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Abstract

Abundant cell-like organic structures have been proposed as microfossils in Paleoarchean (3.2-3.5 Ga) cherts. The wide
range of 513C0rg values recorded in Paleoarchean organic matter (OM), including some of these possible microfossils, is dif-
ficult to reconcile with the smaller range observed in living cells and younger microfossils. Metamorphic and metasomatic
effects on 813C0rg have been recognized in Paleoarchean rocks, but have never been assessed for cell-like structures. Migrations
of OM, of which the textures can mimic microfossils, are also difficult to constrain in Paleoarchean cherts that are often cut by
submillimeter- to meter-scale OM-bearing veins.

Here, we present the results of petrography, Raman microspectroscopy, and in situ analyses of 513C0rg and H/C using sec-
ondary ion mass spectrometry (SIMS) of diverse organic microstructures, including possible microfossils, from two localities
of the 3.4-billion-year-old Strelley Pool Formation (Western Australia, SPF). For the first time, we show that the wide range
of 813COrg values recorded at the micrometer scale correlates with specific OM-texture types in the SPF. The cross-cutting
texture and lower structural order show that the OM in micro-veins of one sample from the Goldsworthy greenstone belt
(WF4) post-dates all other OM-texture types. Possible microfossils (spheres, lenses), clots and micrometer-scale globules
all show a higher structural order reached during peak metamorphism. Other than late micro-veins, textures indicative of
OM migration beyond the millimeter-scale are absent; hence the source of clots, lenses, spheres and globules is indigenous
to the cherts. A weak positive relation between 613COrg and H/C demonstrates that the 10%, range in 813C0rg recorded in indig-
enous OM is not metamorphic or metasomatic in origin. Texture-specific isotopic compositions strongly argue against fully
abiotic OM synthesis. Spherical cell-like structures have distinct 813C0rg values compared to all other organic textures: their
distribution peaks between —35%, and —36%, in WF4 and averages —35.7%,, in sample PAN1-1A from the Panorama green-
stone belt. Lenses are composed of a network of nanoscale OM with a relatively high H/C and §'°C,,, (average —329%, in
WF4), and include globules with lower H/C and 513C0rg down to —409%,,. Similar globules also appear as isolated clusters.
In both WF4 and PANI-1A, 613C0rg of OM clots shows a bimodal distribution, the lower values overlapping with those
of lenses. These heterogeneities can be explained by different carbon-fixation metabolisms, e.g. photosynthetic high 813C0rg
lenses versus methanogenic low 813C0rg spheres. Alternatively, heterogeneities can be explained by selective diagenetic
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preservation of the distinct isotopic fractionations inherited from different precursor biomolecules. Selective preservation is
supported by (i) coupled '3 Corg—H/C heterogeneities, (ii) the 613C0rg differences between cell-like structures and recondensed
clots, (iii) internal isotopic heterogeneities in SPF lenses similar to heterogeneities in modern and fossil cells. These results
support the interpretation of biogenicity of morphologically cellular structures in the SPF.

© 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The oldest evidence of life comes from Paleoarchean
rocks and the 3.4 Ga Strelley Pool Formation (SPF) con-
tains what may be the best preserved and most diverse re-
cord of life from this time, including stromatolites and
diverse cell-like microstructures. The biogenicity of the
SPF carbonate stromatolites is strongly implied by the link
between morphology, organic matter (OM) distribution
and sedimentary environments (Allwood et al., 2006a,
2009). Sulfur isotopes indicate sulfur-based metabolism be-
fore 3.4 Ga (Philippot et al., 2007; Ueno et al., 2008; Shen
et al., 2009; Wacey et al., 2010; Bontognali et al., 2012;
McLoughlin et al., 2012). Paleoarchean rocks preserve the
oldest amorphous OM that is rich in organic functional
groups (Marshall et al., 2007; Derenne et al., 2008), unlike
older rocks where graphitization has removed the organic
functionality and progressively re-organized the macromo-
lecular OM to a regularly stacked graphitic structure
(Papineau et al., 2010). However, most Paleoarchean rocks
are characterized by the geochemical imprint of syn-
sedimentary or metasomatic hydrothermal fluids (Allwood
et al., 2010; Yamaguchi et al., 2011).

Hydrothermal reactions can form organic compounds
(McCollom and Seewald, 2006). Thus, the presence of a ma-
fic basement favoring serpentinization and associated abio-
genic OM synthesis, and the occurrence of abundant
carbon-bearing hydrothermal veins have raised the question,
could some Palacoarchean OM be abiogenic (Brasier et al.,
2002; Lindsay et al., 2005)? The ranges of carbon isotope
fractionation observed in Paleoarchean methane-bearing
fluid inclusions and kerogen (Ueno et al., 2004, 2006a) can
be produced by abiotic synthesis and have thus been debated
as a biosignature (McCollom and Seewald, 2006; Sherwood
Lollar and McCollom, 2006; Ueno et al., 2006b). Long ali-
phatic chains with biogenic imprints have been found in
Paleoarchean kerogen (Derenne et al., 2008), although the
exceptional preservation of such fragile molecules in sub-
greenschist metamorphosed rocks raised questions about
their origin (Marshall et al., 2007). Strong similarities have
been shown between molecular profiles in the SPF cherts
and Mesoproterozoic biogenic kerogen, nevertheless, the
authors conclude that abiogenic kerogen remains to be stud-
ied using the same approach in order to use these profiles as
definitive biosignatures (Marshall et al., 2007).

