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The Apex chert unit (~3.46 Ga, Pilbara Craton, Australia) constitutes one of the oldest sedimentary units on
Earth in which putative carbonaceous microfossils have been reported. The source of carbonaceous matter (CM)
in this unit, however, is hotly debated. Hydrothermal fluids have circulated through the underlying crust and up
into the bedded unit; these fluids could have remobilized sedimentary microbial biomass, generated abiological
hydrocarbons, or harbored in situ chemolithoautotrophic microbial communities. Are there parts of the unit
where microfossils might be best preserved? A potential fossil microbiota — if present — would probably be best
preserved in the stratiform portion of the unit where hydrothermal influence seems to have been lowest. In order
to shed light on the history of hydrothermal overprinting and the source of carbonaceous fractions in the Apex
chert, we correlate here at a high spatial resolution petrographic observations and trace element analyses over a
transect from the dyke where putative microfossils were found to the stratiform part where remnants of mi-
crobial mats were found. The layered, stratiform part of the unit has positive La anomalies up to 1.7, and Light
Rare Earth Element depletions, indicating a seawater source. However, as far as 300 m from the dyke, the
stratiform part also shows hydrothermal brecciation, high Eu anomalies (2-12; u = 4.2) and chondritic Y/Ho
ratios (24.3-30.3; u = 27.0), indicating that hydrothermal fluids have laterally infiltrated over large distances.
Overall, the pervasive influence of hydrothermal fluids throughout the entire unit and the presence of carbo-
naceous matter both in the sedimentary part and the hydrothermal dyke is consistent with a ‘hydrothermal
pump’ model that was earlier proposed for the nearby Dresser Formation. In this model, organic matter from
surface environments is circulated along with hydrothermal fluids and redistributed in the crust and overlying
sediments, therefore complicating paleobiological interpretations. Raman measurements show that most of the
CM experienced temperatures of ~350 °C, while some samples contain CM with a variable, but markedly lower
maturity (temperature ranging from 200 to 350 °C). Correlation to texture points out a potential mixing of pre-
metamorphic CM with post-metamorphic CM during late hydrothermal events.

1. Introduction 1987; Schopf, 1993). Sedimentary cherts, in general, are known to
effectively preserve microbial assemblages and microbial mats (Alleon
et al., 2018, 2016; Barghoorn and Tyler, 1965; Hickman-Lewis et al.,

2018; Noffke et al., 2013; Oehler, 1976; Preston and Genge, 2010;

The ~ 3.46 Ga Apex chert has been the subject of significant scientific
interest since it was claimed to contain carbonaceous microfossils of a

filamentous microbiota representing the oldest cellular traces of life on
Earth (Schopf and Packer, 1987; Schopf, 1993). The carbonaceous
microfossil-like objects of the Apex chert were initially reported to occur
within sand grains of a bedded sedimentary layer (Schopf and Packer,
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Sugitani et al., 2009, 2006; Tice and Lowe, 2006; Trower and Lowe,
2016; Westall et al., 2011). The Apex chert microstructures were
compared morphologically to modern-day cyanobacteria and interpreted
as an indicator for the very early development of oxygenic photosynthesis
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on Earth. In later studies, however, it was shown that these microstruc-
tures were derived from a sample collected 50 m below the paleosurface
in an intrusive hydrothermal dyke that terminates in the bedded part of
the Apex chert (Brasier et al., 2002, 2005; Van Kranendonk, 2006). Since
it is highly unlikely that cyanobacteria lived in such a hydrothermal sub-
seafloor setting, a more plausible alternative was proposed by Schopf,
2007 and Schopf et al., 2018 of a community of chemolithoautotrophic
organisms thriving near a hydrothermal source (see eg. Brazelton et al.,
2006; Jannasch, 1985; Nakagawa et al., 2005; Wang et al., 2009).

More important, however, was the subsequent debate surrounding
the biogenicity of the reported microfossils, reviewed in detail in Wacey
et al. (2015). Brasier et al. (2002), Brasier et al. (2005), Brasier et al.
(2011) pointed out a variety of features that are incompatible with
microfossils, including the fact that they occur both inside and outside of
sand grains, and that their ultrastructure is filled, not hollow, as ex-
pected for bona fide microfossils. Brasier et al. (2002), Brasier et al.
(2005) proposed an alternative explanation of formation. When
seawater-derived hydrothermal fluids circulate through the seafloor,
serpentinization of ultramafic rocks generates hydrogen and causes
Fischer-Tropsch type synthesis of hydrocarbons (McCollom and See-
wald, 2006; Milesi et al., 2015). Since Archean seawater was enriched in
silica (Siever, 1992; Konhauser, 2007), circulating hydrothermal fluids
would concentrate silica at high temperature and cause its rapid poly-
merization when reaching the seafloor and mixing with cooler seawater.
Based on this Archean hydrothermal setting, Brasier et al. (2002),
Brasier et al. (2005) reinterpreted the carbonaceous microstructures as
abiotic artifacts produced by the accumulation of hydrocarbons — pro-
duced by Fischer-Tropsch type synthesis - on the edges of crystallizing
siliceous spherulites.

Triggered by this controversy, numerous studies on the Apex chert
followed, arguing for or against a biological origin. Arguments in favor
of a biological origin were presented by Schopf & Kudryavtsev, 2009,
who reported potential traces of microbial ultrastructure, including
segmentation. De Gregorio et al., (2010) identified aromatic domains
and oxygenated functional groups, similar to those found in well-
described carbonaceous microfossils in the 1.88 Ga Gunflint Forma-
tion. Schopf et al. (2018) also presented texture-specific carbon isotope
compositions, in line with specific methane-metabolizing autotrophic
microorganisms. In contrast, Garcia-Ruiz et al. (2003) demonstrated
that self-organizing crystalline aggregates (silica-witherite biomorphs)
synthesized experimentally may display a wide variety of life-like
morphologies, including filaments similar to the Apex chert micro-
structures. Filamentous biomorphs could have been synthesized in
Archean hydrothermal environments (Garcia-Ruiz et al., 2020; Rouil-
lard et al., 2018) and may have adsorbed organic matter (Garcia-Ruiz
et al., 2003), thus resulting in objects very similar to the Apex chert
microstructures. Marshall et al. (2011) and Pinti et al. (2009) inter-
preted the filamentous microstructures to be aggregates of hematite
microcrystals, although it must be noted that they were observing a
population of structures distinct from the one initially reported by
Schopf (1993). Wacey et al. (2015) used scanning and transmission
electron microscopy to interpret the microstructures as exfoliated
phyllosilicates coated by a carbonaceous material. Bower et al. (2016)
used the orientation of quartz crystals in the surrounding matrix, and 3-
D analysis of thin section volumes, to show that some microstructures
from the original study (namely ‘Eoleptonema apex’) were post-
recrystallization fractures filled with carbonaceous matter, also raising
caution on the biogenicity of the other originally reported structures.

Thus, as a training ground for testing cutting-edge analytical tech-
niques and for discussing biogenicity, the Apex chert has contributed
greatly to the development of the fields of life detection and Archean
micropaleontology, in general. More recently, micropaleontological in-
terest in the Apex chert was renewed by the finding of organo-
sedimentary structures, potentially indicative of microbial activity, in
the bedded Apex chert (Hickman-Lewis et al., 2016). This raises a crit-
ical question as to whether depositional environments and carbonaceous
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material are fundamentally different between the stratiform bedded
chert and the hydrothermal dyke. A second critical question is whether
there are parts of the unit where microfossils might be best preserved,
and notably, whether there are parts that are less affected by hydro-
thermal alteration.

Previous investigations of the Apex chert and associated hydrother-
mal dykes reported textural evidence for a decrease in hydrothermal
activity away from the dyke opening (Brasier et al., 2002, 2005, 2011;
Van Kranendonk, 2006). It could thus be expected that a potential fossil
microbiota — if present - would be best preserved in the bedded part of
the unit where hydrothermal influence was minimal. However, to our
knowledge, there has been no systematic study of the bedded and
intrusive components of the Apex chert to test this hypothesis. While
Rare Earth Element (REE) data have been reported from other parts of
the Apex chert (Kato and Nakamura, 2003), they have never been used
to interpret depositional environments in this specific locality. Raman
spectroscopic analyses, which have indicated in previous studies the
potential presence of several pools of carbonaceous matter in the Apex
chert, are limited to a few samples (Brasier et al., 2002; Marshall et al.,
2011; Olcott Marshall et al., 2014; Schopf et al., 2002; Sforna et al.,
2014). Measurements from a larger number of samples, coming from
various places, are needed to test whether carbonaceous material in the
bedded Apex chert is less altered by hydrothermal activity and/or rep-
resents a distinct pool from the material in the hydrothermal dyke.

Here, we present the results of a systematic study of a transect
through the main hydrothermal dyke that has been the subject of pre-
vious studies, into the stratiform part of the Apex chert. Along this
transect, we report the petrography, whole-rock trace element and REE
composition, and in situ Raman microspectroscopy analyses of carbo-
naceous material. Based on these results, we discuss whether some
sections of the Apex chert represent promising targets for paleontolog-
ical exploration.

