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ABSTRACT

Meso- to Neoproterozoic peritidal carbonate strata commonly contain early diagenetic chert
deposits that can record evidence of mineral and organic precursors. Exceptional morphologic
preservation can be used to place time constraints on silicification, often indicating silicification
is penecontemporaneous with mat growth. Silica-rich sedimentary deposits have also been
suggested as potential targets for the search for extraterrestrial life on Mars. The chapters in this
dissertation investigate fluid compositions capable of precipitating primary and secondary silica
phases and the extent to which microorganisms are preserved, specifically their morphology and
chemistry, by early silicification. Twenty potential fluid compositions were modeled using
PHREEQC, and the mineral phases capable of precipitating were compared to the mineralogies
observed in thin sections from silicified microbial mats of the Angmaat Formation, Bylot
Supergroup. This model indicates that silica phases were capable of precipitating as primary or
secondary mineral phases over a wide range of fluid chemistries. However, only brine solutions
were capable of precipitating each mineral phase observed in the Angmaat Formation samples,
including amorphous silica and silica gel.

Hydrous silica phases permeate the sheaths of the organisms, which preserves the individual
microorganisms and the complexity of microbial mats. Mat morphologies in the Angmaat
Formation preserve a range of taphonomic states, including well-preserved mats that are
interpreted to reflect the top layers of mats, to poorly-preserved mats that may reflect buried
layers in the mat that were exposed to greater heterotrophic degradation. A taphonomic
assessment of the individual microfossils reveals preserved complexity within the microbial mats
and a new taphonomic assessment technique is introduced to account for the complexity.
Regardless of taphonomic grade, coccoidal microfossils exhibit better preservation than
filamentous mat-building organisms. Differential preservation may be related to the motility of
the organisms.

Organic geochemical characterization of the silicified mats indicates that despite exceptional
morphologic preservation, lipids are not preserved in early diagenetic chert. Lipids, specifically
hopanes and steranes, could be used to elucidate microbial processes active at the time of
silicification and paleoenvironmental conditions. The lack of lipid preservation suggests that
silica-rich low-temperature deposits may not be ideal targets for the search of ancient
extraterrestrial life.
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chromatogram in each of these blanks indicate that contamination was not introduced by the
methods. Siloxanes, where are present in the m/z 74 ion chromatograms, are likely the
result of compounds from the column of the GC. ..o, 152
Figure 3.14 Carbon isotope samples of the mats are grouped by their assigned taphonomic grade.
As samples become less well-preserved, and more unrecognizable, the samples become
with more enriched *3C. More data are required to support this trend. ...............cccoovurvnne. 153
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INTRODUCTION

Early Diagenetic Silicification

Chert commonly occurs as bedded and nodular features and as infillings of cavities in
sedimentary rocks. The ways in which chert form have changed over geologic time (Hesse,
1988; Knauth, 1994; Perry and Lefticariu, 2007). In modern settings, chert formation occurs in
the deep-sea where siliceous tests are concentrated. Siliceous tests, like those made by diatoms,
radiolarians, and sponges, are composed of an amorphous silica phase that ultimately
recrystallizes to more stable micro- and megaquartz phases (Maliva et al., 1989; Knauth, 1994).
However, in the absence of these biogenic silica phases, Proterozoic chert deposits, which occur
as nodules and lenses in peritidal carbonate environments (Maliva and Siever, 1989), represent
the precipitation of silica phases from seawater saturated with respect to silica phases (Siever,
1962; Maliva and Siever, 1989; Maliva et al., 2005).

Proterozoic chert deposits preserve some of Earth’s earliest microfossil assemblages and
commonly contain exceptionally well preserved microbial components (Schopf, 1968; Awramik
and Barghoorn, 1977; Horodyski and Donaldson, 1983; Nyberg and Schopf, 1984; Knoll et al.,
1986; Southgate, 1986; Knoll et al., 1988; Hofmann and Jackson, 1991; Sergeev et al., 1995).
Such preservation has prompted the astrobiology community to consider sedimentary silica
deposits on Mars as potential targets for finding evidence of ancient life on Mars (Cady et al.,
2003; McMahon et al., 2018). Based on petrographic observations of preserved microfossils
(Schopf, 1968; Knoll and Barghoorn, 1975; Knoll, 1985; Bartley et al., 2000), observations of
modern microbial communities (Decho, 1990; Wacey et al., 2010), actualistic studies of

microbial degradation (Bartley, 1996), and artificial fossilization experiments (Oehler, 1976;



Westall et al., 1995), rapid precipitation of silica is required to halt heterotrophic decomposition
of the organisms and preserve the variation in microbial morphologies, caused by taphonomic
alteration, observed in these deposits.

Morphology alone can provide only limited information about ancient ecosystems.
Geochemical data, including lipid biomarkers (Summons et al., 1999; Brocks and Summons,
2003; French et al., 2015), isotopic values (Kilburn and Wacey, 2011; Williford et al., 2013;
Peng et al., 2016; Williford et al., 2016), elemental concentrations and chemistry (Lemelle et al.,
2008; DeGregorio et al., 2009; Qu et al., 2015) and mineral phases (Benzerara and Menguy,
2009) that are associated with preserved microbial assemblages, can provide insight into the
microbial metabolisms that were active at the time of silicification. Paleoenvironmental
conditions can then be inferred from this data (Brocks et al., 2005; Ricci et al., 2014; Brocks et
al., 2017; Gold et al., 2017; Schinteie and Brocks, 2017). To fully understand the extent to which

ancient organisms are preserved, taphonomic variation of microfossils needs to be examined.

Overview of the Present Study

The study outlined in the following chapters was performed to better understand and
constrain environments in which early diagenetic chert was deposited and to investigate the
extent to which microbial organisms and communities are preserved by silicification.
Exceptional preservation of microbial morphologies can be used to place constraints on the
timing of silicification. Sheaths of filamentous microorganisms, as well as coccoidal envelopes
with collapsed cellular material, are commonly preserved in early diagenetic chert samples. The
morphologies of these microbial elements show evidence of having been altered by biologic
decomposition. Documented changes in morphology include the discoloration of envelopes and

sheaths, shrinking of sheaths and envelopes, cell collapse, fragmentation of the filaments,



nucleation/granulation of cellular contents, empty sheaths, and the reduction of cellular envelops
to an amorphous mass (c.f. Bartley, 1996). Much of the morphologic changes occur within 12-15
weeks (Bartley, 1996). Although preserved morphologic data is useful, to fully understand the
processes that were active within the microbial community, and within the depositional
environment organic geochemical data is required.

Only approximately 1% of organic matter is preserved in the rock record (Hayes et al.,
1983; Brocks and Summons, 2003). Organic compounds, including nucleic acids, carbohydrates,
and proteins, are rapidly remineralized in the environment (Tegelaar et al., 1989; Brocks and
Summons, 2003; Arndt et al., 2013) and if these compounds escape remineralization, they are
rarely preserved in the rock record. Instead, recalcitrant molecules, like lipids, accumulate in
sediments and are more likely to be preserved (Hayes et al., 1983; Brocks and Summons, 2003).
The degradation products of lipids, which are used to strengthen the cell wall (prokaryotes have
hopanoids and eukaryotes have sterols), are identifiable in ancient samples. Some of these lipids
are specific to certain organisms and can thus be used to identify microbial processes that were
possibly active within that community.

Chapter One: Proterozoic microbial mats and their constraints on environments of

silicification

This chapter describes a geochemical model created using published compositions of
Proterozoic seawater to better understand the environment of silicification for microfossiliferous,
early diagenetic chert. The model indicates which mineral phases are capable of precipitating at
various pH and CO; concentrations, under evaporative conditions, and with the introduction of
fresh water. The petrographic fabrics, preserved microfossils, and associated mineral phases in

the silicified microbial mats of the Mesoproterozoic Bylot Supergroup placed constraints on



which fluid chemistries best reflect the fluids responsible for the precipitation of early diagenetic
chert phases.

Chapter Two: Taphonomic variability in the 1.1 Ga microbial mats of the Angmaat

Formation, Bylot Supergroup, Baffin Island

This chapter describes the preservation of the individual microfossils within the
microfossil assemblages and microbial mat fabrics preserved in the Angmaat Formation early
diagenetic chert deposits. A taphonomic assessment of the microfossils and overall mat fabric
was preserved to describe the range of microbial taphonomy preserved in these chert samples.
This chapter attempts to determine whether the visual identification of the overall mat
taphonomy is reflected in the individual microfossils that make up the mat fabric. A new method
for taphonomic assessment of thin sections using high-resolution image mosaics is also
described.

Chapter Three: Geochemical Characterization of Preserved Lipids within Silicified

Microbial Mats of the Angmaat Formation

This chapter investigates the extent to which the organisms are preserved in the silicified
mats of the Angmaat Formation. Organic geochemistry techniques were used to determine
whether organic compounds, i.e. lipids, were preserved in organisms entombed by rapidly
precipitating mineral phases like early diagenetic chert. Preservation of organic compounds
within the organic matter could be used to elucidate the microbial physiology and processes that
were active at the time of silicification. New methods for sample preparation, which are meant
to address potential contamination concerns and ensure that the organic material analyzed is

indigenous to the rock, are also presented in this chapter.
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CHAPTER 1
PROTEROZOIC MICROBIAL MATS AND THEIR CONSTRAINTS ON
ENVIRONMENTS OF SILICIFICATION



A version of this chapter was originally published by Ashley R. Manning-Berg and Linda C.
Kah:

Ashley Manning-Berg and Linda C. Kah. “Proterozoic microbial mats and their
constraints on environments of silicification.” Geobiology 15 (2017): 469-483.
Using a PHREEQ-C model, | used published ion concentrations to model Proterozoic seawater
chemistry. Modeled seawater compositions and brines were introduced to a modeled freshwater
composition to see which mineral phases were able to precipitate out of solution. This article was
reviewed by 3 anonymous reviewers and the editor of a special issue of Geobiology. The article
was written by me. The co-author collected the samples that were used to compare preserved
fabrics and mineralogy to the model results. Therefore, she helped me write the geologic

background and clarify the discussion section of the paper. She also edited the article prior to
submission.

Abstract

The occurrence of microfossiliferous, early diagenetic chert in Proterozoic successions is broadly
restricted to peritidal marine environments. Such coastal environments are amongst the most
environmentally variable of marine environments, experiencing both enhanced evaporation and
potential influx of terrestrial fresh waters. To better understand potential conditions under which
silicification occurs, we focus on microfossiliferous early diagenetic chert from the
Mesoproterozoic Bylot Supergroup, northern Baffin Island. Spectacular preservation of silicified
microbial mats, their associated mineral phases, and the petrographic fabrics of the chert itself
require that silicification occurred at the sediment-water interface, penecontemporaneously with
mat growth. In some cases, silica is the primary precipitated mineral phase, and is not associated
with replacement of precursor mineral phases. In other cases, silica deposition includes the
mimetic replacement of carbonate, gypsum, and halite mineral phases. These petrographic
constraints suggest that silicification potentially occurred under a range of fluid chemistries
associated with environmental variability in nearshore peritidal environments. Here we provide
the first direct thermodynamic modeling of hypothetical Proterozoic seawater solutions,

seawater-derived brines, and mixed seawater-freshwater solutions and demonstrate that peritidal



environments are capable of providing a wide range of fluid chemistries under which early
diagenetic silica can both precipitate and replace primary mineralogical phases. Despite the
thermodynamic potential for silica deposition under a wide range of fluid compositions, chert is
not ubiquitous in Proterozoic environments, suggesting that the kinetics of silica polymerization

exert a primary control over deposition.

Introduction

Authigenic quartz is abundant in sedimentary rocks, where it occurs as bedded to nodular
features and as infillings of cavities. The origins of authigenic chert, however, remain uncertain,
in part because, over geologic time, such phases represent a range of formation conditions (see
reviews in Hesse, 1989; Knauth, 1994; Bustillo, 2010). Cenozoic and younger chert results
primarily from the remobilization of amorphous silica (opal-A) from tests of planktonic
organisms and its recrystallization to more stable microcrystalline quartz. Such chert typically
occurs in the deep-sea—often beneath the carbonate compensation depth—where siliceous tests
are most concentrated. Prior to the major evolutionary expansion of siliceous diatoms in the late
Cretaceous (Finkle & Kotrc, 2010), chert deposition in the deep-sea was restricted to scarce
radiolarian oozes (e.g., Dec et al., 1992; Ogg et al., 1992; Aitchison, 1998; Tolmacheva et al.,
2001). More commonly, Paleozoic and Mesozoic chert is linked to carbonate shelf environments
where opal-A is produced and concentrated by siliceous sponges (Clayton, 1986; Maliva et al.,
1989).

By contrast, most Proterozoic authigenic chert occurs as nodules, lenses, and
discontinuous thin beds within peritidal carbonate environments (Maliva et al., 1989; Maliva et
al., 2005; Perry & Lefticariu, 2007). Peritidal chert deposits mark a substantial change in the

environment of chert deposition and suggest critical differences in the mode of deposition. Prior

10



to the late Neoproterozoic evolution of silica-secreting sponges (cf. Brasier et al., 1997; Li et al.,
1998; Love et al., 2009; Sperling et al., 2010), dissolved silica concentrations in seawater are
estimated to have been 1.25-1.45 mM (Siever, 1992). This value is in sharp contrast to
concentrations of 0.07 mM today (Treguer et al., 1995) and potentially allowed the direct
precipitation of authigenic silica from seawater (Maliva et al., 2005; Maliva et al., 1989).
Elevated dissolved silica concentrations, however, appear to have been insufficient to produce
widespread precipitation of silica in marine environments. Current models for silica precipitation
have therefore focused primarily on highly evaporative environments, where increased silica
saturation are hypothesized to overcome kinetic inhibition to precipitation (Maliva et al., 2005;
Perry & Lefticariu, 2007). Alternative models have focused on coastal mixing zones, where an
influx of meteoric waters and associated changes in pH could have driven both dissolution of
precursor mineral phases and chert deposition (Knauth, 1979; Knauth, 1994). Similarly, others
have suggested the importance of microenvironments with variable redox conditions, wherein
oxidation of organic matter (Maliva & Siever, 1989) or H>S gas (Clayton, 1986; Xiao et al.,
2010) would drive a decrease in pH, and promote both carbonate dissolution and silica
precipitation.

Despite a number of potential scenarios in which silicification could occur, details of the
silicification process remain understudied. For instance, the most detailed analysis of Proterozoic
chert (Maliva et al., 2005) relies, in part, on a compilation of data from numerous basins (e.qg.,
Horodyski and Donaldson, 1983; Knoll and Swett, 1984) to define parameters for silicification,
and does not provide details on potential fluid chemistries. To better understand environments of
silicification, here we document early diagenetic chert from a single basin—the Mesoproterozoic

Bylot Supergroup, northern Baffin Island, Nunavut, Canada (cf. Kah & Knoll, 1996; Knoll et al.,
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2013). Spectacular preservation of both microbial mats and their associated mineral phases,
along with petrographic fabrics of the chert itself, allow us to define specific constraints on the
timing and environmental conditions of silicification. We then combine petrographic constraints
with published constraints on the composition of Proterozoic seawater, and use a series of
thermodynamic chemical models, run with PHREEQC, to determine the extent to which the
silicification process may have require modification of local fluids, such as through evaporation

or mixing with fresh water.

Bylot Supergroup Chert

Geological setting and age of the Bylot Supergroup
The Bylot Supergroup contains more than 6 km of unmetamorphosed, and relatively

undeformed Proterozoic sedimentary rock exposed within the fault-bounded Borden basin of
northern Baffin and Bylot islands (Fig. 1.1) (Jackson & lannelli, 1981; Kah & Knoll, 1996; Kah
et al., 1999; Turner, 2009). Three stratigraphic groups—the Eqalulik Group, the Uluksan Group,
and the Nunatsiaq Group—reflect overall basin development. The basal Eqalulik Group is
marked by eruptive tholeiitic basalt flows that reflect initial rifting of the basin. These volcanic
deposits are overlain by a broadly westward-deepening and fining-upward succession of fluvial
to shallow-marine quartz arenite and marine shale (Jackson & lanelli, 1981; Turner, 2009). The
Uluksan Group conformably overlies marine shale of the upper Equalulik Group and consists of
a laterally extensive, yet heterogeneous, package of carbonate-dominated facies. In the lower
Uluksan Group, peritidal microbial- and precipitate-dominated cycles and an associated oolitic
shoal complex of the Angmaat Formation (formerly Society Cliffs Formation of Kah & Knoll,
1996; Kah et al., 1999, 2001) locally interfinger with conglomeratic and coarse-grained arenite

near graben-bounding faults (Fabricious Fjord Formation; Jackson & lanelli, 1981), fault-
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controlled carbonate seep deposits of the Ikpiarjuk Formation (Hahn et al., 2015), shallow
marine carbonate to siliciclastic cycles of the Iqqittug Formation (Turner, 2009), and subtidal
carbonate of the Nanisivik Formation (Turner, 2009). Heterogeneous strata of the lower Uluksan
Group are then overlain, with local unconformity, by subtidal carbonate and carbonate reef
development of the Victor Bay Formation (Narbonne & James, 1996; Sherman et al., 2001). A
tectonically-driven reversal of basin polarity during deposition of the Victor Bay Formation
(Sherman et al., 2002) led to erosional exposure of the western basin prior to deposition of the
fluvial to marine siliciclastic lithologies of the Nunatsiaq Group.

Timing of sedimentation within the Bylot Supergroup is broadly constrained by U-Pb
baddeleyite ages on basalts that both pre- and post-date sediment deposition. Tholeiitic flows
near the base of the Bylot succession provide a maximum depositional age of 1270+4 Ga (Le
Cheminant & Heaman, 1989), and Franklinian-aged dikes that crosscut Bylot Supergroup strata
provide a maximum age of ~723 Ma (Pehrsson & Buchan, 1999). Micropaleontological data
from the Uluksan Group (Hofmann & Jackson, 1991, 1994) suggest that deposition occurred
primarily within the Mesoproterozoic. Inference of a late Mesoproterozoic age is consistent with
both carbon isotope stratigraphy that independently suggests an age between ~1250 and 1100 for
Uluksan Group strata (Kah et al., 1999, 2012), and geochronological data for the Uluksan Group
(1199£24 Ma, whole rock Pb-Pb on carbonate; unpublished data in Kah et al., 2001) and
uppermost strata of the underlying Eqalulik Group (1092+59 Ma, whole rock U-Th-Pb on black
shale; Turner & Kamber, 2012).

Chert facies and their interpretation
Within the Bylot Supergroup, chert facies occur predominantly in the lower Uluksan

Group, and are most abundant east of Milne Inlet (Jackson & lanelli, 1981; Hofmann &
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Jackson, 1991; Kah & Knoll, 1996) in the Iqqgituq and Angmaat formations. Chert within the
Angmaat Formation occurs in a variety of colors, from black to grey, blue, brown, red, green,
and white (Jackson & lannelli, 1981). Variously colored chert occurs largely as ovoid nodules
that are commonly discordant to bedding (Jackson & lannelli, 1981) and rarely preserve
primary petrographic features, although a few, poorly preserved microbial fossils have been
documented (Hofmann & Jackson, 1991). These cherts have been inferred to represent a late
diagenetic phase of silicification. By contrast, black chert, which represents the most abundant
chert, is inferred to be of early diagenetic origin based on ubiquitous microfossil preservation
(Hoffman & Jackson, 1991; Kah & Knoll, 1996; Knoll et al., 2013). Black chert (Fig. 1.2)
occurs as cm-scale irregular lenses and nodules, as well as semi-continuous beds up to 10 cm in
thickness. These nodules and beds are typically conformable to bedding and reflect the
morphology of primary sedimentary textures. In the field, black chert appears to most
commonly occur within microbial facies, including stratiform microbial laminae, tufted
microbial mats, and small domal stromatolites, while only rarely replacing isopachously
laminated fabrics associated with carbonate seafloor precipitates. Tufted microbial mats, in
particular, commonly display an alternation of black-and-white chert (cf. Fig. 1.2C) that reflects
silicification of microbial elements by black chert and infilling of primary void space by
chalcedony (cf. Knoll et al., 2013).

Constraints on timing of silicification

Individual microorganisms and microbial mat fabrics that occur within Angmaat
Formation chert have been well documented (Hofmann & Jackson, 1991; Kah & Knoll, 1996;
Knoll et al., 2013). Angmaat chert preserves various microbial mat communities across a range

of peritidal environments, wherein filamentous communities dominate persistently subaqueous
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subtidal environments and lower intertidal environments, and coccoidal communities, often with
abundant extracellular polymeric substances (EPS) dominate more frequently exposed intertidal
to supratidal environments (cf. Kah & Knoll, 1996; Knoll et al., 2013). These distinct microbial
communities also show wide differences in the taphonomic state (i.e. the preserved morphology)
of the microbial elements (cf. Horodyski et al., 1992; Bartley, 1996). Best-preserved coccoid-
dominated mats record a variety of sheath morphologies intermixed with billowy masses
interpreted as pockets of EPS (Fig. 1.3A). Best-preserved filament-dominated mat fabrics
contain well-preserved microfossils that lack evidence of tearing, folding, or collapse of the
microbial sheaths (Fig. 1.3C). In other cases, particularly within filament-dominated
communities, microbial sheaths reveal various degrees of flattening upon compaction, ultimately
leading to the loss of morphologically distinct mat elements (Fig. 1.3E). Preservation of these
microbial elements provides uniquely strong evidence for penecontemporaneous silicification,
because preserved organic constituents such as filamentous sheaths, coccoidal envelopes, and
EPS decompose over short time scales. Whereas EPS can lose 30 — 50% of its associated carbon
in only days (Decho et al., 2005), more robust sheaths can take weeks to months to become
unrecognizable (Bartley, 1996). Observations of various taphonomic states also indicate that
silicification occurred at or near the sediment-water interface, wherein silicification captured
both the photosynthetic growth surface of microbial mats and zones of compaction,
decomposition, and heterotrophic activity that occur in the lower portions of active microbial
mats (cf. Stal et al., 1985; VVan Gemerden, 1993). An interpretation of penecontemporaneous
silicification is consistent with both experimental fossilization models, which show
permineralization of biofilms initiated in as little as 24 hours (Toporsky et al., 2002) and

stabilization of mineralized coatings over weeks to months (Newman et al., 2016). Early
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silicification associated with microbial mats is also consistent with observed (Bennett & Siegel,
1987) and experimental data (see review in Coradin & Lopez, 2003) that suggest that organic
complexing of silica, particularly by long chain organic molecules, such as polyamines,
polysilines, and polyargenines, or hydroxyl groups associated with microbial biofilms, may play
a critical role in enhancing polymerization and deposition of silica.
Constraints on nature of silicification

Petrographic relationships within early diagenetic chert also provide constraint on the
nature of the silicification process. Many well preserved microbial mat fabrics (e.g., Fig. 1.3A,
C) contain intact pockets of EPS or tightly woven microbial elements, wherein filament sheaths
are in direct contact with each other with no evidence of interfilament mineral phases, such as
carbonate or clay. These uncompacted mat fabrics are typically preserved in uniform,
microcrystalline chert (Figs. 1.3B, D). Compacted filamentous mats similarly show no evidence
of interfilament mineral phases (Fig. 1.3E), although chert often shows differences in crystal size
that broadly correlate to the density of incorporated organic matter (Fig. 1.3F). Differences in
crystal size within chert are similar to that observed in carbonate mineralization outside of the
chert nodules, indicating that both silica and carbonate mineralization occurred during various
stages of mat compaction. Additionally, similar thickness of laminae within silicified and
unsilicified portions of the mat suggest that precipitation of these phases was
penecontemporaneous. In fact, many of the preserved mat fabrics within Angmaat formation
chert can be directly identified in adjacent carbonate (Knoll et al., 2013). Constructional voids
(i.e. voids that are inferred to represent primary features present during mat growth) are also
common within preserved microbial mat fabrics, some of which may represent gas bubbles

(Knoll et al., 2013; cf. Bosak et al., 2010). These voids are associated with infill of chalcedony
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(Fig. 1.4A, B) and, in some samples, with a combination of micritic carbonate, silicified micritic
carbonate, and chalcedony (Fig. 1.4C). Combined, these observations suggest that silica is, in
many cases, the primary mineral phase within microbial mats. Minor silicification of carbonate
contained within constructional voids suggest that environments of silicification were, at least at
times, incapable of the wholesale dissolution and replacement of associated carbonate.

