeze-dried for
measurement of C (carbon) and N (nitrogen) elemental and isotopic
composition to further monitor decay.
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2.2 | Carbon, nitrogen, §3C, §1°N, and DOC
analyses

Bulk concentration C, N, 8*3C, and §'°N measurements were per-
formed at the Yale Analytical Stable Isotope Center (YASIC) in order
to determine extents of decay. At the end of each experiment, one
replicate was analyzed with a Costech ECS 4010 Elemental Analyzer
coupled to a Thermo Delta Plus Advantage isotope ratio mass spec-
trometer. Isotopic values are reported in conventional 3-notation in
units of per mil (%o) relative to the international standards: atmos-
pheric N, (air) for N and Vienna PeeDee Belemnite (V-PDB) for C.
Data were standardized to internal glutamic acid reference materials
YGA and CN, which were calibrated to Air and V-PDB using United
States Geological Survey (USGS) glutamic acid 40 and USGS glutamic
acid 41. Aninternal reference (trout) served as a quality control check.
The precision for each run was within +0.2%o for §:°N and +0.2%. for
§'3C based on the performance of the internal reference materials.

Dissolved organic carbon (DOC) determinations were based
on 4mL of a sample or standard transferred to an exetainer vial
to which 1 mL of an oxidizing agent was added, consisting of a
supersaturated potassium persulfate oxidizing solution (100 mL
H,0+4.0g K,S,04+200mL of 85% H,PO,) used within 24h of
being prepared. The samples were acidified to pH <3 with 8.5%
H,PO, (85% Merck analysis-grade orthophosphoric acid) diluted
10 times with ultrapure water. Inorganic carbon was removed by
bubbling (60mL/min) high-purity helium (Grade 5.0, 99.99% He)
through the sample manually for 10 min by piercing the septum
with a flushing needle. Oxidation was accomplished by heating
the vials to 100°C on hot plates for 60 min. Samples were allowed
to cool and equilibrate before analysis. Accuracy was determined
with standards of 0.5, 1, 5, 10, 20, 40, and 100mg/L, as well as a
blank. The standard deviation was <0.1%.

2.3 | DSianalyses

Silica standards were prepared by diluting a concentrated silica solu-
tion (SCP Science, Silica Standard) in ultrapure water. Quantities of
this standard were then diluted to obtain solutions of 1.0, 0.5, 0.12,
and 0.03mM Si. Concentrations of silica were measured by the mo-
lybdate blue method with metol as the reducing agent (Mullin &
Riley, 1955) at 812nm using a UV/ VIS spectrophotometer. All samples
were measured in replicates of 5 with a 1% error in absorption values.

2.4 | Scanning electron microscopy and mineral
abundance quantification

Secondary electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) analyses were performed at 3-10kV with a
Hitachi SU7000 in the Department of Earth and Planetary Sciences
at Yale University. Experimental samples were fixed in 4% paraform-
aldehyde, dehydrated through a graded ethanol series, air-dried, and
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(Continued)

TABLE 1

Organisms

Substrate

Authigenic Organic

clay (%)

Amorphous
silica (%)

Detrital

Initial (Si)

(mM)

Microbial

Iron

Quartz

Iron oxides (%)

Quartz (%)

matter (%)

kaolinite (%)

biofilm (g)°

Macroorganisms (g)

sand (g) Kaolinite (g)  oxide (g)

Experiment?

51.77
85.47

12.46

7.74
9.98

1.0
0.5

x (10)
x (10)

Phymanthus (4.14)
Phymanthus (4.38)
Cinachyra (10.46)

Cinachyra (9.35)

3.0

30.0
3

3
3

PMé6-1

3.0

0.0
0.0
0.0

PM6-05
CY1-2

10.14
45.60
22.46
1.13

2.0
2.0
2.0
0.0
0.0

0.0

3.20
2.73

3.0

CY2-2

16.44

29.13

Cinachyra (8.33)

30.0

CY3-2
c1

78.37

18.78
18.53
99.58
100

4.44
0.42

0.0
0.0
0.0

13.28

48.90

Phymanthus

30.0

Phymanthus

3.0
3.0

30.0

C2

Phymanthus

3.0

30.0

C3

Phymanthus

3.0

30.0

c4

Phymanthus

30.0

C5

Phymanthus

3.0

30.0

Cé

?Average of replicates.

bx denotes the presence of cyanobacteria Fischerella and Anabaena, and green algae Vaucheria and Spirogyra.