2. Geologic setting

The c. 3.46 Ga Apex Basalt is part of the Warrawoona Group, in the
Pilbara Supergroup, one of the oldest, best-preserved volcano-sedi-
mentary successions on Earth, located in the Pilbara Craton of Western
Australia (Fig. S1, from Brasier et al., 2011). The 3515-3423 Ma War-
rawoona Group is predominantly composed of basaltic and felsic vol-
canic rocks, with minor intercalations of bedded sedimentary rocks
(Fig. S2, from Van Kranendonk et al., 2007). The Apex chert — originally
defined by Hickman (1977) - is a laterally discontinuous sedimentary
unit in the Apex Basalt, and is underlain and overlain by variably altered
pillow basalts (Van Kranendonk and Pirajno, 2004). It represents an
extensively silicified seafloor sediment; traces of bedding and cross-
bedding in even the most heavily silicified parts clearly indicate a
clastic origin for this unit, which can be traced along strike for several
kilometers (e.g., Van Kranendonk, 2006). Underlying the Apex chert are
dense swarms of black chert hydrothermal dykes that penetrate down to
700 m below the unit and intrude up into the base of the bedded Apex
chert (Brasier et al., 2005, 2011; Van Kranendonk, 2006). The Pilbara
Supergroup, which includes the Apex chert, was deposited during the
formation of a thick volcanic plateau. Basalts overlying and underlying
the unit contain assemblages of chlorite and epidote, indicating that it
has experienced low grade metamorphism (greenschist facies - Van
Kranendonk et al., 2007).

The samples were collected at the southern extremity of the north
block of the Apex chert, as defined by Brasier et al. (2005), during a field
campaign conducted in July 2016 (Fig. 1). In this area, a large dyke
(shown in black in Fig. 1), within which the debated microstructures
were found (Schopf and Packer, 1987; Schopf, 1993; Schopf et al.,
2002), cuts obliquely upward through underlying pillow basalts and
intersects the stratiform part of the unit (shown in grey in Fig. 1). In
total, 64 samples, representing a variety of bedded and/or intrusive li-
thologies, were collected from along the dyke and up into, and along the
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Fig. 1. Geographic and geologic provenances of the samples used in this study. A: Google Earth satellite view of the Apex Chert unit with GPS coordinates of the
different samples overlain. The area overlain in grey represents the stratiform part of the unit. The area overlain in black represents the feeder dyke. Red dots indicate
samples of purely layered chert samples, blue dots indicate samples of vein chert and green dots indicate samples presenting the two types of cherts associated
(heavily veined or brecciated samples). The area inside the white, dashed frame corresponds to the area shown in B. The area inside the white, dashed circle
corresponds to the controversial fossil site. B: Geological map from Brasier et al., 2011 (Image courtesy of the Geological Survey and Resource Strategy, Department

of Mines, Industry Regulation and Safety. © State of Western Australia 2021.).

strike of, the bedded Apex chert. The location of samples analyzed
during the current study is shown as dots in Fig. 1. Samples 102-105
were collected from the locality where the much-debated microfossils
were first found (J.W. Schopf, pers. comm. to M.V.K, 1998).

3. Methods
3.1. Optical microscopy

Observations by optical microscopy were realized on 70 pm thick
petrographic sections of the samples, using two different petrographic
microscopes: a Zeiss Axio Imager A.2 m and a Leica DM 2500P (Institut
de Physique du Globe de Paris - IPGP). Images were taken in trans-
mission mode, using either plane polarized or cross polarized light.

3.2. Elemental analysis

A total of 32 sample powders (about 150 mg each) were obtained
from selected sample cuts showing minimal weathering features. Pow-
ders were analyzed at the Institut Universitaire Européen de la Mer
(IUEM, Brest). All weighing and digestion of sample powders for solution
mode ICP-MS was carried out in a class 1000 clean lab at [UEM using

PFA-distilled acids. PFA vials were acid washed internally and externally
overnight in near-boiling, concentrated nitric acid (HNOs), rinsed three
times with 18.2 MW-cm ultrapure water, then dried at air temperature
and stored under clean conditions. Powders were completely digested
with a three-step, heated HF-HNO3-HCI attack, with kerogen as the only
residue. Approximately 100-150 mg of powder was placed in an acid
cleaned PFA vial. 1.5 mL of 16 M HNOs™ and 1.5 mL of 22 M hydrofluoric
acid (HF) were added. Samples were then capped and left to react
overnight at 80 °C. Samples were then uncapped and left to evaporate to
dryness for 24 h. Next, 3 mL of freshly mixed aqua regia was added to
each residue, samples were lightly capped and allowed to react for 6 h at
room temperature to avoid excessive gas buildup. After 6 h, caps were
removed, and the sample was evaporated overnight at 80 °C to dryness.
Finally, 3 mL of 6 M HCl was added to each residue and samples were
heated ~ 24 h at 80 °C. Prior to analysis, 100 pL of each sample was
diluted to 5 mL with 2% HNOs, and 1.5 mL of each sample was archived.
International geostandards IF-G, BCR-2, and BHVO-2 were prepared in
duplicate in the same batch and treated as unknowns to monitor
precision.

Diluted samples were measured in solution mode on a Thermo
Element2 HR-ICP-MS at the Pole Spectrométrie Océan at IUEM in Brest,
France. The data were calibrated against gravimetrically-prepared multi-
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element standards at concentrations of 0.5, 5, and 50 ppb that were
measured repeatedly throughout the session. All three multi-element
solutions were measured at the beginning, end, and twice in the mid-
dle of the sequence (at 1/4 and 3/4 of the total sequence length), and the
5 ppb standard was further repeated after every five samples throughout
the sequence. Additionally, 5 ppb In (Indium) was added directly to the
2% HNO3 diluant employed to prepare all solutions and was used to
monitor signal stability and correct for instrumental drift across the
session. Each sample and standard were bracketed by a rinse composed of
the same diluant (2% HNO3 with 5 ppb) for which data was also acquired
to determine the method detection limit. The international geostandards
digested in the same batch (IF-G, BCR-2, and BHVO-2, see above)
were included in the series asunknowns to validate the calibration
achieved using multi-element solutions, yielding values generally with
5-10% of GeoREM accepted values (http://georem.mpch-mainz.gwdg.
de; see Table SO in supplementary material).

The concentrations of the different Rare Earth Elements were
normalized to the concentrations in the Post-Archean Australian Shale
(see line PAAS in Table S1). Several parameters were calculated:

1) Enrichment of Light Rare Earth Elements (LREE) compared to Heavy
Rare Earth Elements (HREE), computed as %

2) Enrichment of Light Rare Earth Elements (Light REE) compared to
Medium Rare Earth Elements (Medium REE), computed as Pross.

Smpaas
. - Cepaas
3) Cerium anomaly, computed as Ce/ce* = TrpmasNeomns
4) Europium anomaly, computed as Eu/p = %SIHE%
PAAS 'PAAS
5) Lanthanum anomaly, computed as Lajp = M%

6) Yttrium anomaly, computed as Yy
7) Y/Ho ratio (Bau and Dulski, 1996).

_ Ypass
0.5Dypaas+0.5Hopaas

Detection of Ce and La anomalies in the rock record must take into
account the potential artifact effect of neighboring La (respectively Ce)
anomalies. In order to avoid this artifact, Ce and La anomalies were
calculated here using the concentrations of Pr and Nd (Bolhar et al.,
2004).

Independent two-sample Student’s T tests (assuming equal variance)
were run using a python function (scipy.stats.ttest_ind).

3.3. Raman spectroscopy

Raman analyses were performed using a Renishaw InVia Raman
microscope coupled to an Olympus BX61 Confocal microscope, within
the PARI analytical platform at the IPGP in Paris. Measurements were
made with a 514 nm-excitation laser (Ar-ion laser) adjusted to an on-
sample intensity of 0.2 mW and a spot size of < 2 um (50x objective).
Beam centering and Raman spectral calibration were performed on a
pure silicon chip with a specific Raman band at 520.4 cm ™. All spectra
were detected using 1800 1/mm grating, and a detector configuration in
Streamspot mode, providing a spectral range of 2000 cm ™! in static
mode. Individual spot analyses were obtained in both static mode (2 x
20 s exposure, centered at 1150 cm ™! with a spectral range of 100-2000
em 1) and extended mode (1 x 20 s exposure, spectral range 100-4000
em 1. In order to determine Raman spectral indicators of the carbo-
naceous fractions, the individual spectra were truncated to 900-1900
em ), and a linear background subtraction was performed, using the
program Wire 2.0.

Details of the Raman spectrum of carbonaceous material have been
described in Sforna et al. (2014), and a short summary is given here.
Pure crystalline graphite shows a single Raman peak at 1580 cm™! (G-
peak) representing Eag bond stretching. The presence of defects in the
CM structure gives rise to “disorder” peaks at ~ 1350 cm ™' (D1-peak),
~1620 cm™! (D2-peak), ~1500 cm ™! (D3-peak), and ~ 1190-1250
em™! (D4-peak). Disordered CM in rocks that have not undergone
temperatures above 200 °C contains all these defect-related peaks, but in
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more strongly altered CM these peaks are progressively lost. Increasing
degrees of carbonization and graphitization can be calculated from
various indicators and ratios, depending on peak-assignment protocols.
In this study a 2-peak fitting protocol was applied (D-peak and G-peak)
for calculating the Raman spectral indicators D-FWHM (D-peak full
width at half maximum) and ID/IG (intensity-based D/G ratio), and a 5-
peak protocol (D1, D2, D3, D4, G-peaks) was applied for calculating D1-
FWHM (D1-peak full width at half maximum), R1 (intensity-based D1/G
ratio) and R2 (area-based D1/D1 + D2 + G ratio), ID3/ID1 (intensity-
based D3/D1 ratio), and ID4/ID1 (intensity-based D4/D1 ratio).