Abundant possible organic-walled microfossils have
been reported in Mesoarchean to Palaeoarchean rocks,
but migration of OM along quartz grain boundaries form-
ing cell-like abiogenic microstructures is still difficult to rule
out. The 3.5 Ga Apex chert (Australia) OM filaments, ini-
tially reported as the oldest bacterial microfossils (Schopf,
1993), have come under close scrutiny. It has been shown

that these filaments occur in a massive OM-rich chert vein
(Brasier et al., 2002) that was submitted to intense hydro-
thermal and groundwater alteration (Pinti et al., 2009b),
where filamentous pseudomicrofossils formed in micro-
veins (Marshall et al., 2011). Filamentous structures belong
to a morphological continuum with variable filament diam-
eters, branching structures, and association with some crys-
tal pseudomorphs, leading to their interpretation as the
result of OM migration along crystal boundaries (Brasier
et al., 2005). Synthetic mineral templates have been pro-
posed as candidates for filamentous OM aggregation
(Garcia-Ruiz et al., 2003). 2D-3D Raman mapping and
scanning laser-confocal microscope imaging of some
Apex chert filaments (Schopf et al., 2002; Schopf and
Kudryavtsev, 2012) nevertheless show that the filamentous
OM textures are more complex than linear grain-boundary
coatings and triple-junction fillings, and consistent with
what is observed in younger microfossils (Kazmierczak
and Kremer, 2009).

Abundant newly discovered microfossils have been re-
cently reported in rocks older than 3.0 Ga. Siliciclastic
rocks of the 3.2 Ga Moodies Group (South Africa) (Javaux
et al., 2010) and the 3.0 Ga Farrel Quartzite cherts
(Australia) (Sugitani et al., 2007; Grey and Sugitani,
2009) yielded integral cell-wall-like OM through acid-
mediated extraction, a feature only known from microfos-
sils. The 3.0 Ga Farrel Quartzite OM includes spheres
and flanged lenses (formerly named “spindles”) that exhibit
bounding-wall morphologies and degradation textures
consistent with those of accepted fossil cells (Sugitani
et al., 2007; Schopf et al., 2010).

Silicified sediments of the 3.4 Ga SPF (Sugitani et al.,
2010, 2013; Wacey et al., 2011, 2012) show abundant micro-
structures of OM, including clots, films, filaments, and cell-
like structures (spheres, flanged and non-flanged lenses,
microtubes) bound by organic walls. To the best of our
knowledge, no mineral template occurring in nature mimics
the lenses (Sugitani et al., 2010), large ovoids, and microtu-
bular sheaths (Wacey et al., 2011) of the SPF. Moroever,
Wacey et al. (2011, 2012) have shown that the morphology
of some SPF spherical microstructures is consistent with
that of younger microfossils down to the nanoscale, includ-
ing the presence of silica nanospheres at the boundary of
and within the organic wall. In the same rock, these authors
have shown that spherical structures formed by aggregation
of migrated carbon along grain boundaries of botryoidal
quartz display wall-like OM microstructures, a common
feature of organic-rich cherts (Buick, 1990). Thus, although
not all abiotic structures have been critically studied so far,
nanoscale petrography can provide textural constraints to
better distinguish microstructures resulting of OM migra-
tion and those that are consistent with cells.
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Nanoscale co-distributions of C, N, and S provide addi-
tional constraints for the origin of 3.0 Ga (Oehler et al.,
2010) and 3.4 Ga (Wacey et al., 2011) cell-like structures,
although the presence of heteroatoms alone is not proof
of biogenicity. Nitrogen-, oxygen-, and hydrogen-bearing
molecules may form abiotically (Horita, 2005), and hetero-
atoms such as sulfur may be added abiotically to OM
(Sinninghe Damste et al., 1998; Lepot et al., 2009). More
promising are heterogeneities in heteroatom contents
between different OM textures at small scale suggesting
different precursor molecules. For example, associated
filamentous and spherical Proterozoic microfossils show
distinct N/C ratios (Oehler et al., 2006). The Farrel
Quartzite (3.0 Ga) lenses often display dense, ca. 1 um wide
OM globules enriched in sulfur and nitrogen compared to
the reticulate OM network forming the body of the cell-like
structure (Oehler et al., 2010).

The association of isotopically fractionated pyrite sulfur
with putative microfossils has been used to propose that the
majority of preserved microfossils in a SPF sandstone
represent S-metabolizing microbes (Wacey et al., 2011).
Nanoscale pyrites are indeed associated with OM within
and near arcuate shapes interpreted as partial cell walls,
and larger pyrite grains occur near spherical cell-like struc-
tures (Wacey et al., 2011). Several lines of evidence restrict
the genesis of these features. First, the microfossil origin of
the arcuate forms associated with nano-pyrites remains
dubious. Unlike spherical cell-like structures (Wacey
et al., 2011, 2012), these arcuate forms show a highly dis-
continuous OM wall at the nanoscale, a feature the authors
also found in OM-coated abiotic botryoids. In our view,
additional nanoscale petrography is required to constrain
the origin of these pyrite-associated microstructures.
Second, alternative abiogenic sources have been proposed
for such large &°*S and A*S values (Philippot et al.,
2012), and 8¢S measurements are important to confirm
Archean S-metabolism (Ueno et al., 2008; Shen et al.,
2009). Finally, metabolically fractionated sulfur isotope
ratios in pyrite are consistent with, but not conclusive proof
that nearby fossil microorganisms metabolized sulfur. OM
is often the preferred locus of pyrite precipitation away
from or without preservation of the bacteria that mediated
pyrite precipitation, e.g. at grain boundaries together with
clotted kerogen (Lepot et al., 2009), or within fossil plants
(Bernard et al., 2010a). Moreover, no SIMS instrument
has achieved so far the spatial resolution to accurately
analyze the sulfur isotope ratio in nano-pyrites within
organic walls, and thus existing studies could only target
larger pyrites in the immediate vicinity (Wacey et al., 2010).