. 50f17
e Wiy

coated with 6nm platinum or gold. Point-counting was performed in
triplicate on SEM images using the Jmicrovision software (version
1.3.4) to quantify the relative abundance of organic matter, ‘detrital’
clay, detrital quartz, detrital iron oxide and authigenic phases (includ-
ing authigenic clay and amorphous silica) based on the identification
of these minerals via EDS and textural appearance. A minimum of 250
randomly selected points were included in each count and the results

are expressed in percentages (Table 1).

2.5 | Geochemical modeling and statistical analyses

Saturation indices (Q/K) of various minerals were calculated using the
initial composition of the experimental seawater solution (Table S1),
without organic complexation, and considering the presence of de-
trital quartz, kaolinite, and iron oxide mineral substrates (amounts in
Table 1), to constrain authigenic minerals expected to precipitate from
the experimental solutions. Substrate composition was included by
adding the amount of mineral mass as a free constraint in the model.
All models were run at a fixed pH of 7.8, ~25°C, 1atm and under fully
oxic conditions. Q/K values were calculated using The Geochemist's
Workbench version 15.0. The PAST 4.04 software (Hammer
et al., 2001) was used to perform all statistical analyses.

3 | RESULTS

3.1 | Preservation in different substrates

All experiments were terminated after 168h. Authigenic minerals did
not form in control experiments with no DSi (C1-Cé) (Figure S1); lim-
ited to no authigenic minerals formed in control experiments without
organic material (51-2 to S6-2) (Table 1). Amorphous silica precipitated
across a wide range of DSi concentrations and, to varying extents,
in all Phymanthus experiments containing DSi, including those with
and without mineral substrates and those with and without biofilms
(Figures 1 and 2; Figures 52-S5). Authigenic phases characterized by
high Al and Si, which we interpret as a kaolinite precursor (hereafter
referred to as authigenic kaolin-type clay) (Figure 3; Figures S6 and S7),
formed in experiments with kaolinite substrates (P2-2, PM2-2, P5-2,
PM5-2; Figure 4). Mineral substrates containing kaolinite revealed a
transition in the relative abundance of distinct authigenic phases under
varying DSi levels: kaolin-type clay formed more abundantly under the
most elevated (2.0mM) initial DSi concentrations, whereas amorphous
silica was the predominant authigenic mineral phase under lower initial
DSi concentrations (1.0 and 0.5mM) (Figures 1 and 2). However, under
lower initial DSi concentrations (1.0 and 0.5mM; P5-1, P5-05, PM5-1,
PM5-05), amorphous silica was more abundant than kaolin-type clay at
the end of the experiments (Figure S8). Similar results were observed
in experiments with the demosponge Cinachyra (experiments CY1-2 to
CY3-2, conducted only under 2.0mM initial DSi) (Table 1; Figure S9).
The DSi concentrations of experiments without macro- or microor-

ganisms did not change through time (S1-2 to S6-2). More extensive
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FIGURE 1 Representative photographs
of decay experiments. (a) P2-2, the
anemone Phymanthus, quartz and
kaolinite substrate, at the beginning of
the experiment (2.0mM DSi); (b) P6-

1, Phymanthus, quartz and iron oxide
substrate after 72h (1.0mM initial DSi);
(c) P3-2, Phymanthus, quartz, kaolinite and
iron oxide substrate after 72h (1.0mM
initial DSi); (d) P6-05, Phymanthus,

quartz and iron oxide substrate after

96h (0.5mM initial DSi). Arrows indicate
authigenic amorphous silica formation
associated with decaying Phymanthus.

FIGURE 2 Representative photographs
of experiments with Phymanthus. (a) C3,
quartz, kaolinite, and iron oxide substrate,
no authigenic precipitation at the end of
the experiment (no DSi); (b) P6-2, moldic
impression, quartz sand and iron oxide
substrate at the end of the experiment
(2.0mM initial DSi); (c) P5-2, detrital
kaolinite substrate after 72h (2.0mM
initial DSi); (d) P4-2, poorly preserved
mold, detrital kaolinite and iron oxide
substrate at the end of the experiment
(2.0mM initial DSi).