In addition to silica as a primary mineral phase, microbial mats within the Angmaat
Formation chert commonly contain evidence for the mimetic replacement of associated mineral
phases, including detrital carbonate laminae (often containing clasts of microbial mat and
individual torn filament sheaths), microlaminated sea floor precipitated carbonate, and lenticular
gypsum (Fig. 1.5). Samples from elsewhere in the Angmaat Formation also record silicification
of individual halite crystals that occurred without dissolution of surrounding gypsum (Fig. 3F in
Kah et al., 2001). Combined, these observations require that early diagenetic silicification in the
Angmaat Formation reflects a chemical environment (or range of chemical environments)
capable of penecontemporaneous (primary) silica and carbonate deposition, dissolution of
carbonate and replacement by silica, dissolution of gypsum and replacement by silica, and
dissolution of halite (without dissolution of gypsum) and replacement by silica.

Constraints on regional environments of silicification
The ubiquity of microfossiliferous black chert in the Igqgitug and Angmaat formations,
and in particular within the Angmaat Formation, suggests a relationship between the
depositional environment and chert formation. Petrographic evidence for a variety of marine to
hypersaline lithologies is consistent with interpretations of the depositional setting (cf. Kah,
2000; Kah et al., 2001; Turner, 2009). The Iqgitug Formation marks flooding of the Borden

basin and initiation of cyclic carbonate deposition. Carbonate facies are represented by
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stromatolitic and microbially laminated dolostone produced in inner ramp environments under
predominantly normal-marine (Kah et al., 2001; Turner, 2009) to potentially more alkaline
(Hahn et al., 2015) fluids. Inner ramp environments were prone to evaporation, as evidenced by
evaporate nodules within microbially laminated dolostone, rare bedded gypsum, and cataclastic
deposits interpreted as evaporate collapse breccias. Evaporation was most extensive during sea
level lowstands, as evidenced by the capping of bedded gypsum deposits by progradation of
terrigenous red shale. Chert occurs most commonly in microbially laminated facies and, only
rarely, as small nodules within gypsum beds.

The transition to the Angmaat Formation is marked by initiation of an oolitic-intraclastic
shoal west of Milne Inlet (Fig. 1.1) and a landward retreat of terrigenous facies. Exposure of the
oolitic shoal during sea level lowstands resulted in formation of an evaporative lagoon
dominated by a mosaic of low-relief domal stromatolites, thinly laminated microbial carbonate
(often associated with small gypsum nodules), tufted microbial mats, and microlaminated
seafloor cements (Kah, 2000; Kah et al., 2001: Knoll et al., 2013). Mosaic distribution of facies
and the absence of clear meter-scale cycles in inner ramp facies suggest that these environments
may have remained at least partially submerged even when the oolitic shoal complex was
emergent (Kah, 2000), resulting in the potential for a wide variety of marine, evaporative
marine, and mixed marine-fresh water fluid chemistries. Chert abundance increases
dramatically within the Angmaat Formation, although notably only in facies eastward of the
oolitic-intraclastic shoal, suggesting that silicification was directly linked to variable water

chemistries within the inner ramp lagoon.
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Modeling Chemical Environments of Silicification

Geologic and petrographic evidence suggests that early diagenetic silicification occurred
penecontemporaneously with mat growth, and that silica was commonly the primary mineral
phase. This demands that the process of silicification occurred at or near the sediment-water
interface from ambient surface waters. The presence of penecontemporaneous carbonate and
silica mineralization within microbial mats further indicates that at least some fluids may have
been capable of simultaneously precipitating both silica and carbonate phases. The presence of
penecontemporaneous primary silica and carbonate phases places a critical constraint on the
geochemistry of the precipitating fluid, because alkaline pH conditions that most favor carbonate
precipitation promote silica dissolution, while more acidic pH conditions that favor silica
precipitation promote carbonate dissolution. Petrographic evidence that early diagenetic silica
also replaced carbonate (including microlaminated precipitates whose morphology indicates an
aragonitic origin; Kah & Knoll, 1996), gypsum, and halite mineral phases demands that at least
some silica-bearing fluids were also capable of dissolving these various mineral phases. Mimetic
(i.e., fabric retentive) preservation of these disparate mineral phases further indicates that the
dissolution process that occurred during silicification was rate-limited, which suggests that fluids
may have been close to the saturation state for these various mineral phases. When taken
together, these constraints suggest that early diagenetic silicification in the Angmaat Formation
may potentially represent a range of fluid chemistries, rather than a single fluid. In the following
sections, we use geochemical modeling to explore the extent of possible modification of
seawater within nearshore peritidal environments, and the potential role of seawater modification

in the silicification process.
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Constraints on Proterozoic seawater
An obvious limitation to modeling Proterozoic silicification environments is the

availability of data regarding solute concentrations in Proterozoic seawater. As noted previously,
in the absence of silica-secreting organisms, the concentration of dissolved silica (H4SiOa) in the
oceans may have been near 1.4 mM (Siever, 1992), which is near the saturation state for
amorphous silica (Opal-A). Fluid inclusion data can provide additional evidence of the
concentrations of other critical ions (Knauth, 2005; Spear et al., 2014), although these data are
rare for the Precambrian. A hypothetical Proterozoic seawater (Table 1) can be modeled from
fluid inclusion data published by Spear et al. (2014). Data from Spear et al. (2014) are derived
from halite deposits that are approximately 830 million years old and are therefore younger than
the Mesoproterozoic conditions modeled here. Sulfate concentrations of these Neoproterozoic
fluid inclusions closely match predicted concentrations of ~3 mM for the Mesoproterozoic from
Kah et al. (2004) and were thus used for the model solutions. Note that such low sulfate
concentrations result in a mineral evaporation sequence in which gypsum salinities are not
reached until >90% evaporation, which results in gypsum and halite reaching saturation at
approximately the same point. This is consistent with prior observations that suggest greater than

80% evaporation of seawater was required prior to gypsum deposition (Kah et al., 2001).

Other unconstrained parameters include the partial pressure of dissolved gasses CO; and
O, the pH of the ocean, and the temperature and salinity of the Proterozoic ocean. Values of
pCO. proposed by Grotzinger & Kasting (1993) for Archean to Proterozoic time were used to
construct Proterozoic seawater solutions (Fig. 6). Key assumptions made by these authors
include a maximum value of 10%? g/mol of total carbon in the biosphere, and elevated pCO> to
account for the lower solar flux. Elevated pCO further results in elevated marine [HCOz7], which

was considered favorable in this model. Under conditions where [HCOs] > 2 [Ca?'], gypsum is
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limited by the availability of calcium, which has been proposed as an explanation for the paucity
of gypsum in the Paleoproterozoic and Archean. Based on these assumptions, limits on the
composition of the Precambrian ocean suggest that the pH range was between 5.7 and 8.6, with
CO- values ranging from 0.03 — 3 atm (Grotzinger & Kasting, 1993). These values are consistent
with earlier estimates of pCO> suggested by Kasting (1987), as well as a variety of independent
estimates of pCO; for the Proterozoic (see Kaufman & Xiao, 2003; Kah & Bartley, 2004;
Sheldon, 2006; Kah & Riding, 2007).
PHREEQC modeling

In order to explore the consequences of potential seawater modification on the
silicification process, estimated Proterozoic seawater solutions were manipulated in PHREEQC
(Parkhurst & Appelo, 1999). Five different pH and pCO- values (Grotzinger & Kasting, 1993)
were selected and combined with major ion concentrations constrained from fluid inclusions
(Spear et al., 2014). Maximum and minimum concentrations of Ca®* were used because fluid
inclusion data had established a potential range of concentration, resulting in 10 starting
compositions. Model solutions were held at a constant temperature of 25°C and all major ion
concentrations were held constant except for calcium and bicarbonate. HCO3™ was modeled as
equal to two times the concentration of calcium ions in the water (i.e., [HCO3] = 2[Ca?'];
represented by the black line on Fig. 6). Because the Angmaat Formation contains gypsum
deposits, which require that [HCO3] < 2 [Ca?*], HCO3 values used in the models represent a

maximum estimate for Mesoproterozoic seawater.

Each starting seawater solution was speciated using the SOLUTIONS block and treated
as an open system by setting the solutions in equilibrium with pCO2 using

EQUILIBRIUM_PHASES. These solutions were then mixed with a freshwater solution modeled
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from ion concentrations published by Fontes and Matray (1993). Incremental mixtures of
potential seawater fluids and freshwater were modeled, ranging from 100% seawater and 0%
freshwater to 0% seawater and 100% freshwater. Speciation of the resulting solution was
performed, and mineral saturation indices calculated by PHREEQC (based on pH and changes in
pH of the solution with changes in pCOz) were used as indicators of which minerals would be
likely to precipitate or dissolve. In order to account for potential evaporation of primary
depositional fluids, the ten seawater solutions were also evaporated to a point at which gypsum
was capable of precipitating using a forward model. Low sulfate concentrations used in this
model result in gypsum and halite precipitating simultaneously upon evaporation. Evaporative
brines were then incrementally mixed with freshwater. Saturation indices were again used as
indicators of whether a mineral would likely precipitate or dissolve in the resulting solutions. All
reactions were performed in PHREEQC using the wateq4f database which uses the Truesdell-
Jones, or the extended Debye-Huckel equation to calculate activities. This database can be used
for ionic strengths ranging from 0.1 to 2, thereby avoiding issues of the Debye-Huckel equation

use in high ionic strength fluids.

Results and Interpretation of Geochemical Models

A total of 20 waters (10 non-evaporated seawaters and 10 brines) were produced using
the ion concentrations of seawater from a Proterozoic fluid inclusion and varying pCO>
concentrations and pH (Fig. 7). The first model mixes potential seawater compositions with
freshwater, as might be expected in nearshore peritidal environments. The second model takes
into account evidence for evaporation in the Angmaat Formation (cf. Kah et al., 2001) and starts

with evaporative brines and mixes these brines with freshwater (Fig. 8). Results of these mixing
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models are divided into four groups based on salinity and initial calcium concentrations and
tabulated in Tables 1.2 and 1.3.
Group 1 solutions

Group 1 solutions (solutions 1, 3, 5, 7, 9) consist of unevaporated seawater solutions
containing initial calcium concentrations of 9 mmol/kg (Table 1.2). For Group 1 solutions,
carbonate phases (aragonite, calcite, and dolomite) did not precipitate in seawater solutions with
a pH of <6.5 (solutions 1, 3). Even in solutions at pH 6.5 (solution 5), most carbonate phases did
not precipitate. In seawater solutions with pH > 7 (solutions 7, 9), all carbonate phases were
saturated in the initial solution. Aragonite was capable of precipitating until the model reached
>30% freshwater, calcite saturation state was maintained until the model reached >40% input of
freshwater, and the precipitation of dolomite was possible until the solution reached >20%
freshwater. Three silica phases (chalcedony, opal-C, and quartz) were capable of precipitating in
all mixing models, up to 100% freshwater. Solutions remained saturated with respect to silica gel
until the solution was composed of 60% freshwater. Magadiite was able to precipitate in all
Group 1 solutions until freshwater was introduced to the model. For all of the mixing models,
amorphous silica (opal-A) remained undersaturated. Solution 3, which had an initial pCO> of 0.3
and pH of 6, was the only solution to become undersaturated with respect to amorphous silica
when at a 30:70 seawater:freshwater ratio. As expected, the saturation indices for evaporite
minerals (anhydrite, gypsum, and halite) were negative for initial unevaporated seawater
solutions and their mixture with a freshwater solution.
Group 2 solutions

Group 2 solutions (solutions 2, 4, 6, 8, 10) consist of unevaporated seawater with initial

calcium concentrations of 12 mmol/kg (Table 1.3). Potential sweater solutions with an initial pH
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below 6.5 were unable to precipitate carbonate phases at any stage of mixing. These solutions
were undersaturated with respect to carbonate phases but were saturated with respect to silica
phases. Chalcedony, opal-C, and quartz saturation indices were positive in all solutions and
mixing ratios. Solutions became undersaturated with respect to magadiite with >10% freshwater
input; amorphous silica remained undersaturated in all solutions until models (as with Group 1
models); and silica gel remained saturated until mixtures reached >50% freshwater.
Group 3 solutions

Group 3 solutions (solutions 1, 3, 5, 7, 9) consist of seawater solutions containing initial
calcium concentrations of 9 mmol/kg that were evaporated by forward modeling until gypsum
saturation was reached, then incrementally mixed with freshwater (Table 1.2). Evaporation to
gypsum saturation required removal of approximately 93% of the water volume, at which point
all evaporate phases (anhydrite, gypsum, and halite) had positive saturation indices. With the
addition any freshwater, however, all of the solutions become undersaturated with respect to
evaporite phases. With the exception of solution 1, which was undersaturated with respect to
aragonite in all mixing models, all Group 3 solutions were saturated with respect to carbonate
phases, as well as chalcedony, opal-C, quartz, silica gel, magadiite, and amorphous silica, prior
to freshwater mixing. With evaporation, all solutions are able to precipitate amorphous silica.
Depending on the initial pH of the solution, aragonite was capable of precipitating until
>10—60% freshwater input, calcite was capable of precipitating until >10—60% freshwater input,
and dolomite was capable of precipitating until freshwater input of >30—70%. The saturation
indices of chalcedony, opal-C, and quartz remained positive throughout the mixing models.

Solutions were saturated with respect to silica gel until the addition of 70% freshwater.
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Amorphous silica was capable of precipitating until 50% of the solution was composed of
freshwater.
Group 4 solutions

Group 4 solutions (solutions 1, 3, 5, 7, 9) consist of seawater solutions containing initial
calcium concentrations of 12 mmol/kg that were evaporated by forward modeling until gypsum
saturation was reached, then incrementally mixed with freshwater (Table 1.3). Approximately
92% of the water in the modeled system was removed to reach gypsum salinity, at which point
all evaporate phases (anhydrite, gypsum, and halite) were capable of precipitating. As with
Group 3 solutions, the addition of any freshwater to the system causes the solution to become
undersaturated with respect to evaporite. In terms of silica phases, magadiite becomes
undersaturated when freshwater comprises 50—70% of the solution. For all initial solutions,
fluids become undersaturated with respect to amorphous silica once seawater to freshwater ratios
reach 50:50. Silica gel, however, remains saturated in all solutions until 70% freshwater

compositions are reached.

Discussion

Fluid inclusion data for Proterozoic seawater and other published estimates of
Proterozoic pCO., pO, and pH permit a detailed investigation of potential fluid compositions
capable of the silicification of microbial mats and their associated mineral phases. By mixing
several potential seawater solutions and seawater-derived brines with a freshwater solution to
model mineral precipitation at the sediment-water interface, saturation indices of a variety of
mineral phases can be compared to both extant and inferred mineralogies observed within
Angmaat Formation chert. The pH and the initial amount of silica used in the model control the

saturation indices for silica phases. Saturation of carbonate phases are controlled by the pH, and
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the initial pCO- of the solution. A positive saturation index simply means that the phase is
thermodynamically capable of precipitating; it does not guarantee precipitation of that mineral.

Fluids that best match petrographic constraints from Angmaat Formation chert should
initially be saturated with respect to evaporite, carbonate, and silica phases. Constraints
documented here are consistent with earlier descriptions of Meso- and Neoproterozoic chert
fabrics that infer hypersalinity in environments of early diagenetic silicification (Horodyski &
Donaldson, 1980; Knoll, 1985; Butterfield, 2001; Kah et al., 2001; Maliva et al., 2005; Knoll et
al., 2013). The ubiquity of these interpretations lends support to arguments that conditions
present in peritidal environments were required for silica deposition. Similarly, the broad
restriction of early diagenetic chert to evaporative peritidal environments, and comparative
absence in even open marine shallow water environments (cf. Hofmann & Jackson, 1981)
suggests mixing of evaporative brines with freshwater as a critical precursor to silicification.
Models presented here infer addition of fresh water as a mechanism for driving the pH changes
necessary for dissolution of associated mineral phases (see also Knauth, 1994). A fresh water
component is consistent, however with observations of silicified akinetes in a number of
Mesoproterozoic successions (Sergeev et al, 1995; Tomitani et al., 2006; Sharma, 2006).
Akinetes are resting cysts of cyanobacteria that are produced as a result of environmental
stressors, like desiccation and fluctuating salinity, and are common in brackish water
environments (Golubic et al., 1995; Sergeev et al.., 1995; Tomitani et al., 2006).

Replication of the mineral phases and petrographic fabrics observed in early diagenetic
chert of the Angmaat Formation further require a solution capable of (1) precipitation of silica as
a primary depositional phase, (2) penecontemporaneous precipitation of primary carbonate and

silica phases (or, similarly, precipitation of silica without dissolution of associated carbonate
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phases), (3) replacement of halite by silica without dissolution of associated gypsum, (4) mimetic
replacement of gypsum by silica, and (5) mimetic replacement of carbonate by silica. Changes in
both saturation state and pH are key drivers in these modeled solutions. Introduction of
freshwater into the system immediately promotes the dissolution of evaporite phases, and open-
system re-equilibration of fluids under potentially elevated pCO- provides ample opportunity for
fluctuation in pH. The elevated pH required to promote silica dissolution, however, was not
reached in these models, which allowed all solutions to be saturated with respect to certain silica
phases. Overall, model results indicate that chemical environments inherent to the Proterozoic
(e.g., elevated silica concentrations, and elevated pCO2), when combined with a model that
requires silicification to occur at the sediment-water interface, offer a wide range of solutions
capable of producing the mineralogy and textures observed within early diagenetic chert.

It must also be noted that solutions with high initial calcium concentrations also indicate
the potential for magnesite as a primary carbonate phase. Although magnesite was not likely a
common primary phase in the Angmaat Formation, earlier studies have demonstrated that
dolomitization occurred very early in the depositional history of the Angmaat Formation (Kah,
2000). Mg/Ca ratios of 0.54—0.58 in the Angmaat Formation indicate that dolomitization was
near-stoichiometric. Elevated Mg/Ca ratios of 0.68—0.78 in coeval strata of the Hunting
Formation (Kah et al., 1999), however, may indicate the presence of a Mg-rich carbonate phase
such as magnesite.

Ultimately, results of this model are in broad agreement with previous inferences
regarding environments of silicification (Knauth, 1979; 1994; Maliva et al., 2005), and
demonstrates that a wide range of initial seawater solutions are capable of the

penecontemporaneous silicification. It is, however, unlikely that a single solution was
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responsible for all of the variation observed in early diagenetic chert. The wide range of fluid
chemistries capable of reproducing mineralogical phases observed in Angmaat Formation chert
supports origination of early diagenetic chert as a continuum process within these environments.
Additional insight from geochemical models

Initial brine solutions best fit the conditions required to form penecontemporaneous
carbonate and silica phases. Across nearly all pH values, seawater-derived brines were able to
produce primary carbonate, evaporite (gypsum and halite) and silica phases. Furthermore, brines
modeled were also capable of precipitating a range of initial silica phases, including chalcedony,
quartz, amorphous silica (opal-A), opal-C, silica gel, and even Magadiite. Brine models were the
only solutions capable of precipitating opal-A, remained saturated with respect to opal-C despite
the addition of freshwater, and the saturation indices for silica gel remained positive until
solutions are represented by as much as 70% freshwater.

The most soluble phases should always be the first to precipitate from solution; although
Knauth (1979, 1994) suggests the potential of direct precipitation of microguartz from solutions
that exceed 0.06 mM. Precipitation of amorphous and hydrated silica phases is also considered
critical for the exceptional preservation of microfossils (Knoll, 1985). There remains, however,
considerable difficulty in determining the primary phase of precipitated silica because post-
depositional recrystallization (Williams et al., 1985) inhibits retention of primary depositional
fabrics. The original phase of sedimentary-hosted authigenic chert has been variably inferred to
be a silica gel (Oehler, 1976), opal-A or opal-CT (Wise et al., 1972), opal-CT (Maliva & Siever,
1988), or even Magadiite (Schubel & Simonson, 1990). Both the abundance of preserved
microfossils in the Angmaat Formation and their preservation state is unusual (Knoll et al.,

2013), and indicate that chert likely precipitated as either an amorphous silica phase or silica gel.
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Under the alkaline conditions that characterize marine waters, silica is also capable of
being incorporated into magnesium-silicate phases. Modeled mixtures with an initial pH >6.5, as
well as all of the initial brine models were saturated with respect to sepiolite prior to freshwater
mixing, with the exact percentage of fresh water mixing varying between 10—60% for each
starting solution. Sepiolite, a hydrous magnesium silicate clay, is generally considered to be
diagnostic of arid, alkaline environments, and is thus common in many restricted environments
that also precipitate carbonate and sulfate phases (Wollast, 1968; Weaver, 1984; Singer, 1989).
Precipitation of sepiolite is inhibited by the presence of aluminum, which further restricts the
environment of formation to one with minimal siliciclastic influx (Wollast, 1968; Singer, 1989).
It is reasonable to expect that model fluids would be supersaturated with respect to sepiolite as
the model inputs do not consider aluminum. Brine mixtures are also saturated with respect to
talc. Although talc is not common as a sedimentary mineral, it has been previously documented
in Neoproterozoic carbonates (Tosca et al., 2011), and experimental data shows that a hydrated,
talc-like mineral can precipitate from a silica- and magnesium-rich, low aluminum, saline
solution with a pH of >8.7 (Tosca et al., 2011). Upon freshwater influx, however, these phases
readily dissipate. Although Mg-silicate phases are capable of precipitating from model fluids,
clay minerals have not been observed in Angmaat Formation peritidal chert. It is possible that
sepiolite precipitated within the Angmaat Formation and was lost during fresh-water mixing.