Using D1-FWHM, the Raman-based geothermometer of Kouketsu
et al. (2014) was calculated. It is important to note that all commonly
used Raman-based geothermometers are calibrated with bulk organic
material in mudstones, shales and metapelites representing grades of
increasing regional metamorphism (Beyssac et al., 2002; Kouketsu et al.,
2014; Lahfid et al., 2010), or grades of contact metamorphism (Aoya
etal., 2010; Kouketsu et al., 2014). Effects other than temperature can —
on a local scale — affect the structural order of CM, including variations
in precursor material at relatively low temperature (Qu et al., 2015),
shear stress (Bustin et al., 1995), and hydrothermal fluid-induced
alteration (Olcott Marshall et al., 2014, 2014; Qu et al., 2020; Sforna
et al., 2014; van Zuilen et al., 2012). For this reason it has been sug-
gested that CM in hydrothermally-altered cherts of Archean age can be
better classified in a carbonization continuum using the Raman pa-
rameters D1-FWHM and R1 (Delarue et al., 2016). In the current study
we use similar parameters, but also decided to at least apply one geo-
thermometer to our dataset, in order to test whether a temperature is
obtained that fits with regional lower-greenschist-facies metamorphism.

In an earlier Raman-based study of the Apex chert, Sforna et al.
(2014) used the RA1-based geothermometer of Lahfid et al. (2010) for
the stratiform part of the unit, and the R2-based geothermometer of
Beyssac et al. (2002) for the chert vein. This was done because a sig-
nificant difference in CM structural order was found between the two
chert types. In our current study, in which more detail on hydrothermal
fluid infiltration into the bedded parts of the chert are given, we decided
to apply the D1-FWHM-based geothermometer of Kouketsu et al. (2014)
that covers a continuum particularly over the temperature-range of
150-400 °C. Finally, it is important to note that Raman spectroscopy
cannot be used to distinguish between a biogenic and abiogenic origin of
carbonaceous materials (Pasteris and Wopenka, 2003).

4. Results
4.1. Geologic context and petrology

During this study of the Apex chert unit, the samples were separated
into three types, which correspond to the three colors in Fig. 1 and
Figs. 7 to 10 and which we describe in the following paragraphs:

Layered chert (red symbols in figures in Fig. 1 and Figs. 7 to 10) -
The stratiform part of the Apex chert unit (shown in grey in Fig. 1) is
constituted partly of layered chert. Layering consists of alternations of
black/white, black/grey and/or black/red chert, oriented parallel to the
bedding defined by relict clastic sedimentary textures (Fig. 2-A). This
type of chert was separated by Brasier et al. (2005), Brasier et al. (2011)
into three types: silicified volcaniclastics, jaspilitic cherts, and banded
black-and-white cherts. They are collectively referred to here as “layered
cherts”. In thin section, certain layers are found to contain rounded
siliceous class with sizes ranging from tens to hundreds of micrometers
(Fig. 3 -B,E,F), or angular volcanic shards (Fig. 3-C). Some rare layers
also display fine, wavy anisopachous carbonaceous laminations that
may also drape preexisting material (Fig. 3-A,D; see Hickman-Lewis
et al., 2016).

Vein chert (blue symbols in Fig. 1 and Figs. 7 to 10) - The meter-
wide, hectometer-long hydrothermal dyke is constituted of massive,
black to light grey chert. This intrusive chert extends as hydrothermal
sills all along the stratiform part of the unit (e.g. Fig. 2-B). It lacks
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layering or other textures indicative of sedimentary processes and dis-
plays characteristic marginal alteration haloes. Outcrop and thin section
petrography of samples from the dyke reveal several generations of
crosscutting and/or brecciated silica, ranging from earliest black to
latest light grey chert (Fig. 4-G; see also Van Kranendonk, 2006). Breccia
fragments vary from angular to subrounded.

Chert breccia (green symbols in Fig. 1 and Figs. 7 to 10) - Along the
stratiform Apex chert, the layered cherts are crosscut by the intrusive
chert at a centimeter to decimeter scale. This results in heavily veined
(Fig. 2-C,D) to brecciated (Fig. 2-E,F) cherts. In thin section, smaller
veins consist mainly of mesocrystalline quartz (crystal size range 10-100
um) that contrasts sharply with the microcrystalline quartz in the sur-
rounding matrix, where the crystal size ranges from 1 to 10 um. Some
veins also contain carbonaceous material, sulfides, and dispersed barite.
In thin section, the matrix appears patchy, due to local differences in
organic content and/or heterogeneous recrystallization (Fig. 4-B,C). In
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Fig. 2. Field observations of different rock
facies in the Apex Chert unit. A: Layered
chert (white/grey alternation with red sur-
face hematitic alteration). B: Pure vein
chert (massive dark grey sill). C to G:
strongly veined to brecciated cherts. C:
black veins running parallel to the bedding,
with local cross-cutting of the white sedi-
mentary chert by secondary veins. D: sub-
horizontal anastomosed white veins and
recrystallization patches. E: In place brec-
ciation of the laminated country rock. F: In
place brecciation of the laminated country
rock by dark veins (top) and movement of
angular clasts (bottom). G: Displacement of
large laminated clasts of the country rock
(two different directions of lamination) by
the brecciating fluid. H: Void-filling texture
(silica botryoids). Scalebars: 3 cm.

the most strongly recrystallized areas, the initial textures leave only
“ghosts” (clasts in Fig. 4-B) or they even disappear completely (carbo-
naceous laminae in Fig. 4-C). Although it is not systematic and may
depend on the timing of emplacement, the rock material also appears
clearer close to certain veins, indicating a decreased concentration, or
absence, of carbonaceous material (Fig. 4-A). The bedded chert is broken
apart and disorganized by the veins in some samples, resulting in a
mixed brecciated texture (Fig. 2-E,F,G, Fig. 4-D, E, F). The chert matrix
of these breccias may be dark (Fig. 2-F,G, Fig. 4-F) or clear (Fig. 2-E,
Fig. 4-D, E), depending on their crystallinity and their carbonaceous
material content. Smaller pieces of the primary layered chert are
sometimes moved as angular clasts and float along in the matrix (Fig. 2-
F,G, Fig. 4-F).

Apart from these three lithological types, some specific features were
recognized that occur among the chert samples:

Botryoidal textures - In several samples collected along the outcrop,
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Fig. 3. Observations in petrographic thin sections of sedimentary features in some collected samples. See Fig. 1 for the geologic location of the samples mentioned. A:
Carbonaceous drapings of carbon-rich clasts — sample #58. B: Silicified sandstone with well-rounded, polymict clasts. Some of the clasts represent silicified basaltic
fragments. Note the diversity of carbonaceous content (diversity of opacity) between clasts — sample #58. C: Angular volcanic shards in a silicified sandstone bed —
sample #77. D: Fine, wavy, anisopachous carbonaceous laminations — sample #52. E: Clastic layer containing large, elongated, undulating clasts with internal
carbonaceous laminations —sample #65. The two arrows indicate the specific types of textures (carbonaceous laminations and organic-rich clasts) where Raman
spectra were acquired (cf. §4.3). F: Alternating clastic and laminated layers— sample #65. One of the clasts (top right) displays carbonaceous laminations and soft
deformation features. Pictures taken with an optical microscope in plain polarized light. Scalebars: 200 um.

decimeter-size voids are filled by botryoidal growth patterns of silica -
Fig. 2-H. In thin section, two main textures associated with two growth
stages can be distinguished — (Fig. 5-A, B, C; see also Brasier et al., 2011).
The initial stage consists of the growth of botryoidal fibrous chalcedony.
This texture is layered, indicating the existence of cyclic changes in
crystal size (and therefore of the nucleation rate) of quartz. The later
stage consists in the growth of mesocrystalline quartz in the remaining
interstitial space. The path of circulation of the fluids may change be-
tween the two stages (e.g., mesocrystalline quartz crosscutting the
chalcedony botryoids in Fig. 5-A). In rare instances, opaque crystals
(sulfides) are also observed lining silica botryoids (Fig. 5-C). Carbona-
ceous botryoids, i.e carbon-bearing laminae separated by isopachous
silica layers, were also identified in three samples (# 61, 107, 108;
Fig. 5-D). The texture of the silica associated with these botryoids does
not differ from the texture of the silica in the rock matrix. Botryoidal
void fills are characteristic of epithermal environments, including that of
the slightly older Dresser Formation in the Pilbara Supergroup (e.g.
Harris et al., 2009; Van Kranendonk and Pirajno, 2004). Since botry-
oidal textures represent a secondary void-filling growth pattern, the
organic matter associated with them either i) was leached and remobi-
lized from the surrounding rock or ii) originated from the hydrothermal
fluid precipitating as botryoids. In either case, these organic-rich growth
laminae were emplaced during a later-stage hydrothermal event, and
are therefore considered secondary.

