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ABSTRACT: The preservation of organic biosignatures during the Proterozoic Eon required specific taphonomic
windows that could entomb organic matter to preserve amorphous kerogen and even microbial body fossils before
they could be extensively degraded. Some of the best examples of such preservation are found in early diagenetic chert
that formed in peritidal environments. This chert contains discrete domains of amorphous kerogen and sometimes
kerogenous microbial mat structures and microbial body fossils. Our understanding of how these exquisite
microfossils were preserved and the balance between organic degradation and mineral formation has remained
incomplete. Here, we present new insights into organic preservation in Proterozoic peritidal environments facilitated
through interactions among organic matter, cations, and silica. Organic matter from Proterozoic peritidal
environments is not preserved by micro- or cryptocrystalline quartz alone. Rather, preservation includes cation-rich
nanoscopic phases containing magnesium, calcium, silica, and aluminum that pre-date chert emplacement and may
provide nucleation sites for silica deposition and enable further chert development. Using scanning electron
microscopy and elemental mapping with energy dispersive X-ray spectroscopy, we identify cation enrichment in
Proterozoic organic matter and cation-rich nanoscopic phases that pre-date chert. We pair these analyses with
precipitation experiments to investigate the role of cations in the precipitation of silica from seawater. Our findings
suggest that organic preservation in peritidal environments required rapid formation of nanoscopic mineral phases
through the interactions of organic matter with seawater. These organic-cation interactions likely laid the initial
foundation for the preservation and entombment of biosignatures, paving the way for the development of the
fossiliferous chert that now contains these biosignatures and preserves a record of Proterozoic life.

INTRODUCTION do not precipitate chert. Modern examples of silicification are instead
restricted to hot springs and other hydrothermal environments. In these
freshwater, hydrothermal systems, silica concentrations can exceed 300 ppm
and silica precipitation is an abiotic process in which pure silica polymerizes
rapidly from the supersaturated fluid as it cools, encasing any organic matter
present (Schultze-Lam et al. 1995; Konhauser et al. 2001; Jones et al. 2004).
In these types of environments, if silica concentrations are near amorphous
silica saturation (120 ppm at 25°C), pure silica precipitates in the form of
friable films that can be dissolved on the timescale of hours to days due to
fluctuations in temperature and pH that can re-dissolve the precipitate across
solubility boundaries (Wilmeth et al. 2021). In contrast, dense, stable silica
that will not be re-dissolved as temperature and pH fluctuate requires silica

The excellent biosignature preservation potential of Proterozoic marine
chert is well established and provides a unique window into the early
history of marine microbial life. These chert deposits, interpreted as early
diagenetic precipitates, contain kerogen (complex, macromolecular,
carbonaceous material) as discrete domains or kerogenous microbial mat
textures and even microbial body fossils. In order for kerogen and cellular
structures to be preserved, nano- or microcrystalline minerals must have
precipitated rapidly from solution around the kerogen before it could be
extensively degraded (Knoll and Golubic 1979). However, despite the
many studies that have characterized microbial fossils and textures in

Proterozoic chert (e.g., Knoll 1985; Schopf and Klein 1992; Knoll et al.,
2008; Sergeev and Sharma 2012; Butterfield 2015; Demoulin et al. 2019
and references therein), the chemical mechanism for biosignature
preservation in chert remains incompletely understood.

The mechanisms for biosignature preservation via silicification cannot be
directly observed or studied in analogous modern marine tidal environ-
ments. This is because the ocean today contains only micromolar
concentrations of silica (Tréguer et al. 1995) and modern tidal environments
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concentrations of >300 ppm if it precipitates abiotically as a pure silica
precipitate (Schultze-Lam et al. 1995; Hinman and Lindstrom 1996;
Konhauser et al. 2001; Jones et al. 2004; Orange et al. 2013). The formation
of this type of cell-preserving chert from hydrothermal, non-marine systems
at supersaturated silica concentrations is quite different from the conditions
that characterized Proterozoic marine tidal environments. Therefore, we
must seek different models to explain biosignature preservation in
Proterozoic tidal environments.
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Although Proterozoic marine silica levels were elevated compared to
today, with some estimates placing [SiO,] between 60 ppm and 120 ppm
(Maliva et al. 1989; Siever 1992; Conley et al. 2017; Moore et al. 2020),
the preservation of biosignatures in isolated nodules, lenses, and thin beds
of chert in otherwise carbonate dominated strata suggests that Proterozoic
seawater was not supersaturated with respect to silica everywhere. It has
been suggested that evaporative processes in tidal flats helped to increase
silica concentrations to a point at which silica could precipitate from
solution, supported by the observation that chert in Proterozoic
sedimentary successions is almost entirely confined to peritidal environ-
ments (Maliva et al. 1989). However, a study that modeled the chemical
conditions for Proterozoic chert formation suggested that a range of
chemical and biological parameters may be related to chert precipitation
alongside evaporative concentration of silica (Manning-Berg and Kah
2017). Moreover, environmental and laboratory studies have shown that
the precipitation of abundant, dense, stable silica capable of preserving
biosignatures would require silica concentrations well above amorphous
silica saturation (Hinman and Lindstrom 1996; Orange et al. 2013;
Wilmeth et al. 2021) and polymerization near saturation may be relatively
slow (Krauskopf 1956; Chan 1989). Concentrating silica enough to
precipitate such abundant, stable chert through evaporation alone would
likely take some time, allowing cells and organic matter to degrade
(Bartley 1996). Thus, local conditions within sediments must slow decay
of kerogen and cells before the chert fully develops (Golubic 1976), or
additional mechanisms may be needed to explain the rapid mineral
precipitation required to preserve cellular shapes and delicate organic
structures. One potential component missing from our understanding of
this taphonomic window is the role that microbes themselves played in
mineral precipitation and their own entombment in the earliest stages of
organic preservation.

Recent work revealed that some marine cyanobacteria analogous to
Proterozoic fossils can mediate the precipitation of amorphous, Mg-rich
silica through a process of cation bridging when metabolic activity locally
increases pH in microbial mats (Moore et al. 2020, 2021). In these
microenvironments, cations help to bind negatively charged silicic acid to
negatively charged organic surfaces (Moore et al. 2020, 2021). This cation-
organic mediated mechanism of fossil preservation can occur even before
silica concentrations reach saturation, meaning that they could precede
more extensive chert development that required evaporation to highly
concentrate silica. Studies of some modern environments and laboratory
experiments have revealed similar associations among organic compounds
and cations that may facilitate the formation of a range of authigenic
minerals, from amorphous phases (Souza-Egipsy et al. 2005; Bontognali et
al. 2010) to carbonates (Van Lith et al. 2003; Braissant et al. 2007,
Bontognali et al. 2010, 2014; Krause et al. 2012; Kenward et al. 2013,
Daye et al. 2019) and authigenic clays (Perri et al. 2018). It is possible that
Proterozoic microbes interacted with their environments in a similar way to
those observed in modern communities and experiments. Such interactions
among cations, silica, and microbial surfaces may have been the key to
early mineral nucleation and biosignature preservation in Proterozoic
peritidal environments.