A wide range of 613C0rg was measured by SIMS analysis
of possible microfossils in the SPF (—469, to —339%,)
(Wacey et al., 2011) and older rocks (—42%, to —329%,)
(Ueno et al., 2001), but such values can be the result of a
range of biotic (Pearson, 2010) and abiotic (McCollom
and Seewald, 2006) processes. In those studies, no links
between 813C0rg, the different OM microstructures and
cell-like morphologies were evidenced. In contrast, the
613C0rg values of Proterozoic microfossils: (i) typically
display ranges of ~59%, for individual taxa, although some
show larger range (House et al., 2000; Kaufman and Xiao,

2003; Orphan and House, 2009; Williford et al., 2013), and
(i1) can be correlated with morphological (taxonomic or
anatomic) features (Williford et al., 2013).

Several processes can explain 613C0rg heterogeneities at
different scales, including: (1) microbial metabolism (Pear-
son, 2010), (2) possibly, abiotic synthesis (McCollom and
Seewald, 2006), (3) preservation of different classes of mol-
ecules with distinct biosynthetic 613C0rg (Hayes, 2001), (4)
different diagenetic conditions (Galimov, 2006), (5) differen-
tial hydrothermal or metamorphic alteration (Dunn and
Valley, 1992; Des Marais, 2001; Valley, 2001), and (6)
migration of OM with distinct 8"°C,,, (Williford et al.,
2011a). On a regional scale, OM in ca. 3.5 Ga massive veins
and Paleoarchean sediments shows variable 613C0rg that
has been interpreted as resulting from differential metamor-
phic conditions based on correlation with bulk OM content
(Ueno et al., 2004), N/C ratios (van Zuilen et al., 2007), and
N-isotopes and metal concentrations (Pinti et al., 2009a).
Paleoarchean oil migration is known at least in some ini-
tially porous rocks (sandstones/siltstones) (Buick et al.,
1998), and different generations of OM have been distin-
guished by Raman microspectroscopy in the Apex chert
(Olcott Marshall et al., 2012). In the SPF, a relatively wide
range of bulk-rock 613C0rg has been observed both in mas-
sive veins (—349,, to —26.9%,) and sediments (—35.89%, to
—28.3%,) (Lindsay et al., 2005; Marshall et al., 2007), and
the origin of OM in sediments remains unclear. Wacey
et al. (2011) demonstrated that OM in the SPF sandstones
is indigenous because it mostly occurs: (1) in specific sand-
stone layers, and (2) in the earliest isopachous cement. So
far, in situ 513Corg analyses have only targeted cell-like
OM in some Paleoarchean rocks (Ueno et al., 2001; Wacey
et al., 2011), and migrated OM in others (van Zuilen et al.,
2007). Coupled petrographic and in situ geochemical anal-
yses of all OM textures in Paleoarchean rocks are thus cru-
cial to constrain questions of biogenicity and genesis of
OM.

We have thoroughly analyzed the textures, distribution
and structure of diverse OM microstructures in cherts of
the SPF using Raman microspectroscopy, optical and elec-
tron microscopy, and performed in situ SIMS isotopic anal-
yses on each OM-texture type. This study provides
unprecedented insights into formation, origin of cell-like
structures, migration, and alteration of OM in the SPF.

2. GEOLOGIC SETTING AND SAMPLES

The SPF formed ~3.35 Ga ago and crops out across ele-
ven greenstone belts in the Pilbara Craton (Hickman,
2008). It is part of the Pilbara Supergroup, unconformably
overlies the Warrawoona Group, and is overlain by the
Euro Basalt. We studied (Supplementary Figs. S1-S4) a
massive to layered black chert (WF4) and a stromatolitic
chert (WFL2-1) from the Goldsworthy greenstone belt
(Sugitani et al., 2010), and a laminated black chert from
the Panorama greenstone belt (PAN1-1A). The two sam-
pled localities are ca. 100 km from each other. WF4 and
WFL2-1 were sampled at the informally named Water Fall
ridge in the north of Mount Grant quadrangle in the Golds-
worthy greenstone belt. There, the sedimentary succession
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of the SPF comprises quartz-rich sandstones interbedded
with massive to laminated chert beds as well as stromato-
litic cherts (Sugitani et al., 2007, 2010; Hickman, 2008).
The Water Fall ridge samples (WF4 and WFL2-1) come
from the uppermost cherty unit ca. 2 m thick of shallow
water origin that consists of sandstones, conglomerate, par-
allel laminated cherts, stromatolitic chert, and massive
chert at the top. The massive WF4 chert was collected at
the center of the ridge (S20°20'40”, E119°25'09”). The stro-
matolitic WFL2-1 chert is stratigraphically lower than
WF4, and laterally 50 m away from the massive WF4 chert.
REE+Y compositions suggest a hydrothermal contribution
to the formation of the WF4 chert (Yamaguchi et al., 2011).
PANI1-1A was sampled at the unnamed ridge (S21°13'21”,
E119°1820”) in the Panorama greenstone belt, near the
southern margin of the ‘Trendall Ridge’. The laminated
PANI-1A chert comes from a sedimentary unit deposited
in peritidal to inner platform environment (Sugitani et al.,
2013). The REE+Y compositions of laterally equivalent
cherts close to the ‘Trendall Locality’ also suggest precipita-
tion of chert from mixed marine-hydrothermal fluids
(Allwood et al., 2010).