Recent weathering - At the surface, the Apex chert, like other units
in the Pilbara, has been affected by weathering from the Cenozoic to
present (Thiry et al., 2006). Late fissures facilitate the circulation and
redeposition of red/brown iron oxy-hydroxides, observable along
cracks at the outcrop and in thin sections (Fig. 2, Fig. 5-E). In thin
section, some mineral alteration products (clay-like phyllosilicates,

potentially resulting from the alteration of feldspars in neighboring
basalts) can also be locally observed (Fig. 5-F). This late weathering
may explain the description of hematitic structures in the Apex chert by
(Marshall et al., 2011).

4.2. Trace element geochemistry

Measured whole rock concentrations of REE, Y, Zr, Ni, and Al (all in
ppm) for Apex chert samples are presented in Table S1. All REE distri-
butions measured in the current study are shown on Fig. 6. The corre-
sponding total REE concentrations, (Pr/Yb)paas and (Pr/Sm)paas, La and
Eu anomalies, Y/Ho ratios, Zr and Ni concentrations are presented in
Table 1 and shown in Fig. 7 for the different chert types.

A series of Student’s t tests were run in order to evaluate whether
statistically significant differences exist between samples of vein cherts
and layered cherts. These tests were made for > REE, (Pr/Yb)paas and
(Pr/Sm)paas, La and Eu anomalies, Y/Ho ratios, and Zr and Ni concen-
trations. Results of the tests are given in Table S2. These chert types do
not show significant differences in > REE, La and Eu anomalies, Y/Ho
ratios and Ni concentrations. Y REE in all Apex chert samples range
between 0.26 and 19.65 ppm (average value u = 6.28 ppm, Standard
deviation SD = 4.60 ppm). La/La* range between 0.78 and 1.67 (u =
1.15, SD = 0.21). Eu/Eu* range between 1.91 and 5.55 (u = 3.83, SD =
2.04), with 4 outliers between 7.52 and 10.32. Y anomalies do not
deviate largely from 1, ranging from 0.84 to 1.10 (u = 0.98, SD = 0.07),
and Y/Ho ratios are consistently chondritic; they range between 24.29
and 29.99 (u = 26.95, SD = 1.59). Ni concentrations range between
0.68 ppm and 29.17 ppm (u = 12.46 ppm, SD = 18.22 ppm), with 4
outliers between 38.35 ppm and 85.40 ppm. Vein cherts and Layered
cherts, on the other hand, show significant differences for (Pr/Yb)paas,
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(Pr/Sm)paas and Zr concentrations (respectively p of 0.107, 0.102 and
0.106). Layered cherts are on average more depleted in LREE than vein
cherts, with average (Pr/Yb)paas of 0.74 (SD = 0.49) for layered cherts,
versus 1.02 (SD = 0.46) for vein cherts. Layered cherts contain on
average more Zr than vein cherts, with an average Zr concentration of
6.54 ppm (SD = 5.91 ppm) for layered cherts, and an average Zr con-
centration of 3.58 ppm (SD = 3.07 ppm) for vein cherts. Following Bau
& Dulski (1996), only two samples, which are interpreted as outliers,
displayed “true” negative Ce anomalies (Fig. S3). Given their statistical
rarity, they were considered as outliers and this negative anomaly is not
further discussed in this study.
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Fig. 4. Observations in petrographic thin sections of
veining, recrystallization and brecciation features in
some collected samples. A: Veins of mesocrystalline
quartz cutting through a carbonaceous-rich clastic
layer of the country rock — sample #62. The central
vein bleaches the host rock. B: Loss of the texture in a
recrystallizing carbonaceous-rich clastic layer; the
central zone preserves the initial texture, whereas the
top and bottom zones show only "ghosts’ of the clasts
— sample #55. C: Disappearance of carbonaceous
laminae in patches where silica recrystallizes — sample
#55. D: In-place brecciation of the country rock and
escape of dark carbonaceous material from the
country-rock (shaded in red/brown here) to the
carbonaceous-poor brecciating phase — sample #65.
E: In-place brecciation illustrated on a thin section
scan — sample #68. F: Angular clasts ’floating’ in a
dense, dark hydrothermal brecciating fluid — sample
#60. G: Intrusive vein sample with crosscutting tex-
tures indicative of several phases of hydrothermal
circulation, brecciation and recrystallization — sample
#93. All pictures except E taken with an optical mi-
croscope in plain polarized light - A to D and F - or in
cross-polarized light (G). Scalebars: 200 um, except E:
2 mm.

4.3. Raman spectroscopy of CM

Raman measurements were made on wavy organic laminations
concordant with stratigraphy found within layered cherts (see §4.1;
Upper arrow in Fig. 3-E; Fig. S4, Panel I-A to C), on carbon-rich clasts
found in sedimentary clastic layers (§4.1; Lower arrow in Fig. 3-E;
Fig. S4, Panel I-D to F), and on widespread amorphous cloths for which
an origin cannot be attributed with certainty. In addition, a number of
measurement was taken specifically on the CM found within secondary
botryoidal growth zones (§4.1; Arrows in Fig. 5-D; Fig. S4, Panel II).

Raman spectral characteristics of all combined CM throughout the
study area display a significant range in degree of carbonization, from
highly ordered to strongly disordered (Fig. 8-A; Table 2; Rouzaud et al.,
2015; Delarue et al., 2016). A range of ID1/IG ratios of 0.83 to 1.71 and a
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Fig. 5. Observations in petrographic thin sections of secondary features in some collected samples. A to D: Void-filling textures. A: Botryoid texture with early
discontinuous chalcedony growth and late mesoquartz filling, crosscutting the chalcedony — sample #60. B and C: Botryoid texture with early discontinuous
chalcedony growth, intermediate sulfide crystallization and late mesoquartz filling — sample #88. D: Carbonaceous ’flowers’- sample #107. The two arrows indicate
the specific type of texture (carbon-rich botryoidal growth zones) where Raman spectra were acquired (cf. §4.3) E: fissures associated to Cenozoic weathering and
filled by iron oxides (hematite) — sample #85. F: Weathered zone showing clay-like phyllosilicates — sample #77. These minerals probably derive from the alteration
of feldspars in nearby basaltic rocks. All pictures taken with an optical microscope in cross polarized light - A, B, F- or in plain-polarized light - C to E. Scalebars: 100

um, except D: 300 um.

range of DI-FWHM of 51.3 to 138.7 cm ! is observed (Fig. 8-B). CM in
the large majority of samples display quite uniform Raman spectral
shapes with D1-FWHM of 60.66 +/- 11.98 cm ™! and ID1/IG of 1.42 +/-
0.13, in line with the earlier study by Sforna et al., 2014 (Fig. 8-B). They
correspond to peak T-D1 temperatures around 350 °C (348 +/- 26 °C;
Fig. 8-C). We refer collectively hereafter to these samples as group a.
Only six samples of vein cherts and chert breccia and one sample of
layered chert display a particularly large range in spectral characteristics.
These are found in several places along the studied outcrop, both in the
stratiform part (samples of vein cherts and breccia #58, 61, 62, 65, and
sample of layered chert #71) and in the hydrothermal dyke (samples
#107, 108). We refer collectively hereafter to these samples as group p. In
Group p samples, a range of temperatures from 252 °C to 360 °C has been
calculated using the DIw-based geothermometer T-D1 of Kouketsu et al.

(2014) (Fig. 8-C). Interestingly, organic laminations concordant with
stratigraphy found within layered chert and carbon-rich clasts in sedi-
mentary clastic layers display high ID1/IG values and low D1-FWHM,
similar to sample group a (Fig. 8-D, purple circles). In contrast, CM in
void-filling botryoid textures display a range of maturities (Fig. 8-D, or-
ange diamonds) corresponding to the ones measured in sample group f.

5. Discussion

5.1. Depositional environment of the Apex chert - insights from trace
element data

Cherts may form either through direct precipitation from a silica-rich
fluid (primary chert), through silica sorption and precipitation during
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Fig. 6. REE patterns (concentrations in ppm normalized to the PAAS) measured
in Apex Chert samples and grouped by type of lithology.
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early diagenesis of clastic sediments (chemico-clastic cherts), or through
later silicification of a pre-existing rock (secondary chert) (Ledevin et al.,
2014; Rouchon and Orberger, 2008; van den Boorn et al., 2007; van den
Boorn et al., 2010). The nature of silica-rich source fluids may also vary,
ranging from seawater to hydrothermal fluids and other non-marine
waters, such as freshwater or lagoonal water (Bau and Dulski, 1996;
Bolhar and Vankranendonk, 2007; Elderfield et al., 1990; Hickman-
Lewis et al.,, 2020; Kamber et al., 2004). The REE composition of
cherts and carbonates is believed to reflect the characteristics of these
source fluids and/or specific paleoenvironmental conditions:

- Marine waters are recognized in shale-normalized REE patterns by a
characteristic enrichment in Heavy REE compared to Light REE, a
pronounced La anomaly and superchondritic Y/Ho ratios with
significantly positive Y anomalies — most marine waters exhibit Y/Ho
ratios above 40 (Bau and Dulski, 1999; Nozaki et al., 1997; Sholko-
vitz et al., 1994). Modern oxic seawaters also exhibit Ce anomalies
which are usually not found in samples derived from anoxic Archean
seawaters.