Interestingly, our models also suggest magadiite as a possible silica phase. Magadiite, an
amorphous sodium silicate phase, commonly precipitates in alkaline playa lakes (Hesse, 1989,
Schubel & Simonson, 1990). While magadiite is commonly a precursor to chert (Eugster, 1969),

and alkaline water chemistries have been suggested for the Borden Basin by Hahn et al. (2015),
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the reticulate (Hay, 1968) and “toothpaste” (Eugster, 1969) textures associated with magadiite
chert are inconsistent with preserved chert morphologies.

Despite the elevated silica saturation of the Proterozoic oceans that results in a range of
potential crystalline and amorphous silica phases, early diagenetic chert is not ubiquitous in
Proterozoic peritidal environments. This fundamental observation requires consideration of
additional parameters that may have exerted control over polymerization of silica and its ultimate
deposition. At low temperatures, rates of silica polymerization and deposition are generally slow
(Krauskopf, 1956; Coradin & Lopez, 2003). Silica polymerization, wherein silica monomers link
together to form a siloxane (Si-O-Si) bond, is additionally strongly pH dependent, and is
generally greatest at a pH between 6 and 9 (Rothbaum & Rohde, 1979; Coradin & Lopez, 2003).
As polymerization continues, silica gels develop. Rate of gel formation also increases with
elevated salinities (Rothbuam & Rohde, 1979). Together, these observations suggest that
enhanced evaporation in peritidal environments may, by themselves, promote polymerization of
silica.

Polymerization of silica in peritidal environments may also be enhanced by biological
activity within mat substrates. Experimental investigation of microbes common in siliceous hot
springs (cf. Phoenix et al., 2002; Yee et al., 2003; Lalonde et al., 2005) suggest that the
activation energy that inhibits silica precipitation can be reduced in the presence of microbial
surfaces. Reactive sites on the microbial surface, specifically associated with the amine (Kuno et
al., 2011), hydroxyl (Lalonde et al., 2005), and carboxyl functional groups (Westall, 1995;
Renaut & Jones, 2000) create charged surfaces that decrease the energy barrier to silica
precipitation. Precipitation in these cases, however, is restricted to external coatings on

microorganisms. It is not apparent to what extent such charged surfaces contribute to the
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through-going permineralization observed in many Proterozoic microfossiliferous cherts. By
contrast to the direct binding of silica to organic surfaces, organic acids associated with
microbial decomposition have been shown to complex silica (Bennet & Siegel, 1987). The range
of microbial taphonomy preserved within Angmaat Formation chert indicates that organic acids
would have been present within environments of silicification. Concentration of silica through
organic acid complexes may have played a critical role in promoting polymerization of silica in

these environments.

Conclusions

Petrographic relationships within early diagenetic chert provide constraint on the
silicification process. Well-preserved microbial mat fabrics generally lack evidence of
interfilament carbonate, and associated voids are infilled by chalcedony, indicating that silica is
the primary mineral phase responsible for the preservation of the microbial mats. Elements of
microbial fabrics can also be identified in adjacent primary carbonate phases. Detrital carbonate
laminae, microlaminated sea floor carbonate precipitates, lenticular gypsum, and silicified halite
crystals are also mimetically preserved within early diagenetic chert of the Angmaat Formation.
These observations require that early diagenetic chert formed in a range of chemical
environments that were able to precipitate primary silica and carbonate phases, dissolve and

replace carbonate phases with silica, and replace gypsum and halite without dissolving all of the

gypsum.

Constraints placed on Proterozoic seawater, including major ion composition, pH, and
pCO., were used to produce a geochemical model of potential seawater solutions for the Meso-
and Neoproterozoic. These seawater solutions, and associated seawater-derived brines were

mixed with a model freshwater within an open-system surface environment to determine which
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mineral phases were thermodynamically able to precipitate. The geochemical model presented
here, tests the hypothesis of Maliva et al. (2005) that Proterozoic peritidal chert precipitated
directly from seawater in marginal marine environments where evaporation was likely to occur.
All models were able to precipitate the amorphous silica phase opal-C and silica gel,
evaporation, however, was required to produce solutions that were saturated with respect to
sulfate and carbonate phases. Evaporative brines were also able to precipitate opal-A as an
additional amorphous phase. Model solutions were further constrained by mineralogy and
textures preserved within early diagenetic chert. Results suggests that silicification cannot be
constrained to a single fluid type, and that silicification likely represents a continuum of
processes in chemically variable, peritidal environments. Furthermore, despite the
thermodynamic potential for silica deposition, the general scarcity of chert in Proterozoic
environments suggests that the kinetics of silica polymerization—potentially driven by organic

productivity and decomposition—exert a primary control over chert deposition.
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Appendix
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Figure 1.1. Simplified geologic map of the Bylot Supergroup within the Milne Inlet graben
(modified from Knoll et al., 2013), showing locations of strata of the Eqalulik (EQA), Uluksan,
and Nunatsiag (NUN) groups. The Iqqgittug and Angmaat formations range from Tay Sound (TS)
in the east to just west of Tremblay Sound (TB) in the west. The Angmaat Formation west of
Milne Inlet (M) is dominated by oolitic-intraclastic shoal deposits. Black chert is most common
between White Bay (WB) and Tay Sound (TS). Small black circles show localities from which
early diagenetic chert samples were collected from the Angmaat Formation.
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Figure 1.2 Patterns of early diagenetic chert in the Angmaat Formation. (a) Lensoidal to bedded
black chert within irregular, low-relief microbial facies. White laminae represent storm-deposited
micrite drapes. (b) Nodular black chert within microlaminated carbonate precipitate facies.
Within precipitate facies, chert is often centered around rare microbial facies that are marked by
development of depositional relief on the substrate. (c) Early diagenetic chert within tufted
microbial facies. Microbial tufts draped by white micrite are marked by black arrows.
Alternation of black and white chert in the lower part of the image represents silicification of
original organic material and primary void space (see Knoll et al., 2013). (d) Nodular black chert
within tufted microbialite facies. Grey carbonate represents stacked microbial tufts (see Fig.
1.2C) and white represents the partial draping of surface topography by white micrite. Note that
chert nodules track the primary morphology of mat laminae (dotted line). Scale bar is 10 cm in
(@) and 2 cm in (b), (c), and (d).
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Figure 1.3. Common microbial mat fabrics within Angmaat Formation chert. (a) Coccoid-
dominated mat showing concentrations of coccoidal sheaths surrounded by pale regions
interpreted as pockets of EPS. (b) Coccoid-dominated mat in crossed-polars. (c) Tightly woven
filament-dominated mat consisting primarily of Siphonophycus inornatum (thin filaments) and
Eomicrocoleus crassus (thick filaments) (cf. Knoll et al., 2013); contact between adjacent
filament sheaths suggest that the primary mat contained no mineral constituents. (d) Filament-

dominated mat in crossed-polars. (e)
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Figure 1.4. VVoid structures in Angmaat Formation microbial mats. (a) Vertical filamentous
microbial tuft (M) lining the edge of a constructional void. Void is lined with chalcedony
(CHAL), and ultimately filled by late-stage, dolomite (DOLOQO) cement. (b) Mat-to-void fabrics
viewed under crossed-polars. (¢) Constructional voids within a filament-dominated microbial
mat (M) that contain a combination of unsilicified to partially silicified carbonate microspar

(CARB) and chalcedony (CHAL). Scale bar is 250 micrometers in (a) and (b), and 1 mm in (c).
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Figure 1.5. Associated mineral phases within early diagenetic chert. (a) Compacted filament-
dominated mat interlaminated with detrital microbreccia. (b) Detail of microbreccia showing
clasts that reflect transport of microbial mat elements (M). (c) Silicified carbonate precipitate
facies (see Kah and Knoll, 1996; Knoll et al., 2014). (d) Silicified lenticular pseudomorphs after
gypsum (arrows; see also Kah et al., 2001). Scale bar is 250 micrometers in (a), 100 micrometers
in (b) and (c), and 25 micrometers in (d).

Table 1. Major ion concentrations for Proterozoic
seawater and freshwater used in this study.

Element Seawater” Freshwater™
(mmol/kg) (mmol/kg)
Na 456 0.27
K 1 0.05
Mg 50 0.50
SO4 3 0.12
Ca 9-12 0.65
Cl 565 0.23
Si 2 0.54

“from Holland (1974) and Spear et al. (2014) ““from Fontes & Matray (1993)
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[ClolaI] > 10229

[pCO,] < 0.03 atm

[HCO,] < 2[Ca?]
I
6 5

Figure 1.6. Determination of pCO2 and pH values used to model Proterozoic seawater fluids;
modified from Grotzinger and Kasting (1993). White region indicates hypothesized range of
pCO2 and pH conditions for Paleoproterozoic to Archean seawater assuming that [HCO3z] >
2[Ca?"] in marine systems, which would result in an evaporative mineral sequence (cf. Warren,
2006) without gypsum. The same range of pCO. values were used in this manuscript, although
because the Mesoproterozoic Angmaat Formation contains some of earliest extensive gypsum in
the geologic record (Kah et al., 2001), so values (black dots) were chosen that fall along the line
described by [HCO3] = 2[Ca?*]. After the appearance of calcium sulfate evaporate minerals in
the rock record, all seawater compositions should have pH and pCO: values that plot within the
green area.
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Fluid Inclusion Data

Starting Solution with [Ca’*] =9 mmol/kgw‘ |Starting Solution with [Ca?*] = 12 mmol/kgw
pH=5.7 pH=6.0 pH=6.5 pH=7.0 pH=8.6 pH=57 pH=6.0 pH=6.5 pH=7.0 pH=86
pCO,=0.5|[ pCO, =03 |[pCO, =-0.5||pCO, =-1.3||pCO,=-1.5 pCO,=0.5|pCO,=0.3 ||pCO,=-0.5||pCO, =-1.3||pCO, =-1.5
[Solution 1] [Solution 3] [Solution 5 [Solution 7| [Solution 9] [Solution 2| [Solution 4] [Sclution 6] [Solution 8] [Solution 10]

Figure 1.7. Minimum and maximum concentrations of [Ca?*] from fluid inclusion data for the
Proterozoic (Spear et al., 2014) was used to create two starting solutions. To model these
solutions as open systems, compositions were modeled in equilibrium with five different pH and
pCO- values (see Fig. 1.6) to create 10 potential solutions. These ten solutions were then used in
two mixing models. Physical scenarios that drive these two mixing models are illustrated in
Figure 1.8, and model results are discussed in the text and summarized in Tables 1.2 and 1.3.

(a) Model 1 — Sealevel highstand
Fresh water

1 i
Environments of Silicification /\

(b) Model 2 — Sealevel lowstand

Fresh water
input t t
“ Evaporation to brine

M

Environments of Silicification

Figure 1.8. Scenarios for silicification within the Angmaat Formations. Initiation of the
Angmaat Formation is marked by development of a mid-ramp oolitic shoal complex. (a) During
sea level highstands, open marine waters circulate freely across the inner platform, which may
experience modification by freshwater influx. Model 1 (cf. Tables 1.2 and 1.3) examines the
potential for marine and freshwater-modified marine fluids to satisfy constraints for silicification
as determined from petrographic analysis of Angmaat chert. (b) During sea level lowstand,
isolation of inner-ramp environments permits evaporation to gypsum salinity (cf. Kah et al.,
2001). Model 2 (cf. Tables 1.2 and 1.3) examines the potential for marine brines and freshwater-
modified brines to satisfy constraints for silicification as determined from petrographic analysis
of Angmaat chert.
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Table 1.1 Results of fluid mixing models using [Ca?*] = 9 mmol/kg (Spear et al., 2014).

Potential seawater solutions mixed with freshwater*

Fluid Carbonate Phases Evaporite Phases
# Aragonite Calcite Dolomite  Anhydrite Gypsum Halite
1 - - - - - -
3 - - - - - -
5 - - 80:20 - - -
7 70:30 60:40 40:60 - - -
9 60:40 50:50 30:70 - - -
Fluid Silica Phases
# Chalcedony Quartz Opal C Opal A Silica Gel = Magadiite
1 0:100 0:100 0:100 - 40:60 100:0
3 0:100 0:100 0:100 - 40:60 100:0
5 0:100 0:100 0:100 - 40:60 80:20
7 0:100 0:100 0:100 - 40:60 60:40
9 0:100 0:100 0:100 - 40:60 60:40
Potential seawater brines mixed with freshwater*
Fluid Carbonate Phases Evaporite Phases
# Aragonite Calcite Dolomite  Anhydrite Gypsum Halite
1 - 90:10 70:30 100:0 100:0 100:0
3 90:10 90:10 70:30 100:0 100:0 100:0
5 70:30 60:40 50:50 100:0 100:0 100:0
7 50:50 40:60 30:70 100:0 100:0 100:0
9 40:60 40:60 30:70 100:0 100:0 100:0
Fluid Silica Phases
# Chalcedony Quartz Opal C Opal A Silica Gel  Magadiite
1 0:100 0:100 0:100 50:50 30:70 50:50
3 0:100 0:100 0:100 50:50 30:70 50:50
5 0:100 0:100 0:100 50:50 30:70 40:60
7 0:100 0:100 0:100 50:50 30:70 40:60
9 0:100 0:100 0:100 50:50 30:70 30:70

*values depict the greatest degree of mixing (SW:FW) at which a mineral phase has a positive
saturation index; N/A indicates that the mineral phase does not reach saturation in the model.
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Table 1.2 Results of fluid mixing models using [Ca?*] = 12 mmol/kg (Spear et al., 2014).

Potential seawater solutions mixed with freshwater*

Fluid Carbonate Phases Evaporite Phases
# Aragonite Calcite Dolomite  Anhydrite Gypsum Halite
2 - - - - - -
4 - - - - - -
6 100:0 80:20 - - - -
8 50:50 40:60 30:70 - - -
10 40:60 30:70 30:70 - - -
Fluid Silica Phases
# Chalcedony Quartz Opal C Opal A Silica Gel = Magadiite
2 0:100 0:100 0:100 - 40:60 -
4 0:100 0:100 0:100 - 40:60 90:10
6 0:100 0:100 0:100 - 50:50 80:20
8 0:100 0:100 0:100 - 40:60 60:40
10 0:100 0:100 0:100 - 40:60 50:50
Potential seawater brines mixed with freshwater*
Fluid Carbonate Phases Evaporite Phases
# Aragonite Calcite Dolomite  Anhydrite Gypsum Halite
2 90:10 80:20 70:30 100:0 100:0 100:0
4 70:30 70:30 60:40 100:0 100:0 100:0
6 60:40 50:50 40:60 100:0 100:0 100:0
8 40:60 30:70 30:70 100:0 100:0 100:0
10 30:70 30:70 20:80 100:0 100:0 100:0
Fluid Silica Phases
# Chalcedony Quartz Opal C Opal A Silica Gel = Magadiite
2 0:100 0:100 0:100 50:50 30:70 50:50
4 0:100 0:100 0:100 50:50 30:70 50:50
6 0:100 0:100 0:100 50:50 30:70 40:60
8 0:100 0:100 0:100 50:50 30:70 40:60
10 0:100 0:100 0:100 50:50 30:70 30:70

*values depict the greatest degree of mixing (SW:FW) at which a mineral phase has a positive
saturation index; N/A indicates that the mineral phase does not reach saturation in the model.
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CHAPTER 2
TAPHONOMIC VARIABILITY IN THE 1.1 GA MICROBIAL MATS OF
THE ANGMAAT FORMATION, BYLOT SUPERGROUP, BAFFIN
ISLAND

47



Abstract
The complex nature of growth and decomposition in microbial mats results in a broad range in

the quality of microbial preservation. Such taphonomic variability complicates both taxonomic
classification of preserved materials and the interpretation of microbial biomarkers. This study
provides a taphonomic assessment of the silicified microbial mats of the late Mesoproterozoic
(~1.0 Ga) Angmaat Formation, Bylot Supergroup, Baffin Island. The Angmaat Formation
records unmetamorphosed and essentially undeformed, intertidal to supratidal deposition within
an evaporative microbial flat. Early diagenetic silicification records microbial growth and
decomposition across a range of environments from episodically exposed to more persistently
submerged. Here we present the development of a new methodology involving the use of high-
resolution image mosaics to investigate the taphonomy of the microfossils preserved in these
mats. Taphonomic grade is assigned using a classification scheme, modified from that used in
actualistic experiments, that accounts for both the taphonomic preservation state (good, fair,
poor) of individual microfossils as well as the degree of compaction of the overall mat. We show
that various taphonomic states are preserved within the silicified samples, from well preserved
mats interpreted to have silicified during active growth, to highly degraded and compacted mats
that are interpreted to represent preservation during later stages of biological decomposition.
These data indicate that even small changes in the timing of silicification may have substantial
implications for our identification of microbial biomarkers and, therefore, our interpretation of

early Earth ecosystems.
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Introduction

Microbial mats are highly resilient organosedimentary systems (van Gemerden, 1993a;
Sprachta et al., 2001; Dupraz et al., 2009; Franks and Stolz, 2009) in which mat communities
reflect complex microbial ecosystems comprised of photoautotrophic, photoheterotrophic,
chemoautotrophic, and heterotrophic populations (Canfield and Des Marais, 1993; Franks and
Stolz, 2009). These varied populations typically occur in a laminated structure that reflect a
combination of physical and chemical gradients—on the lamiane-scale, as well as within
individual laminae (Van Gemerden 1993; Dupraz et al. 2009)—such as temperature and light
availability, as well as oxygen concentration, pH, and salinity (Dupraz and Visscher, 2005). In
addition to the micro-scale complexity of microbial mats, mats also preserve larger scale
taphonomic differences that reflect the difference in biologic activity between surficial mats (i.e.,
regions of active mat accretion that are dominated by photosynthetic production of organic
carbon) and buried mats (i.e., subsurface mat communities that are dominated by heterotrophic

microbial activity).

The taphonomy of both living (Wacey et al., 2010) and ancient (Bartley, 1996; Bartley et
al., 2000; Wacey et al., 2010) microbial mats is, therefore, also related to biogeochemical
interactions within the microbial mats. Vertical stratification observed in microbial mats results
from the occurrence of functionally different groups of organisms, that reflect changes in
geochemical gradients (Stolz, 2000; Dupraz et al., 2009) and ultimately make up a dynamic
ecosystem (Stal, 2002; Franks and Stolz, 2009). However, an idealized microbial mat (Fig. 2.1)
can be envisioned as having approximately five to six layers (de Wit et al., 1995; Stolz, 2000;
Stal, 2002; Herman and Kump, 2005; Franks and Stolz, 2009). Organisms at the upper surface of

a mat, tend to be associated with dense pigmentation as protection from UV radiation; enhanced
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production of EPS (extracellular polymeric substances) also aids in protection of microbes from
environmental variability, such as changes in salinity or exposure (Stolz, 2000; Stal, 2002). This
grades downward into a broader region dominated by cyanobacteria. Here, oxygen concentration
can be supersaturated as a result of photosynthesis (Franks and Stolz, 2009). Organic matter
produced in these surficial regions provide a ready carbon source for heterotrophic organisms at
deeper levels of the mat (Stal, 2002). In the lower regions of the cyanobacteria-dominated mat,
decomposition depletes oxygen and cyanobacteria are replaced by purple sulfur bacteria and
anoxygenic phototrophic bacteria (Stal, 2002; Franks and Stolz, 2009). Below the purple sulfur
bacteria, where light intensities are insufficient to support photosynthesis, the microbial mat
becomes dominated by green sulfur bacteria. Finally, the lower portion of the mat become
dominated by heterotrophic organisms, which survive off of the transfer of organic carbon
provided by the various microbial species present throughout the layers of a mat (Stolz, 2000).
These regions can be dominated by populations of sulfate reducers, metal reducing microbes, or
methanogens, depending on the composition of pore fluids. With this view in mind, it is easy to
envision that the biological and geochemical gradients within a microbial mat should be reflected
in both the taphonomy of mat components and, potentially, in chemical signatures associated

with preserved materials.

Earth’s earliest microfossil assemblages are commonly preserved by silicification.
Although substantial controversy exists over the biogenicity of the oldest examples (Schopf,
1993; Brasier et al., 2004; Brasier et al., 2005; Schopf and Kudryavtsev, 2012; Wacey et al.,
2016), many Proterozoic cherts contain exceptional preservation of microbial components
(Barghoorn and Tyler, 1965; Schopf, 1968; Awramik and Barghoorn, 1977; Horodyski and

Donaldson, 1980; Horodyski and Donaldson, 1983; Knoll et al., 1988; Knoll et al., 1991;
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Sergeev et al., 1995; Wacey et al., 2012). Because decomposition of cyanobacteria occurs on the
time-scale of days to weeks (Bartley, 1996), the exceptional morphological preservation requires
the rapid cessation of heterotrophic activity, exceptional morphological indicates that
silicification occurred penecontemporaneously with deposition and prior to the neomorphic
recrystallization of mineral phases that can physically destroy organic structures. Determining
preservation state is, therefore, critical to our understanding of the extent to which biologic
history of materials is accurately preserved. Such understanding is particularly important in light
of efforts to develop unique chemical markers, such as the presence of molecular biomarkers
(French et al. 2015; Manning-Berg et al. in prep.), the microanalytical identification of carbon
sources (cf. Schopf et al. 2008; DeGregorio et al. 2009; Igisu et al., 2009; Qu et al. 2015;
Hickman-Lewis et al. 2017; Guo et al. 2018), and the identification of chemical (Lemelle et al.,
2008; Oehler et al. 2009; Thomen et al. 2014) and mineral phases (Benzerara and Menguy 2009;
Wacey et al., 2012; Che et al. 2013) associated with microbial activity, to identify microbial life

in geological ancient samples.