3. METHODS
3.1. Microscopy

Optical petrography was carried out using an Olympus
BXS51 microscope under bright-field transmitted light and
reflected light. Photomicrographs from different focal
planes were combined into “multiplane images” using a
weighted average algorithm (CombineZP software by Alan
Hadley). Optical cathodoluminescence was carried out
using a Technosyn Cold Cathode Luminescence 8200
MK4 (electron gun operated at 25.4 kV, 460 nA) coupled
to an Olympus BX41 microscope. SEM images were re-
corded on gold-coated samples using a Hitachi S3400
SEM (at UW-Madison) operated at 10-15 kV and a work-
ing distance of 10 mm. Secondary electron (SE) images
were recorded before SIMS analyses, and show OM in
black, quartz in gray, sulfides in white and topographic re-
lief outlined by white halos. Backscattered electron images
(BSE) were recorded after SIMS analyses, removal of the
gold coating and deposition of a ca. 10-nm-thick gold coat.
BSE images show OM in black, quartz in gray; sulfides and
the remains of the earlier gold coat within topography ap-
pear in white.

3.2. Raman spectromicroscopy

Raman spectra were obtained with a Jobin Yvon Labram
spectrometer (at Université Lille 1) with a 514.5 nm Spectra
Physics argon laser (vertical polarization) focused through
an Olympus BX40 microscope with a 100x objective
(NA =0.9) into a spot 1-2 um large. Measured laser power
at the sample surface was less than 7mW and prevented
heat-induced artifacts. Raman spectra were recorded on car-
bonaceous particles located below the surface of polished
thin sections to avoid artifacts caused by the polishing pro-
cess. The backscattered Raman signal was dispersed by a

grating (1800 lines/mm) and analyzed with a front-illumi-
nated CCD detector. Baseline subtraction was performed
in Labspec using a cubic interpolation with six fixed points
(800, 950, 1100, 1710, 1830, 2000 cm™").

3.3. Bulk carbon isotope analyses

The 8'°C,y, of bulk insoluble OM in PANI-1A was
measured using conventional extraction techniques as de-
tailed in Supplementary methods and (Kitchen and Valley,
1995). The 8'*C,y, of bulk insoluble OM of WF4 was re-
ported in Sugitani et al. (2010), and that of WFL2-1
(unpublished) was measured by these authors using the
method reported therein.

3.4. SIMS measurements

SIMS analyses of carbon isotope ratios were carried out
using a CAMECA IMS-1280 at the WiscSIMS laboratory,
UW-Madison (Valley and Kita, 2009), following the proce-
dure described in Williford et al. (2013). Sample prepara-
tion is described in Supplementary methods. A ~15 um
(~7 um for 4 analyses of lenses in WF4) **Cs™ primary
ion beam with 20 kV total accelerating voltage and
~2.5 nA intensity was focused at the sample surface. Sec-
ondary ions were counted simultaneously using the follow-
ing detector setup: '>C~ (Faraday cup at the L'2 position
with a 10'' Q resistor, mass resolution M/AM = 2200),
13C [axial electron multiplier (EM), M/AM = 4000], and
13CH™ (EM at the H2 position, M/AM = 2200). Deflector
X and Y parameters (DTFA) were adjusted by rastering
the primary beam over a 25 x 25 um area near each target
area and applying the dynamic transfer plate voltage syn-
chronized with primary beam rastering to obtain a stable
secondary ion image. Values of 8'>Cr,y (in %,) represent
the '*C/'C isotopic ratio measured by SIMS reported
against the VPDB value before correction for instrumental
bias (Supplementary methods and Fig. S5). Each analysis
consisted of 70 s of presputtering and 80 measurement cy-
cles of 2's each. Instrumental bias in SIMS was standard-
ized using an epoxy-embedded chip of carbonaceous chert
sample PPRG-215-1 (Walter et al.,, 1983) provided by
C.H. House, the same standard used by House et al.
(2000) and Williford et al. (2013) for §'*C measurements
of Precambrian microfossils. Bias (aspvs) was calculated
by comparing the average “raw” value of PPRG-215-1 to
the published value [—31.5 £ 0.2%, VPDB (Hayes et al.,
1983; House et al., 2000)], as detailed in Supplementary
methods and (Kita et al., 2009; Valley and Kita, 2009).
The last three analyses of PAN1-1A were similarly stan-
dardized using the WFL2-1 stromatolitic chert after dem-
onstration of its 813C0rg homogeneity (see below).
Calculations of the internal and external precisions, as well
as the resulting analytical uncertainty that we report in all
figures herein, are detailed in Supplementary methods.
PPRG-215-1 was located on a different mount than SPF
samples. Supplementary methods, Figs. S6-S8 and previous
studies (Kita et al., 2009; Ferry et al., 2010) indicate that
off-mount calibration with a sample change from the
high-vacuum airlock chamber, variations of analysis-
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chamber pressure and sample coordinates do not modify
bias on 8°C and '*CH/'3C~ ratios. Only two of our
13C~ count rate values are higher than 6 x 10° counts per
second, and most of our data are in the range of 2-5 x 10° -
counts per second (Supplementary Table 1). The measured
deadtime of the EM detector was 23 + 2 ns and no correla-
tion (beyond the analytical uncertainty) is observed be-
tween 5'°C and the count rate on '>C for standard
analyses or within each bracketed set of unknowns.