Hydrothermal fluids are recognized by strongly positive Eu anoma-
lies (Douville et al., 2002; Mitra et al., 1994; Thurston et al., 2012). It
has also been suggested that the magnitude of a Eu anomaly is
indicative of hydrothermal fluid temperature (Kato and Nakamura,
2003; Wheat et al., 2002). Although these anomalies are not pre-
served in modern seawater due to efficient scavenging on iron oxy-
hydroxyde particles, lower redox potentials probably led to their
persistence in Archean and Paleoproterozoic seawaters (Danielson
et al., 1992; Kamber and Webb, 2001).

Igneous phases (input of detrital particles or incomplete protolith
replacement), which are richer in REE than aqueous precipitates
(Condie, 1993; Rudnick, 2003), are identified by increased concen-
trations in REE and flat shale-normalized patterns.

REE complexation by organic groups on cell walls can affect the REE
composition (Takahashi et al., 2005) and may notably be identified
by specific enrichments in the heaviest REE - Tm, Yb and Lu - in the
organic phase (see conclusions in Takahashi et al. 2005), corre-
sponding to a specific depletion in the same elements in associated
precipitated inorganic phases.

Since REE compositions are highly sensitive to environmental con-
ditions at the time of deposition and poorly sensitive to post-depositional
events (such as metamorphism), they have been used to interpret the
depositional setting of a number of Archean and Paleoproterozoic cherts
and carbonates (e.g., Allwood et al., 2010; Bau and Dulski, 1996; Bolhar
et al., 2005, 2004; Bolhar and Vankranendonk, 2007; Gourcerol et al.,
2015; Hickman-Lewis et al., 2020; Kamber et al., 2004; Kamber and
Webb, 2001; Kato and Nakamura, 2003; Sugahara et al., 2010; Thurston
et al., 2012). The PAAS-normalized REE patterns of Apex chert samples
display a strong variability (Fig. 6). The range of (Pr/Yb)paas values
measured in the Apex chert is consequently larger than those reported in
several Paleoproterozoic and Archean sedimentary chert units (Bau and
Dulski, 1996; Gourcerol et al., 2015; Hickman-Lewis et al., 2020). It is
comparable to ranges reported in the Quartzite/Cleaverville formations
and in the Strelley Pool formation (Allwood et al., 2010; Sugahara et al.,
2010), where paleoenvironmental conditions - and the relative influence
of seawater, non-marine waters and/or hydrothermal fluids — were
interpreted to vary along stratigraphy. Where does this variation in shape
come from in the Apex chert unit?

The possibility that some parts of the Apex chert were formed by
replacement of the basaltic/komatiitic seafloor appears unlikely, since
(i) concentrations of Ni (which is enriched in mafic lithologies) are on
average similar to, or lower than Ni concentrations in other chemically
precipitated cherts (Fig. 7) and (ii) the Ni concentration is not correlated
to REE concentrations (Fig. 9-B). On the other hand, a statistically sig-
nificant positive correlation between Zr (and Th) and REE concentra-
tions (r = 0.7, p = 2e-6; Fig. 9-C) indicates the influence of detrital input
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Table 1
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REE-associated parameters, Zr and Ni concentrations obtained on the different samples. Each row in the table represents measurements from a single sample powder.
Measurement was repeated on two different powders for sample 102. Petrology: type of sample; LC: layered chert, VC: vein chert, CB: chert breccia. The position of the
sample is calculated as the geographic distance (D, in meters) from sample #90 (representing the opening of the intruding dyke). Increasingly negative distances from
sample #90 represent samples further north in the stratiform part of the unit (grey area in Fig. 1) - that is, increasing distance from the opening of the dyke. Increasingly
positive distances represent samples further north in the intruding dyke (black area in Fig. 1) — that is, increasing paleodepth in the dyke.  REE is the sum of raw REE
concentrations in ppm. (Pr/Yb)paas represents the enrichment of light to heavy REE. (Pr/Sm)paas represents the enrichment of light to medium REE. La/La*, Eu/Eu*
and Y/Y* stand for La, Eu and Y anomalies respectively. See methods for computation of parameters.

Sample nr Petrology D (m) >"REE (ppm) (Pr/Yb)paas (Pr/Sm)paas La/La* Eu/Eu* Y/Y* Y/Ho Zr (ppm) Ni (ppm)
52 LC —284 3,31 1,87 1,07 0,80 3,23 0,87 24,68 0,80 2,62
53 vC —280 11,13 1,37 1,11 0,83 2,48 0,94 25,76 6,47 2,47
54 vC —279 7,30 1,61 0,68 1,09 2,32 0,95 26,54 2,24 2,05
58 CB —208 6,03 1,62 1,05 0,91 4,16 0,94 26,04 3,64 29,17
60 LC —157 2,31 0,06 0,37 1,41 8,45 1,00 25,86 14,29 38,35
61 vC —157 0,26 0,70 0,67 1,31 10,32 1,03 29,49 0,24 4,44
62 vC —-156 6,57 0,97 0,69 1,38 3,18 1,02 27,92 3,71 46,82
65 LC —102 1,02 0,56 0,59 1,26 5,55 0,97 26,54 1,62 40,97
67 vC —98 6,87 0,68 0,83 1,07 3,04 0,99 26,73 6,42 5,96
70 LC -81 7,69 0,79 0,69 0,99 2,48 0,97 26,22 5,85 4,11
71 LC —83 14,26 0,44 0,64 1,10 2,86 1,10 29,77 13,26 17,63
72 CB —-83 10,43 0,41 0,77 1,07 3,12 1,08 29,79 9,28 9,73
73 CB —87 9,65 0,50 0,68 1,09 2,97 1,02 27,78 11,11 85,40
75 CB —74 1,25 0,10 0,34 1,67 7,74 1,02 27,33 2,89 6,73
76 LC -70 14,82 0,77 0,65 1,24 3,01 1,10 29,99 11,65 2,90
79 LC —58 10,25 0,61 0,66 1,30 2,39 0,95 25,30 13,09 5,34
80 CB -55 3,55 0,86 0,66 1,26 3,11 1,03 27,84 2,07 3,23
81 CB —47 5,47 0,56 0,69 1,32 3,48 1,00 27,50 4,66 3,78
85 CB -35 4,32 0,56 0,52 1,56 4,48 0,95 26,67 5,49 15,57
89 LC -19 0,56 0,34 0,53 1,51 7,52 1,10 29,64 0,34 0,74
91 vC 14 7,90 1,17 0,97 1,12 2,81 0,89 24,62 6,70 4,19
93 LC 26 0,78 0,93 0,65 0,78 2,34 0,98 27,23 0,29 0,68
94 LC 22 4,79 1,05 1,00 1,04 3,95 1,02 27,69 4,24 2,89
95 vC 28 10,91 0,96 1,02 1,10 5,07 1,05 28,10 11,34 24,09
96 CB 35 19,65 1,05 0,81 1,05 1,97 0,95 25,69 11,00 3,69
99 vC 48 4,53 1,17 0,80 1,04 2,38 0,84 24,29 0,59 1,38
102 vC 71 5,32 0,94 0,86 0,95 3,68 0,99 26,97 2,27 3,22
102 R vC 71 5,55 1,06 0,88 0,96 3,62 1,01 27,55 2,27 3,52
107 vC 122 0,52 0,23 0,64 1,07 4,66 1,01 26,70 1,23 15,26
110 vC 189 6,52 2,07 0,78 1,16 2,15 0,88 24,83 2,13 3,03
112 vC 235 4,59 0,81 0,75 1,30 2,13 0,93 26,09 2,58 3,87
115 vC 300 2,72 0,57 0,73 1,09 1,91 0,91 25,36 2,01 4,97

of felsic origin (such as granitoids/TTGs). This detrital input may have
two origins: (1) the Pilbara supergroup was deposited in an environment
of a volcanic caldeira (Kato and Nakamura, 2003; Van Kranendonk
et al., 2007); volcanic shards and zircon have also been observed in some
samples of the Apex chert (Fig. 3-C). Detrital input can therefore be
explained by infalls from felsic explosive volcanic events. (2) Similar
detrital input has been reported in sedimentary cherts from the 2.7 Ga
Woodburn Lake Group (Canada) and the 3.4-3.2 Ga Barberton Green-
stone Belt (South Africa), where it is believed to represent discharge of
continental crust weathering products into epicontinental basins (Bolhar
et al., 2015; Gourcerol et al., 2015; Hickman-Lewis et al., 2020). Input
from non-marine waters with a detrital load and lacking the REE
signature of seawater is also consistent with the small La anomalies and
chondritic Y/Ho ratios measured in the Apex chert. Irrespective of the
origin of this detrital input, a negative correlation between Pr/Ybpaas
and Zr concentration (r = 0.28, p = 0.10; Fig. 9-D) implies that it has a
significant influence on the general shape of REE patterns in the Apex
chert. The lack of correlation between Zr concentration and La/La* or
Eu/Eu* (respectively p of 0.43 and 0.61 - Fig. 9-E,F), however, means
that the detrital fraction does not obscure all other characteristics in the
chert REE composition.