Here we describe variation in preserved morphology of silicified microbial mats of the
Angmaat Formation, Bylot Supergroup, northern Baffin Island in order to understand the range
of preservation of ancient microbial mats and the mechanisms that drive differences in
preservation. We describe fundamental differences in the taphonomic response mat constituents
and use high-resolution image mosaics of thin sections as a new way to explore the morphology

of these mat fabrics on multiple scales.
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Geologic Setting and Age

Bylot Supergroup
The Bylot Supergroup contains ~6 km of unmetamorphosed and relatively undeformed

sedimentary rock within the fault-bounded Borden basins of northern Baffin and Bylot islands
(Jackson and lannelli, 1981; Kah and Knoll, 1996; Kah et al., 1999; Turner, 2009). Three
stratigraphic groups, the Eqalulik Group, the Uluksan Group, and the Nunatsiag Group, record
overall basin development (Fig. 2.2). The Eqalulik Group is marked at its base by extrusion of
tholeiitic basalts that reflect the initial rifting of the basin. These deposits are overlain by a
westward-deepening and fining-upward succession of fluvial to shallow-marine sandstone and
marine shale of the Adams Sound and Arctic Bay formations (Jackson & lanelli 1981), and
initiation of shallow marine carbonate deposition in the Iqqituq Formation (Turner 2009).

The Eqgalulik Group is overlain by the Uluksan Group, which consists of a series of
distinct carbonate successions. Initiation of the Uluksan Group is marked by sea level rise,
restriction of terrigenous input into the basin, and the formation of several discrete, deep-water
carbonate build-ups associated with fault-derived fluids (Hahn et al., 2015). Primary deposition
of the Uluksan Group is represented by carbonate rocks of the laterally adjacent Angmaat and
Nanisivik formations, and the overlying Victor Bay Formation (Kah, 1997; Sherman et al., 2002;
Turner, 2009; Hahn et al., 2015). The Angmaat Formation, part of the formerly termed Society
Cliffs Formation, is represented by a broad microbial flat bounded to the west by an oolitic shoal.
Periodic subaerial exposure of the ooilitic shoal resulted in restriction and evaporation of
associated nearshore environments (Kah 1997). These deposits are dominated by microbial
dolostones, sea floor precipitates (Kah and Knoll 1996; Kah et al. 2011), and abundant early
diagenetic chert (Knoll et al. 2013; Manning-Berg and Kah 2017). Northwest of the oolitic shoal,

offshore deposits consist predominantly of finely laminated microbial dolostone and are referred
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to as the Nanisivik Formation (Turner, 2009). The upper Uluksan Group is represented by
carbonate ramp (Sherman et al. 2001) and offshore reef (Narbonne and James 1998) deposits of
the Victor Bay Formation. These deposits record evidence of tectonic reactivation of the Bylot
Basin (Sherman et al. 2002), leading to thick, lithologically variable sandstone deposits of the
Nunatsiagq Group.

The age of the Bylot supergroup is broadly constrained to within the late
Mesoproterozoic. Tholeiitic basalts at the base of the Eqalulik Group provide a maximum
depositional age of 1270 + 4 Ma, indicating their emplacement as part of the widespread
Mackenzie igneous event (LeCheminant and Heaman, 1989). Re-Os dating performed on shale
of the Arctic Bay Formation (upper Uluksan Group) and the Victor Bay formation (upper
Uluksan Group) yield ages of 1.048 + 0.012 Ga and 1.046 + 0.016 Ga, respectively (Gibson et al.
2017), confirming a late Mesoproterozoic age for carbonate-bearing strata of the Uluksan Group
that has previously been inferred from chemostratigraphic analysis (Kah et al. 1999; Kah et al.
2012). Although the age of the uppermost Nunatsiaq Group is poorly constrained, crosscutting
dikes that were part of the ~723 Ma Franklin Igneous Event (Pehrsson and Buchan, 1999)
suggest that deposition ended prior to the late Neoproterozoic.

Angmaat Formation chert

Carbonate strata of the Angmaat Formation preserve peritidal microbial- and precipitate-
dominated cycles that grade into an associated oolitic shoal complex (Turner, 2009). Black chert
occurs throughout the Angmaat Formation as cm-scale irregular lenses and nodules, and as semi-
continuous beds up to 10 cm in thickness (Jackson & lannelli, 1981; Kah and Knoll, 1996;
Manning-Berg and Kah, 2017). Chert typically conforms to bedding planes and reflects the

morphology of primary sedimentary textures (Fig. 2.3) Black chert deposits are interpreted to be
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primarily of early diagenetic origin based on ubiquitous microfossil preservation (Hoffman &
Jackson, 1991; Kah & Knoll, 1996; Knoll et al., 2013). Late diagenetic chert is also present as
gray to yellow chert nodules that cross-cut bedding (Fig 3).
Microbial assemblages of the Angmaat Formation

Microbial mat communities of the Angmaat chert are preserved across a range of
peritidal environments, wherein subagqueous subtidal environments and lower intertidal
environments are dominated by filamentous communities, and more frequently exposed
intertidal to supratidal environments are record more abundant coccoidal communities and low-
diversity filamentous communities (Kah and Knoll 1996; Knoll et al. 2013). Mat-building and
mat-dwelling microbial communities are recorded in four distinct microfossil assemblages
(Knoll et al. 2013). Mat building communities consist predominantly of filamentous microbial
sheaths. Small diameter (6-12 um) filaments have been interpreted as the extracellular
polysaccharide sheaths of Lyngbya- or Phormidium-type cyanobacteria and classified as
Siphonophycus sp. (Hofmann and Jackson, 1991; Kah and Knoll, 1996; Kah et al., 1999). Larger
diameter (20-50 um) filamentous sheaths have been assigned to Eomicrocoleus sp. (cf.
Horodyski and Donaldson 1980) and interpreted to be analogous to the extant cyanobacteria
Microcoleus chthonoplastes (Knoll et al. 2013) Coccoidal populations occur as small mat-
dwelling populations and occasionally as primary mat builders. Preserved coccoids are varied in
their composition (Knoll et al. 2013) but consist predominantly of populations of Gloeocapsid-
like cyanobacterial assigned to Eogloeocapsa sp., which consists of multiple coccoids floating
within a single external envelope; and simple, undefined coccoidal populations assigned to
Myxococcoides sp. Additional coccoidal populations can be assigned to Eoentophysalis sp.,

Gloeodiniopsis sp., and Polybessurus sp., all of which have been compared to modern
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cyanobacteria (Knoll et al. 2013). Eukaryotic algae, such as the red alga Bangiomorpha

pubescens (Butterfield, 2000), also occur in several samples.

Methods

Traditional light microscopy was used to investigate the microbial mat fabrics and
individual microfossils preserved in the Angmaat Formation. An Olympus B60 microscope was
used to describe the fabrics of the microbial mats, and to do a preliminary taphonomic
assessment of individual microfossils. Later analyses used image mosaics for taphonomic
assessment (see Technique Development below). A first-order assessment of the preservation of
organic material was then conducted using Raman spectroscopy. Raman spectroscopy was
performed using a Horiba T64000 Raman microscope at the University of Cincinnati. The laser
was set at 458 nm and no filter used during acquisition of the spectra. For each analysis, thirty
spectra were acquired, each for one second, and averaged together. Prior to each analysis the

Raman microscope was calibrated using a silicon chip.

Technique Development

Taphonomic classification and assessment
Taphonomic studies seek to understand how organic remains are incorporated into the

rock record (Behrensmeyer and Kidwell, 1985). Taphonomic studies are used to inform biases
present in the fossil record; to provide constraints on timing for paleoecologic, biostratigraphic,
and evolution studies; and to understand differential preservation of organisms within fossil
assemblages (Behrensmeyer and Kidwell, 1985). Although the data are qualitative, taphonomic
schemes are built on systematic observations used to create descriptive categories into which
organisms are categorized (Behrensmeyer 1978; Bartley 1996). Great care is taken into creating

descriptions to ensure that data can be reproduced.
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The classification scheme used in the current study to assess individual microfossil
morphology is modified from the taphonomic grading scale developed by Bartley (1996). This
taphonomic scale was developed using actualistic taphonomy experiments to specifically
describe changes to cyanobacteria during decomposition. Taphonomic stages in Bartley (1996)
broadly follow divisions outlined by Behrensmeyer (1978) that represent stages of
decomposition that range from immediately post-mortem (i.e. containing evidence of rapidly
degrading tissues), to nearly unrecognizable materials.

The grading scheme developed by Bartley (1996) focused on changes to cell
morphology, trichome articulation, sheath morphology and terminal cell morphology. These
characters were selected for observation based on observations made by Golubic and Hofmann
(1976), Oehler (1976), Hofmann (1976), Knoll and Golubic (1979), and Knoll and Barghoorn
(1975). Five grades were described for each character, with “one” being pristine and “five” being
severely degraded, and one-hundred filaments were scored for each character using a light
microscope. Of these characteristics, however, sheath morphology is the predominant character
applicable to silicified microfossils preserved in the Angmaat Formation. Preferential
preservation of sheaths relative to cellular material is common in both modern (Horodyski et al.
1977; Boon et al. 1981; Bartley 1996) and ancient (Golubic and Hofmann 1976; Hofmann 1976)
assemblages. In the Angmaat chert, preservation of individual trichomes, in or out of sheaths, is
exceedingly rare. Most of the cell morphology observed in the Angmaat Formation mats would
therefore be given a grade of 5 in a taphonomic scheme that includes morphological detail of
cellular trichomes.

To adequately describe the preserved microbial mats of the Angmaat Formation samples,

we applied taphonomic grading schemes at two different scales: at the mesoscale, which defines
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taphonomy on the scale of a thin section and represents the overall taphonomy of a preserved
microbial mar, and at the microscale, which defines the taphonomy of individual microfossils.
At the mesoscale, the prominent taphonomic changes are reflected in a loss of structure

driven by compaction of the microbial mat. Mesoscale fabrics were classified as “good,” “fair,”
or “poor,” based on visual inspection of the thin sections (Fig. 2.4). Thin sections classified as
*good” contain microfossils that are readily visible with only quick visual inspection. These
samples also frequently contain irregularities in lamina thickness that are attributed to differential
growth within the microbial mat and, frequently, contain chalcedony-lined voids that represent
constructional voids (cf. Knoll et al. 2013) within the microbial mat. By contrast, upon a quick
visual inspection, most of the microfossils observed in mesoscale fabrics defined as “fair” were
concentrated in laminae. Individual microfossils could be identified but seemed to exhibit less
variation in morphologies. “Fair” fabrics contain obvious, often differentially pigmented
lamination. Laminae are typically smooth, suggesting a variable degree of compaction of mat
fabrics. Finally, mesoscale fabrics defined as “poor” are typified by an absence of rapidly
identifiable microfossils, highly compacted laminae, and homogenization of organic matter.
When such samples are so strongly pigmented, making them appear nearly opaque in thin
section, they may be referred to as “unrecognizable”.

Taphonomic grades for an individual microfossil are used to describe both filamentous
sheaths and coccoidal microfossils. Microfossils with pristine sheath preservation that exhibit no
compaction, were classified as a taphonomic grade of “good.” Filamentous sheaths classified as
“good” had morphologies without tearing, bulging, or compaction. Coccoidal microfossils

classified as “good” commonly have an outer sheath with a rounded cell wall preserved within

the sheath (Fig 2.5). A grade of “fair” was given to microfossils that showed signs of
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compaction. Commonly, these fossils had collapsed or folded sheaths that include tearing or
bulging. In coccoidal organisms, a grade of “fair” is also indicated by collapse of the cell wall
inside the outer sheath (Fig 2.5). Finally, a grade of “poor” was given to microfossils that have
been heavily distorted by compaction, have lost the morphology of the sheath, and for those
fossils in which the organic matter was homogenized and unrecognizable. In several samples,
homogenized organic matter is present in the thin sections. This material can occur as clumps of
organic material or dispersed throughout a sample. To describe this type of organic matter, the
percent area of unrecognizable organic matter was determined using ImageJ. These taphonomic
grades are commonly used in taphonomic assessments because they allow an entire sample to be
characterized by the proportion of organisms characterized by three categories and are easily
visualized on ternary taphograms (Kowalewski et al., 1995). However, some of the organic
matter is degraded to the point that the original morphology of the microfossils was not able to
be recognized.

Individual microfossils were scored using traditional point counting techniques (Howarth,
1998; Weltje, 2002). The thin sections were moved on the stage in 2 mm increments from right
to left, and from top to bottom of the thin section. At each step, microfossils observed under the

ocular cross-hair were scored as “good,” “fair,” or “poor,” and added to the overall count. In
order to assess the taphonomy of individual microbial mat samples, 600 microfossils were
counted from each sample. A sample size of 600 microfossils provides a 95% confidence level
with a 4% confidence interval (Bartlett et al., 2001). Obtaining 600 counts, however, was not
always feasible. For smaller sample sizes, such as those closer to 150 microfossils, the 95%

confidence level is 8% of the value measured (Bartlett et al., 2001). Using such traditional point

counting techniques, despite the inherent subjectivity in defining taphonomic categories, results
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generally fell within 5% when comparing counts performed on the same thin section on different

days, and counts performed by different people.

During this process, several deficiencies were noted in this traditional point-count
method. First, this method was time-consuming, and it was often difficult to obtain the 600
counts desired in one sitting. Identification of a single microfossil under the ocular cross-hairs
often required adjustment of the focal plane, making it difficult to maintain a uniform focal plane
through the investigation. Finally, it was unclear whether a traditional point-count method
accurately produced a representative picture of the overall fabric of the microbial mat. Any
potential variation within a microbial mat, such as the spatially variable occurrence or
preservation of different mat constituents, may not be recognized with traditional point counting.
Taphonomic analysis using image mosaics

To alleviate difficulties imparted by traditional point-counting, we developed a method of
taphonomic assessment using image mosaics. Image mosaics taken produced on a Leica DFC400
camera attached to a Leica DM6000B microscope in the Astrobiogeochemistry Laboratory
(abcLab) at NASA’s Jet Propulsion Laboratory. For each thin section, 3000-4000 individual
images were taken using a 20X objective. Prior to image acquisition, the borders of each thin
section were delineated in the software, and predictive focus points were set up across the thin
section. White balance was set using a frosted thin section. Image acquisition was performed by
Leica Acquisition Software and images were stitched using the same software. An example of
one of these image mosaics has been uploaded to the GigaPan website and is publicly viewable

(http://gigapan.com/gigapans/52663df35ba394d3ch7110452f8ebce0). Such mosaics allow the user to

view a thin section from a mesoscopic view (e.g. the entire thin section, which allows for the

visualization of the relative amount of silica phases to carbonate phases, the color of the mats in
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the thin section, identification of general lamina structure, constructional voids, etc.) and then to
rapidly zoom to specific regions to identify whether laminae characteristics reflect a fundamental
compositional difference within the fabric. For this study, image mosaics were manipulated
within Photoshop to produce a reproducible method of taphonomic evaluation.
Quadrat sampling

Upon recognizing the difficulties that natural variation within microbial mats introduced
to classifying microfossils, we sought to describe the mat taphonomy in a way that was more
representative of the overall mat fabric. Quadrat sampling is a technique commonly used in
ecological studies to produce an unbiased assessment of populations (Weaver, 1918; Heslehurst,
1971; Kenkel et al., 1989). Specifically, quadrat sampling involves dividing the study area into
discrete regions and collecting data on all components within the quadrat. Such sampling permits
investigation of the common or visually obvious components (e.g. here, either the mat building

constituents, or the most easily recognized components) as well as the rare components.

Because individual image mosaics (~2 GB file sizes) are unwieldy for most imaging
software, mosaics were split into 25 partitions using the photo editing software Gimp 2.8
(www.gimp.org). Each partition is of equal size—20% of the length of the image and 20% of the
width of the image—and represents 4% of the total image. Because images varied in size, a
percentage value is used to define the size of a quadrat instead of using a pixel count. Partitions
were then saved as discrete TIFF files to prevent image compression. Each partition was then
opened in Adobe Photoshop and divided into 64 quadrats by overlaying an 8x8 grid (Fig. 2.6)
using the GuideGuide extension (http://guideguide.me). This method produced a total of 1,600

quadrats per thin section, with an average area of 0.0625%, the area of an individual quadrat.
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A sampling template, created in Microsoft Excel, was used to determine which quadrats
would be analyzed and to track results of taphonomic assessment. Within this file, a random
number generator provided 25 values that correspond to a single quadrat in each of the partitions
to be analyzed, providing a random assessment of the entire thin section. For each quadrat, the
taphonomic state of every microfossil was assessed. Microfossils were noted as filament or
coccoid, and assigned an assessment of good, fair, or poor. If needed, this process could be
repeated, providing assessment of a second or third quadrat in each partition. Subsequent rounds
permitted assessment of variability—with low total counts, one quadrant with extremely well-
preserved microfossils can skew the assessment of the thin section toward better preservation. A
greater number of counts therefore provides an assessment of both individual quadrants and the
preserved microbial mat as a whole. Assessment of individual quadrats continued until at least
600 microfossils were assessed. Once the goal of counting 600 individual microfossils was

reached, the assessment continued until that quadrat was completed.

Results

Taphonomic patterns: filamentous microfossils
Two species of filamentous organisms represent the dominant mat-forming constituents

within Angmaat chert (Knoll et al., 2013) (Fig. 2.7). Small-diameter (6-12 um) filament sheaths
assigned to Siphonophycus sp. are robust and thick-walled, and, when well-preserved, occur as
tightly woven mats and as vertical arrays of filaments that outline constructional voids within the
mat. These simple forms rarely show evidence of either sheath degradation or compaction.
Instead, the primary taphonomic pathway appears to be the gradual loss of pigmentation, which
ultimately inhibits identification of distinct sheaths. This progressive loss of pigmentation from

Siphonophycus-dominated regions correlated to poorly-pigmented regions of the laminated mats
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at the mesoscale (Fig. 2.8). By contrast, large-diameter (20-60 um) filamentous sheaths assigned
to Eomicrocoleus sp. consist of heavily pigmented, thin-walled sheaths. Eomicrocoleus occurs
either sparsely within Siphonphysuc-dominated mat regions, or in concentrated laminae.
Eomicrocoleus —dominated regions undergo substantial compaction prior to any visible
taphonomic alteration of Siphonophycus-dominated regions, resulting in interlamination of thick,
lightly pigmented regions (often containing little-deformed sheaths of Eomicrocoleus sp.)
alternating with thin, heavily pigmented laminae of compacted sheaths of Eomicrocoleus sp.
Taphonomic patterns: coccoidal microfossils

Several coccoidal species are present in the Angmaat Formation mats. Pockets of thin-
walled, ~10 pm-sized coccoids interpreted to be Myxoccoides are seen in some filamentous mats.
These microfossils tend to be well-preserved and maintain a circular to oval shape. In all cases,
specific taxa were only able to be identified as “good” or “fair,” all of the organisms classified as
“poor” can only be recognized as coccoidal or filamentous morphologies (also observed in
Bartley et al., 2000). Eogloeocapsa sp. is also present in coccoidal mats. Well-preserved
examples have 2-4 cells preserved within an envelope. Envelopes commonly rupture and
examples of “fair” microfossils tend to preserve a couple of cells within a remnant of the
envelope, or cells are preserved just outside of the ruptured envelope. Organisms with an
envelope surrounding a cell wall, or dark centers (Fig. 2.8), which is likely the remnant organic
matter from a collapsed cell wall (Bartley, 1996; Toporski et al., 2002) belong to the genus
Gloediniopsis . Well-preserved Gloediniopsis are circular to oval-shaped with a dark circle in the
center of the envelope. When compacted, these fossils are arranged in layers and lose their round
shape with the discrete envelope and dark center pattern. In a poor section of the mat, discrete

individual fossils cannot be identified, and their shape is lost (Fig. 2.9). Coccoidal mats contain a
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lot of lightly-pigmented, structureless regions that surround them; these regions are interpreted as
EPS. Within compacted mat fabrics, Eogloecapsa behave similarly to Gloeodiniopsis and
compact into layers as the envelopes and cells become more oval in shape. Microfossils are more
compacted and individual cells or envelopes are not identifiable in mats containing Eogloecapsa
classified as “poor.” Other coccoidal organisms, like Entophysalis belcherensis (2-5 pm in
diameter) occur in dark patches and are never well preserved (Fig. 2.8). These mats are often
classified as unrecognizable and were assigned a percent area using Image J. Smaller coccoidal
organisms, identified as Sphaerophycus parvum (2-3 um), are abundant in many of the silicified
microbial mats (Fig. 2.8). However, the size of their cell is approximately the size of one to two
pixels on the image mosaics. Ultimately, these coccoids were unable to be included in a
taphonomic account because of their small size. In many of the samples, clusters of these
microfossils were distributed throughout the samples. These fossils seem to keep their spherical
shape during each stage of taphonomy, but little can be determined regarding the ultrastructure
of these organisms from light microscopy.
Results of traditional point-counting

Traditional point-counting methods were first used while developing the methodology to
perform a taphonomic assessment on image mosaics. Results of point counting were then
compared to an assessment of the same sample performed on the mosaic, using the intersection
of gridlines as a proxy for ocular cross-hairs. The results of this comparison are shown in figure
2.10. More microfossils were able to be counted on the mosaic (n=400) than on the thin section
(n=300). In this analysis, 7% of the microfossils counted and scored using the microscopy were
classified as “good,” while 25% and 68% were classified as “fair,” and “poor” respectively.

These percentages were close to those obtained using a point-counting method on an image
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mosaic of the same sample. In this case, 3% of the fossils were characterized as “good,” 28%
were classified as “fair,” and 69% were classified as “poor.” These data indicate that the point-
counting methods are repeatable, and can be translated to image mosaics, although we posit that
such methods are insufficient to address spatial variability within a preserved mat.

Results of quadrat sampling

Data from samples analyzed via the quadrat system are presented on ternary plots
(Figures 2.12-2.19). The average composition was then compared to the preliminary, mesoscale
visual assessment of the sample. Approximately 600 microfossils were classified for seven
samples that represented a range of mesoscale mat fabrics (Table 2.1). To ensure that the quadrat
technique permitted an assessment of variability and was reproducible analyses were first
performed on a single sample, and then a second analysis was performed on the same sample
several weeks later. Additionally, in order to determine the potential counts needed to accurately
assess spatial variability within the mat, a complete assessment, that is, assessing a single quadrat
in each of the 25 partitions, was performed a total of five times. If the random number generator
selected a quadrat from within a partition that had been previously assessed, a new quadrat was
selected by the random number generator. Each round was plotted on a ternary plot to assess the
degree to which spatial heterogeneity affected taphonomic assessment of the entire thin section
(Fig 2.11).