DSi drawdown occurred in experiments with kaolinite-only substrates Shapiro-Wilk tests of the nitrogen and carbon contents of ex-
(P5-2, P5-1, P5-0.5, PM5-2, PM5-1, and PM5-05) than in those without periments with and without kaolinite showed that these data are not
kaolinite (Table S2). normally distributed (p<.05). The Mann-Whitney U-test revealed
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FIGURE 3 Representative SE-SEM images showing amorphous silica precipitates at the end of experiments. (a) AM1-2, associated with
Phymanthus and biofilm, no substrate (2.0 mM initial DSi); see representative EDS spectra of authigenic phases in Figure S7b; (b) PM1-05,
associated with Phymanthus and biofilm, quartz substrate (0.5 mM initial DSi); (c) CY2-2, associated with Cinachyra spicules (yellow arrow),
quartz substrate (2.0 mM initial DSi); (d) P5-1, associated with Phymanthus, detrital kaolinite platelets (1.0 mM initial DSi), and amorphous
silica indicated by white arrow. For representative EDS spectra of authigenic phases see Figure S7d.

no significant differences in median N and C contents between ex-
periments with and without detrital kaolinite (Figure 5a; Table S3).
The isotopic compositions of N and C in experiments depended on
the organisms used and are not considered in our statistical tests
(Table S3; Figure S10). DOC data (normalized to biomass, Table S3)
are normally distributed (Shapiro-Wilk test, p>.05). The difference
in mean DOC content in experiments with and without kaolinite, ex-
cluding controls without organics (S1-2 to S6-2), is significant (t-test,
p<.0001). DOC values in experiments with kaolinite are lower than
in those experiments conducted without kaolinite, excluding con-
trols with no organics (S1-2 to S6-2) (Figure 5b).

3.2 | Geochemical modeling

Geochemical modeling of our experiments, i.e., saturation mod-
eling of our dissolved artificial seawater solutions, under assumed
equilibrium with detrital mineral substrates and assumed oxic con-
ditions, predicts that experimental fluids should be saturated with
respect to kaolinite, quartz, chalcedony, tridymite, and cristobalite
under all DSi scenarios. Modeling also indicates that all experimental

solutions should be undersaturated with respect to amorphous silica
(Figure 6). Nonetheless, we observed amorphous silica precipita-
tion across a range of experiments at initial DSi levels of 0.5, 1.0 and
2.0mM. Our modeled saturation index for sepiolite and saponite is
positive (Figure 6), in agreement with previous studies (cf. Isson &
Planavsky, 2018), although neither mineral precipitated in our exper-
iments. At the DSi levels predicted for our experiments, amorphous
silica should precipitate at a lower silicic acid activity than kaolin-
type clay (Figure 7), in agreement with the higher relative abundance
of amorphous silica compared to kaolin-type clay we observe for ex-
periments with 0.5 and 1.0mM initial DSi (Figure 8).

4 | DISCUSSION

4.1 | The role of quartz substrates and amorphous
silica precipitation in fossilization

Some of the taxonomically richest and most extensively studied
Ediacara-style deposits, such as those in the Ediacara Member
at Nilpena Ediacara National Park in South Australia (e.g., Droser
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FIGURE 4 Representative SE-SEM images showing the end of the experiments associated with kaolinite substrates; (a) CY3-2, Cinachyra
spicules, pervasive detrital kaolinite indicated by arrow (2.0 mM initial DSi); (b) P4-2, Phymanthus, kaolinite and iron oxide substrate,
authigenic kaolin-type clay indicated by red arrows (2.0mM initial DSi); representative EDS spectra of authigenic phases shown in

Figure S7a; (c) C3, Phymanthus, 0.0mM initial DSi, quartz, kaolinite, and iron oxide substrate, showing pervasive detrital kaolinite (white
arrows) and organic matter (yellow arrows); no authigenic precipitates; (d) P5-2, Phymanthus, detrital kaolinite, authigenic kaolin-type clays
indicated by red arrow (2.0mM initial DSi); representative EDS spectra of authigenic phases shown in Figures Sé6 and S7.

et al,, 2019), are predominantly quartzose and compositionally
mature (Tarhan et al.,, 2015, 2016, 2018). Sand grains have been
interpreted to play a critical role in maintaining the macroscopic
three-dimensional morphology of organisms during decay (Newman
et al., 2019; Tarhan et al., 2016). Our experiments show that amor-
phous silica is the authigenic phase that forms in association with
quartz substrates at all initial DSi levels explored. Specifically, our
findings indicate that, in the presence of degrading organic matter,
organo-silica complexation and amorphous silica precipitation can
occur in undersaturated conditions, under initial DSi levels as low
as 0.5mM.