3.5. Assessing matrix-effect bias in SIMS

Isotopic biases may arise in SIMS data due to a number
of sample-specific factors including isobaric interferences,
isotopic fractionations created by breaking of different
bonds such as C-H, C-C, C=C, and mixtures in variable
proportions of elements of interest and matrix constituents
(Riciputi and Greenwood, 1998; Sangély et al., 2005). Such

£

factors may influence the measure of 813C0rg and
3CH=/"*C~. Fig. S5A and B and the Supplementary
Table 1 show that no significant relation exists between
the '2C count rate and the distinctive 8'>C values recorded
for each OM texture type (Figs. 1-4) in all our samples.
Thus, we have not applied a correction on 513C0rg for
matrix effect arising from variable ratio of sputtered OM
to sputtered quartz matrix. This is in good agreement with
previous SIMS §'3C studies of OM-silicate (Sangély et al.,
2005) and carbonate-sulfide-oxide mixtures (Riciputi and
Greenwood, 1998). One SIMS pit revealed K-rich phyllosil-
icates (likely muscovite) within micro-veins (Fig. S10B).
This spot and another one in this phyllosilicate-rich vein
show a 813C0rg value that is ~29,, higher than other spots
in this vein and in a phyllosilicate-free vein (Figs. 2, S9
and S10). Spots in the phyllosilicate-rich vein do not show
a higher *CH/"3C~ signal, hence there is no evidence that
phyllosilicate hydrogen has recombined in the SIMS

© globule
clusters

Fig. 1. Various, closely associated OM microstructures in sample WF4. (A) Photomicrograph of region D7. (B-F) BSE images of regions
marked in A showing SIMS pits and associated values of 8'*C with analytical uncertainty. The chert is composed of quartz (gray) and OM
(black). (B-D) Globule clusters. (E) Clot. (F) Lens mostly composed of a dense network of nanoscale OM and a few globules (arrows).
Density of the OM network is lower in the outlined area. The upper SIMS pit intercepted several globules.
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Fig. 2. OM-rich quartz micro-veins in sample WF4. (A) Multiplane (here two focal planes) combination of photomicrographs of region
Bl1(v1l,sp) showing a lens and a lens fragment (lower box) in a region cut by numerous pure quartz and OM-bearing quartz micro-veins.
Ellipses highlight SIMS analysis spots with associated 613COrg (%, VPDB) values and analytical uncertainty. (B) Transmitted light
photomicrograph showing OM-rich (white arrow) and ZnS-rich (black arrow) quartz micro-veins. (C) Cathodoluminescence image of the
same region. Quartz micro-veins appear orange, ZnS is light green. (For interpretation of the references to color in this figure legend, the

reader is referred to the online version of this article.)

plasma with '*C~ ions and interfered on the '*CH=/!*C~ of
OM (Fig. 5A). Because we cannot rule out a matrix effect
on the three data points in the phyllosilicate-rich micro-
vein, these data are excluded from the following.

Tests demonstrated that contamination from the quartz
matrix and sample surface are negligible in our measure-
ments of CH /!3C~ and 813C0rg. First, any organic con-
taminants adsorbed onto sample surface are sputtered
before analysis and the effect is negligible. Indeed, '*CH~
count rate on OM-free quartz grains dropped below
20 cps within 10 s, which is between two and three orders
of magnitude lower than '*CH™ count rates recorded in
zones with lowest '>C™ count rates from OM (Supplemen-
tary Table 1). Second, at a mass resolution of 2200, 28812~
(provided any is emitted) can be resolved and '>’CH,~ ap-
pears as a shoulder on the '*CH™ peak, but this shoulder
only has 5% of the intensity of >*CH™ ions and is thus ne-
glected. Finally, hydrogen measured as '*CH™ comes lar-
gely from OM in samples and not from '*CH™ formed by
recombination of '3C~ sputtered from OM in samples with
hydrogen from OH in quartz, or adsorbed onto sample sur-
face. Indeed, there is no relation between '>C~ count rate
and *CH7/'*C~ in the cherts (e.g. PPRG215-1, Fig. S5C):
even at low '>C™~ count rates, where OM is less abundant
and the volume of sputtered chert matrix is relatively high,
3CH=/'3C~ does not show significant increase from H addi-
tion. Hence, '*CH /"3C™ is a good proxy for H/C.

The variable matrix effect caused by different H/C ratios
between sample and standard has been shown as a possible
source of bias in SIMS §'°C,,, analyses, especially for low
maturity kerogen (Sangély et al., 2005; Williford et al.,
2011b). However, the SPF OM has been metamorphosed