The assessment of individual microfossils was collected in an Excel spreadsheet. Within
this spreadsheet, data are presented as both the number of filaments and the total percentage of
filaments, the number of coccoids and the total percentage of coccoids, and the percentages of
the total microfossil count. Recording data in this way allowed for visualization of the

complexity of the microbial mats at various scales. For example, figure 2.12 shows data for a
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sample (DAC-15) that was visually identified on the mesoscopic scale as taphonomically “good”
prior to the taphonomic assessment. To obtain 609 microfossil counts—here a total of 553
filaments and 56 coccoids—a total of 40 quadrats were included in the classification. Spatial
variability in the taphonomy of the mat is readily noted by plotting individual quadrats on a
ternary plot. In this sample, coccoids within one quadrat is assessed as taphonomically “good”,
coccoids in six quadrats are assessed as taphonomically “poor”, and the other 37 quadrats
preserve coccoidal morphologies that plot within the “good-fair,” “mixed,” and “fair-poor”
regions of the ternary plot (Kowalewski et al. 1995). Filament morphologies for this sample span
the same taphonomic range on the ternary plot, with the average filament classification plotting
within the “fair-poor” region of the ternary plot. The coccoidal organisms in this sample have
values that are influence by more “good” preserved morphologies, and thus most plot within the
“mixed” portion of the ternary plot, as does the average coccoid data (Fig. 2.13).

Samples that were identified as taphonomically “fair” based on mesoscale visual
inspection showed the greatest amount of variability when assessed via individual microfossil
counts. Figure 2.14 shows the results of (DBG-42), which only required that 25 quadrats be
counted in order to obtain the desired 600 microfossils. A total of 659 microfossils were counted;
283 of these were represented by filamentous sheaths, and 376 by coccoids. The microfossil
counts, which includes the number of filaments and coccoids in each quadrat, result in most data
plotting as taphonomically “poor”, with only 2 of the 25 quadrats plotting in the taphonomic
range of “fair-poor”. When focusing on the filamentous data alone, the data plot within the
“poor” taphonomic range (Fig. 2.15a). Coccoid-only data (Fig. 2.15b), range from “fair” to “fair-
poor” preservation. The average taphonomy of all microfossils counts from DBG-42, however,

plots within the “fair-poor” range. Similarly, a second sample (DAC-16) required counting 30
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quadrats to obtain a count of 634 microfossils, including 614 filament sheaths and 20 coccoids.
The total microfossil counts (number of filaments and coccoids) per each quadrat, result in most
data plotting as taphonomically “poor” (Fig. 2.16). When looking at the filamentous data alone
(Fig. 2.17a), all but one plot as “poor.” All but two of the quadrats, displaying the coccoid-only
data for DAC-16, plot in the “fair” and “fair-poor” regions of the ternary plot (Fig. 2.17b)

A sample (DBN-4) that was identified as taphonomically “poor” via mesoscale visual
inspection also shows variation at several scales. A total of 643 microfossils were counted from
25 quadrats. Of the microfossils, 113 were filaments and 510 were coccoids. Total microfossil
assessments per quadrat (Fig. 2.18) vary between taphonomically “fair” to “poor”. The filament
classification plots along the “fair” to “poor” line of the ternary plot (Fig. 2.19a). The coccoids,
however, exhibit more variation, with some of the coccoidal microfossils plot in the “good-fair,”
“mixed,” and the “uneven” range (Fig. 2.19b).

Together data indicate that coccoids exhibit more variability in taphonomic range than
the filamentous sheaths. Coccoidal fossils span taphonomic ranges from “good-fair,” to “fair,”
tor “poor”. By contrast, filamentous sheaths plot in a narrower range of preservation, typically
plotting within “fair-poor” and “poor” regions. These trends are observed regardless of the
taphonomic grade assigned to the mesoscale mat. In general, the mesoscale taphonomic grade
correspond well to the data collected on individual microfossils (Fig. 2.20: all overall fabrics and
the filaments + coccoid averages). Mat fabrics classified as “good” had a higher percentage of
*good” individual microfossils for both coccoidal and filamentous mats. Variation between the
quadrats within one sample plot across the entire taphonomic continuum in the ternary plot (Fig.

2.12: DAC-15 quadrats). The trend of data plotting as “good,” through “good-fair ” and “fair-
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poor,” and ultimately to “poor” is the decomposition pattern observed in actualistic experiments
(Bartley, 1996).
Raman spectroscopy

Raman spectra were collected on ~144 microfossils from a total of 12 mat samples, that
were visually determined to span the taphonomic grades of “good” to “unrecognizable.” When
possible, a “good,” “fair,” and “poor,” example of the microfossils within one mat sample were
chosen for analysis. In some cases, like in mat fabrics identified as “unrecognizable,” the range
of taphonomic preservation did not allow for “good,” or even “fair,” microfossils to be analyzed.
Despite taphonomic variation in mat fabrics from the 12 samples and the individual microfossils
analyzed, the shape and pattern of the Raman spectra were relatively similar (Fig. 2.21). Spectra
show peaks centered around 467.93 cm™, 1331.8 cm™, 1612.74 cm™, and 2937.78 cm™. The
peak around 467 cm™ is a quartz peak (Lazzeri and Mauri, 2003), which is expected because the
chert matrix is quartz. Peaks at 1331.8 cm™, 1612.74 cm™ represent primary kerogen peaks. The
D-band, or the disordered peak, forms at 1331.8 cm™ and the G-band, or the graphite peak, is
represented by the peak at 1612.74 cm™ (Schopf et al., 2005). The D- and G-bands form when
the crystal lattice is disordered. As temperature increases, thermal alteration of kerogen occurs,
which causes the total area below the combined D- and G-bands to decrease as the D-band
becomes sharper and narrower, and the G-band shifts to lower wave numbers (Schopf et al.,
2005; Wacey, 2009). Peaks centered around these Raman shifts, however, minor variation in the
shape of the peaks was observed based on the taphonomic classification of the individual fossil
being analyzed. Fossils classified as “good” or “fair” tend to have D- and G-bands that are
rounded or humped, whereas fossils classified as “fair” or “poor” tend to have slightly sharper

peaks at these Raman shifts with a shoulder to the right of the peak. Raman Index Parameter
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(RIP) values (Schopf et al., 2005) are a measurement of thermal maturity, and were calculated
for all measurement. Angmaat Formation samples all provide a RIP of about 7 (Table 2.2),
where a value of 9 indicates that the preserved organic matter is immature and has not
experienced thermal alteration, and a value of 1 indicates that the organic matter has experienced

substantial thermal alteration (Schopf et al., 2007).

Discussion

Taphonomic analyses using quadrat sampling on image mosaics
Here we present a new sampling methodology for the taphonomic assessment of

microbial mats preserved in early diagenetic chert. Performing an assessment using image
mosaics provides the ability to move rapidly between various scales to better understand the
relationship between primary constituents and the overall fabrics, permits a more discrete
exploration of complex mat fabrics. Several studies have realized the influence of taphonomy
and the importance of understanding variation of chemistry to the preserved morphology for
studies applicable to early life on Earth and extraterrestrial bodies (Williford et al., 2013; Wacey,
2014; Peng et al., 2016; Guo et al., 2018). Image mosaics can provide a detailed framework
within which to explore the relationship between taphonomy and trends in isotopic, elemental, or
molecular geochemistry.

High resolution images also provide the opportunity to rapidly investigate thin sections at
multiple scales, which provides a holistic view of microfossils and the relationship of an
individual fossil to the overall mat morphology. The ability to partition large mosaics, and to
overlay grids for quadrat analysis greatly simplified taphonomic analysis and provides multiple
possibilities for displaying data, depending on the question being addressed. The system is also

modular, making it easy to go back to a sample if assessment of additional quadrats is necessary.
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Finally, image mosaics can be easily shared among research groups with different expertise and
interests.

The greatest difficulty with image mosaics was the size of the raw files, which
overwhelmed standard image processing software. For this reason, the images needed to be
divided into partitions to be accessible using standard software. Other drawbacks include the
fixed focal plane, and limited depth of field for the image. Taphonomic studies performed using
light microscopy often utilize changes the focal plane to determine the three-dimensional
character of a microfossil. With a fixed focal plane, it must be assumed that the portion of the
microfossil that can be seen in the image is representative of the rest of the 3-deminsional
microfossil.

Mat fabrics and implications for biomarker preservation

Microbial mats are complex ecosystems that grow by accretion, with new mat growth
occurring on top of old mat material (Van Gemerden, 1993b; Reid et al., 2000; Stal, 2002),
resulting in the preservation of characteristic laminated textures. As mats grow, the organic
matter produced by photosynthesizing organisms is recycled by heterotrophic bacteria, which
may prevent the preservation of laminations (Stal, 1994, 2002). However, mats are also capable
of precipitating and/or accreting sediment (Reid et al., 2000; Dupraz et al., 2009) which may halt
heterotrophic degradation of organic matter and may ultimately preserve lamination (Canfield
and Des Marais, 1993; Stal, 2002). This highlights the differences that microbial reworking of
organic matter imparts on the taphonomic state of microbial mats, wherein incomplete
degradation of organic matter would produce variation in both the condition of individual
microfossils and overall mat fabrics. Therefore, taphonomy is a crucial component of

Precambrian paleobiology studies and taphonomic processes largely affect the ultimate
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preservation state of a fossil or microbial mat in the fossil record (Schopf, 1975; Knoll et al.,
1988; Bartley, 1996; Bartley et al., 2000; Altermann and Kazmierczak, 2003). In the case of
Angmaat cherts, all samples, despite differences in mesoscale and microscale taphonomic state,
contain individual microfossils that record thermally immature organic matter. This suggests that
taphonomy must be able to be explained by natural processes of microbial growth and
degradation relative to the timing of silicification and not a reflection of post-depositional
thermal alteration.

Filamentous sheaths or coccoidal envelopes are preserved, commonly 3-dimensionally
(Schopf, 1968; Horodyski and Donaldson, 1980; Knoll, 1985; Knoll et al., 2013), in ancient
samples. Cells tend to shrink prior to preservation and coccoid forms shrink to form a mass
within the cell that could be mistaken for an organelle or nucleus (Golubic and Hofmann, 1976;
Horodyski et al., 1977; Francis et al., 1978). These may be referred to as “spot cells” (Toporski
et al., 2002). In filamentous communities, cellular trichomes readily exit, leaving empty sheaths.
It is these empty sheaths that are most commonly preserved in ancient samples (Golubic and
Hofmann, 1976; Hofmann, 1976; Horodyski et al., 1977; Bartley, 1996; Peng et al., 2016).
Horodyski et al. (1977) noted that even in modern microbial mats, less than 0.5% of sheaths
preserved in the lower layers of the mats contained trichomes. In laboratory experiments
involving the silicification of microorganisms, trichomes are also rarely preserved, and if they
are preserved, the trichome is usually found outside of its sheath and severely deformed (Oehler,
1976; Toporski et al., 2002). Cellular decomposition and the loss of cellular material in coccoidal
organisms is also seen in laboratory experiments involving the silicification of bacteria (Toporski
et al., 2002). In both actualistic experiments and ancient samples, accumulations of decomposed

and homogenized organic matter are commonly observed. These accumulations are
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unrecognizable in terms of individual mat constituents. The microbial fabrics observed in the
Angmaat Formation are consistent with these earlier studies.

Overall mat textures of the Angmaat Formation reflect taphonomic processes that acted
differentially on the various microbial constituents. Coccoidal organisms tend to be preserved
across a wider range of taphonomic state, with more examples retaining markers of “good”
preservation. By contrast, filamentous sheaths exhibit a narrower range in preservation, and are
most often classified as “poor” (Fig. 2.4: overall mat morphologies). Within filament-dominated
mats, this trend may result from a bias in taphonomic assessment, where more darkly pigmented
materials are easier to identify and assess. We suggest however, such a bias reflects a
fundamental difference in the taphonomic pathway experienced by Eomicricoleus sp. and
Siphonophycus sp. communities. Eomicrocoleus filaments are often large and very heavily
pigmented, which makes the microfossils easily identified in these mats. Eomicrocoleus sheaths,
however, are relatively thin and readily undergo compaction. Even when the sheaths are
compacted, the strong pigmentation often highlights the sheath boundaries, making it easier to
identify discrete microfossils. By contrast, filamentous sheaths of Siphonophcus sp. readily lose
pigmentation prior to discernable compaction of sheaths. As a result, even though sheaths of
Siphonophycus sp. are the dominant mat-building organism in these samples, they are commonly
not able to be counted because they cannot be clearly identified.

A taphonomic bias also appears to exist between the filamentous sheaths and coccoidal
envelopes. Observations here suggest that the robustness (i.e. the ability to withstand
compaction) of filament sheaths plays a primary role in determining the taphonomic state of
these microfossils. Coccoids may experience a different degradational pathway. Coccoids here

are associated with substantially more EPS than filament-dominated communities. Extracellular
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polymer substances exist as a gel, colloid, or can be present in a dissolved state (Decho, 2000),
having high water contents (Decho, 2010), and are primarily made up of polysaccharides
(Braissant et al., 2009), The role of EPS is to stabilize the microenvironment, promote chemical
gradients to help the microorganisms survive, and protect organisms from dramatic changes in
their environment (Decho, 2000). Regions where EPS is abundant, particularly in the coccoidal
mats, may be more resistant to compaction because of the higher water content, which may allow
coccoidal communities to repair and retain their envelopes even as silicification begins. The EPS
is also able to interact with, and bind ions important during mineral precipitation (Decho, 2010),
and may be more easily permeated during silicification, which would also reduce the potential
for compaction of the coccoidal mat communities. Another potential explanation for the
observed taphonomic variation may reflect the relative motility of the microorganisms within the
silicifying mats. Filamentous communities are highly mobile, migrating upward on diurnal
cycles (Stolz, 2000; Dupraz and Visscher, 2005) and in response to chemical gradients and
changes in light quality and quantity (Stolz, 2000). Furthermore, with mat accretion, trichomes
naturally abandon their sheaths to form new ones at the mat surface (Ortega-Calvo et al., 1991).
Modern mats, as a result, consist primarily of abandoned sheaths (Abed Raeid et al., 2003). We
suggest, as well, that environmental changes and the introduction of environmental stresses—
like the formation of a silica gel around microorganisms—may also force trichomes to abandon
their sheaths. Once the sheaths are empty, they are no longer maintained and are thus more
susceptible to taphonomic alteration (Krylov et al., 1989; Sergeev et al., 2002). Coccoidal
organisms, however, are not motile and do not have the opportunity to leave portions of the mat
that become entombed in silica. Instead, these organisms likely maintain their cellular

components until the silicification process reduces nutrient supply below that necessary for
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maintaining active metabolism, potentially resulting in a broader range of taphonomic states.
EPS production within coccoid-dominated regions may enhance the ability for coccoids to

maintain active metabolism during silicification (Krylov et al. 1989).

Conclusions
The taphonomic assessment of silicified microbial mats within the Angmaat Formation,

Baffin Island demonstrate the preserved complexity of microbial mats in the fossil record.
Variation in preservation was observed at both the mesoscale (thin-section scale) and the
microscale (individual microfossils), across the various taxa of organisms preserved, and
between the morphologies of the individual microfossils. Mat fabrics were visually identified as
*good,” “fair,” or “poor;” these classifications were then compared to the taphonomic assessment
of individual microfossils within the mat. In general, the visual identification of the mesoscale
mat fabric reflected the average composition of the individual microfossil morphologies.
Coccoidal organisms consistently exhibit a wider range of preservation than their filamentous
counterparts, which typically exhibit a narrow range of preservation in the “poor” taphonomic
category. This observation may reflect differences in diagenetic pathways for filamentous
organisms, which are motile and able to abandon their sheaths, and coccoidal organisms that are
non-motile and insulated from changes in their environment by EPS.

Within this study, we also describe a new method for taphonomic assessment of
microfossils using a quadrat template on image mosaics. Despite some issues regarding sample
size and the inability to move through a sample to better identify discrete microfossils, the image
mosaics provide a more holistic view of the relationship of microfossils to overall mat
morphologies. Image mosaics can also provide a template, or base map, for investigation of in-

situ geochemical preservation with taphonomic variation inherent to microbial mats. Such a use
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has far-reaching implications for improving our understanding of preservation in ancient samples

crucial for understanding early ecosystems or even environments on Mars.
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Appendix

Figure 2.1 An idealized microbial mat adapted from Stolz, 2000. Microbial mats typically
consist of five to six layers of various microbial communities that form differently colored
laminae as a result of chemical and light gradients within the mat.
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Figure 2.2 Samples used in this study were collected during a 1993-1994 field season to Baffin Island (A). All of the samples
were collected from the Angmaat Formation (B) within the Bylot Supergroup (C). Here the sample localities are plotted here as
black squares (B).



Figure 2.3 Early diagenetic black chert occurs as thin layers (A) to nodules and lenses (B) in the
carbonate strata of the Angmaat Formation. Later diagenetic chert is also present in these strata,
although they are typically yellow (C) or gray (D) in color.

82



Figure 2.4 Overall mat taphonomy was determined based on quick, petrographic observations.
Uncompacted mat fabrics, with abundant microfossils in vertical and horizontal arrangements
were given the classification of “good.” “Fair” mat fabrics exhibit more compaction and have
obvious, compacted layers that are pigmented light- to dark-brown. Mats labelled as “poor” are
often highly compacted, individual microfossils are not easily, or quickly, identified and
compacted layers are dark-brown to black in color.
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Grade Description Filamentous Example Coccoidal Example

100 pm

. -
* No compaction

Good * Pristine sheath/cell wall
* Morphological details of sheath

e |ittle compaction
Fair « Initial collapse of sheath/cell wall
» Tearing/folding of sheath/cell wall

e Compactional distortion
Poor * Loss of sheath/cell wall morphology
* Homogenization of organic matter

* Homogenized organic matter
Unrecognizable| * Cannot distinguish micofossil
morphology

Figure 2.5 Taphonomic grades of “good,” “fair,” and “poor” were assigned to individual
microfossils. These grades were determined based on the compaction of the microfossil, how
pristine the sheath or cell wall appear (i.e. whether it was torn or collapsed). A subcategory of
“poor” was used for samples that were too darkly pigmented and the organic matter was too
homogenized to determine whether the microfossil had been filamentous or coccoidal. These
samples were labelled as “unrecognizable.”
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25 partitions (A1-E5). Each partition was divided into 64 quadrats. For each partition, a random
number generator in Microsoft Excel was then used to determine which quadrat would be used in
the assessment (1-64).
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Figure 2.7 Two types of filamentous microfossils are observed in the Angmaat Formation mats.
The larger, darker filaments are Microcoleus filaments and are highlighted with the black arrow
in (A) and (B). The dark, compacted layers (B) observed in these mats, are often the result of
bundling of these Micorcoleus sheaths. The white boxes highlight areas were the second
filamentous organisms are easily seen (A and B). These are Siphonophycus filaments, which fade
during mat decomposition and are not able to be counted for taphonomic analyses.
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Figure 2.8 Coccoidal organisms preserved in a microbial mat that is visually identified as “fair.”
Coccoidal microfossils commonly have a cell wall with a dark center, like the Gloediniopsis
(Gds) microfossils preserved in the top right corner. This image also contains Entophysalis (En),
which compose dark patchy areas within a mat and never preserve well. The small (2-3 um) cells
are identified as Sphaerophycus (Sph); however, these fossils are too small for an accurate
description of their taphonomy.
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Figure 2.9 Coccoidal microfossils within “good” or “fair” mats tend to accumulate into layers of coccoidal microfossils as they

decay. When the coccoidal organisms reach the taphonomic grade of “poor” the organic matter becomes homogenized and forms
patches that are almost opaque.
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Figure 2.10 A taphonomic assessment was performed on a thin section using traditional point
counting techniques on the microscope. The thin section was moved in 2 mm increments from
right to left and then down and left to right. Results from this assessment were compared to point
counting on an image mosaic with a grid overlay, where microfossils were counted when they
were under the intersection point of two gridlines.
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Table 2.1. Taphonomic assessment of the microfossils preserved in the Angmaat Formation. Individual microfossils were classified as

“good,” “fair,” and “poor.” Over 600 individual microfossils were counted using the quadrat method and the percent area of

unrecognizable carbonaceous matter was calculated with ImageJ over the entire thin section.

Sample Classification Organisms Total _Total Tota! % | % | % | %area
Counts Filament Coccoid G F P Unrec
DBG-30 Good Coccoidal 658 75 583 20 49 31 13.1
DBG-42 Fair Coccoidal 659 283 376 1 28 71 6.1
DBN-4 Poor Coccoidal 643 133 510 8 34 59 2.0
DAC-15 Good Filamentous 609 553 56 11 35 53 0.5
DAC-24 Fair Filamentous 149 148 1 1 41 58 3.6
DAC-16 Fair Mixed 634 614 20 0 7 93 4.2
DAC-9 Poor Mixed 175* 162 13 0 9 91 2.6

* Microfossils are rare in this sample, and only 175 microfossils were counted after two passes on the thin section.
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Figure 2.11 A taphonomic assessment was performed on the same sample five times. The
assessments were performed on different days to judge the consistency of the observer’s

taphonomic assessment. Different quadrats were counted in each assessment to determine if

using the quadrat sampling technique would provide a more representative assessment of the thin
section.
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Figure 2.12 Taphonomic variation is observed from one quadrat to another. Each triangle on
this ternary plot represents all of the microfossils (filaments and coccoids) that were counted and
scored in one quadrat. To obtain the desired 600 microfossil count, 40 quadrats were counted.
Each number corresponds to the quadrat number. Data show is for a mat taphonomically
identified as "good" (DAC-15). Microfossils in this sample exhibit a wide range of preservation
and plot within several of the taphonomic fields of the ternary plot (Kowalewski et al., 1995).
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Figure 2.13 Quadrat data for DAC-15, a “good” mat fabric, plotted by the taphonomy of
coccoidal microfossils (A) and filamentous microfossils (B) per quadrat. Each of the data labels
represents the number of the quadrat.
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Figure 2.14 Taphonomic assessment of sample DBG-42 by quadrat for a mat fabric that is
taphonomically identified as "fair." Most of the microfossils (coccoidal and filamentous)
preserve within the taphonomic range of “poor.”
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Figure 2.15 Quadrat data for DBG-42 a “fair” mat fabric, plotted by the taphonomy of coccoidal

microfossils (A) and filamentous microfossils (B) per quadrat. Each of the data labels represents
the number of the quadrat.
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Figure 2.16 Taphonomic assessment of sample DAC-16 by quadrat for a mat fabric that is
taphonomically identified as "fair." Most of the microfossils (coccoidal and filamentous)
preserve within the taphonomic range of “poor.”
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Figure 2.17 Quadrat data for DAC-16, which is identified as a “fair” mat fabric, plotted by the
taphonomy of coccoidal microfossils (A) and filamentous microfossils (B) per quadrat. Each of
the data labels represents the number of the quadrat.
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Figure 2.18 Taphonomic assessment of sample DBN-4 by quadrat for a mat fabric that is

visually identified as having a “poor” taphonomic grade. Most of the microfossils (coccoidal and
filamentous) preserve within the taphonomic range of “fair-poor.”
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Figure 2.19 Quadrat data for DBN-4 a “fair” mat fabric, plotted by the taphonomy of coccoidal

microfossils (A) and filamentous microfossils (B) per quadrat. Each of the data labels represents
the number of the quadrat.
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Figure 2.20 Quadrat data six samples with taphonomic grades ranging from “good” to “poor.”
The circles represent the coccoidal microfossil data, which generally have a wider range of
taphonomic preservation. Whereas the square represents filamentous microfossil data. The
filamentous data plots more consistently in the “poor” taphonomic range.
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Figure 2.21 Filamentous microfossils are preserved in various taphonomic states within this
figure. Each box represents a location where a Raman point spectrum was collected. The color of
the Raman spectra correlate to the color box on the figure. Despite the taphonomic grade of the
microfossil, the Raman spectra obtained for each box have similar patterns.