Here, we investigate Proterozoic chert deposits from four different
fossiliferous formations (the Balbirini Dolomite and the Kotuikan,
Debengda, and Duck Creek formations) to search for evidence of
microbe-cation interactions preserved in Proterozoic peritidal cherts that
can help to explain the excellent preservation of biosignatures (signs of
past life) in these deposits. We measure and map the chemical composition
of fossil kerogen and the surrounding rock matrix and reveal that kerogen
is rarely preserved by micro- or cryptocrystalline quartz alone. Instead,
kerogenous domains across all four formations are enriched in Ca and Mg
and are embedded with nanoscopic, inorganic Ca-, Mg-, and Al-rich
phases. By identifying these associations, we gain a more complete picture
of the preservation of kerogen and fossils in Proterozoic peritidal
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environments and identify a mechanism that may have enabled organic
preservation in these environments. These results provide a deeper
understanding of microbial-environmental interactions that characterized
Proterozoic peritidal environments, including the roles of microbes in Mg,
Ca, Al, and silica cycles and mineral formation.

GEOLOGIC SETTING

The four formations analyzed in this study represent a range of
depositional environments, ages, and degrees of alteration, but all are
predominantly peritidal carbonates with early diagenetic chert nodules,
lenses, and laterally discontinuous beds. The Kotuikan Formation, northern
Siberia (Fig. 1A), was deposited ca. 1500 Ma (Vorob’eva et al. 2015), and
the Balbirini Dolomite, Australia (Fig. 1B), is constrained by zircon U-Pb
ages of 1613+/-4 and 1589+/3 Ma in its lower and upper parts, respectively
(Page et al. 2000). Both contain superbly preserved microfossils (Oehler
1978; Sergeev et al. 1995). In both formations, the microbial lamination
displays pustular textures and preserves predominantly Eoentophysalis
fossils, coccoidal cyanobacteria that built intertidal microbial mats during
the Proterozoic Eon (Fig. 1A, 1B), as they do today (Golubic and Hofmann
1976). Kerogen and fossils are densely packed in the microbial laminae.
The laminae appear dark brown to opaque under transmitted light and are
amber and reflective under incident light. The surrounding matrix is
transparent, microcrystalline chalcedony and contains scattered clusters of
fossils and abundant amorphous clots of dark brown to opaque kerogen
(Fig.1). Samples of both formations also contain layers of microcrystalline
dolomite that alternate with the fossiliferous chert and contain microbial
lamination, but no body fossils (Online Supplemental File Figure S1).

The Debengda Formation (ca. 1200—1300 Ma; Stanevich et al. 2009)
was deposited in a more regularly inundated peritidal environment,
preserving the sheaths of filamentous mat-builders (Sergeev et al. 1997).
Cherts are microcrystalline and light brown to tan under transmitted light
(Fig. 1C). They contain organic-rich microbial laminae and densely packed
bundles of filamentous microfossils most commonly oriented parallel to
the microbial laminae (Fig. lc). In addition to these fossils, the cherts
contain clots of dense, amorphous kerogen, similar to the kerogen seen in
the Kotuikan and Balbirini samples (Fig. 1). Dispersed throughout the
biosignature-preserving chert are fractures and primary pores filled by later
diagenetic chert and dolomite. These regions truncate microbial lamination
and are rimmed by rhombohedral dolomite and infilled by relatively
coarsely crystalline chert (Fig. 1C). Isolated rhombohedral dolomite
crystals are scattered throughout.

The Duck Creek Formation, which contains chert nodules deposited in
shallow subtidal environments, is the oldest of the four formations
analyzed (~ 1.9 Ga; Knoll and Barghoorn 1976; Grey and Thorne 1985;
Knoll et al. 1988; Wilson et al. 2010; Schopf et al. 2015) and the most
heavily altered. As a result, Duck Creek chert is blocky, with a coarser
crystalline texture (dominated by 1-5 pm anhedral crystals) compared to
the younger chert deposits. Under transmitted light, clots of kerogen in the
Duck Creek Formation are distributed randomly throughout the chert
matrix (Fig. 1D), but no fossils or microbial laminae were present in the
samples analyzed in this study. The Duck Creek chert is frequently crosscut
by veins of late diagenetic dolomite and contains abundant large
rhombohedral dolomite crystals (>15 pum across).

All four formations contain carbonate either as micritic layers that
surround or alternate with the chert layers and nodules (e.g., Balbirini
Dolomite and Kotuikan Formation; Online Supplemental File Figure S1),
isolated 5-10 pm calcite and dolomite crystals scattered randomly
throughout the chert matrix, or trails of larger rhombohedral dolomite
crystals that cut through the chert. The isolated carbonate crystals scattered
throughout the matrix may be early diagenetic precipitates or transported
carbonate grains, but the coarse-crystalline dolomite trails crosscut the
chert, likely reflecting late diagenetic alteration.
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FiG. 1.—Transmitted light photomicrographs of thin sections. A) The Kotuikan Formation. B) The Balbirini Dolomite. C) The Debengda Formation. D), The Duck Creek
Formation. Thin sections show examples of coccoidal microfossils with organic-rich walls (A, B), organic rich microbial lamination (B), filamentous microfossils (C), and
kerogen clots (D) preserved in early diagenetic chert. All contain kerogen, and variable amounts of late diagenetic chert and both early and late diagenetic carbonate are found

across the four formations.

METHODS
Preparation and Analysis of Chert Samples

Microfossiliferous and kerogen-preserving chert samples from four
Proterozoic formations were selected and analyzed because they are known
to contain early diagenetic chert from marine environments. All contain
unambiguous biosignatures in the form of microbial laminae, microbial
body fossils, and/or organic matter (Knoll and Barghoorn 1976; Ochler
1978; Grey and Thorne 1985; Knoll et al. 1988; Sergeev et al. 1995, 1997,
Stanevich et al. 2009; Wilson et al. 2010; Schopf et al. 2015). Each sample
was analyzed by scanning electron microscopy (SEM) with energy
dispersive X-ray spectroscopy (EDS), Raman spectroscopy, and transmit-
ted and reflected light microscopy. Each sample was prepared in two ways:
(1) as freshly fractured surfaces mounted in indium or on SEM stubs, and
(2) as polished thin sections. Freshly fractured surfaces provide a unique
view of kerogen in three dimensions on the fractured areas, whereas
polished thin sections show the kerogen and the associated grain
boundaries of the surrounding minerals.