in the sub-greenschist to lower greenschist facies. The
PPRG215-1 standard (Fig Tree Group, Barberton, South
Africa (Hayes et al., 1983; Walter et al., 1983; Tice et al.,
2004) and our SPF OM show similar metamorphic grades
(Sugitani et al., 2010). PPRG215-1 has a bulk rock H/C
of 0.16 (Hayes et al., 1983), which is within the range of
low H/C ratios measured in SPF cherts (Marshall et al.,
2007). PPRG215-1 has a relatively narrow (range: 0.054—
0.077, average: 0.064 +0.007, 1 standard deviation,
Fig. S5C), almost normal '*CH/'*C~ distribution, with
the exception of one outlier at 0.032, arguing for OM
homogeneity. WFL2-1 also shows a narrow range of
BCH=/"*C™ (0.033-0.040), but a much lower average
BCH=/"3C™ 0f 0.036 + 0.002 (1SD). The texturally homog-
enous OM (Fig. S2) in WFL2-1 shows homogeneous
8"’ Corg values averaging —27.1+0.73%, VPDB (I1SD,
n = 13), close to the bulk kerogen value of —27.4%,. This re-
sult strongly argues that our 613C0rg measurements are
accurate and that the '‘CH /'3Cdifferences between
WFL2-1 and PPRG215-1 are corrected within precision
by the techniques described here. The average *CH~/!*C~
of two other SPF cherts is closer to that of PPRG215-1:
0.067 +0.014 (1SD) for WF4 and 0.074 £+ 0.009 (1SD)
for PANI-1A, but '*CH/'*C~ ranges are wide (Fig. 5:
0.038-0.108 for WF4; 0.055-0.092 for PAN1-1A). These
two samples show a weak positive relationship between
3'*Cyrg and PCH/"*C™ (Fig. 5; R*=0.23 for WF4 and
0.24 for PANI1-1A). In contrast, instrumental bias caused
by kerogen with different H/C ratios produces a negative
correlation (Sangély et al., 2005; Williford et al., 2011b).
In our samples, the weak positive relation can only be
explained by true 613C0rg and H/C heterogeneities.
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Fig. 3. Textures of lenses in sample WF4. (A) Multiplane photomicrograph of two lenses in region BI(v1,sp) as shown in Fig. 2. The upper
lens is cut by a chert vein. (B) SE image of the same region. Ellipses highlight SIMS targets. Orange lines highlight parts of the two lenses that
intersect the surface of the thin section. The lower target displays OM globules, whereas the upper one does not. (C) BSE image of the same
region showing SIMS pits with associated 613COrg (%, VPDB) data, and the network of nanoscale OM in lenses. (D) Multiplane
photomicrographs of region D4 showing three linked lenses. The black linear feature at the center right is a sulfide crystal. (E) BSE image of
the same region. These lenses are mostly composed of a network of nanoscale OM and only include a few globules. Obvious globules (SE
image not shown) were only intercepted in the lower right SIMS spot. (F-H) Region D3sp2 showing a globular lens. (F) Transmitted light
photomicrograph, (G) reflected light photomicrograph, and (H) BSE of the same region. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Individually, OM-texture types do not show relations be-
tween 813C0rg and '"*CH/'3C™. Linear relations link
CN~/C™ to atomic N/C (van Zuilen et al., 2007) and
BCH/13C™ to H/C (Williford et al., 2011b) in a composi-
tional series of pure OM standards. We did not produce
such a calibration line. However, using the bulk kerogen
H/C value (0.16 at%, Hayes et al., 1983) and the average
SIMS '3CH/'3C~ (0.064) of our PPRG215-1 standard,
we can infer that the atomic H/C value recorded in our
samples (maximum '*CH /'*C~=0.108 in WF4) is no
higher than 0.27 (=0.16 x 0.108 + 0.064). This is within
the range of H/C (0.02-0.46) measured by Marshall et al.
(2007) in bulk SPF kerogen. Within the small range of H/
C (<0.27) we measured, the effect of H/C on bias is <1%,
(House et al., 2000; Sangély et al., 2005; Williford et al.,
2011b, 2013) and cannot explain the range of 813C0rg com-
positions analyzed from SPF-OM.

4. OM TEXTURES

The stromatolitic chert WFL2-1 shows a homogenous
texture composed of diffuse, globular masses of OM nano-
particles (Fig. S2). The WF4 and PAN1-1A cherts show clus-
ters of cell-like lenses ca. 2070 pum in length (Figs. 1-3, S11,

S14-16, S19 and S20) and clusters of cell-like spheres ca.
10 pm in diameter (Figs. 4, S12, S17). Spheres and lenses
are impregnated by chert. Similar to the Farrel Quartzite
lenses (Oehler et al., 2010), the SPF lenses are lenticular to
spheroidal bodies displaying a flange-like appendage (Sugi-
tani et al., 2010, 2013), and they comprise a reticulate nano-
scale organic network interspersed with variable amounts of
micrometer-scale pure OM globules (Figs. 1F, and 3). Three
types of internal textures were identified within lenses: (i) lens
type 1 that does not show globules, (ii) lens type 2 that dis-
plays OM particles larger than the rest of the nanoscale retic-
ulate OM that either represent small globular inclusions or
larger non-globular reticulate OM at grain boundaries, and
(iii) lens type 3 that displays ~1 pm large rounded globules.
All types of lenses commonly display OM-free lumens
(Figs. S11, S14, S19) or zones where the reticulate OM net-
work is less dense (Fig. 1F). Spheres consist of an organic
wall thinner than a micrometer that pinches and swells,
but do not show internal globular OM as lenses do
(Fig. 4). WF4 and PANI1-1A also show clusters of rounded,
~1 pm diameter pure-OM globules (Figs. 1B-D, 4C, and
S18) as well as dense clots composed of nanoscale to micro-
granular OM distributed along the grain boundaries of mi-
cro-quartz (Figs. 1E, S10D, S13, S21, and S22).
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Fig. 4. Clusters of spheres and globules in sample WF4. (A) Photomicrograph of region D8-s2. (B and C) BSE images of regions marked in A
showing SIMS pits and associated carbon isotope data with analytical uncertainty as defined in Supplementary Eq. (3). (B) Cluster of spheres.

(C) Globule cluster.

In WF4 and PANI1-1A, the chert matrix either shows
diffuse nanoscale OM distributed at grain boundaries in a
dark clotted fabric, or is composed of pure white chert
(Figs. 4A, S3, S4, and S11). The latter does not show a
distinct color in cathodoluminescence (Fig. 2B and C) or
a distinct quartz crystal size under crossed polarization.
Micro-veins filled by OM particles (commonly larger than
10 um; Fig. 2) occur only in WF4 and cut across both white
and dark clotted chert fabrics. Spheres, lenses, clots and
globules are widespread and do not show any spatial
relationship with the OM-bearing micro-veins (Sugitani
et al., 2010 and Figs. S9-S22). When observed optically
by cathodoluminescence, silica in micro-veins luminesces
orange, whereas the matrix chert does not luminesce
(Fig. 2B and C). Thus, the late vein-filling silica shows
distinct trace element composition compared to the
relatively homogenous chert matrix hosting spheres, lenses,
clots and globules.