Table 2.2 Raman Index Parameters for the Angmaat Formation are around 7. Values closer to 1
are considered more highly altered samples; whereas values closer to 9 indicate less thermal
alteration (Schopf et al., 2005).

Sample Average RIP Av;zlrja ge n
DBG-30 7.42 0.22 10
DAC-15 6.57 0.27 13
DBG-42 7.34 0.25 13

DBN-4 7.08 0.29 13
DAC-18 6.59 0.23 17
Angmaat 6.97 0.44 66
Average
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CHAPTER 3
GEOCHEMICAL CHARACTERIZATION OF PRESERVED LIPIDS
WITHIN SILICIFIED MICROBIAL MATS OF THE ANGMAAT
FORMATION
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Abstract

Early diagenetic chert deposits are common in Precambrian strata and preserve textural
evidence of primary mineral and organic components. Morphological preservation within early
diagenetic chert has been used to identify both the Earth’s earliest ecosystems in the Archean,
and the timing of evolution of biological complexity (e.g. evolution of eukaryotes, development
of multicellularity) in the Proterozoic. Such morphological preservation has also been used to
suggest that silicious deposits may be effective targets for the search for extraterrestrial microbial
life. Here we address two fundamental questions: (1) to what extent exceptional morphological
preservation is reflected in the preservation of molecular geochemistry of the preserved mats,
which can provide information about both the environment of deposition and the microbial
physiology and processes active at the time of silicification; (2) whether microbial mats that
visually record differences in taphonomic preservation (i.e. are more or less degraded at the time
of silicification) show differences in molecular composition that can be attributed to
heterotrophic microbial activity; and (3) can molecular data be retrieved from samples sizes
consistent with current and developing astrobiological investigation.

Strata of the Mesoproterozoic Angmaat Formation, Bylot Supergroup, record deposition
of microbial mats within an intertidal to supratidal microbial flat. Silicification preserves
microbial growth and decomposition across a range of peritidal environments. Initial organic
characterization showed the presence of a variety of lipids, including n-alkanes, hopanes, and
steranes. Although data resembles that of thermally immature organic matter formed within
hypersaline environments, and is consistent with independent interpretation of depositional
environments, the similarity of lipid signatures between samples indicates possible post-

collection contamination. To rule out such contamination, freshly collected samples were also
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analyzed. Bitumen | and bitumen |1 extractions from these samples revealed no indication of
lipids at concentrations distinguishable from background. Data presented here suggests that early
diagenetic chert may be unsuitable for preservation of lipids, although these lithologies may still

be suitable for analysis of non-lipid biomarkers.

Introduction

Early diagenetic chert deposits are common in Precambrian peritidal carbonate strata.
These deposits preserve evidence of mineral and organic precursors and are therefore important
deposits to our understanding of life on early Earth. Exceptional preservation of microbial
morphologies in early diagenetic chert (Schopf, 1968; Horodyski and Donaldson, 1983; Nyberg
and Schopf, 1984; Knoll, 1985; Knoll and Golubic, 1992; Schopf, 1993; Golubic and Seong-Joo,
1999; Knoll, 2012) has resulted in the suggestion that chert and silicified sediments would be a
good target for the search for life on Mars (McMahon et al., 2018).

The study of microbial assemblages can increase our understanding of the chemical
composition of early Earth environments (Summons et al., 1999; Brocks et al., 2005; Brocks and
Pearson, 2005; Buick, 2008); however, our understanding of the geochemistry is dependent on
the interpretation of preserved biosignatures and the extent to which biosignatures are retained
during preservation (Wacey, 2009; Oehler and Cady, 2014). Investigation of microfossil-bearing
chert has focused primarily on taxonomic identification of preserved organisms (Schopf, 1968;
Horodyski and Donaldson, 1980; Schopf, 1993), or on understanding the taphonomic changes to
morphology and ultrastructure (Bartley, 1996; Bartley et al., 2000; Javaux et al., 2004). Recently,
more attention has been given to chemical fossils, or biosignatures, that may be preserved in

chert deposits, these include isotopic data, bulk and in situ (Williford et al., 2013; Peng et al.,
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2016; Williford et al., 2016; Flannery et al., 2018), the mapping of preserved elements in situ
(Wacey, 2009; Wacey, 2014; Wacey et al., 2016). Molecular biomarkers in chert have been
explored by Derenne et al. (2008) and Qu et al. (2015); however, techniques are still being
created in attempts to accurately describe the molecular preservation preserved in ancient
samples (French et al., 2015). As a way to support biogenicity in ancient samples, many of the
geochemical techniques are performed on the best-preserved examples (Peng et al., 2016;
Williford et al., 2016; Guo et al., 2018)

Here we present the organic geochemical characterization of silicified microbial mats
from the Mesoproterozoic Angmaat Formation, northern Baffin Island. Two sets of samples, one
collected in 1994 and another set collected in 2017, were used to address questions regarding the
extent to which exceptional morphology. Taphonomic analysis of the 1994 samples were
performed prior to any geochemical analyses to determine whether variation of preserved
chemistry corresponded with differences in taphonomic preservation. Multiple sample sizes were
used in this study to investigate whether molecular data can be obtained from sample sizes
consistent with sample sizes expected for astrobiological samples expected to be collected by

several upcoming Martian missions.

Geologic Framework

Bylot Supergroup
Approximately 6000 m of unmetamorphosed and nearly undeformed Proterozoic

sedimentary rock is exposed within the fault-bounded Borden Basin of northern Baffin and Bylot
islands (Jackson and lannelli, 1981; Kah and Knoll, 1996; Kah et al., 1999; Turner, 2009). Basin
development is recorded by the Eqalulik, Uluksan, and Nunatsiaq groups (Fig. 3.1) The Eqgalulik

Group overlies Archean and Paleoproterozoic basement and contains tholeiitic basalt overlain by
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a fining upward succession of fluvial and shallow-marine sandstone and marine shale, which
records initial rifting of the basin and development of a northwestward-deepening passive margin
(Jackson and lanelli, 1981; Long and Turner, 2012). In the southeastern portions of the basin, the
uppermost Eqalulik Group is recorded by shallow marine carbonate, gypsum, and terrigenous
redbeds of the Iqqittug Formation (Turner, 2009).

The Uluksan Group and records the expansion of marine carbonate deposition across the
basin. The Ikpiarjuk Formation consists of unusual deep-water reef deposits that mark the
boundary between the Eqalulik and Uluksan groups (Hahn et al., 2015). Sea level rise at the
onset of the Uluksan Group is marked by restriction of terrigenous input into the basin, by
development of a prominent oolitic shoal and restricted lagoonal deposits of the Angmaat
Formation (Kah, 1997; Kah, 1999), and by deep-water carbonate deposition of the Nanisivik
Formation (Turner, 2009). Although chert occurs throughout the Uluksan Group, it is most
abundant within restricted lagoonal deposits of the Angmaat Formation (Hofmann and Jackson,
1991; Manning-Berg and Kah, 2017). The overlying Victor Bay Formation records an increase
in regional subsidence and deposition of carbonate ramp, reef, and basin sediments (Jackson and
lannelli, 1981; Sherman et al., 2001; Turner, 2009). Renewed rifting and a potential change in
basin polarity is recorded in deep-water deposits of the upper Victor Bay Formation (Sherman et
al., 2002), and continues into the overlying Nunatsiaq Group, which consists of a thick
succession of sandstone that ultimately drowns out carbonate deposition (Sherman et al., 2002;
Turner, 2009).

The maximum age of Bylot Supergroup deposition is constrained by basalt flows within
the Eqalulik Group, which provide a depositional age of 1270+4 Ga (LeCheminant and Heaman,

1989). Re-Os isotopic ages of black shale from the Arctic Bay Formation (upper Eqgalulik Group)
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and the Victor Bay Formation (upper Uluksan Group), bracket the Angmaat Formation and
provides ages of 1.048+0.012 Ga and 1.046+0.016 Ga, respectively (Gibson et al., 2017). A late
Mesoproterozoic age for the Angmaat Formation is consistent with estimates based on preserved
microfossil assemblages (Hofmann and Jackson, 1991; Hofmann and Jackson, 1994) and
chemostratigraphic relationships (Kah et al., 1999; Kah et al., 2012). Although strata of the
Nunatsiag Group lack discrete geochronology, Franklinian-aged dikes crosscut the entire Bylot
Supergroup, and provide a minimum age of ~723 Ma (Pehrsson and Buchan, 1999).
Angmaat Formation chert

Chert is abundant in restricted, evaporative deposits of the Angmaat Formation. Black
chert occurs as irregular nodules and lenses, and beds up between 1-10 cm in thickness (Jackson
and lannelli, 1981; Manning-Berg and Kah, 2017) (Fig 2). The lateral extent of individual lenses
is typically <1 meter, although chert lenses can comprise discontinuous beds that can be traced
for >100 meters along outcrop exposures. Black chert is interpreted to be of early diagenetic
origin based on evidence for compaction of laminae around chert nodules, the presence of chert
clasts in penecontemporaneous high energy event deposits, and by ubiquitous preservation of
microfossils (Hofmann and Jackson, 1991) and microbial mat fabrics (Knoll et al., 2013).
Microbial mat fabrics often include preservation of primary voids that are interpreted as gas
bubbles within benthic mats (Hofmann and Jackson, 1991; Kah and Knoll, 1996; Knoll et al.,
2013); such voids are commonly distinguishable as small, white, chalcedony-lined voids within
black chert (Fig 2). In addition to lenses and beds of black chert, a variety of white, yellow, and
grey chert nodules also occur within the Angmaat Formation. Multi-colored chert occurs as
flattened nodules that cross-cut sedimentary bedding and show distinct layering parallel to the

nodule margin (Fig. 3.2).
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Within black chert of the Angmaat Formation, microbial mat communities are preserved
across a range of peritidal environments, wherein persistently subaqueous and lower intertidal
environments are dominated by filamentous microbes, and more frequently exposed intertidal to
supratidal environments often record a greater abundance of coccoidal microbes (cf. Kah and
Knoll, 1996; Knoll et al., 2013). Nearly all identified microbial constituents can be identified
with cyanobacteria (see also Knoll et al., 2013). Mat building communities are represented
primarily by hollow sheaths of filamentous microbes. Small-diameter (up to 5 um), thick-walled,
lightly pigmented filamentous sheaths have been interpreted as a Lyngbya- or Phormidium-type
cyanobacteria and classified as Siphonophycus sp. (Hofmann and Jackson, 1991; Kah and Knoll,
1996; Kah et al., 1999). Large-diameter (10-70 um), thin walled, strongly pigmented filamentous
sheaths have been assigned to Eomicrocoleus sp. (Horodyski and Donaldson (1980), and recently
interpreted to be analogous to the extant cyanobacteria Microcoleus chthonoplastes (Knoll et al.,
2013).

Coccoidal populations preserved in Angmaat chert are variable. Within filamentous mats,
coccoidal populations are most commonly represented by individual coccoids with distinct
directional EPS production, identified as Polybessurus bipartitus (Fairchild ex Green et al.,
1987), and by small pockets of thin-walled coccoids attributed to Myxococcoides sp. (Schopf,
1968). Mats containing more prominent coccoidal communities are mainly dominated by
strongly pigmented groups of individual cells within a single enclosing envelope, identified as
Eogloeocapsa bella (Golovenok and Belova, 1984). These mats commonly also contain
individual unicells, dyads, and tetrads marked by multi-laminated envelopes and identified as
Gloeodiniopsis sp. (Knoll and Golubic, 1979). Rare eukaryotic algae, such as the red alga

Bangiomorpha pubescens (Butterfield, 2000), also occur in several samples.
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Sample sets
Two distinct sample sets were investigated in this study. The first sample set was

collected during field seasons in 1993 and 1994. These samples were collected as part of a larger
stratigraphic investigation of the Iqgitug and Angmaat formation (then known as the Society
Cliffs Formation) carbonate strata (Kah and Knoll, 1996; Kah, 1997; Kah et al., 1999; Kah,
2000; Kah et al., 2001). Chert samples were used to augment the sedimentological interpretation
(Kah et al., 1999; Kah et al., 2001), to explore environmental trends in preserved microbiota
(Kah and Knoll, 1996), and later as the basis for a more thorough investigation of the microbial
communities (Knoll et al., 2013).

A second set of samples was collected during a 2017 field season with the specific intent
to perform organic geochemistry on the chert samples. New samples were wrapped in aluminum
foil as they were collected and were stored in cotton sample bags to avoid contamination.
Samples were shipped immediately to the Astrobiogeochemical Laboratory (abcLab) at NASA’s
Jet Propulsion Laboratory (JPL) in Pasadena, CA, to provide the most stringent control over
sample handling, storage, and curation, in an attempt to limit potential sources of contamination.

In order to potentially inform planning for in situ astrobiological analysis and sample-
return missions, we also considered a range of sample sizes. In geologic samples, approximately
5-100 grams of whole rock are typically processed for extraction of molecular biomarkers (Price
and Clayton, 1992). On the Curiosity rover, organic geochemical analyses are undertaken by the
SAM (Sample Analysis at Mars) instrument (Mahaffy et al., 2012). The SAM instrument
includes a gas chromatograph-mass spectrometry (GC-MS) capable of measuring organic
compounds that have been thermally of chemically extracted from sample powders. Sample
powder delivered to the SAM instrument, however, typically ranges from 20-50 mg for a single-

portion experiment, or <150 mg for a triple-portion experiment (Abbey et al., in prep). By
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contrast, the Mars 2020 rover will be equipped to retrieve drill core from the Martian surface.
Drilled samples will be cashed on the rover, until a later sample return mission. Upon sample
return, only ~15 g of sample will be allotted for geochemical analyses (Summons et al., 2014).
Because of limited sample availability, organic material was extracted from ~5g of sample
powder from the 1993-1994 field season materials. Samples collected in 2017 were considerably
larger, and permitted extractions using ~50 g of sample powder, and replicate extractions with

~500g of sample powder.

Methods

Figure 3.3 provides an outline of sample methods. Although extraction methods varied
slightly, depending on sample size, each sample was processed with an associated procedural
granitic blank to ensure identification of any contamination that may have been introduced
during sample preparation and analyses.

Initial sample preparation

Twenty-three samples from material collected during a 1993-1994 field season were
selected for organic geochemical analysis based on the visual taphonomic appearance of the
preserved microbial mat. Mats that were selected as “good,” (3 samples) had billowy textures,
silicified voids, and lacked compaction. Mats selected as “fair” (9 samples) were slightly darker
in color and had multiple compacted dark, brown layers. “Poor” mats (7 samples) were often
dark in color or had larger amounts of carbonate associated with the sample). Mats (3 samples)
that were completely black in color and lacked lamination were identified as “unrecognizable.”
Material from the 1993-1994 field seasons (23 samples) had been previously cut with a water-
lubricated saw and were free of external weathering products. Sample chips were rinsed in Milli-

Q water and powdered within a porcelain sleeve using a SPEX SamplePrep 8000M ball-mill at

110



the University of Tennessee. Porcelain sleeves and balls were cleaned between samples using
5M HNO3 and ashed sand. A total of 5-7 grams of powder was produced for each sample.

Material from the 2017 field season (12 samples) was prepared at NASA’s Jet Propulsion
Laboratory. Visible lichen was removed from rock surfaces using dichloremethane and a wire
brush. For materials consisting of chert and associated carbonate, as well as a single sample of
microbially laminated carbonate not associated with chert, each phase was treated as separate
samples to investigate the extent to which organic geochemistry are preserved in distinct
mineralogical phases.

Samples were cut into billets on a water-lubricated saw using a saw blade that was ashed
at 550 °C prior to use and cleaned with methanol in between each sample. Billets were used to
make thin sections, and remaining material was broken into chips using a hammer that had been
cleaned with a 9:1 dichloremethane (DCM) and methanol (MeOH) mix. Sample chips were
sonicated in Milli-Q water for 15 minutes, rinsed, and sonicated for another 15 minutes.

Chert samples were placed in 3N HCI overnight to remove associated carbonate phases,
then rinsed. A 5% HF solution was then used to etch the surface of both chert and carbonate
samples to remove potential remaining surface contamination. Samples were rinsed to neutrality
and allowed to dry overnight. Dry samples were powdered in a Spex Shatterbox using a
zirconium puck mill that was cleaned with methanol and a DCM:MeOH prior to use. Because
the puck-mill is capable of introducing contaminants, ashed sand was powdered and collected
prior to each use of the puck-mill and analyzed for lipids to ensure that the puck-mill was clean.

Approximately 0.25-1 g of each powdered sample was set aside for analysis of bulk §**Corg.
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Bitumen | extraction
Two extractions methods were used to extract bitumen | from the samples. A microwave

extraction technique was used to extract bitumen | from the 1994 samples. This technique works
best with small sample sizes (ideally around 5 g of powder) and would be the technique used in
the ABC Lab for sample return from Mars 2020. The microwave technique, however, cannot be
used for larger sample sizes; larger samples (50-500 g) were extracted using a Soxhlet method.

For microwave extraction, approximately 20 mL of solvent, a 9:1 DCM:MeOH mix, was
added to 5-7 g of powdered sample to extract potential lipids. The sample was then placed in a
CEM MARS 6 Microwave Digestion System and heated to 100 °C for 15 minutes in pressurized
Teflon tubes. Solvent was decanted and poured over a 2 pum glass filter, and another 20 mL of
solvent was mixed with the sample powder. This process was repeated a total of 3 times to
ensure extraction of all the bitumen. After the final extraction, the solvent and powder were
removed from the Teflon tube and filtered through the glass filter to retain the remaining solid
sample. The powder remaining on the filter was dried and was stored in an ashed glass vial.
Approximately 1 g of the remaining powder was set aside for 8*Crerogen analyses and 3 g was
saved from a few of these samples for bitumen Il extraction.

Samples larger than 10g were extracted via Soxhlet extraction. Approximately 50 g of
powder was placed in a cellulose thimble inside a glass Soxhlet and extracted with 60 mL of a
9:1 DCM:MeOH mix. Copper was placed in the bottom of the flat-bottom flask to remove sulfur
compounds from the extract. Soxhlets were filtered for 48 hours before the solvent was collected.
Remaining powder and thimble were dried and stored in ashed glass vials. Approximately 1 g of
the remaining powder was set aside for 8*3Cerogen analyses and 3 g of sample was retained from

some samples for bitumen I1 extraction.
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Solvents remaining from microwave and Soxhlet extractions were then evaporated using
a Rocket evaporator until ~1 mL remained. Each sample was pipetted into an alumina column to
remove fine-grained sediment (<2 um). The total lipid extract was dried down with nitrogen then
brought up in Hexane for analysis on a Thermo Scientific Trace Ultra Gas Chromatograph
connected to a Thermo Scientific 1SQ Series quadrupole mass spectrometer. Helium was used as
the carrier gas and the GC was fitted with a 60m Agilent DB-5ms column. One microliter of
sample in hexane was injected in splitless mode onto the column which was held at 40°C for two
minutes, ramped to 150°C at 10°C per minute, then to 315°C at 3°C per minute where it
remained for 20 minutes. Compounds were identified based on retention time, their fragment
spectrum, and identified using the NIST GC library. Three samples were further separated into
their organic fractions (i.e. saturate, aromatic, and polar fractions) using the methods described
by Bastow et al. (2007) to decrease the background-to-noise ratio in the chromatographs.
Bitumen 11 extractions

Bitumen 11 was extracted from a subset of samples that included 6 samples collected
during the 1993-1994 season and 6 samples collected in the 2017 season. Samples from the 2017
season include both chert samples (4) and chert-associated carbonate samples (1) and one
carbonate sample. The same methodology, adapted from Stueken et al. (2015) and French et al.
(2015), was used to extract bitumen Il from each of these 12 samples. To make sure
contaminants were not introduced during the digestion process, Teflon boiling stones were
processed through the HF digestion and bitumen Il extraction method to verify that the process
did not introduce contamination. Teflon boiling stones were selected because they do not
dissolve in HF acid. Approximately 3 g of powder remaining after bitumen 1 extraction was

weighed into a Teflon test tube. Addition of 6N HCI assured removal of any of carbonate phases.
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Although carbonate had been removed from 2017 season chert samples prior to initial
powdering, potential carbonate phases had not been removed from the 1993-1994 season
samples in an effort to retain as much sample as possible (as envisioned for samples from a Mars
sample return mission). Once the reaction ceased, samples were sonicated for an hour to assure
reaction completion. Liquid was decanted, and samples were rinsed three times with Milli-Q
water.

Following reaction with 6N HCI, HF (48%) was added to the powder to remove silicate
phases. Once visible reaction stopped, samples were agitated on a shaking table to assure
reaction completion. After approximately 12 hours, samples were spun down in a centrifuge and
the supernatant acid was decanted. A BFs solution (Stueken et al., 2015) was added to the
sample, which was then sonicated for an hour to ensure that the solution interacted with the
entire sample. After centrifuging the sample, the solution was decanted, and the sample was
rinsed with hot Milli-Q water, sonicated for 15 minutes, centrifuged, decanted, a total of three
times. Following the final rinse, solution was decanted, and the sample was freeze dried for two
days. Once dry, bitumen was extracted via using a 9:1 DCM:MeOH mix. The extraction step was
repeated three times to ensure that all bitumen was removed.

The extracted bitumen and solvents were evaporated using a Rocket evaporator until ~1
mL remained. Each sample was pipetted over glass filter above an alumina column to remove
fine-grained sediment (<2 um). The total lipid extract was dried down with nitrogen then brought
up in Hexane for analysis on the GCMS. Helium was used as the carrier gas and the GC was
fitted with a 60m Agilent DB-5ms column. One microliter of sample in hexane was injected in
splitless mode onto the column which was held at 40°C for two minutes, ramped to 150°C at

10°C per minute, then to 315°C at 3°C per minute where it remained for 20 minutes. Compounds
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were identified based on retention time, their fragment spectrum, and identified using the NIST
GC library.
Carbon isotope ratios

Total organic carbon (TOC) was measured for each sample, and carbon isotopes were
measured of both bulk organic matter (8*3Corg) and kerogen (8**Cherogen). For analysis of bulk
organic matter, approximately 0.25 g to 1 g of bulk sample powder was set aside prior to the
extraction of bitumen. These aliquots included mixed carbonate-chert phases (from 1993-1994
season samples), chert phases with carbonate removed (from 2017 season samples) and
carbonate phases (from 2017 season samples). Once bitumen I is extracted, only the mineral
matrix and insoluble kerogen remains in the sample powder. For analysis of kerogen, a0.5t0 1 g
aliquot of powder was set aside before extraction of bitumen II.