The influence of seawater can be observed in some samples by a
significant depletion in Light REE and by positive La anomalies. It is
further substantiated by a negative correlation between Pr/Ybpaas and
Y/Ho ratios, and Pr/Ybpaas and La anomalies (Fig. 9-G,H). The Pr/
Ybpaas and Pr/Smpppg are lower in layered cherts than in vein cherts
(Fig. 9-A; Table S2), which may indicate a more pronounced influence of
seawater in these samples. However, no significant difference in Y/Ho
and La anomalies was found between these two groups of samples
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(Table S2). Overall, La anomalies (0.78-1.67) and Y/Ho ratios
(24.29-29.99) in the Apex chert are quite low compared to other
Archean and Paleoproterozoic sedimentary cherts (Allwood et al., 2010;
Bau and Dulski, 1999; Bolhar et al., 2005; Gourcerol et al., 2015;
Hickman-Lewis et al., 2020; Sugahara et al., 2010), and with a range
from 0.84 to 1.10, no significantly positive Y anomaly were found.
Although a seawater influence can be locally recognized, it appears
quite negligible at the scale of the unit. We also note that no significant
negative Ce anomalies (sensu Bolhar (2004); see also Fig. S3) were
detected here, which is in line with REE measurements in other Archean
rocks and is generally interpreted as indicative of a globally anoxic
Archean atmosphere/hydrosphere (Allwood et al., 2010; Arndt and
Nisbet, 2012; Kamber and Webb, 2001; Van Kranendonk et al., 2003;
review in Kamber et al., 2014).

Eu anomalies in the different lithological types of the Apex chert
(including the layered cherts) are high, compared to other Archean and
Proterozoic sedimentary cherts (e.g Allwood et al., 2010; Bau and Dulski,
1996; Hickman-Lewis et al., 2020; Sugahara et al., 2010). The observed
average Eu* of 3.83 is similar to anomalies measured in samples from the
Panorama formation (Bolhar et al., 2005) and the Woodburn Lake group
(Gourcerol et al., 2015), where a significant influence from hydrothermal
fluids was inferred. This is consistent with an active hydrothermal vent
system at the time of deposition of the Apex chert. It has been found
before that hydrothermal alteration of basalts releases preferentially
Light REE into the solution, leading to flattened REE patterns (Van Kra-
nendonk and Pirajno, 2004). Such a process would be represented by a
positive correlation between Eu anomalies and Pr/Ybpass which is not
observed in the Apex chert (Fig. 9-1). The enrichment in light REE appears
to originate from detrital inputs (negative correlation between Zr
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Fig. 7. REE + Y chemistry, Zr and Ni contents in Apex chert samples. The box extends from the first (Q1) to the third (Q3) quartile of the data, with the red central
line corresponding to the median. Whiskers extend according to Tukey’s original definition of boxplots (Tukey, 1977), and exclude as outliers data below Q1 - 1.5*

(Q3-Q1) or above Q3 + 1.5(Q3-Q1).

concentration and Pr/Ybpaas, Fig. 9-D).

No specific depletion or enrichment in Tm, Yb and Lu compared to
neighboring elements could be found in the PAAS-normalized REE
patterns; as a consequence, the effect of REE complexation by cell walls
is considered negligible in the samples studied.

In general, the REE compositions indicate that the Apex chert was
precipitated chemically from anoxic waters, strongly influenced by hy-
drothermal fluids and detrital input — from volcanic infall or continental
runoff - that obscured typical seawater signals. Changes in the intensity
of hydrothermal influence and in the amount of detrital input explain
the strong variations in REE composition in the unit.

5.2. Maturity of carbonaceous materials in the Apex chert

Previous Raman measurements in the Apex chert unit, conducted on
a small number of thin sections, indicated the potential presence of a
rare disordered pool of CM in the unit (Marshall et al., 2012; Olcott
Marshall et al., 2014; Sforna et al., 2014). Here, in order to refine these
findings and to describe the spatial variability in CM structure within the
Apex Chert, Raman measurements were conducted on 29 thin sections of
samples originating from various locations in the unit. It appears that
most of CM in the bedded Apex chert and the hydrothermal dyke exhibit
a similar, high degree of maturity, with D1-FWHM between 50 and 65
em ™! (group o samples) corresponding to alteration temperatures of ~
350 °C (T-D1 geothermometer, Fig. 8-C), consistent with regional
greenschist facies metamorphism. There is no evidence of specific
hydrothermally-induced graphitization, as documented in e.g. the 2.0
Ga Zaonega formation (Qu et al., 2020). This may be due to differences
in organic precursors, differences in hydrothermal conditions (e.g.
organic/fluid ratio), or absolute hydrothermal fluid temperatures.
However, in group p samples the CM shows a wide range of maturities,
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corresponding to variations in inferred temperature of a hundred of
degrees in a single thin section (Fig. 8-C). Importantly, we found that
there is no grouping of individual measurements into distinct pools, i.e.
the spectral characteristics vary continuously (Fig. 8-B,C). The location
of disordered samples along the outcrop is shown Fig. S5.

We put forward here several hypotheses which may explain these
variations:

1) It is known that the degree of thermal alteration in the Pilbara
supergroup is - at least locally - controlled by hydrothermal fluid tem-
perature (Harris et al., 2009; Terabayashi et al., 2003). CM of lower
maturity could correspond to well-preserved pockets in the Apex chert
unit. These relict volumes of the rock were less affected by the circula-
tion of hydrothermal fluids, or only affected by hydrothermal fluids of
lower temperature. However, localities where these lower CM matu-
rities are measured correspond mainly to vein cherts and chert breccia,
where thermal influence of hydrothermal fluids is expected to be higher
than in the layered cherts.

2) CM is in places strongly mixed with small haematite crystals.
Haematite has a 1310 cm ™! peak in the Raman spectrum that partially
overlaps with the D1-peak at 1350 cm !, leading to anomalously high D-
FWHM values of CM. This would lead to an erroneous interpretation of
CM maturity, as has been explained by (Marshall et al., 2011). If this is
the case, however, other haematite-related peaks should be present in
the Raman spectra, which were not observed in our samples. This hy-
pothesis is therefore discarded as an explanation for the disordered CM
fraction.

3) Recent weathering by meteoric waters occurred, that either
introduced a component of relatively modern biologic contamination or
caused disorganization of the structurally ordered CM already present in
the rock (Chazhengina and Kovalevski, 2017). This hypothesis is
corroborated with the geographic position of the samples containing
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disordered organic matter (Fig. S5; Figs. 1 and 8-C); except sample 71,
they appear to be located along the banks of the Chinaman Creek river
(samples #61,62,65,107,108) or along the banks of its precursor (sam-
ple #58). However, the most disordered carbonaceous fractions corre-
spond to temperatures of ca. 240 °C (Fig. 8-C) for the CM, which is
incompatible with the direct addition of modern biologic material
(although bush fires could also have played a role in altering recent
carbonaceous material). Besides, all analyzed CM in our samples is
located in areas of the thin sections where no obvious paths (such as
cracks) could be observed that would permit the circulation of modern
organic material through the chert.

4) Post-metamorphic hydrothermal fluids circulated through the
Apex chert, introducing a new, disordered CM component. Such a late-
stage disordered component could either represent a specific product of
abiotic synthesis associated with hydrothermal processes (Fu et al.,
2007; Lollar et al., 2002; Rumble, 2014) or a displaced biologic
component from a younger overlying formation. We note that the Apex
chert is overlain by pure basalts from the Apex Basalt Formation, and
later by the felsic volcanics of the Panorama Formation, which do not
contain significant amounts of carbonaceous matter; this favors the
scenario of abiotic synthesis during secondary hydrothermal processes.
The continuous variation in maturity among the group p samples (no
clustering of individual measurement into distinct pools) is an argument
against this hypothesis. However, it was observed that the maturity of
CM in the organic-rich sedimentary laminations and organic-rich sedi-
mentary clasts shows consistently high maturity (Fig. 8-D and S4, Panel
I), while CM that is associated to later void-filling textures, inside
botryoids, displays a wide range of maturities (Fig. 8-D and S4, Panel II).
These observations suggest that a cooler fluid containing a distinct, less
mature pool of organic matter could have circulated in the unit after the
main metamorphic event. This fluid locally remobilized more mature,
primary CM, which was mixed with the less mature, secondary CM. This
mixture of organic matter was then redeposited, notably into the void-
filling botryoidal textures found in samples # 61, 107 and 108. If both
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CM types were mixed in various ratios on a spatial scale smaller than the
size of Raman point measurements, this hypothesis could explain the
continuous variation in observed maturity. It remains to be explained
why only certain samples at specific locations in the stratiform part and
the hydrothermal dyke are affected.

Although a more systematic study of the link between texture and
maturity would be required to ascertain this scenario, we consider that
hypothesis 4) is the most plausible at this stage. As a consequence, if we
assume that lower maturities in the unit are probably due to later inputs,
then micropaleontologic investigations for syngenetic traces of fossil-
ized life in the Apex should disregard any carbonaceous material with
Raman measurements displaying D-widths above ~ 70 cm™! and ID/IG
under ~ 1.2.