4.2 | Therole of authigenic and detrital clays in
fossilization

Exceptional preservation of fossilized soft tissues associated with alu-
minosilicates has been widely reported from upper Neoproterozoic
and lower Paleozoic successions (e.g., Cai et al., 2012; Wacey

et al.,, 2014). Various Fe-, Mg- and/or K-rich aluminosilicates occur
closely associated with both macrofossils and microfossils of this age
and preserved in a variety of styles (e.g., Anderson et al., 2011, 2021;
Callow & Brasier, 2009; Gabbott, 1998; Mapstone & Mcllroy, 2006;
Woltz et al., 2023). Wade (1968) proposed that the preservation of
Ediacara-style fossil assemblages on sandstone bed bases of the
Ediacara Member may have been facilitated by the presence of
mudstone interbeds, subsequently removed through weathering.
Clay minerals are rare in the best characterized fossil deposits of the
Ediacara Member and millimeter-scale interbeds previously assumed
to be mudstone were subsequently discovered to consist of arenitic
sandstone (Tarhan et al., 2016, 2017). However, other, more hetero-
lithic Ediacara Biota-hosting deposits suggest a potential role for clay
minerals in Ediacara-style preservation, for instance in distal turbid-
ites of the Avalon (Laflamme et al., 2011) and Charnwood Forest
successions (Callow & Brasier, 2009; Wilby et al., 2015) as well as
the shallow marine strata of the White Sea succession (Bobrovskiy
et al.,, 2019). Similarly, compositionally immature sandstones con-
taining kaolinite and smectite in the Wood Canyon Formation may
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FIGURE 5 (a) Carbon and nitrogen concentrations for all experiments, except controls with no organisms (51-2 to S6-2). Green symbols
indicate detrital kaolinite substrate present, black symbols kaolinite substrate absent. There is no significant difference in medians of C and
N between experiments with and without kaolinite substrates (Mann-Whitney U-test p>.05); (b) boxplots showing the median, quartiles,
and full range of values for DOC concentrations normalized to biomass. Experiments without kaolinite substrates show higher DOC
concentrations. Differences in means between experiments with (n=17) and without kaolinite (n=16) are significant (t-test p <.0001).

have contributed to the fossilization of erniettomorphs in these
strata (Hall et al., 2020).

A range of potential roles exist for clay minerals in Ediacara-style
fossilization. The rheological properties of detrital clays have been
posited as key to the formation of Ediacara-style molds and casts
(Bobrovskiy et al., 2019; Wade, 1968). Other studies have suggested
that authigenic rather than detrital clay minerals may have fostered
fossilization (Laflamme et al., 2011), for instance by suppressing
decay. Our results show that authigenic aluminosilicate minerals
nucleate under high DSi concentrations (2.0mM) in the presence of
detrital kaolinite, likely facilitated by organic acid-mediated kaolinite
dissolution and complexation with porewater Al in proximity to de-
grading macroorganism carcasses and biofilms, followed by decay-
mediated increases in porewater dissolved Al availability. Moreover,
drawdown of DSi was greater in experiments with kaolinite than
those without, a finding consistent with extensive formation of au-
thigenic aluminosilicate phases (Table S2).

Clay minerals can be trapped from suspension (Newman
et al., 2016), precipitated onto biofilms (Darroch et al., 2012;
Newman et al., 2017), or their precipitation can be triggered by
bacterial activity (Cuadros, 2017; Fiore et al., 2011; Konhauser &
Urrutia, 1999; Martin et al., 2004; Mera & Beveridge, 1993). Clay
mineral authigenesis associated with biological materials may be
facilitated by binding of metallic ions through electrostatic inter-
action with carboxyl, phosphoryl, or hydroxyl groups in the poly-
mers of cell walls, sheaths, and other extracellular material (e.g.,
Konhauser et al., 1998). Conditions such as high fluid agitation
regimes and mixed redox states increase the likelihood of rapid
formation of kaolinite veneers around microbial cells (Newman
et al.,, 2017). Although kaolinite has been considered important
for exceptional fossilization, both for Ediacara-style (e.g., Newman
et al., 2016) and Burgess Shale-type preservation of carbonaceous