Fractured Surfaces

To prepare freshly fractured surfaces, small rock fragments were
wrapped in cleaned foil that had been rinsed three times with 200 proof
ethanol and fractured using an ethanol-cleaned chisel. Immediately

following fracturing, samples were rinsed with ethanol in a fume hood,
wrapped loosely in ethanol-cleaned foil, and left to dry in a vacuum oven
for one hour. Once dry, a fragment of each sample was mounted in a
laminar flow hood with double-coated carbon conductive tape (Ted Pella
Inc., Product #16084-7) onto 12.7 mm-diameter SEM stubs (Ted Pella Inc.,
Product #16111) and analyzed immediately to avoid contamination. These
samples were analyzed on a Hitachi SU3500 variable pressure scanning
electron microscope (VP-SEM) with an Oxford Instruments X-Max™ 150
mm? silicon drift energy dispersive spectroscopy (EDS) system at the
NASA/Caltech Jet Propulsion Laboratory (JPL). Samples were analyzed
without coating under variable pressure mode at 30 Pa. Regions of interest
were imaged at 15 keV with 9-10 mm working distance at magnification
of between 1.5kX and 3kX. These same regions were then analyzed by
EDS using AZtec software (Oxford Instruments) at 15 keV. Each region of
interest (ROI) was mapped at a resolution of 1024 X 1024 pixels with 3
frames, 25 ps dwell time, and between 1.5kX and 3kX magnification.
Multiple phases within each ROI were also analyzed using single spot
mode with the same instrument parameters.

In parallel, a second fragment of each cleaned, freshly fractured chert
fragment was mounted in indium to avoid contamination from epoxy and
was carbon coated and analyzed under vacuum on a ZEISS 1550VP Field
Emission SEM (FESEM) with Oxford X-Max SDD X-ray (EDS) system at
the California Institute of Technology Geology and Planetary Sciences
Division Analytical Facility. Briefly, ethanol-cleaned indium was melted
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into a cleaned aluminum disk and the cleaned rock fragments were
mounted using a hydraulic press at JPL with ethanol cleaned foil covering
the samples. The indium mount was carbon coated and analyzed at 15 keV
under vacuum at 9—10 mm WD. ROIs were imaged at 2.5kX to 3.5kX
magnification and 10 keV and analyzed with the same parameters by EDS
using Aztec software. Elemental maps were generated at 512 X 512 pixel to
1024 X1024 pixel resolution with 25 ps dwell time. Spot analyzes were
performed using the same parameters.

Following SEM, uncoated fractured fragments on SEM stubs were
analyzed by Raman spectroscopy using a Renishaw inVia™ confocal
Raman microscope in the California Institute of Technology Geology and
Planetary Sciences Division Mineral Spectroscopy Lab. Regions of interest
were imaged and analyzed using a 20X objective lens with a 514 nm laser
and 1800 line/mm grating. The analyses were performed with 1.7 mW
laser power over a wavelength range from 50 cm ™' to 2500 cm ™! with 5-10
frames per spot. Data were analyzed using the Renishaw WiRE software to
remove background and cosmic rays.

Polished Thin Sections

Standard polished 30 pm thin sections were prepared by Wagner
Petrographic. Thin sections were analyzed and imaged under transmitted
and reflected light using a Leica DM6000B microscope in the abcLab at
JPL. Polished sections were cleaned in the lab using a triple rinse of 200
proof ethanol and wrapped in ethanol-cleaned foil to dry for one hour in a
vacuum drying oven. Once dry, samples were mounted in geological thin
section holders (Ted Pella Inc., Product #15435-4) and samples were blown
off with N, gas to ensure that no particulate matter remained on the sample
surfaces before being analyzed by SEM. Like fractured surfaces, polished
thin sections were analyzed and mapped under variable pressure mode at
30 Pa on the Hitachi SU3500 VP-SEM with Oxford Instruments X-Max"
150 mm? silicon drift EDS system in the abcLab. Imaging and EDS
analyses were carried out at 15 keV, magnification 1.5kX to 2.5kX, and
mapping was performed at 1024 X 1024 pixel resolution, 25 ps dwell time,
and 3 frames per region. Spot analyses were performed using the same
parameters.

Precipitation Experiments

To test the role of cations in silica polymerization, precipitation
experiments were carried out using artificial seawater medium (ASW; see
Online Supplemental File Table S1 for medium recipe) with 90 ppm silica
at pH 8.5-9. We tested two conditions in duplicate at pH 8.5-9: (1) 90 ppm
silica ASW with 50 mM Mg>", and (2) 90 ppm silica ASW with 10 mM
Ca**. Proterozoic [Mg>*] and [Ca*'] are difficult to constrain, and the ratio
of Mg:Ca likely fluctuated throughout the Proterozoic (Riding 1982;
Kazmierczak et al. 2016). Therefore, we used modern seawater as a
starting point and tested starting concentrations of 50 mM Mg>" (condition
1) and 10 mM Ca®* (condition 2). For each condition, we first titrated the
artificial seawater to a pH of 8.5-9 using NaOH and then added additional
Mg or Ca*" in the form of stock solutions of a 0.4 M Mg solution (made
with MgSO,4) and a 1 M Ca solution (CaCl,) until precipitation was
observed. Control conditions contained no Mg>" or Ca>". We assessed the
degree of silica polymerization aided by cations by measuring [SiO;]
before and after cation addition using the molybdate blue spectrophoto-
metric assay after filtration through 0.05 pm polycarbonate filters
(Strickland and Parsons 1972). Precipitates were collected by filtration
through 0.2 um polycarbonate filters that were then mounted on SEM
stubs, and imaged and analyzed by SEM/EDS (see methods above) and
deep-UV Raman Spectroscopy at the NASA/Caltech Jet Propulsion
Laboratory. Deep-UV Raman measurements were done with 248.6 nm
excitation using a custom-made spectrometer named MOBIUS (see
Razzell Hollis et al. 2021 for a detailed description of the instrument).
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Measurements were performed using an average laser energy of 1.7 pJ/
pulse, 1200 pulses per acquisition, and 25 acquisitions were obtained to get
a representative average spectrum. The purpose of these experiments was
to observe whether silica could precipitate from seawater in the absence of
Mg>" or Ca®", and to constrain the minimum concentrations of Mg>" or
Ca®" that were necessary to initiate silica precipitation. Experiments were
conducted in sterile 50 mL Falcon® Centrifuge Tubes at room temperature
and pressure and were conducted under sterile conditions with no cells or
organic compounds.

RESULTS
Characterization of Kerogen by Microscopy and Raman Spectroscopy

Reflected light photomicrographs and scanning electron micrographs of
samples from all formations show that, although some contain well-
preserved coccoidal and filamentous fossils and large clots of kerogen,
only small patches of kerogen are exposed at the fracture or thin section
surface. In backscattered electron (BSE) images, kerogen domains appear
as fluffy, amorphous, dark regions that are generally less than 10 um across
in any dimension (Fig. 2). These regions are distinct in color and texture
from the angular microcrystalline chert matrix that surrounds them. EDS
chemical maps and spot analyses of amorphous domains confirm that they
are carbon-rich (Fig. 2) and distinct from the angular carbonate minerals
that sometimes punctuate the chert and have higher intensity Ca and Mg
peaks relative to the C peaks. On freshly fractured surfaces, the three-
dimensional clots of kerogen are visible and highlight the contrast between
the dark, amorphous, globular organic material and the angular, cleaved
minerals that surround them (Fig. 2). BSE images of polished sections
reveal smaller kerogenous domains—showing only a cross section through
the domains similar to those observed in reflected light—and illustrate the
grain boundaries of the micro- or cryptocrystalline quartz with the kerogen
embedded within the matrix (Fig. 2).