5.3. Micropaleontological potential of the Apex chert unit

5.3.1. Sedimentary environment

Fine anisopachous carbonaceous laminations and laminated clasts
were found in some samples of the stratiform part (Fig. 3-A,D, and clasts
in Fig. 3-E,F). These laminations display irregular oscillations (no fixed
wavelength); their formation cannot be explained solely by the action of
a laminar flow on fine sedimentary particles. Some laminated clasts also
show features of ductile deformation, indicating that the structure was
relatively soft when it was remobilized (Fig. 3-E,F). Since these struc-
tures are syngenetic with the layered parts of the unit, they could
represent microbial biomass that fell from the upper water column (e.g,
microbial mats floating on the surface of the water), or microbial mats
directly growing on the seafloor substrate. Our study confirms therefore
previous findings of similar structures and corroborate the hypothesis of
potential biological activity in the surface environments of the Apex
chert (Hickman-Lewis et al., 2016). A depletion in light REE correlated
with La anomalies (Fig. 9-H) suggests that these Archean communities
developed in a basin at least partially open to marine influences. The
basin was also affected by continent-derived detrital inputs and volcanic
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Table 2

Parameters obtained from Raman spectra measured on carbonaceous fractions
in thin sections of different Apex chert samples. Spectrum: Number of the sample
from which the thin section originates, and number of the Raman spectrum in
this thin section. D: position of the sample along the outcrop (see Table 1).
Petrology: type of sample from which the thin section originates; LC: layered
chert, VC: vein chert, CB: chert breccia. DIw: Full Width at Half Maximum
(FWHM) of band D1, obtained with a 5-peak fit, in cm L. ID1/IG: ratio of in-
tensities of peaks D1 and G, obtained using a 5-peak fit. T-D1: Geothermometer
based on DIw (Kouketsu et al., 2014). Note that spectra measured on non-
carbonaceous phases or which display low signal-to-noise ratios are not
included in this table. For sample 107, a large amount of measurements was
made. In order to prevent overrepresentation in the data, only some of the
spectra, representing the diversity in maturity among all spectra measured in
this thin section, are considered here.

Spectrum D (m) petrology ID1/1G Dlw T-D1 (°C)
52-6 —283 LC 1,36 61,77 345,19
52-19 —283 LC 1,25 64,51 339,30
52-20 —283 LC 1,39 62 345
52-21 —283 LC 1,50 62 345
52-22 —283 LC 1,38 63 341
53-5 -279 vC 1,18 61,60 345,57
53-6 —279 vC 1,32 58,21 352,85
53-7 -279 vC 1,26 63,51 341,45
54-1 —278 vC 1,26 61,81 345,10
54-4 —278 vC 1,32 60,40 348,14
55-8 —255 CB 1,56 62,10 344,49
55-9 —255 CB 1,50 59,37 350,35
57-1 -233 CB 1,37 57,53 354,32
57-2 -233 CB 1,51 54,52 360,78
57-3 -233 CB 1,43 56,91 355,65
58-2 —207 CB 1,44 57,35 354,69
58-3 —207 CB 1,13 89,74 285,05
58-4- -207 CB 1,01 105,11 252,00
58-6 —207 CB 1,06 70,09 327,31
58-7 —207 CB 0,88 90,60 283
58-8 —207 CB 0,84 85,36 294,47
58-10 —207 CB 1,62 58,88 351,40
58-12 —207 CB 1,17 76,15 314,28
58-14 —207 CB 1,13 69,00 329,65
61-1 —157 vC 1,08 68,08 331,63
61-2 —157 vC 1,38 63,37 341,75
61-4 -157 vC 1,37 59,93 349,14
61-6 —157 vC 1,52 60,05 348,89
61-7 —-157 vC 1,15 67 335
61-8 -157 vC 0,97 90,91 282,54
62-1- —155 vC 1,08 84,59 296,13
62-2 —155 vC 1,05 96,13 271,31
62-3 —155 vC 1,10 73,38 320,24
62-4- —155 vC 1,25 88,31 288,13
62-5 —155 vC 0,99 82,27 301,12
65-1 —101 CB 1,12 68,53 330,65
65-2 —-101 CB 0,98 80,05 305,90
65-3 —-101 CB 1,09 74,95 316,86
66-3 -97 LC 1,34 61,25 346,31
66-4 -97 LC 1,56 61,61 345,55
66-7 -97 LC 1,11 138,57 180,08
68-1 -97 CB 1,33 65,22 337,77
68-2 -97 CB 1,37 64,04 340,32
68-4 -97 CB 1,39 62,18 344,32
71-1 —82 LC 1,07 90,84 282,70
71-2 —82 LC 1,09 83,34 298,82
73-2 —86 CB 1,71 53,36 363,27
75-1 -73 CB 1,63 54,22 361,43
75-2- -73 CB 1,68 57,19 355,04
76-1 —69 LC 1,21 67,51 332,86
77-2- —69 CB 1,26 63,85 340,72
80-2- —54 CB 1,36 60,42 348,11
80-3- —54 CB 1,51 56,30 356,95
80-6- —54 CB 1,48 53,80 362,32
87-2- -33 CB 1,37 60,94 346,97
87-4- -33 CB 1,50 55,88 357,85
90-1- -14 LC 1,48 58,87 351,44
90-2- -14 LC 1,43 58,79 351,61
93-2- 10 LC 1,37 61,13 346,57
93-3- 10 LC 1,41 60,92 347,03
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Spectrum D (m) petrology ID1/1G Dlw T-D1 (°C)
98-1- 27 CB 1,47 56,05 357,50
98-2- 27 CB 1,52 55,55 358,56
102-1 60 vC 1,32 62,07 344,54
102-3 60 vC 1,41 58,77 351,65
102-6 60 vC 1,43 57,46 354,46
102-7 60 vC 1,54 55,72 358,21
104-1 60 vC 1,28 77,91 310,50
104-3 60 vC 1,39 58,79 351,61
104-4 60 vC 1,42 58,92 351,33
104-5 60 vC 1,47 56,98 355,49
104-6 60 vC 1,45 56,89 355,69
107-1 111 vC 1,59 54,87 360,04
107-2 111 vC 1,56 56,02 357,56
107-4 111 vC 1,09 83,98 297,43
107-8 111 vC 1,27 59,64 349,78
107-13 111 vC 1,06 65,69 336,77
107-16 111 vC 0,98 95,75 272,13
107-20 111 vC 1,12 68,75 330,19
107-23 111 vC 1,02 75 317
107-26 111 vC 1,03 74,48 317,87
107-29 111 vC 0,99 80,45 305,03
107-32 111 vC 1,08 79,52 307,03
107-35 111 vC 0,95 82,27 301,13
107-38 111 vC 0,98 77,12 312,18
107-41 111 vC 0,90 89,01 286,62
107-42 111 vC 0,83 86,49 292,05
108-1 121 vC 1,05 83,81 297,81
108-2 121 vC 1,00 86,87 291,22
108-3 121 vC 1,14 93,57 276,83
108-4 121 vC 0,97 93,65 276,65
108-5 121 vC 1,18 78,05 310,19
108-6 121 vC 0,95 99,13 264,86
108-7 121 vC 1,20 80,32 305,32
110-1 187 vC 1,69 51,36 367,58
110-2 187 vC 1,54 54,71 360,37
1121 241 vC 1,70 54,07 361,75
112-2 241 vC 1,55 56,23 357,11
112-3 241 vC 1,53 56,55 356,42
115-1 323 vC 1,33 57,09 355,26
115-2 323 vC 1,38 52,77 364,55
115-3 323 vC 1,46 57,39 354,61

infalls, evidenced by (i) layers of rounded clasts and angular volcanic
shards and (ii) an enrichment in Zr correlated with enrichment in light
REE (Fig. 9-D). Dissolved solutes from continentally-derived waters are
known to favor primary productivity in modern estuaries and shelf en-
vironments (Mallin et al., 1993; Malone et al., 1988). Similar to what has
been suggested in the Barberton Greenstone belt (Hickman-Lewis et al.,
2020), continental waters (and volcanic infall) may therefore have
brought micronutrients and an increased biological activity in this
Archean paleoenvironment (Anbar, 2008).