Sample preparation was identical for all samples. Samples were acidified for 24 hours in
a 30% HCI solution to remove carbonate phases, washed to neutrality, and dried at 50°C.
Carbonate-free residues were weighed into tin capsules and organic carbon converted to CO; for
isotopic analysis using a Costech 4010 elemental analyzer coupled to a Thermo Fisher Delta V
Plus stable isotope ratio mass spectrometer via a Thermo Fisher Conflo IV interface. The mean
range of values between duplicate samples for TOC (% Corg) Was less than 2% of the measured
abundance. Raw 8'3Corq isotope values were corrected using a dual point calibration (Coplen et
al., 2006) with NBS19 (limestone, 1.95%.) and LSVEC (lithium carbonate, -46.6%.), and
expressed in delta notation.
Blanks

Contamination was a concern throughout sample preparation and analysis. At various

points during the sample preparation methods, including crushing the samples into powders, and
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digesting the powders for bitumen Il extraction, contaminants could be introduced to the
samples. To ensure that contamination was not introduced to the samples, a granite, collected
just outside of JPL was used as a procedural blank. The granite was treated like every other
sample and went through each step that the Angmaat Formation samples. During the crushing of
the samples, ashed sand was powdered in the ball-mill and puck-mill and analyzed as part of the
sample set to ensure that the mill was clean. For the HF digestion process, Teflon boiling stones
were used as a blank and analyzed the same way all of the bitumen 11 examples. Teflon boiling

stones were used instead of sand because they do not dissolve in HF acid.

Results and Interpretation

Bitumen | extracts
Despite restricted sample amounts, materials collected during the 1993-1994 season show

evidence a wide variety of lipids, including n-alkanes, hopanes, and steranes. Lipids fragment in
specific patterns in the mass spectrometer; therefore, primary evidence for such lipids is
identified by ion chromatograms that focus on specific mass fragments — n-alkanes typically
fragment at a mass charge (m/z) of 85, hopanes fragment at a m/z of 191, and steranes fragment
at am/z 217. Within the m/z 85 ion chromatogram, an even-over-odd carbon preference is
observed for all of the 1994 samples. A representative subset is shown in figure 3.4. The m/z 191
ion chromatograms also show evidence of preserved hopanes in these samples, with peaks in the
t = 45 and 70 minutes range. The m/z 217 ion chromatograms for each of the 1994 samples also
contain evidence for steranes, with visible peaks between 50 and 70 minutes (Fig. 3.4).

The even-over-odd predominance in the n-alkanes (Fig. 3.5) is indicative of a
hypersaline, carbonate environment (ten Haven et al., 1988). Carbon predominance is typically

lost with increased degradation and thermal alteration (Peters et al., 2007); therefore, the
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presence of an even-over-odd predominance suggests that extracted organic matter is thermally
immature. Thermal maturity can also be determined based on the relative stability of C,7 hopanes
(Peters et al., 2007). During catagenesis, the C27 17a-trisnorhopane (Tm) is less stable than the
C27 18a-trisnorhopane Il (Ts) (Seifert and Michael Moldowan, 1978). The Ts/(Ts+Tm) ratio is
dependent on source and maturity of the organics and is commonly used as a thermal maturity
indicator (Seifert and Michael Moldowan, 1978; Moldowan et al., 1986; Peters et al., 2007) The
Ts and Tm peaks (Fig. 3.5) are observed in the m/z 191 ion chromatograms at t= 51.5 and t=52.5
minutes, respectively. Higher peaks of Tm in each of the samples indicate that the organic matter
has experienced little thermal alteration. The Ts/ (Ts+Tm) ratio is O for immature organic matter
and 1 for mature organics (Peters et al., 2007). The ratio for the Angmaat Formation samples is
0.30. Hopanes seen at the end of the m/z 191 ion chromatogram are the Cs1-Css hopanes, which
are commonly preserved in bitumen from a carbonate-rich environment (Subroto et al., 1991).
Peaks between 50 and 70 minutes in the m/z 217 ion chromatogram are interpreted to represent
sterane peaks, however, the identification of the steranes cannot be performed on the single quad
GC-MS used in these analyses.

In sharp contrast to the wide variety of lipids obtained from samples from the 1993-1994
season, chromatograms from chert samples and chert-associated carbonate samples collected in
2017 lack evidence of preserved lipids, despite much larger sample sizes (Fig. 3.6). Peaks
observed in the total ion chromatograms of these samples are identified as siloxane compounds
(Fig. 3.7). Siloxane is a compound within the column used in the gas chromatograph and
represents contamination from the GC itself. In some of the samples, peaks observed in the m/z
85 ion chromatogram between 60 and 70 minutes are identified as phthalates (Fig. 3.7). No

evidence of hopanes are observed in the m/z 191 ion chromatograms, although peaks are seen
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around 21 and 25 minutes each of the samples. Peaks within the m/z 191ion chromatogram are
observed around t=21 minutes and t=23 minutes. The first peak is identified as phenol (formula:
C14H220) with a molecular weight of 206. The peak seen around t=23 minutes is identified as
diethyltoluamide, a mosquito repellant known as DEET (Fig. 3.8). There is some variation (x5
minutes) in the timing at which the phenol and DEET compounds elude from sample to sample.
In most cases, the m/z 217 ion chromatograms also lack peaks that are readily distinguished from
background.

The chert-associated carbonate samples show the same peaks as those identified in the
ion chromatograms of the chert samples. The carbonate sample also contains the peaks for
phenol and DEET. Pristane (formula: C19H40; molecular weight of 268 g/mol) is also identified
in the m/z 85 ion chromatogram (Fig. 3.9) of the carbonate sample; however, phytane (Cx),
which should be present as a doublet with the Cis peak, was not observed in the chromatogram.
Bitumen Il extracts

The bitumen Il chromatograms for the 1994 samples, the 2017 chert samples and the
2017 chert-associated carbonate samples do not contain evidence for the presence of n-alkanes,
hopanes, or steranes. There are two prominent peaks in most of the chromatograms, which elude
around t= 39.8 minutes and t= 46 minutes (Fig 3.10). These peaks are identified as fatty acid
methyl esters, specifically palmitic acid and stearic acid. Fatty acid peaks are not observed in the
chromatograms of the Teflon boiling stones. To determine if the fatty acids observed in the
chromatograms were indigenous to the bitumen Il extracts hexane was run over a glass filter and
an alumina column. The fatty acid methyl esters were present in the hopane when it was
analyzed with the GC-MS; therefore, it is likely that the glass filter was the source of

contamination.

118



Carbon isotope ratios

Total organic carbon (TOC) for samples range from 0.03-15.86 % carbon (Average =
0.889% + 2.6, n=37). Mixed carbonate-chert samples from the 1993-1994 season averaged 0.412%
n=23); chert-only samples from the 2017 season averaged 0.08% + 0.00 (n=10); and chert-
associated carbonate samples from the 2017 season averaged 2.25% + 0.01 (n=3). The carbonate-
only sample had a TOC value of 15.86% + 0.18 (n=1). This data indicates that, despite the exquisite
morphological detail of organic constituents preserved within chert phases, the actual
concentration of organic material is quite low. This is noted particularly in comparison of season
2017 chert and chert-associated carbonate samples, which record a difference of nearly 2.18%
TOC between the two phases.

Carbon isotopes composition of bulk organic matter in samples from the 1994 season
range from —30.83%o t0 —27.54%. (averaging -27.70%o = 0.01, n=23). Carbon isotope
composition of the kerogen for these samples are slightly heavier, ranging from —30.83%o to —
27.54%0 (averaging -28.89%o. + 0 .18, n=12). Similarly, carbon isotope composition of bulk
organic matter from samples collected in 2017 range from -30.71%o to -5.40%0, where the
isotopic composition of chert averaged -21.75%o + 0.60 (n=10), the isotopic composition of
chert-associated carbonate averaged -24.57%o £ 0.09 (n=3), and the isotopic composition of the
single carbonate sample was -27.90%o.. Chert samples from 2017 season have substantially
higher errors associated with isotopic measurements (+ 0.6 %o rather than + 0.01 %o), likely
resulting from low TOC in the samples. To produce reliable isotopic data, each sample needed to
contain 24 ug of carbon. However, to meet this requirement, several of samples required up to 2

g of powder be placed used for EA-IRMS analyses, which prevented the samples from fully
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combusting in the elemental analyzer. These higher errors, however, do not affect the average
compositions of samples.

In general, isotopic compositions fall within the range expected for 5*3Corg Of
photosynthetic bacteria, which is expected to have an isotopic value around -25 * 5%o (Hayes et
al., 1999; House et al., 2000; Schidlowski, 2000). Although values between -12 and -17 %o are
commonly reported for cyanobacteria (Oehler, 1976; Schidlowski et al., 1984), Moers et al.
(1993) report isotopically enriched organic carbon ranging from -1.7 to -7.7 %o from hypersaline,
intertidal, carbonate environments. Cyanobacteria in hypersaline mats do not exhibit large
isotopic fractionations because the availability of CO> for photosynthesis is reduced
(Schidlowski et al., 1984; Moers et al., 1993). The heavier isotope values observed in the
Angmaat Formation chert and chert-associated carbonate samples (heavier than -10 %o;
Schidlowski et al., 1994) may be a reflection of the depositional environment and represent

preservation of organic productivity under evaporative conditions.

Discussion

Preservation of organic compounds in chert
The GC-MS spectra collected from mixed chert-carbonate samples from the 1993-1994

season exhibit a wide range of lipids, including n-alkanes, hopanes, and a variety of steranes. At
its face, these results are exciting. An even-over-odd carbon preference within n-alkanes is a
common characteristic of marine organic matter within hypersaline, evaporative carbonate
environments (ten Haven et al., 1988; Peters et al., 2007). This is consistent with previous
environmental interpretations of the Angmaat Formation (Kah and Knoll, 1996; Kah, 1997; Kah
et al., 1999; Kah et al., 2001; Turner, 2009, 2011), as well as with the occurrence of silicified

gypsum and halite crystals within Angmaat cherts (Kah et al., 2001; Manning-Berg and Kah,
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2017). Additionally, because carbon preference is reduced during thermal alteration (Peters et al.,
2007), the strong even-over-odd preference recorded in the data is consistent with independent
interpretation of thermal immaturity of preserved organic matter from Raman spectroscopy data
collected on 12 of the 1994 samples (RIP values around 7; Schopf et al., 2005; Manning-Berg et
al., in prep), and supports the hypothesis that early diagenetic silicification may aid in the
geochemical preservation of organic compounds (Derenne et al., 2008; Oehler and Cady, 2014;
Qu et al., 2015).

The presence of hopanes and steranes are also consistent with petrographic observations
of Angmaat chert (Hofmann and Jackson, 1991; Kah and Knoll, 1996; Knoll et al., 2013).
Hopanes are the chemical break down products of hopanoids, which are compounds found in the
cell walls of prokaryotic organisms (Peters and Moldowan, 1993; Summons et al., 1999; Brocks
and Summons, 2003; Newman et al., 2016; Schwarzbauer and Jovancicevi¢, 2016b). The
primary microbial constituents preserved within Angmaat chert include filamentous sheaths
analogous to those produced by modern Lyngbia, Phormidium, and Microcoleous cyanobacteria
(Knoll and Golubic, 1992; Knoll et al., 2013). Although many Proterozoic coccoids are not
uniquely identifiable to specific species (e.g. myxococcoides), Angmaat chert also contains
abundant forms analogous to modern Gloeocapsa, and an unnamed polybessurus-like
cyanobacteria (Knoll and Golubic, 1992).

The presence of steranes is particularly interesting. Steranes are the chemical break down
products of steroids, which are compounds found in the cell walls of eukaryotic organisms
(Peters and Moldowan, 1993; Brocks and Summons, 2003; Volkman, 2003; Newman et al.,
2016; Schwarzbauer and Jovanci¢evic¢, 2016b). Eukaryotic organisms are not uncommon by the

late Mesoproterozoic. Abundant unicellular eukaryotes have been identified in Mesoproterozoic
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shale (Javaux et al., 2001, 2004; Javaux and Knoll, 2016), and the multicellular red alga,
Bangiomorpha pubescens (Butterfield, 2000) has been identified in Angmaat chert (Knoll et al.,
2013). The preservation of steranes in these samples, however, would indicate that eukaryotic
organisms were predominant enough in the environment to be preserved (Blumenberg et al.,
2012). The oldest evidence of preserved steranes occur in the 1.64 Ga Barney Creek Formation
(Brocks et al., 2005; French et al., 2015; Gold et al., 2017). Steranes in the ~1.1 Ga Angmaat
Formation would therefore be some of the earliest preserved steranes.

Alternatively, the presence of a wide variety of lipids recorded in the 1993-1994 sample
set may indicate contamination of the samples, either within the geologic environment, or after
collection. The data from each of the 23 samples from the 1993-1994 season are remarkably
similar (cf. Fig 3.4), regardless of the visual taphonomic grade of the sample or the predominant
microbial constituents. These similarities suggest that observed lipids are not syngeneic to the
Angmaat samples. Furthermore, bitumen | extracts from chert and chert-associated carbonate
samples collected in 2017 do not show similar patterns to the those of the lipids preserved in the
1994 samples. Instead, all of the 2017 samples lack preserved lipids, except for the contaminants
discussed earlier.

Another mechanism of determining whether preserved lipids are indigenous to the rock is
via bitumen |1 extraction. Bitumen | extraction recovers soluble (non-kerogen) organic matter
that occurs on the surfaces of the powdered sample, a substantial fraction of which may be
represented by organic matter along grain boundaries. By contrast, the bitumen Il extraction
process involves dissolution of original mineral matrix, and therefore recovers soluble (non-
kerogen) organic matter that was preserved in situ within mineral grains (Fig. 3.11, Wilhelms et

al., 1991; Sherman et al., 2007). Chromatograms from bitumen Il extractions (including mixed

122



chert-carbonate samples from the 1993-1993 season, chert from the 2017 season, and chert-
associated carbonate from the 2017 season) lacked evidence for n-alkanes, hopanes, and steranes
(Fig. 3.12). The lack of preserved lipids in these samples suggests that the lipids preserved in
bitumen | extracts are, in fact, contamination.
Sources of contamination

A significant amount of effort went into establishing sample preparation methods that did
not introduce organic contaminants to the Angmaat Formation chert samples. This is a critical
step for the analysis of any organic matter (cf. French et al., 2015; Fox et al., 2017). In terms of
ancient samples, which are commonly used to constrain early life on Earth, the syngeneity of
hydrocarbons in Archean rocks have been called into question and deemed to be the result of
contamination by younger organic molecules (French et al., 2015). Producing a method that has
the lowest blank possible will also be crucial for any extraterrestrial samples return mission.

Spectra of each of the procedural blanks used during sample preparation indicate that,
with the exception of the bitumen Il methodology, the methods used to prepare the Angmaat
Formation chert samples for bitumen | analyses did not introduce organic contamination (Fig.
3.13). However, several contaminants were found in the spectra of the 2017 samples, both chert
and chert-associated carbonate (Table 3.1). The most prevalent contaminant in the 2017 samples
was DEET, which was used by the field party that collected the samples, in addition to mosquito
netting, as a mosquito repellant. It is likely, therefore, that this compound was introduced to the
samples during field collection. The absence of such contaminants in samples from the 1993-
1994 season likely reflects colder climates and the absence of mosquitos during those field

Seasons.
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Peaks indicative of phthalates were identified in a few of the samples from the 2017 field
season. Both chert and chert-associated carbonates were contaminated with phthalates; however,
the source of the phthalates is not known. Fyrol fr 2, a fire retardant, was also identified in two
spectra of chert samples from the 2017 field season. The source of this compound is not known.
Phenol compounds, common to most plants (Vermerris and Nicholson, 2006), were also
identified in all of the spectra from the 2017 samples. Phenol compounds are common, so a
specific source of the contamination was identified. Other potential contaminants, including
ergosterol, squalene, diploptene, and bute hydrocarbon (likely pristane, based on the molecular
weight of the compound and the elusion time on the chromatogram) are present in the carbonate
sample but do not show up consistently in the 2017 samples. However, each of these is common
in modern fungi, bacteria, and mosses (Pancost and Sinninghe Damsté, 2003; Killops and
Killops, 2005; Schwarzbauer and Jovanciéevi¢, 2016a). For the 2017 samples, the contamination
was likely introduced during sample collection. Contamination present in the chert samples
could be the result of younger bitumen migrating through the samples during later stages of
diagenesis (Nagy, 1970). For the 1994 samples, contaminants may have been introduced during
storage (Leider et al., 2016) in the collections at Harvard University for 20 years prior to any
geochemical analyses being performed. The older samples were stored in an uncontrolled
environment, which likely included storage in cardboard boxes and plastic sample bags.

Carbon isotopes

Organic carbon isotope values range from -5 to -30 %o (Table 2). These values are
consistent with those of organic matter formed in a hypersaline environment (Schidlowski et al.,
1984; Moers et al., 1993; Schidlowski et al., 1994), which is consistent independent

interpretation of the depositional environment (Kah et al., 2001; Turner, 2009). Isotopically
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enriched organic carbon has been reported from organic matter from hypersaline, intertidal,
carbonate environments (Schidlowski et al., 1984; Moers et al., 1993). While only a couple of
the samples are enriched in 3C, these values may represent a preservation of organic
productivity under evaporative conditions. Stratigraphic evidence (Kah, 1997) and facies-
dependent modelling of silicification environments (Manning-Berg and Kah, 2017) suggest that
restricted environments of the Angmaat Formation likely experienced cyclic variation in
environment, including flooding by open marine waters, evaporation (sometimes to gypsum and
halite saturation), and influx of non-marine waters.

Carbon isotope values of the kerogen also show enrichment of *3C with increased
degradation of the mat fabric. Samples with an overall well-preserved mat fabric have an average
813 Cherogen Value of -28.4 %o, mat fabrics that are considered to have fair-preservation have an
average 8**Ckerogen Value of -28.0 %o, poorly-preserved mat fabrics have an average 5'*Cerogen
value of -27.4 %o, and mat fabrics that are unrecognizable have an average 8*3Cerogen Value of -
26.8 %o (Fig. 3.14). Organic carbon of both bulk (Macko et al., 1993; Schidlowski, 2000) and
kerogen (Lewan, 1986) is expected to have an isotope value around -25 + 5 %o (Macko et al.,
1993; House et al., 2000; Schidlowski, 2000). Values that are isotopically lighter than average
are interpreted to reflect evidence of heterotrophic decomposition (Guo et al., 2013).
Heterotrophic bacteria utilize **C-depeleted organic matter produced by autotrophic organisms as
their primary source of carbon and thus have more depleted 5'3C values (Hollander and Smith,
2001; Guo et al., 2013). Bulk 5'3C values of organic matter is also decreases during
heterotrophic degradation (Macko and Estep, 1984; Macko et al., 1993; Lehmann et al., 2002) as
an organic matter fraction enriched in *3C, like carbohydrates and proteins (Degens, 1969), is

preferentially removed from the system, or an increase in organic components that are more
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depleted in 13C, like lipids (Degens, 1969). Carbohydrates and proteins are more susceptible to
microbial degradation than lipids (Lewan, 1986; Harvey et al., 1995; Lehmann et al., 2002);
therefore, as heterotrophic organisms preferentially degrade the carbohydrates and proteins, the
residual organic matter (lipids) would lead to a decreased 5'3C value (Harvey et al., 1995;
Lehmann et al., 2002). An increase in carbon composition is expected with a decrease in
preservation if we assume that the well-preserved mat fabrics represent the top of a microbial
mat and the poorly-preserved or unrecognizable fabrics represent the lower, more degraded
portions of a mat.
Silicification process

Although the lack of evidence for lipids within the bitumen Il chromatograms may
indicate that the organic compounds observed in the bitumen | extracts are contamination, the
lack of evidence for lipids in the bitumen I1, which provides direct evidence of organic lipids
preserved within the mineral matrix, may instead provide insight into the silicification process.
Exceptional preservation of microbial morphologies requires that silicification occurs during
earliest diagenesis (Knoll, 1985; Knauth, 1994; Toporski et al., 2002; Peng et al., 2016;
Manning-Berg and Kah, 2017), and actualistic experiments demonstrate that this silicification
likely occurs on the order of days to weeks (Francis et al., 1978; Westall et al., 1995; Bartley,
1996; Toporski et al., 2002).

Silicified microbial mats within the Angmaat Formation record exceptional preservation
of microbial mat fabrics and individual microbial morphologies across a range of taphonomic
preservation (Knoll et al., 2013; Manning-Berg et al., in prep). Mats have been classified as

“good,” “fair,” or “poor,” based on the amount of compaction and discoloration observed and

have been related to the individual sheath morphologies preserved. Mats of “good” preservation
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have been interpreted to represent the top of a microbial mat, where cyanobacteria are thriving
and actively building the mat. The middle of a microbial mat, below the cyanobacteria, where
compaction has occurred, and heterotrophic organisms are recycling the organic carbon is
represented by “fair” preservation. “Poor” preservation is interpreted to represent the lowest
portion of the mat that has experienced the most bacterial decomposition. Mat fabrics are
dominated by filamentous or coccoidal sheath morphologies, which are dependent on the
environment in which the mat formed (Knoll et al., 2013).

For the majority of the preserved Angmaat Formation microbial mats, filamentous
sheaths are the dominant mat builders. The preservation state of the sheaths varies, some exhibit
a reddish-brown color, tearing, folding, and swelling or shrinking. Other sheaths are clear and
seem to fade until discrete individual sheaths are not identifiable. In each sample, however, all of
the observed sheaths were empty; in other words, the actual cellular trichomes, often observed in
their modern counterparts and in the artificial fossilization experiments (Oehler and Schopf,
1971; Oehler, 1976; Bartley, 1996), were absent. The absence of trichomes within microbial
sheaths are common in Proterozoic silicified microbial communities (Knoll, 1985; Lee and
Golubic, 1998). The predominance of empty suggests that either mats may have been silicified
only after accretion of new mat layers (mat growth occurs by trichomes evacuating their sheaths
and migrating to the new mat interface, where they create new sheaths (Ortega-Calvo et al.,
1991; Hoiczyk and Baumeister, 1995; Lee and Golubic, 1998).