Raman spectra from dark regions in all four chert samples display
distinct peaks at ~ 1360 cm™" and ~ 1600 cm ™' (Online Supplemental File
Fig. S2), characteristic of the D (“disordered carbon™) and G (“graphitized
carbon”) bands characteristic of kerogen. The two respective bands
represent the more amorphous and more crystalline components of the
kerogen’s macromolecular carbon and relate to its thermal maturity
(Delarue et al. 2016). Spectra from spot analyses in the youngest
formations (the Balbirini Dolomite and the Debengda and Kotuikan
formations) reveal higher intensity G band peaks compared to the D band
peaks, which are broad with shoulders at higher (the D6 band at ~ 1440
em') and lower (D5 band at ~ 1260 cm™') Raman shifts (Online
Supplemental File Fig. S2). This suggests that the thermal maturity of the
kerogen is consistent with peak temperatures of ~ 250°C (Henry et al.
2019). Kerogen in the Duck Creek Formation shows almost equivalent
intensity D and G band peaks and both are narrow compared to the broad
D band peaks of kerogen in samples from the younger formations (Online
Supplemental File Figure S2). This suggests that the kerogen is more
thermally mature than that of the younger formations (peak temperatures ~
400°C; Henry et al. 2019), consistent with the age and alteration history of
the Duck Creek Formation.

Fine Scale Analysis of Kerogen

To further characterize the elemental composition and preservation of
the kerogen and surrounding matrix, we analyzed a minimum of 25
kerogenous domains from each formation with high-magnification
imaging and elemental mapping. High-magnification BSE images and
EDS spectra and maps revealed that none of the kerogenous domains from
any of the four chert samples were preserved by micro- or cryptocrystalline
quartz (SiO,) alone. Instead, the organic matrices consistently contain
elevated Ca and Mg content relative to the surrounding micro- or
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Fi6. 2.—SEM BSE images showing organic domains preserved in early diagenetic chert. A) The Balbirini Dolomite. B) The Duck Creek Formation. C) The Debengda
Formation. D) The Kotuikan Formation. Images show organic domains in thin section only for the Balbirini Dolomite because no hand samples were available for fracturing.
For all other formations, an image from a freshly fractured surface shows an organic domain in three-dimensions with the chert crystals surrounding the kerogen and
nanoscopic solid phases embedded in the kerogen (left). Polished thin sections show the organic domains embedded within the chert with sharp grain boundaries of the chert
surrounding the organic matter and nanoscopic phases within the organic domains (middle). EDS spectra (right) reveal the presence of oxygen and silica as well as high
intensity carbon peaks from the organic domains. Small magnesium, calcium, and aluminum peaks are present in the organic domains (blue from freshly fractured surfaces
and purple from polished thin sections). The surrounding chert (red) does not contain the same high intensity carbon peaks and contains very little to no magnesium, calcium,
and aluminum.

cryptocrystalline quartz and are embedded with inorganic, cation-rich  (Figs. 2, 3, Online Supplemental File Figs. S3—S5). The variability in
nanoscopic phases (Fig. 3, Online Supplemental File Figs. S3—S5). The = composition in EDS chemical maps and ~ 1 pm spot analyses show that
nanophases embedded within the kerogen are either angular crystals or  these nanophases contain Mg, Ca, Al, or a combination of these elements
colloidal or rounded particles tens to hundreds of nanometers in diameter  along with Si and the organic C. The variability in the relative intensities of
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FiG. 3.—An example set of BSE images and EDS elemental maps of an organic domain preserved in the freshly fractured surface of the Duck Creek Formation. EDS map
overlays show that the carbon (pink) is spatially correlated with the dark region of the BSE image. Overlays of magnesium (blue) and calcium (yellow) reveal cation
enrichments in the organic material as faint magnesium and calcium maps that follow the organic carbon as well as bright spots of cation-rich nanophases embedded within
the organic domain.

these elements in spots centered on different nanophases suggests that the
phases represent a range of minerals and amorphous phases that may
include carbonates (calcite and dolomite), clay minerals that contain a mix
of Ca, Mg, and Al, and other nanoscopic, cation-rich silicate phases. We
will refer to these collective inorganic, cation-rich, kerogen-bound,
nanoscopic phases as “nanophases”.

In addition to the nanophases, the EDS analyses reveal that the
kerogenous domains themselves are enriched in Ca and Mg. In EDS maps,
organic-cation associations are seen as diffuse enrichments in Ca or Mg
where the Ca and Mg maps are faint but spatially correlate with the
brighter C maps (Fig. 3, Online Supplemental File Figs. S3—S5). Individual
spot analyses of kerogenous material show that they contain Mg, Ca, or a
combination of these elements. It is worth noting that these organic
domains do not show enrichments in other major seawater cations such as
Na or K. The spectra of kerogenous domains are distinct from the spot
spectra of carbonate crystals that punctuate the chert because the former
exhibit higher intensity of the C peaks relative to the Ca and Mg peaks
(Fig. 2). Together, these results indicate that kerogen in these Proterozoic
chert deposits is preserved in association with (1) organic-bound Ca and
Mg and (2) nanophases containing Ca, Mg, and Al.

A statistical analysis of the cation composition of the nanophases and
kerogen-bound Mg and Ca revealed trends in organic-cation associations
across the formations. Of the 25 kerogenous domains analyzed in chert

from the Kotuikan Formation, 64% were Mg- and Ca-enriched, 24% were
enriched in Mg only, and 12% were enriched in Ca only (Fig. 4). The
nanophases embedded within kerogenous domains from the Kotuikan
Formation were diverse, as well, with a high proportion of the 25 domains

Kotukan Formation
Balbirini Dolomite
Debengda Formation

‘ ‘ ‘ Duck Creek Formation

CaMgrich  CaMg-Alrich  Mg-Alrich
nanophase nanophase nanophase

40%
30%
20% |
10% I I
0%
Mg-Skrich

g Caenrichment Mg enrichment Carri
oF

CarM ich 1g-Skrich
enrichment nanophase nanophase

Fic. 4 —Histogram showing the percentages of the 25 organic domains from each
formation that showed Ca enrichment, Mg enrichment, both Ca and Mg enrichment,
and that contained Ca-rich nanophases, Mg-Si-rich nanophases, Ca-Mg-rich
nanophases, Ca-Mg-Al-rich nanophases, and Mg-Al-rich nanophases.
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containing Ca-Mg-Al-Si-rich phases (80% of the 25 domains analyzed),
roughly equivalent proportions containing Mg-Si-rich (48% of the 25
domains analyzed), Ca-Mg-rich (44% of the 25 domains analyzed), and
Mg-Al-Si-rich (44% of the 25 domains analyzed) phases, and some (20%
of the 25 domains analyzed) containing Ca-rich phases (Fig. 4). Overall,
both the kerogen and nanophases in the Kotuikan Formation showed
evidence of Mg enrichment and elevated Ca. The Balbirini Dolomite
showed similarly high proportions of kerogen-bound Ca and Mg, though a
higher proportion of the 25 kerogenous domains analyzed showing both a
Ca and Mg enrichment (80%) and Ca enrichment only (20%) and none
showed only a Mg enrichment (Fig. 4). Domains from this formation
contained dominantly Ca-Mg-rich phases (present in 92% of the 25
domains) and Ca-Mg-Al-Si-rich phases (present in 96% of the 25 domains)
with some rare Ca-rich or Mg-Si-rich phases (both present in 16% of the
25 domains) (Fig. 4). Thus, the Balbirini Dolomite kerogen was
characterized by enrichment in both Ca and Mg within the kerogen and
mineral phases.