5.3.2. Extent and intensity of hydrothermal processes in the Apex chert
The brecciated textures found in the unit are interpreted, similarly to
previous reports, to be caused by the injection of multiple pulses of
hydrothermal fluids, at least occasionally under phreatic conditions
(Brasier et al., 2002, 2005, 2011; Van Kranendonk, 2006). Based on
microscopic textural analysis throughout the unit, Brasier et al. (2005),
Brasier et al. (2011) reported a strong decrease of hydrothermal influ-
ence from the feeder dyke into the stratiform Apex chert. In the current
study, however, field observations and microstructural analysis found
evidence of hydrothermal influence all along the stratiform Apex chert,
with hydro-brecciated cherts sampled as far as 300 to 400 m away from
the dyke opening (Figs. 1, 2 and 4). In accordance with our field ob-
servations and mapping, we interpret this feature to reflect the
emplacement of hydrothermal sills (emanating from the feeder dyke)
along the sedimentary layers, causing local cross-cutting and brecciation
(Fig. 2). A similar mechanism was documented for the nearby Marble
Bar Chert (Van Kranendonk, 2006). The influence of hydrothermal
fluids is also supported by REE compositions, with high Eu anomalies
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Fig. 9. Plots of pairs of REE-associated parameters calculated for Apex chert samples. Layered chert samples shown as red circles, vein chert samples shown as blue

triangles and chert breccia samples shown as green diamonds.

occurring in samples from the dyke to the stratiform part (Fig. 10-A). In
general, trace element characteristics do not correlate to the position of
samples relatively to the feeder dyke (Fig. 10), which may indicate that
the depositional environment did not vary chemically in a stystematic
fashion from the dyke to the stratiform Apex chert.

The strong brecciation affecting the layered cherts, the presence of
cross-cutting veins, and the presence of sills within and along the
stratiform part of the unit, all indicate that the most energetic stages of
hydrothermal activity took place after initial deposition of the sedi-
mentary precursors of the layered Apex chert. However, Eu anomalies
are not correlated with the type of chert considered - samples of layered
chert and samples of vein chert display similar Eu anomalies (Table S2).
The incorporation of a significant Eu anomaly in samples of sedimentary
layered cherts means that hydrothermal fluids circulated in this envi-
ronment already at the time of deposition of the layered chert pre-
cursors. The bottom of the water column was probably mixed with
hydrothermal fluids exhaling from nearby vents, and/or hydrothermal
fluids were diffusing through unconsolidated sediments. Such a process
of diffuse hydrothermal venting was suggested before for cherts in the
Barberton Greenstone Belt by Hofmann and Harris, 2008.
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5.3.3. Effect of hydrothermal processes on the fossilization, preservation
and recognition of life

Modern hydrothermal vents have been found to harbor diverse mi-
crobial communities; these communities are based on chemolithotrophic
metabolisms that harness the strong redox gradients between hydro-
thermal fluids and seawater (Brazelton et al., 2006; Jannasch, 1985;
Nakagawa et al., 2005; Wang et al., 2009). Many authors believe that
hydrothermal environments on the early Earth constituted places where
life originated and started to evolve (Deamer and Georgiou, 2015; Martin
et al., 2008; Russell et al., 2010; Sojo et al., 2016). As such, the paleo-
environment inferred for the Apex chert unit is an interesting micropa-
leontological target.

However, hydrothermal environments also greatly complicate the
search for unaltered remnants of life and their subsequent interpretation
(Buick, 1990):

(1) Hydrothermal fluids and venting systems can favor the formation
of abiologic organic molecules - e.g. by Fischer-Tropsch type
syntheses (Lollar et al., 2002; McCollom, 2013), and of abiotic
structures with life-like morphologies (Garcia-Ruiz et al., 2003;
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McMahon, 2019). This obviously complicates the interpretation
of organic microstructures found in paleohydrothermal systems.
Hydrothermal fluids accelerate the structural and chemical
degradation of biologic structures. This decreases the probability
of finding pristine remnants of life in environments with sus-
tained hydrothermal circulation.

Large, dark intrusive cherts indicate a probable advection of
carbonaceous materials by hydrothermal fluids in the Apex chert
unit. Carbonaceous materials (biologic or not) were probably
extensively redistributed within the crust and overlaying sedi-
ments (see the “hydrothermal pump” model described by Duda
et al., 2018). At smaller scale, diffusion of carbonaceous material
may also be observed, for example as dendrites expanding from
the organic-rich country rock into the brecciating matrix (Fig. 4-
D). Raman measurements in botryoidal textures also indicate that
later CM could be mixed at a small spatial scale with primary CM.
The displacement of biological structures may prevent an accu-
rate interpretation of their depositional settings and further
paleoecological inferences.

2

—

(3

—

The dykes that feed into the Apex chert unit, and where several
generations of hydrothermal circulation are observed (Fig. 4-G; Brasier
et al., 2011), represent therefore unlikely environments for preserving
microbial remnants. Among the roughly 40 thin sections observed from
samples collected all along the outcrop, none appeared to contain
structures exactly comparable in size and shape to the controversial
microfossils reported from the dyke and discussed exhaustively else-
where (e.g. Bower et al., 2016; Brasier et al., 2005, 2002; Schopf, 1993;
Schopf et al., 2018; Schopf and Kudryavtsev, 2009; Schopf and Packer,
1987; Wacey et al., 2015). One round clast in a sample coming from the
stratiform part (PIL-16-69) was found to contain elongated carbona-
ceous structures, but they are branched and are smaller than the struc-
tures that were initially described (see Fig. S6). Given the sampling
effort, this absence indicates that the structures initially described by
Schopf (1987,1993,2002) are extremely rare. The origin of these mi-
crostructures is consequently not further discussed here.
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Based on petrographic observations and REE patterns, it was estab-
lished in the current study that hydrothermal circulation has also thor-
oughly influenced the stratiform part of the unit. Based on the reasons
mentioned previously, vein cherts in the stratiform Apex chert should
obviously be excluded of paleontological investigation. Critically, evi-
dence of hydrothermal influence was also found in layered cherts,
probably due to the mixing of hydrothermal fluids with bottom waters
and/or their diffusion through unconsolidated sediments; this urges to
caution when interpreting organic microstructures in layered cherts.

Raman measurements indicate the presence of less altered carbo-
naceous materials in some places of the unit. From textural consider-
ations (see 5.2, Fig. 8-D and Fig. S4), it appears that this CM could
originate from the remobilization and mixing of primary CM with a
secondary pool of CM during a late hydrothermal circulation event.
Interestingly, previous Raman measurements of the controversial mi-
crostructures in the dyke (Brasier et al., 2002; Schopf et al., 2002) show
them to be constituted of this less altered carbonaceous material.

Overall, the complex depositional environment and diagenetic his-
tory leads to strong heterogeneities in the stratiform part of the unit, from
the meter to the centimeter scale, which prevent the interpretation of the
paleontological potential of a sample solely based on its position relative
to main hydrothermal dykes. In this type of geological setting, paleon-
tological discussion requires local evaluation of chemical composition
and of organic maturity.

6. Conclusions

The finding of potential microbial mat remnants in the stratiform
part of the Apex chert raised questions anew regarding the micropale-
ontological potential of this unit. We addressed this question here by
correlating petrological observations with Trace element compositions
and Raman spectroscopic measurements of carbonaceous materials
along the unit.

We found carbonaceous laminated structures - with soft deformation
features - that may be interpreted as remnants of microbial mats, thus
confirming the previous findings of Hickman-Lewis et al. (2016). A
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positive linear correlation between REE concentration and Zr concen-
trations (r = 0.7, p = 2%10®) also indicated the significant influence of
felsic detrital input in the stratiform part of the unit, and the potential
supply of nutrients favoring biological activity into this sedimentary
paleoenvironment.

However, a pervasive influence of hydrothermal processes in the
stratiform Apex chert was also observed. Petrographic observations in
outcrop and in thin section indicate that hydrothermal sills have infil-
trated along the sedimentary layers, up to (at least) several hundreds of
meters from the main dyke opening; layered cherts were locally veined
and brecciated by dense hydrothermal fluids. REE compositions
corroborate these observations, with high Eu anomalies (mean Eu/Eu*
of 3.83, ranging from 1.91 to 10.32) found as well in layered cherts as in
vein cherts, all along the studied outcrop.

This strong hydrothermal influence makes the fine preservation of
microfossils in the Apex chert unlikely, and complicates their further
paleobiological interpretation. Carbonaceous materials (either biolog-
ical or abiological) were probably redistributed by hydrothermal fluids
in the seafloor crust, following a process similar to the “hydrothermal
pump” model described by Duda et al. (2018). Hot hydrothermal fluids
would degrade fine biological structures and may also have generated
pseudofossils.

Raman geothermometry indicates that, although most of the carbo-
naceous matter in the unit displays a uniform, high degree of organi-
zation (ID/IG of 1.2-1.6, corresponding to inferred peak temperatures
around 340 °C), some pockets of a more disordered material (with
inferred peak temperatures as low as 200 °C) exist locally in the Apex
chert. The presence of a more disordered pool of CM in the unit had been
hypothesized in a previous study (Sforna et al., 2014). Here, however,
we observe that the maturity of CM in these pockets varies continuously
on the centimeter-scale. From textural considerations, the most likely
hypothesis is that these pockets represent secondary post-metamorphic
inputs mixed with primary, pre-metamorphic CM. The microstructures
reported by Schopf (1993), display Raman spectra similar to this more
disordered carbonaceous material.

From this discussion, it appears that the probability of finding fine
micropaleontological features preserved in the Apex chert is low. Pale-
ontogical exploration of this highly heterogeneous unit also requires
petrographic and chemical analyses at multiple spatial scales. As a
consequence, we believe that the ratio (expected outcome / required
studies) is low for the Apex chert, and that it should not constitute a
priority target for Archean micropaleontology. However, the Apex chert
unit provides a critical window into the functioning of early hydrother-
mal systems and their interaction with surface Archean environments.
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