5. SIMS ANALYSES: H/C-5'3C HETEROGENEITIES

For each OM-texture type, we show the relations be-
tween *CH/'*C~ and 8'*C (Fig. 5), the 3'*C distributions

(Fig. 6), and the 8'3C and *CH/'3C~ ranges (Table S2).
The stromatolitic chert WFL2-1 shows homogeneous tex-
ture, *CH/1*C~ (average 0.036) and SIMS 813Corg similar
to bulk values (—27.49, VPDB). The massive chert WF4
shows an 11.89, range of SIMS 613C0rg values (—39.9%,
to —28.1%, VPDB) in agreement with the bulk value
[—31.01%, (Sugitani et al., 2010)]. Type-1 lenses, spheres,
and globules in WF4 show approximately normal 813C0rg
distributions that exhibit only minor overlap and are dis-
tinct from the 813Corg of micro-veins (Figs. 6, S9-S16).
OM in phyllosilicate-free micro-veins is highest in §'*C
(—29.0%, to —28.19%,, average —28.5%,). Micro-veins show
the widest range of '*CH~/!3C~ (0.068-0.108) and the high-
est maximum and average (0.085) values. In sharp contrast,
globules show the lowest 8'3C,,, (average —37.4%,), and a
narrow range of low 13CH*/1%C* values (0.053-0.058).
The distribution of 813C0rg in spheres shows a sharp peak
between —359%, and —369%,, little overlap with the more neg-
ative globules, and a tail at higher values (Fig. 6B). Values
of 3CH /"C™ in spheres are on average low (0.054) and
close to globules, though a wider range is observed
(0.044-0.07). Lens types 1-3 were analyzed in WF4. Type
1 lenses (without globules) and type 2 (possible globules)
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show a normal distribution with a peak between —309/, and
—329%, and similar average values (—32.29, and —31.8%,,
respectively). These two lens types show a wide range of
BCH=/*C~ (0.038-0.095) with an average at 0.075.
Type-3 lenses (globular) have lower 813Corg (average
—35.99,) and lower average >*CH™/!3C~ (0.065) and values
are close to those of globule clusters. Most globules in clus-
ters, and type-3 globular lenses, show a higher 2C~ count
rate than other lenses (Fig. S5). Micrometer-scale globules
in type-3 lenses thus represent a major contribution to the
SIMS carbon signal compared to the surrounding network
of nanoscale OM matrix common in most lenses. Clots
show 3'3C values limited to the range —33.2%, to —29.3%,
with a bimodal distribution. The 613C0rg of clot D6 (aver-
age —329,) overlaps with that of lenses, whereas clots Bl
and D7 show higher 813C0rg (average —29.69,) close to that

of micro-veins. Both types of clot show a narrow range of
BCH/C™ (D6: 0.053-0.071; B1-D7: 0.073-0.082), and
clots with the highest 613COrg show the highest aver-
age'>*CH/"*C~ (B1-D7: 0.077), whereas the clot with low-
er 8"°Cyyq shows lower *CH™/"’C™ (D6: 0.062).

In the laminated chert PAN1-1A, SIMS data show sim-
ilar trends, although the smaller size of the dataset limits its
statistical significance (Figs. 5B, 6F-1, S17-22). The range
of SIMS 8'"°C,,, values (—38.6%, to —28.7%,) is close to
that observed in WF4, in agreement with the bulk 813C0rg
(—32.079%,). There are no micro-veins in PAN1-1A. Cell-
like structures are less abundant than in WF4, and glob-
ule-free regions (lenses type 1) could not be targeted with
certainty within lenses. Type-2 lenses show an average
8"7Corg of —33.6%, (—33.9%, to —33.4%,) and *CH/"*C
of ca. 0.071 (0.067-0.076). Type-3 globular lenses show
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lower 8"°Coyg of ca. —35.3%, (—38.6%, to —349%,) and lower age —34.5%,) and "*CH~/"*C~ (0.055-0.065), although only
BCH=/"3C™ of ca. 0.067 (0.064-0.071). As for WF4, these two globule clusters were analyzed. The spheres in PAN1-
values are close to those in globule clusters, 6]3C0rg (aver- 1A also show a low 813C0rg (average —35.79,). Finally,
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clots in PAN1-1A show a bimodal 813C0rg distribution like
that of WF4, with low 613C0,g clots (Al, A7: average
—33.1%,) displaying lower '*CH™/'*C~ (average 0.074),
and high 8"°C,, clots (A9: —29.4%,) displaying roughly
higher >*CH=/"3C~ (0.082).

6. RAMAN SPECTRA

All Raman spectra of OM (Fig. 7) display a small, flat
D4 band near 1200 cm™! and a poorly developed D3 band
near 1500 cm™!. All spectra present a DI band near
1345 cm™" with an intensity that varies relative to that of
a G+ D2 doublet of maximum intensity near 1600 cm ™.
In WFL2-1 and most WF4 OM-texture types, the D2 band
appears as a well-resolved shoulder at ca. 1612cm™". In
contrast, OM micro-veins in WF4, and all textures types
in PANI1-1A show a symmetric G+ D2 doublet where
the D2 band is not resolved. However, the G + D2 center
is not significantly shifted toward the G-band position at
1580 cm™!. This implies that the contribution of the D2
band to the G + D2 doublet is relatively more important
(Beyssac et al., 2002) in WF4 micro-veins and PANI-1A
compared to other WF4 textures, where the D2 band is
only a shoulder flanking the G band. Finally, we have ana-
lyzed the same OM grains at the polished surface and their
extension below the surface of quartz grains. Polished OM
shows increased G + D2, D3 and D4 bands compared to
pristine OM, which is consistent with increased disorder
artifacts associated with polishing (Beyssac et al., 2003).
As a quantitative structural parameter, we have measured
the ratio of the height of the D1 band to that of the
G + D2 doublet (Table 1). WFL2-1 displays the highest
D1/(G + D2) ratio of 1.58. Within one standard deviation,
clots, globules, lenses and spheres in WF4 show similar D1/
(G + D2) ratios of ca. 1.48 (average). Veins in WF4 show a
distinct ratio of ca. 1.24. In PANI1-1A, lenses, spheres and
globules show a similar D1/(G + D2) ratio of ca. 1.10.
Clots in PANI-1A show a slightly lower average D1/
(G + D2) ratio of ca. 1.01, although the range of values lar-
gely overlaps with those in other OM-texture types. The