In contrast, kerogenous domains from the Debengda Formation are
characterized predominantly by enrichment in Ca and Ca-rich phases. Of
the 25 domains analyzed, 56% showed a Ca enrichment only, 44% showed
both a Ca and Mg enrichment, and none showed only a Mg enrichment
(Fig. 4). Domains were predominantly surrounded by Ca-Mg-Al-Si-rich
phases (present in 84% of the 25 domains) and Ca-Mg-rich phases (present
in 72% of the 25 domains) and some Ca-rich phases (present in 24% of the
domains) (Fig. 4). The 25 kerogenous domains form the shallow subtidal
Duck Creek Formation contained kerogenous domains characterized by
both Ca and Mg enrichments (76% enriched in both Ca and Mg, 20%
enriched in only Ca, and 4% enriched in only Mg) and had roughly
equivalent proportion of domains that contained Ca-Mg-rich and Ca-Mg-
Al-Si-rich phases (present in 84% of the 25 domains) with some Ca-rich
phases (present in 36% of the 25 domains) and rare Mg-Si-rich phases
(present in 8% of the 25 domains) (Fig. 4). These results indicated that
kerogen from the Duck Creek Formation shows both Ca and Mg
enrichment and abundant Mg-Ca-rich phases.

Precipitation Experiments

In seawater that is under or near silica saturation, even when silica
concentrations are elevated through evaporation in peritidal environments,
rapid precipitation may require cations and an initial nucleation step that
precedes large-scale chert development (Krauskopf 1956; Iler 1979;
Hinman and Lindstrom 1996; Rodgers et al. 2004; Orange et al. 2013). To
explore the role of cations in silica precipitation, we conducted
precipitation experiments using artificial seawater with 90 ppm silica
buffered with NaHCOj; and adjusted to pH 8.5-9 with 500 pL NaOH.
Although this pH is elevated compared to modern seawater, we
hypothesized that when silica was undersaturated, the precipitation of
silicates aided by cations would require that the silicic acid (pK* = 9.38;
Hershey and Millero 1986) be deprotonated so that it could interact with
other ions in solution (Tosca et al. 2011). This would be consistent with the
well-documented ability of photosynthesis to locally increase the pH
around a microbial mat (Ludwig et al. 2005) as well as pH increases
associated with other anaerobic metabolisms (e.g., Tosca et al. 2011). Two
conditions were tested, one with a starting concentration of 50 mM Mg>"
(C1) and one with a starting concentration of 10 mM Ca>" (C2).
Equilibrium speciation calculations using PHREEQC (Parkhurst and
Appelo 2013) with thermodynamic data from the Minteq database (Allison
et al. 1991), suggests that under these conditions, silica is present mostly as
fully protonated silicic acid with some (6—7%) deprotonated silica acid and
Mg and Ca are present primarily in the form of non-complexed divalent
cations (Online Supplemental File Table S1).

Before adding Mg”>" and Ca®", no precipitation was observed in the
seawater. When 50 mM Mg>" was added (C1), some precipitation was
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observed, and silica concentrations decreased by 15 *= 1%. When an
additional 10 mM Mg®" was added (total [Mg®"] = 60 mM), more small
white precipitates formed in the seawater and silica concentrations
decreased by 21 = 1%. SEM/EDS analyses revealed that the white,
silica-rich precipitates were masses of nanoscopic, colloidal, Mg-rich silica
particles (Fig. 5). Raman spectra of these precipitates showed a peak at
989.2 cm™' characteristic of a silicate stretch mode (typically 985-1010
em™') and two peaks at 1083 cm ' and 1118.8 cm ™', resembling multiple
broad peaks that have been identified for cation-enriched silicate glasses
which typically fall in the 1050 em™' to 1127 cm™' range (Online
Supplemental File Fig. S6). These peaks together are thus characteristic of
cation-rich silicate (Mysen et al. 1982; Bellot-Gurlet et al. 2004), though
likely nanocrystalline rather than truly amorphous based on the peak
widths which are narrower than would be expected from an amorphous
material. In the second condition, we did not observe precipitates until the
addition of 20 mM Ca®" (total [Ca®'] = 30 mM), at which point white
precipitates formed. Spectrophotometric assays showed an 8 = 2%
decrease in silica concentration after the addition of 20 mM Ca®" while
only a 5 = 3% decrease in silica was measured when only 10 mM Ca was
added. SEM/EDS revealed that the precipitates were mostly Ca-carbonates
with rare Ca-silicates, and Raman spectra again showed peaks at 1008.5
cm™!, representing a silicate stretch mode, and 1086.3 cm™' and 1137.9
cm™!, confirming the presence of nanocrystalline cation-enriched silicates;
(Mysen et al. 1982; Bellot-Gurlet et al. 2004) alongside the carbonates
(Online Supplemental File Fig. S7). PHREEQC modeling confirms that in
C1, the solution is saturated with respect to Mg-silicates like sepiolite and
talc alongside chalcedony (Online Supplemental File Table S1). Although
the phase that we observed is not a crystalline Mg-silicate clay but is
instead closer to a colloidal, nanocrystalline silicate, these results confirm
the strong complexation between silica and Mg. In C2, models confirm
that the solution is saturated with respect to aragonite and calcite alongside
chalcedony (Online Supplemental File Table S1). Thus, for Ca®" to aid in
the polymerization of amorphous or nanocrystalline silicate, it must
compete with calcium carbonate precipitation. By comparison, Mg”" more
readily complexes with silica to precipitate Mg-rich amorphous silicate.

DISCUSSION

Cation Enrichment in Primary Organic Matter Preserved in Early
Diagenetic Chert

Cherts from all four formations host some combination of organic-rich
microbial laminae, microbial body fossils, or discrete domains of kerogen
distributed throughout the chert matrices. The abundance of kerogen
visible in thin sections under transmitted and reflected light (Fig. 1), the
identification of kerogenous domains embedded within the micro- or
cryptocrystalline quartz using SEM/EDS in freshly fractured surfaces and
thin sections (Fig. 2), and Raman spectra that identified kerogenous
materials whose thermal maturity is consistent with the thermal history of
their host rocks (Online Supplemental File Fig. S2; Knoll and Barghoorn
1976; Oehler 1978; Grey and Thorne 1985; Knoll et al. 1988; Sergeev et
al. 1995, 1997; Stanevich et al. 2009; Wilson et al. 2010; Schopf et al.
2015; Henry et al. 2019) support the interpretation that the kerogen studied
here is primary organic material representative of the microbes that
inhabited these peritidal environments.