compressions (Anderson et al., 2023; Briggs, 2003; Wilson &
Butterfield, 2014), our experiments explored the effect of higher
initial DSi concentrations than previous experiments involving
clays (Newman et al., 2016, 2019) (Table S1). The DSi concentra-
tions explored here (0.5, 1.0, and 2.0 mM)—incorporating a range of
previous estimates for Ediacaran seawater (e.g., Conley et al., 2017;
Maliva et al., 1989; Siever, 1992)—resulted in the formation of au-
thigenic kaolin-type clay where detrital kaolinite was also present.
Detrital clay substrates likely played a key role by providing nu-
cleation sites for the precipitation of authigenic clays via reactions
between the outer silanol (Si-OH) and aluminol (Al-OH) bonds of
the mineral and the hydroxy groups of Si(OH), and/or as a source
for the ions that precipitated as authigenic clays on degrading or-
ganic material. These newly formed authigenic kaolin-type clays,
along with detrital clays, could potentially play a role, particularly
in sandy sediments, in molding decaying macroorganisms and mi-
crobial communities. These results indicate that where detrital
clays are present (e.g., Bobrovskiy et al., 2019) high global DSi can
facilitate Ediacara-style preservation by promoting the authigenic
precipitation of additional clays.

Kaolinite has been shown to impede the growth of hetero-
trophic bacteria (McMahon et al.,, 2016) and increase decay
resistance through the formation of clay-organic matter com-
plexes (Anderson et al., 2020; Newman et al., 2019; Orr, 2014;
Playter et al., 2017) which foster fossilization both mechanically
and chemically by providing organic tissues with a protective
coating (McMahon et al., 2016; Naimark et al., 2016; Wilson &
Butterfield, 2014). DOC contents (normalized to biomass) are
lower in our experiments with kaolinite than those without
(Figure 5; Table S3), which may reflect more sluggish rates of
decay in clay-rich experiments, increased uptake of DOC into clay
inter-layers, or some combination thereof.
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FIGURE 6 Saturation indices (log Q/K) of authigenic minerals at experimental conditions, under the null assumption of equilibrium
between experimental fluids and mineral substrates and oxic seawater. The vertical line at log Q/K=0 indicates equilibrium between mineral
and fluid. Values below 0 indicate undersaturation, and those >0 indicate supersaturation. (a) Under 2.0mM DSi, and with a range of
substrate mineralogies including quartz, kaolinite, and iron oxides and combinations thereof; (b) under 1.0 (suffix “-1”) and 0.5 (suffix “-05")
mM DSi with quartz, kaolinite, and iron oxides. Results generated from the thermodynamic database of The Geochemist's Workbench 15.0.

Geochemical modeling and data compilation of the higher abun-
dance of Precambrian versus younger early diagenetic clays (e.g.,
formed through reverse weathering reactions: Han et al., 2022; Isson
& Planavsky, 2018) are consistent with the formation of authigenic
clays under Precambrian seawater chemistry when the availability of
ions from detrital clays led to conditions conducive to authigenic clay
formation. The supersaturation with respect to kaolinite predicted by
our modeling and experimental observations, potentially facilitated
by organic-aluminum complexation, indicates that kaolin-type clays,
and perhaps other authigenic clays, may have played an important
role in Ediacara-style fossilization in compositionally heterogeneous
and more clay-rich sandy sediments, particularly under elevated ini-
tial DSi levels (2.0mM).