In an alternative scenario, the lack of preserved biomarkers in the chert samples may be
the result of the silicification process. Silica precipitates as a gel and entombs the active
microbial mat, at which point the trichomes leave the sheath to escape the silica. This would

leave only the sheaths to be permineralized, which happens readily (Oehler and Schopf, 1971,
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Oehler, 1976; Westall et al., 1995; Bartley, 1996; Bartley et al., 2000; Toporski et al., 2002).
However, because sheaths are composed primarily of polysaccharides (Drews and Weckesser,
1982; Bartley, 1996), they do not contain lipids, like hopanes. Instead, it is the membranes in
trichomes and cell walls that would contain hopanes (Brocks and Summons, 2003; Schwarzbauer
and Jovancicevi¢, 2016b). This preservation model is different than that of shale and carbonate
samples that preserve biomarkers. In these situations, the trichomes may be preserved as a result
of burial of the mat. The overlying sediment would then trap the organisms and the trichomes
would still be present in the sheaths or at least in the microbial mat layers.

Filamentous cyanobacteria are motile and are therefore able to abandon their sheaths if
the environment changes rapidly. However, coccoidal organisms are non-motile and depend on
EPS to protect them from rapid changes in their environment (Decho, 1990; Decho, 1994;
Sergeev et al., 2002). Therefore, the silicification process would affect coccoidal mats
differently. However, the filamentous cyanobacteria are the mat-builders of the silicified
microbial mats in the Angmaat Formation.

Biomarkers have been pulled from ancient samples (Brocks et al., 2005; Brocks and
Grice, 2011; Grice and Brocks, 2011; French et al., 2015); however, the data are typically from
carbonate and shale (Summons et al., 1999; Dutkiewicz et al., 2003; Blumenberg et al., 2012). It
is unclear from the literature as to whether clear, indigenous biomarkers have been obtained from
silica, although n-alkanes have been reported from Devonian-aged chert (Preston and Genge,
2010). Young hydrothermal silica deposits have also yielded lipid biomarker data (Gibson et al.,
2008; Kaur et al., 2008; Jaeschke et al., 2014; Lei et al., 2017); however, older sinter deposits,
like those from the Archean, have not produced definitive biomarker data (French et al., 2015;

Flannery et al., 2018; McMahon et al., 2018). Hydrothermal silica deposits, however,
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fundamentally differ from the silicification process identified here. Precipitation from silica-
enriched hydrothermal fluids effectively entomb organic material (Phoenix et al., 2000; Yee et
al., 2003; Benning et al., 2004; Konhauser et al., 2004). During cooling of silica-rich fluids,
silica polymers aggrade and condense on cyanobacterial sheaths (Benning et al., 2004); however,
the sheaths and organisms remain viable until vital physiological processes become inhibited by
silicification (Phoenix et al., 2000). Conversely, early diagenetic chert, although rapid, likely
initiated as a hydrous silica gel that permeates organic structures. This results in a period of time
during the formation of the silica gel that microbial organisms can react to the changing
environment and potentially abandon their sheaths and escape silicification. Data presented in
this study suggest that lipids are not readily preserved in early diagenetic chert. Therefore,
amorphous silica-rich sedimentary deposits proposed as potential localities where ancient
Martian life may be found (cf. McMahon et al., 2018) may not be a valuable source of molecular

biomarkers.

Conclusions

Early diagenetic chert commonly preserves exceptional microbial morphologies and are
thus valuable resources for understanding Precambrian ecosystems. Therefore, sedimentary
deposits, especially those with high concentrations of amorphous silica, have been suggested as
potential targets for the search for extraterrestrial life on Mars. However, the extent of
preservation of the microbial life may only be morphologic preservation. Molecular biomarkers,
such as lipids, are commonly extracted from shale and carbonate. These lipids provide
information regarding the microbial processes that were active at the time of preservation.

Despite exceptional preservation of microbial mat fabrics, and individual microfossils within the
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Angmaat Formation, data presented here indicate that lipids are not preserved in these early
diagenetic chert samples.

Initial data from samples collected during the 1994 field season provided evidence for n-
alkanes, hopanes, and steranes, and resembled that of thermally immature organic matter
deposited within a hypersaline carbonate environment. However, the similarity of the data
between each of the 23 samples suggests that the detected lipids may be contamination. Samples
collected during a 2017 field season were also analyzed. The 2017 samples included samples that
were chert and chert-associated carbonate. Chromatograms for all of the 2017 samples do not
provide evidence of preserved hopanes, and steranes. Bitumen Il was extracted for a subset of
the 1994 samples and the 2017 samples. Resulting chromatograms also lack evidence of lipid
preservation.

The silicification process may hinder the preservation of lipids. In peritidal, hypersaline,
carbonate environments the rapid precipitation of silica gel halts bacterial decomposition
(Bartley, 1996; Bartley et al., 2000) and ultimately permeates through the filamentous sheaths
that build the preserved microbial mats. However, in each sample all observed sheaths were
empty and lacked cellular trichomes, which abandon sheaths to move to new mat layers, where
they grow new sheaths. The absence of trichomes within microbial sheaths are common in
Proterozoic silicified microbial communities (Knoll, 1985; Lee and Golubic, 1998) and suggests
that either mats may have been silicified only after accretion of new mat layers or motile
filamentous microorganisms abandon their sheaths as the silica gel forms to escape from the

change in their environment.
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Figure 3.1 Map of Baffin Island (A). Samples were collected near White Bay (B) within the carbonate strata of the Angmaat
Formation of the Bylot Supergroup (C). The squares represent sample localities for the 1994 samples used in this study, and the circles
represent samples that were collected during the 2017 field season (B).
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Figure 3.2 Early diagenetic chert within the Angmaat Formation occurs as beds up to ~10 cm
thick (A) or as nodules and lenses (B). Examples of late diagenetic chert nodules are also
observed in the field area. Late diagenetic chert nodules were yellow in color (C) or gray (D) and
the concentric rings were always within the nodules.
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1994 Samples

2017 Samples

Powdered in a porcelain ball-mill
(Produced ~5-7 g of sample)

An ashed saw blade was used to
cut thin section billets

~3-5 g of powder was used for
bitumen I extraction

Samples were shattered with a
hammer rinsed with 9:1

DCM:MeOH

Shattered samples were sonicated
in Milli-Q water for 30 minutes

Samples were then placed in 3N
HCI overnight to remove
associated carbonates

Samples were then etched using a
5% HF solution to clean the
surface

Samples were rinsed to neutrality
and dryed overnight

Samples were powdered in a
zirconium puck mill

~30-50 g of powder was used for
bitumen | extraction

Figure 3.3 Two sample sets were used in this study. The first set was collected during a 1993-
1994 field season and had been stored in the collections at Harvard University. The sample
billets were used for geochemical analyses, which limited the amount of sample available. A
second set of samples was collected in 2017. To minimize potential contamination, these
samples were send immediately to JPL. The methods used for bitumen I and 11, and isotopic
analyses, were used on both sets of samples. The largest difference in sample prep were the steps
taken to ensure that contaminants were not introduced to the 2017 samples.
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Figure 3.4 Total lon Chromatograms (TIC) are shown for several of the 1994 samples. Mass ion chromatograms provide evidence for
the preservation of n-alkanes (m/z=85), hopanes (m/z=191), and steranes (m/z=217).
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Figure 3.5 Detailed data for one of the 23 samples from the 1994 sample suite. In the m/z 85 ion
chromatogram, n-alkanes are identified and exhibit an even-over-odd carbon preference. The Ts
and Tm peaks are labeled on the m/z 191 ion chromatogram. Long-chain carbon hopanes are also
identified on this ion chromatogram. Within the m/z 217 chromatogram, C»7 — Cao steranes are

highlighted.
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Figure 3.6 Chromatograms for chert samples (on top) and the chromatograms of the chert-associated carbonate samples below them.
The chromatograms of the chert samples and their corresponding carbonate samples do not show the same peaks. A similar
distribution of peaks would be expected for the chert and carbonate because the two phases were from the same samples and should
therefore have the same lipids preserved.
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Figure 3.7 Two major contaminants are identified from the TIC of a 2017 sample. Siloxane

Time (min)

contamination is seen in the early in the measurement. These compounds typically have a mass
fragment of 74 and are therefore identified in the m/z 74 ion chromatogram. Siloxanes are seen

in all of the TIC for the 2017 samples and are the result of contamination by the GC column.

Other common contaminants in the 2017 samples are a group of phthalates that elude between 60

and 80 minutes in the chromatogram. These compounds are identified in the mass 85 ion

chromatogram.
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Diethyltoluamide (DEET) Contamination
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Figure 3.8 The most common contaminant in the 2017 samples was DEET. On the left, the TIC
peak is highlighted and seen in the m/z 191ion chromatogram directly below the TIC. The
spectra associated with the DEET compound is shown on the right of this figure with the
chemical structure. This was identified using the NIST standard library.
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Figure 3.9 Pristane was observed in one of the carbonate samples collected in 2017. The peak
eludes immediately after the n-C17 alkane.
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Figure 3.10 Fatty acid methyl esters were found in all of the bitumen Il samples. These were the
two most prominent peaks in the TICs. The top TIC is the entire TIC and the bottom graph is a
zoomed-in view of the same TIC.

Bitumen |

Bitumen 11

srel)s

Figure 3.11 Cartoon showing the difference between bitumen | and bitumen Il. Bitumen I is the
solvent-soluble organic matter that is preserved between the crystals of the mineral phase and
bitumen Il is the soluble organic matter that is incorporated into the crystal of the mineral phase.
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Figure 3.12 Bitumen I and Il chromatograms were different for the 1994 and 2017 samples. A TIC is provided for each
sample, as are the mass ion chromatograms 85 (n-alkanes), 191 (hopanes), and 217 (steranes). On the left is the
comparison of a 1994 sample to the bitumen Il data. No evidence for the presence of hopanes or steranes is observed in
the bitumen 11 data. On the right, a sample from the 2017 sample collection. The bitumen 1l data look different from the
bitumen | data for these samples as well. Bitumen Il data do not preserve the same geolipids at the bitumen I data, which
suggests that the bitumen | data are contaminants.
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Table 3.1 Major sources of contamination identified throughout the 2017 samples. Phthalates, siloxanes, DEET, Pheols, and Fryol fr 2
are observed in chert samples. Whereas the Ergosterol, squalenes, dioloptene, and bute haydrocarbon occur in the carbonate sample.

Molecular

Chemical Compound m/z Weight Formula Source

Phthalates 85 418 C26H4204 | Man-made; Plastics

Siloxanes 74 Variable Variable GC column

Diethylotoluamide 191 191 CHNO Mosqu_lto repellant (DEET) - contamination in during field
collection

Phenol 2,4-di-tert-butyl 191 206 C1aH20 Plastics, plants, or microorganisms

7,9 — di-tert-butyl- 191 276 Associated with fungi that like starchy substrates

oxaspiro

Fyrol fr 2 191 428 CoH15ClsO4P | Fire retardant — unknown source

Ergosterol 217 396 C2sH440 Component of fungal cell membranes

Squalene 217 410 CsoHso Precursor for all plant and animal sterols

Diplopente 191 410 CsoHso Common in bacteria, mosses, and ferns
An isomer of an isoprenoid- based on the molecular weight and

Bute hydrocarbon 85 268 Ci9Ha0 the location of the peak on the chromatogram, this is probably

pristane
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Table 3.2 Carbon isotopes data for the 1994 sample suite and the 2017 suite. The data are sorted
according to the lithology of the mat fabric.

Sample Lithology TOC 3Corg  Error  3"*Ckerogen Error
DBG-30 mixed 0.603 -27.89 0.09 -27.89 0.46
DBN-2 mixed 0.101 -28.58 0.04 -28.86 0.18
DAC-16 mixed 0.233 -29.29 0.09 -30.83 0.16
DAC-15 mixed 1.183 -28.28 0.07 -28.77 0.04
DBG-44 mixed 0.224 -29.02 0.18 -28.86 0.34
DBG-32 mixed 0.525 -28.53 0.01 -28.85 —
DAS-20 mixed 0.356 -29.77 0.02 -30.03 0.00
DBG-42 mixed 0.290 -27.97 0.04 -28.48 0.02
DAC-31 mixed 0.649 -27.86 0.03 -28.50 0.06
DAC-5 mixed 0.473 -27.73 0.03 -28.24 0.08
DBN-20 mixed 0.354 -26.49 0.01 -27.54 0.18
DBG-38 mixed 0.331 -29.80 0.00 -29.81 0.46
DBN-6 mixed 0.154 -24.87 0.10 — —
DBG-26 mixed 0.763 -28.17 0.06 — —
DAC-18 mixed 0.342 -28.84 0.12 — —
DAC-24 mixed 0.853 -28.56 0.03 — —
DAC-1 mixed 0.282 -26.23 0.19 — —
DAC-9 mixed 0.220 -23.10 0.14 — —
DAC-14 mixed 0.251 -27.61 0.21 — —
DAC-20 mixed 0.208 -27.05 0.28 — —
DBG-40 mixed 0.509 -28.45 0.02 — —
DBN-4 mixed 0.183 -27.23 0.37 — —
DBN-7 mixed 0.391 -25.84 0.12 — —
EWB2-17-3 chert 0.08 -5.4 0.1 — —
NL-17-5 chert 0.08 -11.8 0.8 — —
NL-17-1A chert 0.06 -18.6 3.3 — —
NL-17-6 chert 0.04 -19.7 1.0 — —
NL-17-3 chert 0.08 — — -21.4 0.
NL-17-3A chert 0.12 — — -23.1 0.1
WB2-17-10A chert 0.03 -27.9 0.0 — —
NL-17-14 chert 0.17 -29.2 0.1 — —
NL-17-4 chert 0.09 -30.1 0.2 — —
WWB-17-9A chert 0.05 -30.2 0.1 — —
WB2-17-13 carbonate 15.86 -27.9 0.0 — —
WB2-17-10B carbonate 0.16 -12.5 0.1 — —
WWB-17-9B carbonate 1.57 -30.5 0.0 — —
NL-17-1B carbonate 5.03 -30.7 0.1 — —
Ashed sand sand 0.038 — — — —
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Figure 3.13 Several blanks were used throughout the method development. The granite acted as a procedural blank for the 2017
sample set. At various stages in the preparation method, blanks were analyzed if there was potential for contamination. Ashed sand
was used to ensure that the puck-mill and ball-mill were clean while powdering the 1994 and 2017 samples. Teflon boiling stones
were used as blanks during the bitumen Il extractions. The chromatogram in each of these blanks indicate that contamination was not
introduced by the methods. Siloxanes, where are present in the m/z 74 ion chromatograms, are likely the result of compounds from the

column of the GC.
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Carbon Isotopes with Fabrics
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Figure 3.14 Carbon isotope samples of the mats are grouped by their assigned taphonomic
grade. As samples become less well-preserved, and more unrecognizable, the samples become
with more enriched *C. More data are required to support this trend.
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CONCLUSIONS

The work outlined in the three chapters of this dissertation provide insight on the
potential environments of silica deposition and the extent to which organisms are able to be
preserved in early diagenetic chert deposits. Silicification, occurring as beds and nodules, is
common in Meso- to Neoproterozoic carbonate strata and commonly contain exquisitely
preserved microfossils (Schopf, 1968; Awramik and Barghoorn, 1977; Knoll, 1985). Increased
silica concentrations in the Precambrian, combined with the absence of silica-secreting
organisms, resulted in rapid precipitation of a silica gel that ultimately formed chert (Maliva and
Siever, 1988; Maliva et al., 1989; Maliva et al., 2005). Rapid preservation of the microfossils
suggests that environmental conditions and microbial processes that were active at the time of
preservation can be inferred from the morphology and preserved biochemistry within chert
samples.

Early diagenetic chert deposits provide a critical window through which we can
understand environmental conditions and interactions of microbial ecosystems present on the
early Earth. Recognition of the well-preserved microfossils in early diagenetic chert, and the
contribution of taxonomic, taphonomic, and geochemical studies of these chert deposits has
prompted the astrobiological community to consider the possibility of silica-rich deposits,
especially those with increased amorphous silica content, as potential locations to find evidence
of extraterrestrial life on Mars (Milliken et al., 2008; McMahon et al., 2018). As part of the Mars
2020 mission, the rover will drill and cache samples of interest. These samples will be collected
by a subsequent mission to Mars and brought back to Earth for analyses. The conclusions of this
work can be used to understand the types of data that we might be able to obtain from silica-rich

Mars samples.
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Early diagenetic chert deposits occur in peritidal environments, where frequent changes
to water chemistry are caused by evaporation or the introduction of freshwater. In chapter one,
major ion concentrations of Proterozoic seawater (Spear et al., 2014) were used to model
possible Proterozoic seawater chemistries and the chemistry of their evaporated brines in the
geochemical modeling program PHREEQ-C. The seawater chemistries, and the brine chemistries
were mixed with a modeled freshwater solution. Changes in water chemistry effected the
minerals that were able to precipitate, and the mineral phases present were compared to the
mineral phases observed in the Angmaat Formation chert deposits.

To consider whether one model was able to depict a viable water chemistry for the
formation of early diagenetic chert, water chemistries had to be able to replicate mineral phases
and associated textures observed in petrographic observations of the Angmaat Formation chert.
Primary silica and carbonate phases are present in these chert deposits. Primary silica occurs
within the microbial mats, which lack crystalline material between the filaments. Primary
chalcedony occurs as a void-filling phase, generally silicifying areas of the microbial mat
interpreted to represent gas bubbles (Knoll et al., 2013). Primary carbonate phases are associated
with the silica phases. The two mineral phases often exist together in the same sample, where a
large portion of the sample is silicified, and the rest of the sample is dolomite. When the two
phases occur next to each other, they record the same microbial fabrics or individual
microfossils, however, preservation is always better in the silica phase. Secondary silica and
carbonate phases are also observed in these samples. Silicified carbonate is common in voids,
silicified gypsum and halite crystals are documented in the Angmaat Formation (Kah et al.,
2001), and many of the fabrics preserved in the microbial mats resemble chicken-wire textures

common in evaporite phases. Fabric destructive dolomite rhombs occur throughout several of the
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samples. The thermodynamic models indicate that a variety of Proterozoic water chemistries
were able to precipitate the mineral phases preserved in the Angmaat Formation chert. However,
each of the starting solutions had to be a brine in order to precipitate evaporite phases. Mixtures
of the brine chemistries with freshwater were able to produce amorphous silica phases, opal-A
and silica gel, until the solution was composed of 50% or 70% freshwater, respectively. Opal-A
only formed in solutions that started from a brine. These amorphous silica phases are crucial to
the preservation of microfossils in early diagenetic chert.

The exquisite preservation of microfossils in early diagenetic chert requires that
silicification occurs early during diagenesis (Schopf, 1968; Schopf, 1975; Hofmann, 1976;
Knoll, 1985; Knoll et al., 1988; Golubic and Seong-Joo, 1999; Knoll, 2012), to halt active
bacterial degradation (Bartley, 1996; Bartley et al., 2000). Silicification occurs in several steps,
starting with the formation of a gel phases that permeates through the sheaths and cell envelopes
and converts to microcrystalline quartz over time (Oehler and Schopf, 1971; Hesse, 1989).
Coccoidal organisms within the Angmaat Formation consistently demonstrated a wider range of
preservation than the empty filamentous sheaths. Most of the sheaths exhibited “poor”
preservation, while the coccoids commonly plotted in the “fair” to “fair-poor” range.

The notably better preservation of the coccoids may be the result of a taphonomic bias,
wherein the filaments and coccoids experience different decomposition pathways, determined by
their motility. Filamentous organisms are motile. They can abandon their sheaths when
necessary, leaving behind bundles of empty sheaths that ultimately get buried in the mat (Ortega-
Calvo et al., 1991; Golubic and Lee, 1999). Conversely, the coccoidal organisms are generally
insolated by the presence of extracellular polymeric substances (EPS), which protect the cell

from drastic changes in the sounding environment, including the introduction of toxins and
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metals, or desiccation (Decho, 1990; Decho, 1994). The EPS allows the cell to continue to
survive and maintain its cellular components (Krylov et al., 1989; Sergeev et al., 2002).

A new technique was also presented in chapter 2 for performing a taphonomic
assessment. Image mosaics were created at the abcLab at JPL from thousands of
photomicrographs. An advantage of the image mosaics is that they provide a holistic view of the
thin section because the user can rapidly change the scales, i.e. mesoscale (thin-section) to
microscale (individual fossil), at which the user is making observations. With the mosaics, it is
easy to look at individual microfossils and then zoom-out to see how the individuals fit into the
larger picture, the mat fabric. The quadrat system used to count and score microfossils for the
taphonomic assessment allowed for a more representative assessment of the entire thin section
than using traditional point counting techniques. The method is also faster than traditional point
counting on a microscopy, and the methodology is modular, which allows the observer to stop
and come back at a later point in time to add more counts to their assessment.

Finally, the exceptional morphologic preservation of the Proterozoic microfossils
indicates that silicification occurred early in diagenesis. To understand the extent to which the
microfossils were preserved, geochemical analyses were performed on the mats to determine
whether the molecular chemistry of the organisms was also preserved by silicification. A
secondary question addressed in the geochemical analyses is required sample size for reliable
data. Valuable extraterrestrial samples are expected to be returned to Earth during a later mission
to Mars. Approximately 15 g of sample will be allocated for scientific study; therefore, we need
to have an understanding of the smallest sample size that we can use for destructive analyses,
like GCMS analyses used to detect lipids. Two different sample sizes were used (5 g versus 50 g

samples) to extract bitumen from the silicified mats. The first set of samples were collected in
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1994 and stored in the collections for ~20 years prior to any organic geochemical analyses were
performed. Samples size was limited for the 1994 samples, which allowed for testing the smaller
sample size (5 g). The second set of samples were collected during a field season in 2017. These
samples were not limited in sample size. Fifty grams of sample were used for the bitumen
extractions.

Evidence for lipids (n-alkanes, hopanes, and steranes) was observed in the
chromatograms of bitumen extracted from the 1994 samples. However, similar patterns of peaks
in all 23 chromatograms suggest that the observed lipids are contamination. Although the source
of the contamination is unknown. Chromatograms for the 2017 samples, which consisted of
chert-only samples, chert-associated carbonate, and a carbonate sample, did not show much
evidence for n-alkanes, hopanes, and steranes. In fact, the predominant peaks observed in many
of the chromatograms (n=14), are identified as phthalates, phenols, and DEET. These
compounds are interpreted to be contaminants. The data presented in this chapter indicate that
although early diagenetic chert deposits contain exceptionally preserved microbial morphologies
the chert does not preserve molecular biomarkers associated with the preserved microbes.
Amorphous silica and chert deposits observed in lacustrine environments on Mars have been
proposed as potential lithologies where we might find evidence of ancient life (McMahon et al.,

2018), but these deposits may not be as fruitful as anticipated.
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