The presence of kerogen in chert from the Balbirini Dolomite and the
Kotuikan, Debengda, and Duck Creek formations is consistent with the
many previous studies that characterized the microfossils that they preserve
(Knoll and Barghoorn 1976; Oehler 1978; Grey and Thorne 1985; Knoll et
al. 1988; Sergeev et al. 1995, 1997; Stanevich et al. 2009; Wilson et al.
2010; Schopf et al. 2015). However, the ubiquitous presence of diffuse Ca,
Mg, and a suite of inorganic, nanoscopic Ca-, Mg-, and Al-rich phases
within the kerogen was previously undocumented. These cation enrich-
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Fi. 5.—SEM BSE image of precipitates that formed under experimental conditions 1 (left) and 2 (right) after the addition of 60 mM Mg>" and 30 mM Ca>", respectively,
to seawater containing silica. Spectra from each show that the precipitates are primarily composed of Si and O with Mg (left, red) or Ca (right, blue). The precipitates are
composed of nanoscopic colloidal Mg-rich silicate and Ca-rich silicate. In condition 2, Ca-carbonate crystals precipitated alongside the Ca-silicates.

ments and cation-rich phases suggest that kerogen in Proterozoic peritidal
environments was not simply preserved by micro- or cryptocrystalline
quartz but was instead originally stabilized by cation-rich silicate phases
that pre-date extensive chert development. This is consistent with
previously suggested chert precipitation mechanisms that rely on
organic-cation interactions (Moore et al. 2021). Five hypotheses could
explain the cation-organic associations: (1) Ca and Mg represent a primary
component of the organic matrices (i.e., Ca- or Mg-rich organic
compounds produced by some marine microbes in shallow environments);
(2) Organic matter in Proterozoic marine environments effectively
adsorbed and sequestered Mg®" and Ca®" from seawater and promoted
nucleation of nanophases; (3) The nanophases are detrital clays and
carbonates that were trapped and bound by the organic matrices; (4)
Evaporation in peritidal environments locally concentrated silica and
cations and promoted the precipitation of cation-rich minerals; and (5)
Later diagenetic processes introduced cations into the chert after initial
chert formation.

Hypotheses 1 and 2 are difficult to distinguish because both the
biological production of cation-rich compounds (H1) and the sequestration
of cations from seawater by organic compounds (H2) would result in
cation-rich kerogen similar to what we observed by SEM/EDS (e.g., Fig. 3,
Online Supplemental File Figs. S3—S5). Additionally, both explanations
are plausible based on observations of modern marine organisms. Some
modern marine microbes analogous to Proterozoic fossils are known to
produce organic compounds containing cations (H1). For example, modern

marine Spirulina are helically coiled cyanobacteria analogous to fossil
Obruchevella—a cyanobacterial fossil preserved in several Proterozoic
chert deposits (Knoll and Ohta 1988; Butterfield and Rainbird 1998;
Moore et al. 2017a; Shi et al. 2017). The modern organisms produce
calcium spirulan, a calcium-containing sulfated polysaccharide (Lee et al.
1998). These and other cation-containing organic compounds may have
similarly been produced by microbes that inhabited tidal environments
during the Proterozoic.

Hypothesis 2 suggests that negatively charged surface groups in the
extracellular polymeric substances (EPS) readily adsorbed specific cations
from the seawater rather than being produced and exported by microbes as
a primary organic component of their EPS. Previous studies have
suggested that organic surfaces produced by a range of microbes have a
net negative surface charge at circumneutral pH and can bind cations from
solution (especially Mg and Ca; Douglas and Beveridge 1998; Dupraz et
al. 2004; Souza-Egipsy et al. 2005; Krause et al. 2012; Kenward et al.
2013; Perri et al. 2018). Cation-binding capacity of organic surfaces is
largely dependent on the protonation state of the dominant functional
groups in microbial EPS as well as the pH of the solution and the
concentrations of Mg”>" and Ca®". Some studies have even suggested that
certain organic compounds and functional groups more readily bind
cations than others (Kohn 1975; Bernkop-Schniirch and Krajicek 1998;
Ouwerx et al. 1998; Lai et al. 2000; Dupraz et al. 2009; Bontognali et al.
2014; Moore et al. 2021) while other studies have suggested that certain
organic compounds may preferentially bind either Mg®" or Ca®". For
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example, Moore et al. (2021) reported preferential Mg>" binding by
polysaccharide-rich EPS produced by modern analogs of Eoentophysalis,
fossils preserved in the Balbirini Dolomite and Kotuikan Formation
(Oehler 1978; Sergeev et al. 1995).

Whether primary components of the organic compounds (H1), adsorbed
cations incorporated into the organic matrix (H2), or a combination of the
two, the presence of Ca and Mg cations within the kerogen may explain the
precipitation of nanophases around the organic matter, as well as the
precipitation of chert. Although some of the nanophases may have been
trapped and bound particles (H3), the sizes of these phases (< 500 nm) are
much smaller than the detrital carbonate and clay grains present as
inclusions in the chert (> 15 pm). Previous studies have similarly
interpreted nanoscopic phases bound within microbial mats and organic
matter as authigenic (Newman et al. 2016; Perri et al. 2018). In the case of
purely abiotic processes (H4), evaporation would result in concentration of
other major seawater cations within the organic matter and chert (Kolodny
et al. 2005). Similarly, a late diagenetic process (HS) would likely result in
cation enrichment throughout the chert. However, our results show local
enrichments of only Ca and Mg with occasional Al in association with
organic matter. The localized enrichment of Ca, Mg, and Ca-Mg-Al-rich
phases specifically around kerogen and the absence of other species such
as Na, K, or sulfate enrichment in the kerogen indicates that cation
enrichments were not simply a biproduct of evaporation as chert
precipitated abiotically around the organic matter. Rather, the binding of
Ca and Mg may have predated evaporation and contributed to the initial
nucleation of silicate phases. Additionally, the pristine preservation of
microbial body fossils and the dense nature and low permeability of chert
are inconsistent with extensive late diagenetic alteration of the chert. Thus,
we favor either hypotheses 1, 2, or a combination of these to explain the Ca
and Mg associations with the kerogen preserved across these chert
formations. We suggest that these organic-cation associations may have
promoted the precipitation of authigenic nanophases associated with the
organic matter that preserved the biosignatures, as discussed below.