4.3 | Therole of iron substrates in fossilization

The presence of hematite stains on fossiliferous beds of the Ediacara
Member prompted the “Death Mask” model (Gehling, 1999) which
invoked templating by pyrite on the upper surfaces of microbial
matgrounds as an explanation for the preservation of Ediacara fos-
sils. Subsequent studies have also argued that ferruginization by
means of primary iron oxide precipitation or pyritization played a
role in Ediacara-style fossilization (Gibson et al., 2023; Liu, 2016; Liu
etal, 2019; MacGabhann et al., 2019; Retallack, 2022). However, the
patchy distribution of oxides on bedding planes and concentration
on weathered surfaces, combined with petrographic observations
and uranium isotope data, indicate a late-stage, post-depositional
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FIGURE 7 Activity diagram showing that kaolin-type clay forms
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represent mineral stability fields, and the dashed line represents
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silica was observed to form in experiments despite solution
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using data shown in Table S1 using The Geochemist's Workbench
15.0. Modified from Siever and Woodford (1973).
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origin for these features (Tarhan et al., 2015, 2018, 2019). Previous
experiments with heterolithic and compositionally immature sands
and iron oxides have resulted in the formation of iron monosulfides
adjacent to decaying organisms, and these observations have been
used to infer a role for authigenic pyrite precipitation in Ediacara-
style preservation (Darroch et al., 2012; Gibson et al., 2018, 2023).
Pyritized soft-bodied organisms and microbial filaments have been
reported from other types of Ediacaran-aged fossil deposits (e.g., Cai
et al., 2010; Schiffbauer et al., 2020; Shore et al., 2021). This type
of preservation occurs in sulfate-reducing environments with high
concentrations of reactive iron where labile organic matter is locally
concentrated (e.g., Gibson et al., 2018; Raiswell et al., 1993; Raiswell
& Berner, 1985). However, in relatively low-sulfate marine envi-
ronments, such as those reconstructed for much of the Ediacaran
(e.g., Osburn et al., 2015), Fe-silicate precipitation may under many
conditions have been favored over Fe-sulfide formation (Wacey
et al., 2014). Nonetheless, the millimolar levels of sulfate utilized in
our experiments, although lower than modern seawater sulfate con-
centrations, should have been sufficiently high to foster sulfate re-
duction in reducing porewaters, such as within and in the immediate
vicinity of degrading macroorganism carcasses and biofilms.
Framboidal pyrite or iron sulfide polymorphs have been reported
in taphonomic experiments under initial concentrations of >1 weight

FIGURE 8 Composition and relative
abundance of authigenic mineral phases
formed under different experimental

conditions with Phymanthus. The size of
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percent iron (Gibson et al., 2018, 2023). Greigite (Fe,S,) precipitation
has been documented along the degrading tissues of scallops bur-
ied in quartz- and mica-rich sand characterized by similar iron con-
centrations but lower porewater pH values (4.5-7.5) to those in our
experiments (Newman et al., 2019). Previous studies suggest that a
sufficiently Si-rich aqueous environment (2.0mM DSi, 25°C) could
reach supersaturation with respect to greenalite, a Fe(ll)-silicate
(Halevy et al., 2017; Tosca et al., 2016), assuming equilibrium between
substrate and porewaters. However, neither greenalite nor iron sul-
fide, nor any other detectable authigenic iron mineral, formed in our
experiments with iron oxide-enriched substrates. Instead, these ex-
periments yielded abundant amorphous silica precipitates (Table 1).
This may, in part, reflect the non-ferruginous, partially oxygenated
seawater conditions explored in our study (Table S1). However, re-
ducing porewaters were likely prevalent within decaying macroorgan-
isms and their immediate surroundings, where limited iron reduction,
followed by reoxidation, could have led to minor contributions of iron
oxides not readily distinguished from detrital phases.

4.4 | Variable DSi

Precipitation of amorphous silica from aqueous solution can
coat organic surfaces, resulting in extraordinary preservation of
a diversity of organisms (Konhauser et al., 2004; Manning-Berg
et al., 2019; Manning-Berg & Kah, 2017; Moore et al., 2020,
2021). Previous experiments have indicated that exopoly-
meric substances (EPS) in microbial mats can act as a direct
template for silica precipitation (Benning et al.,, 2004; Handley
et al., 2008; Konhauser et al., 2001; Lalonde et al., 2005; Mera &
Beveridge, 1993; Phoenix et al., 2000; Schultze-Lam et al., 2011;
Toporski et al., 2002; Yee et al., 2003). Direct adsorption of silica
onto cyanobacterial sheaths has been posited to result from the
presence of silica-reactive sites associated with amino (Lalonde
et al., 2005; Kuno et al., 2011), hydroxyl (Leo & Barghoorn, 1976;
Phoenix et al., 2002), and carboxyl functional groups (Renaut &
Jones, 2000; Westall et al., 1995) that can decrease the activa-
tion barrier for silica precipitation. Cation bridging between
silica and metals bound to cells (Ferris et al., 1988; Konhauser
& Urrutia, 1999; Newman et al., 2016; Slagter et al., 2022) may
also contribute to smooth and continuous mineral coating.
Decomposition may enhance silica precipitation because more re-
active sites are available as organic matter decays (Bartley, 1996;
Ferris et al., 1988; Knoll & Golubic, 1979). Furthermore, organic
acids associated with microbial decomposition have been shown
to complex silica (Bennett & Siegel, 1987; Jacquemot et al., 2019;
Tang et al., 2014). The tissues of Ediacara taxa likely varied in com-
position and susceptibility to decay; such differences may have
contributed to different modes and fidelities of Ediacara-style
preservation (e.g., Droser et al., 2020; Gehling, 1999; Tarhan
et al., 2016; Wade, 1968). Experimental work has also shown that
more labile tissues are less likely to be preserved (e.g., Gibson
et al., 2018; McMahon et al., 2017).

Early silica cementation has been proposed as a pathway of
Ediacara-style fossilization on the basis of both geological and ex-
perimental data (Slagter et al., 2021, 2022, 2024; Tarhan et al., 2016).
Our results demonstrate that amorphous silica and authigenic clays
can precipitate under variable initial DSi levels (0.5-2.0mM) in the
presence of quartz sand alone (amorphous silica), kaolinite (amor-
phous silica and authigenic clays), and iron oxides (amorphous sil-
ica). Notably, authigenic iron phases did not precipitate even where
iron oxide-enriched mineral substrates were present (although we
acknowledge experiments were not performed under persistently
anoxic conditions). Mixed-mineral substrates containing kaolinite
revealed a transition in the relative abundance of distinct authigenic
phases under varying DSi levels: kaolin-type clay formed more abun-
dantly under the most elevated (2.0 mM) initial DSi concentrations,
whereas amorphous silica was the predominant authigenic min-
eral phase under lower initial DSi concentrations (1.0 and 0.5mM).
Continued exploration of the lower DSi thresholds for amorphous
silica precipitation in the presence of silica-reactive organic matter
represents a key avenue for future research, particularly in light of
lower Paleozoic examples of Ediacara-style fossilization postdat-
ing the initial appearance of silica-biomineralizing taxa (cf. Tarhan
et al., 2016). Our results show that substrate mineralogy and initial
DSi concentrations together determine the composition and extent
of authigenic mineral formation in association with buried macroor-
ganisms and biofilms (Figure 8).

Our geochemical modeling predicted that amorphous silica
would not precipitate under our experimental conditions (Figure 6),
but it nonetheless formed despite being the least thermodynami-
cally stable and most soluble phase of silica (e.g., Manning-Berg &
Kah, 2017; Siever, 1992). We attribute this to the efficacy of silica-
reactive organics in our experimental organisms (not explicitly con-
sidered in our thermodynamic modeling of saturation indices) in
decreasing the activation barrier for silica precipitation via hetero-
geneous nucleation (Slagter et al., 2021). The role of biofilms in pro-
viding nucleation sites for mineral precipitation (Konhauser, 1998)
and as agglutinants of sediments (Duteil et al., 2020) has long been
appreciated. The presence of biofilms or microbial mats may not
have been required for all instances of Ediacara-style fossilization,
e.g., in intrastratally preserved Ediacara-style fossil assemblages in
mass-flow sandstones where textural evidence of matgrounds is
absent (Droser et al., 2020; Meyer et al., 2014). However, where mi-
crobial biofilms and mats were present, they likely played an import-
ant role in bolstering the potential for Ediacara-style fossilization
by increasing the silica-reactivity of buried Ediacara communities
(Slagter et al., 2022).

4.5 | Other factors that influence preservation

It has long been appreciated that a single taphonomic pathway is
unlikely to be responsible for all instances of fossilization of the
soft-bodied Ediacara Biota (Gibson et al., 2023; MacGabhann
et al., 2019; Narbonne, 2005). These taxa are preserved in a wide
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range of taphonomic modes: moldic (the Ediacara style), as carbo-
naceous compressions (e.g., Xiao et al., 2013), carbonate molds (e.g.,
Bykova et al., 2017; Chen et al., 2014), in pyrite, and associated with
clay minerals (Cai et al., 2010). Ediacara-style preservation of soft-
bodied organisms in sandstone may also have been shaped by locally
variable factors, superimposed on shared, global-scale patterns in
seawater geochemistry—particularly elevated seawater DSi levels
(Conley et al., 2017; Maliva et al., 1989; Siever, 1992). Some of the
taxonomically richest and most extensively studied deposits, such
as the Ediacara Member (e.g., Droser et al., 2019), are predominantly
quartzose and compositionally mature (Tarhan et al., 2015, 2016,
2018) but other Ediacara-style fossil assemblages are preserved in
compositionally immature sandstones or heterolithic sediments (e.g.,
Gehling et al., 2000; Narbonne et al., 2014). Sediment composition
shaped local-scale variability in authigenesis by influencing the avail-
ability of nucleation sites and the relative importance of different
stages and modes of porewater diagenesis. Moreover, rapid burial of
Ediacara communities, by slowing rates of decay, likely contributed
to both Ediacara-style fossilization and other preservational path-
ways (e.g., Briggs, 2003). Although not unique to either Ediacara-
style fossil assemblages or the Ediacaran Period, rapid burial likely
contributed to fostering higher preservational fidelity of Ediacara-
style fossil assemblages (e.g., Slagter et al., 2022) and settings char-
acterized by higher sediment accumulation rates may therefore have
been particularly auspicious for fossilization. Nevertheless, as em-
phasized in this and prior studies (e.g., Briggs, 2003), some amount of
decay likely played a pivotal role in promoting authigenesis and con-
sequently fossilization. We consider that decay processes, such as
organic acid dissolution of detrital kaolinite, organic acid-dissolved
aluminum complexation leading to authigenic clay precipitation, and
the augmentation of reactive sites for amorphous silica precipitation