Cation Role in Nanophase Precipitation and Biosignature Preservation

Studies that investigated calcium carbonate and dolomite precipitation
have shown that the adsorption of Mg>" and Ca*" by EPS may play a role
in the nucleation of carbonate minerals (Riding 1991; Knoll et al. 1993;
Douglas and Beveridge 1998; Van Lith et al. 2003; Dupraz et al. 2004,
Braissant et al. 2007; Krause et al. 2012; Bontognali et al. 2014; Daye et al.
2019). It is possible that the specific binding affinity of certain
microorganisms and organic compounds for Mg*" ions may be the key
to lowering the kinetic barrier to dolomite precipitation alongside
metabolic processes like sulfate reduction (Van Lith et al. 2003; Roberts
et al. 2013; Kenward et al. 2013; Bontognali et al. 2014). Similar cation-
influenced mineral precipitation has also been extended to silicate and
chert precipitation. Environmental studies have identified mixtures of
carbonate, silicate, and amorphous phases in the EPS of biofilms from the
sabkhas in Abu Dhabi and suggest that the biofilms adsorb ions like Ca*",
Mg2+, AP, and dissolved silicic acid from solution (Perri et al. 2018).
This is thought to result in the precipitation of nanoscopic authigenic
carbonate, clays, and colloidal silicates ranging from tens to hundreds of
nanometers in diameter (Perri et al. 2018). It has also been suggested that
cations may play a specific role in the nucleation of silica both from
supersaturated (Ferris et al. 1986, 1988; Schultze-Lam et al. 1993;
Konhauser and Ferris 1996; Konhauser et al. 2001) and undersaturated
(Urrutia and Beveridge 1993, 1994; Souza-Egipsy et al. 2005; Moore et al.
2020, 2021) solutions by acting as cation bridges that facilitates the
binding of negatively charged silicic acid by negatively charged organic
surfaces. Abiotic studies have additionally proposed that cations may play
a fundamental role in the polymerization of silica from undersaturated
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solutions even in the absence of organic compounds ( Owen 1975; Iler
1979).

Although the precipitation of micro- to cryptocrystalline quartz and
other pure SiO, phases is most favorable when concentrations are above
saturation and pH < 8-8.5, the formation of cation-rich silica phases from
silica-undersaturated solutions requires a different set of conditions. In
seawater that is undersaturated with respect to silica, silica alone will not
precipitate spontaneously. Indeed, even near amorphous silica saturation,
silica precipitation is minimal and the precipitates are poorly cemented and
often not stable over the course of days as pH and temperature fluctuations
dissolve and reprecipitate the thin, friable films (Shimada and Tarutani
1980; Hinman and Lindstrom 1996; Orange et al. 2013; Wilmeth et al.
2021). However, if the pH is elevated such that some of the silicic acid is
deprotonated and carries a negative charge, Mg and Ca—present as
divalent cations—can aid in polymerization by interacting with silicic acid
(Owen 1975; Iler 1979; Rodgers et al. 2004). Our precipitation
experiments confirm that uncomplexed cations—specifically Mg®™ and
Ca®"—can facilitate the nucleation of cation-rich silica from seawater at
room temperature and pressure when silica concentrations are below
amorphous saturation. As these cations become more concentrated,
progressively more silica precipitation is observed in the form of
nanoscopic silica phases. Past studies have demonstrated that cations like
Na" (Dove et al. 2019) and Ca®" and MgZJr (Dove and Craven 2005)
influence silica polymerization by increasing the nucleation rate of silica
polymers and creating a negative surface charge of the resulting colloidal
silica. Although our experiments showed only the initial phase of poorly
crystalline, cation-rich silica polymerization, a similar initial stage of
polymerization may have played a role in biosignature preservation and
chert development in Proterozoic environments. The rapid initial
polymerization of silica driven by cations could occur on timescales
conducive to the preservation of the organic matter before degradation.
These initial negatively charged phases could then act as nucleation points
to template further silica polymerization and eventual crystallization as the
silica concentrations progressively increased through evaporitic processes.

The need for pH > 7 is consistent with previous studies that assessed
the role of photosynthetic activity in precipitation (Moore et al. 2020,
2021). Photosynthesis as well as other metabolic activity like anaerobic
respiration could have all driven pore water pH to values > 7 (Tosca et al.
2011). These pH values and the requirement for Mg>" and Ca®" at elevated
concentrations suggest an additional role for microbes and organic matter
in this process of rapid, initial mineral nucleation and organic preservation.
If Proterozoic marine concentrations of Mg>™ and Ca*" were near or below
modern seawater, some mechanism may have been necessary to
concentrate these cations locally and facilitate the rapid local polymeri-
zation of amorphous silicate around cells. Based on these results and the
previously demonstrated ability of organic surfaces to sequester and
concentrate cations from seawater, it is possible that microbes in
Proterozoic tidal environments promoted cation-rich silica precipitation
both by elevating local pH beyond 7 and by sequestering cations to locally
concentrate Mg?" and Ca®* enough to polymerize cation-rich silica. These
combined microbial influences on the local chemical environment can
explain the rapid polymerization of amorphous, cation-rich silica around
organic matter. Once nucleated, this organic-bound, cation-rich silica may
have been key to preserving biosignatures before organic matter was
degraded in living, metabolizing microbial mat communities. This could
have been especially important for the preservation of cell sheaths and
envelopes represented by the body fossils that we see today.

Chert Preservation Aided by Cations

Since the discovery of microfossils in chert from the Paleoproterozoic
Gunflint Formation (Tyler and Barghoorn 1954), chert has been recognized
as an exceptional source of information on early life. Its hardness, low
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permeability, and resistance to recrystallization all contribute to chert’s
capacity to preserve organic matter, including microfossils, over long time
spans. Equally, it has long been hypothesized that while chert enables
preservation in the long run, other processes must have aided preservation
during early diagenesis (e.g., Knoll 1985). Based on evidence that suggests
a need for > 300 ppm silica concentrations to precipitate extensive stable,
dense chert development which may take time (Krauskopf 1956; Chan
1989; Hinman and Lindstrom 1996; Orange et al. 2013; Wilmeth et al.
2021), evaporation alone may not have been enough to preserve organic
matter before degradation. Some have suggested that organic material may
act as a template that bonds to silicic acid, initiates silica polymerization,
and leads to its localized nucleation and preservation of organic matter
(Leo and Barghoorn 1976; Knoll 1985; Renaut et al. 1998). We expand
this mechanism and propose that the nucleation of silica and preservation
of organic matter involves not only interactions among organic surfaces
and silica but also cations and cation-rich phases. All of our samples
contain kerogen preserved by cation-rich phases that predate the chert and
likely preserved the kerogen before large-scale formation of amorphous
silica and crystallization of chert. Indeed, these initial cation-rich phases
may have laid the foundation for localized chert precipitation. Once the
initial, amorphous, cation-rich silica nucleated on the organic matter in a
manner similar to the formation of nanocrystalline, cation-rich, colloidal
silica observed in our precipitation experiments, further polymerization of
silica onto those initial nucleation points could proceed as evaporitic or
other processes in these environments increased the concentration of silica
to form large-scale amorphous silica deposits. In this way, the organic
compounds provided a template for amorphous silica to precipitate through
cation interactions. The amorphous precipitates would then dehydrate and
crystallize over time to form the chert that we see today.