contributed to this phenomenon.

< biofilms

© amorphous silica
™ primary kaolinite
Q authigenic clays
% quartz sand

® iron oxides

(a) organism + minerals

gebiology SRR

In sum, our results highlight the importance of both global-scale
and local factors in shaping pathways of Ediacara-style fossiliza-
tion (Figure 9). Global factors such as high DSi concentrations in
Precambrian seawater would have fostered the authigenic precipita-
tion of amorphous silica and kaolin-type clays (Figure 9b). Local fac-
tors such as association of Ediacara macroorganisms with biofilms,
and the composition of mineral substrates on the Ediacaran seafloor,
likely played a key role in determining the extent and composition of

authigenic phase(s) formed (Figure 9c).

5 | CONCLUSIONS

Our results provide evidence that soft tissues can be rapidly
preserved by silicate minerals precipitated under a wide range
of scenarios predicted for Ediacaran seawater (e.g., initial DSi
concentrations ranging from as high as 2.0 to as low as 0.5mM)
and variable substrate compositions, including kaolinite-rich and
quartz-rich sandy substrates. Our data confirm that amorphous
silica is an important agent of cementation, as evidenced by ex-
periments with and without biofilms, with different marine inver-
tebrates, and with different substrate mineralogies. Additionally,
authigenic kaolin-type clays can play a significant role in Ediacara-
style preservation in compositionally immature and heterolithic
sandy sediments. Amorphous silica and authigenic clays form
more abundantly under higher DSi concentrations, emphasizing
the critical role of elevated seawater DSi levels as a global-scale
control on Ediacara-style fossilization. Our results highlight the
importance of both amorphous silica and authigenic clay as agents
of Ediacara-style fossilization and indicate that conditions favora-
ble for this preservational mode were widespread in Ediacaran and

early Paleozoic oceans.

(b) authigenesis

FIGURE 9 Preservation sequence (2.0mM initial DSi concentrations); time increases from a to c. Insets represent experimental
endmembers: (1) quartz substrate (PM1-2), (2) quartz and kaolinite substrate (PM2-2), and (3) quartz and iron oxide substrate (PM6-2). (a)
Ediacara macroorganisms living on biofilms and mineral substrates on the Ediacaran seafloor. (b) Authigenic precipitation of amorphous silica
and kaolin-type clay. (c) Well-preserved fossil cast and mold associated with (1) authigenic amorphous silica, (2) kaolin-type authigenic clay,

and (3) authigenic amorphous silica.
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Authigenic clays are more abundant under the most elevated
(2.0mM) initial DSi levels we explored. However, under lower ini-
tial DSi concentrations (0.5 and 1.0mM), across all substrate types,
amorphous silica is the most extensive authigenic phase. Lower DOC
values in experiments with kaolinite compared to those with quartz
(both with and without iron oxides) may indicate that degradation
is more sluggish in the presence of kaolinite, which may facilitate
higher-fidelity preservation. Our experimental results highlight the
importance of both global-scale (elevated seawater DSi) and local-
scale (substrate mineralogy) controls in shaping the abundance of,
and variation in, Ediacara-style fossilization and emphasize that a
wide range of Ediacaran seafloor settings and organisms could be
fossilized through these authigenic pathways. These observations
further support the contention that Ediacara-style fossil assem-

blages faithfully record Ediacara seafloor diversity and synecology.
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