Perri et al. (2018) noted that the initial nanoscopic carbonate phases in
microbial mats that colonize hypersaline sabkhas are not pure Mg/Ca
carbonate, but instead always contain some Si and Al. One important
difference between these environments and Proterozoic tidal environments
is that the concentration of [SiO;] in the Proterozoic seawater was likely
much higher than that of the modern sabkhas. Although nanoscopic phases
enriched in Ca and Mg may rapidly form in microbial mats and represent
the first key nucleation step to preserving the organic matter, it is possible
that the constant accumulation and incorporation of silica into these initial
phases may ultimately result in the dominance of chert formation if the
concentration of dissolved SiO, was high enough. Abiotic processes like
evaporation likely concentrated the dissolved silica locally in these
peritidal environments, driving chert formation and maturation after the
nucleation of cation-rich silica phases and the preservation of the
biosignatures. This would explain the prevalence of chert-hosted
biosignatures in peritidal carbonates rather than carbonates that formed
in deeper marine environments.

Cation Variability across Formations

The dominant cations associated with kerogen in each formation
matched the compositions of the nanoscopic mineral phases embedded in
the same organic domains, but there were differences in Mg and Ca
enrichment between formations and depositional environments. Three
formations revealed both Ca and Mg enrichment while the Debengda
Formation showed higher Ca enrichment relative to Mg. The variability in
Ca and Mg in the organic matter and nanophases may reflect slight
differences in the organic surfaces, their cation contents or binding
capacities, the chemistry of the environments where each formed, or a
combination of these biological and abiotic factors at the time of
preservation. Our precipitation experiments reveal that the concentrations
of Mg®" and Ca”" ions in the seawater exert a strong control on the initial
phases that nucleate around organic matter. The prevalence of both Mg and
Ca in organic matter and nanophases preserved in the Balbirini, Kotuikan,
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and Duck Creek cherts suggest that when both Mg and Ca are present, both
may be incorporated into amorphous silica as it precipitates. Although the
addition of Mg*" to silica-rich seawater resulted in rapid precipitation of
Mg-rich silica, Ca*" concentrations had to be concentrated three times
higher than that of modern seawater to form amorphous, cation-rich silica
alongside Ca-carbonate. Thus, the dominance of Ca in the Debengda
Formation suggests the local pore water had a higher Ca®":Mg>" ratio or
total Ca>" concentrations relative to the other environments, allowing for
the precipitation of Ca-rich silicate alongside carbonate. Alternatively, the
microbes that inhabited the peritidal realm in which the Debengda
Formation was deposited may have produced Ca-rich EPS (Lee et al. 1998)
or other organic compounds that preferentially adsorbed Ca from seawater.
Either of these controls, or a combination of the biological and abiotic
factors, could explain the Ca enrichment in the organic matter from the
Debengda Formation.

Post-Depositional Alteration of Authigenic Silicates

The lack of Al associated with the organic matrices in the four chert
formations analyzed in this study suggests that this cation, unlike Ca and
Mg, was not initially adsorbed to organic material. Instead, the consistent
presence of Al-rich phases across all formations while Ca and Mg
enrichments varied suggests that the incorporation of Al may represent a
later stage of diagenesis common to all four environments, but still prior to
bulk chert formation. Studies of modern sediments in the Amazon River
Delta and diagenesis of biogenic silica have found that as opaline silica
dissolves, authigenic clays form through the incorporation of aluminum
into the silica sourced from terrigenous material carried into the ocean
(Dixit et al. 2001; Michalopoulos and Aller 2004). If the incorporation of
Mg and Ca into organic matrices in the Balbirini, Kotuikan, Debengda, and
Duck Creek sediments led to the precipitation of carbonates as well as Ca-
and Mg-rich amorphous silica nanophases, it is possible that secondary
transformation of the amorphous silica phases resulted in the formation of
authigenic clays that contain Ca, Mg, Al, and Si. This would explain the
localization of Al-clays associated with cation-rich silicates in kerogen.
However, this explanation requires a source of AI**. The analyzed chert
deposits generally do not contain abundant detrital siliciclastic material
other than the phases associated with the kerogen, indicating that these
were not siliciclastic-rich depositional environments. It is possible that
local weathering of clays or other detrital Al-rich minerals near these
environments may have resulted in local release of AI*" into the peritidal
environments. This AI’" could rapidly react with the silicates to form
alteration products such as cation-rich silicate clays around organic
surfaces before the extensive precipitation of chert. Studies have
demonstrated the exceptional ability of clays to preserve microbial
organisms in carbonate environments (Moore et al. 2017b) in siliciclastic
environments, some of which are calcium enriched relative to the bulk clay
composition (Kennedy et al. 2002, 2014; Newman et al. 2016, 2017,
Anderson et al. 2020). It is also possible that the localization of Al-silicates
around kerogen reflects preferential binding of rare fluxes of Al-minerals
(e.g., through airborne dust) onto organic surfaces. Whether detrital or
authigenic, the presence of Al-rich phases around the kerogen is consistent
with the preservation of kerogen by clays, especially those that showed
enrichment in calcium (Newman et al. 2016).

CONCLUSIONS

This study reveals a previously unexplored relationship among cations,
silica, and kerogen preserved in Proterozoic chert that helps explain the
exquisite preservation of biosignatures in these deposits. Our results and
previous studies have highlighted the ability of organic compounds to bind
and accumulate cations from solution, the ability of this sequestration
process to promote mineral and nanophase nucleation in and around
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organic surfaces, and the role of cations in the polymerization of silica.
This study adds an important dimension to our understanding of
biosignature preservation. We find evidence for the roles of these
combined biological and abiotic processes in the preservation of organic
matter and microfossils in Proterozoic peritidal environments.

Organic matter preservation in Proterozoic peritidal environments may
have been more complex than the simple formation of chert around
microbial mats. Our chemical analyses of the organic biosignatures and the
associated inorganic nanophases that preserve them show that these
biosignatures are initially preserved by cation-rich phases that subsequent-
ly became encapsulated in chert. Based on the enrichments in Mg and Ca
in the kerogen and the presence of cation-rich carbonate and silicate phases
embedded within the kerogen, we suggest that cations were either a
component of the organic matter or were sequestered by the organic matter
in these environments. The sequestration of cations by organic surfaces and
metabolic activity that increased local pH may have locally concentrated
cations and created microenvironments that favored rapid nucleation and
precipitation of nanophases. This process and the interactions among
organic matter, cations in solution, and silica may have laid the foundation
for organic preservation, stabilizing the organic material rapidly before it
could be degraded and enabling exceptional preservation of organic matter
and microbial fossils in these environments. The organomineral associa-
tions formed during the initial stages likely acted as templates for more
extensive chert development in evaporitic peritidal environments, but the
microbes had to first lay the foundation for their own entombment and
preservation.
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