Table 1

Height ratios of the Raman bands: D1/(G + D2).

WF4 Lenses Spheres Globules Clots Veins
Mean 1.47 1.51 1.44 1.47 1.24
Std. Dev. +0.07 +0.12 +0.11 +0.06  +0.09
n 17 14 10 18 20
Min. 1.37 1.32 1.32 1.35 1.05
Max. 1.62 1.70 1.59 1.56 1.40
PANI1-1A Lenses Spheres Globules Clots

Mean 1.10 1.09 1.12 1.01

Std. Dev. +0.06 +0.04 +0.03 +0.06

n 8 5 5 13

Min. 1.03 1.04 1.09 0.90

Max. 1.19 1.14 1.16 1.13

WFL2-1 (globular clots) 1.58 +0.02

variability in each OM-texture type may be explained by
analysis of polished OM nanoparticles while targeting
OM grains deep within thin sections.

7. DISCUSSION

Metamorphic alteration of primary OM and addition of
migrated OM may have altered the 513C0rg and generated
secondary heterogeneities. Earlier in the history of the host
rocks, diagenetic processes and putative hydrothermal or-
ganic synthesis may have obscured the isotope signal of the
primary biogenic micro-reservoirs. OM petrography, and
in situ 6]3COrg and H/C analyses, coupled with an assessment
of structural order in OM using Raman microspectrometry
provide novel insights into these processes. We will discuss
in a sequential order: (1) the effects of metamorphic alter-
ation, (2) possible migrations post-dating peak metamor-
phism, (3) arguments showing that all OM micro-reservoirs
except micro-veins pre-date peak metamorphism, (4) possi-
ble pre-metamorphic migrations, and (5) metabolic, biosyn-
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Fig. 7. Representative Raman spectra of OM in samples WF4, PAN1-1A, and WFL2-1. The two upper spectra in the right section were
recorded on polished OM intersecting the surface of thin sections. All other spectra were recorded on unpolished OM occurring below the
surface under quartz grains. Arrows highlight the changes in Raman spectra caused by artefacts occurring in polished OM, compared to the

same unpolished OM as discussed in the main text.
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thetic, diagenetic and hydrothermal processes forming pri-
mary 813C0rg and H/C heterogeneities.

7.1. Metamorphic alteration of OM

During thermal maturation, the first order Raman spec-
trum of OM evolves until carbon reaches the structure
characterized by a single G-band characteristic of triperiod-
ic graphite at 1580 cm™' (Beyssac et al., 2002). Other bands,
characteristic of disorder in the pre-graphitic structures,
usually show the following evolution with increasing meta-
morphism. Low-grade OM usually shows a broad D1 + D4
band that is small compared to the G + D2 band at temper-
atures lower than 300 °C (Lahfid et al., 2010). The height of
the D1 band increases relative to that of G+ D2 with
increasing metamorphism, whereas D3 and D4 decrease.
For WF4 OM-texture types other than veins, we measured
a R2 band area ratio (D1/(D1 + G + D2) of 0.68 (Sugitani
et al., 2010), which suggests a peak metamorphic tempera-
ture of ca. 340 °C (Beyssac et al., 2002). This temperature
lies at the lower limit of the Raman geothermometer pro-
posed by Beyssac et al. (2002). At such low metamorphic
grades, heterogeneous organic precursors (Lahfid et al.,
2010), time, fluid composition, and mineral matrix (Hete-
nyi, 1995) may affect maturation and structural ordering
of OM. The accuracy of the geothermometer of Beyssac
et al. (2002) inferred from OM in metapelites may be lim-
ited in rocks of different mineralogy such as the cherts stud-
ied here. Therefore, we will use the term “structural order”
rather than “metamorphic grade”. Above about 300 °C, the
relative intensity of the D2 relative to the G band decreases:
the G+ D2 doublet becomes resolved and asymmetric
(Lahfid et al., 2010). It is only at higher degrees of struc-
tural order that the D1 band decreases in relative height un-
til almost complete disappearance, and at these degrees of
order, D2 would only appear as a small shoulder (Beyssac
et al., 2002). Hence, the absence of a resolved D2 shoulder
in the G + D2 doublet centered at ca. 1600 cm ™" in veins of
WF4 and in sample PANI1-1A (Fig. 7) implies that these
OM components show a lower degree of structural order
compared to other OM-texture types in WF4. Assuming
precursor effects are negligible, using temperature-cali-
brated spectra from contact metamorphic localities (Lahfid
et al., 2010), it can be inferred that (1) the OM in WF4 mi-
cro-veins is slightly less mature than that in other textures,
and (2) OM in PANI-1A chert is likely less mature than
OM in WF4. Conversely, the more pronounced D2 shoul-
der and the slightly higher relative height of D1 implies a
slightly higher degree of structural order in WFL2-1 com-
pared to WF4. Thus, the structural order attained by OM
in our samples is inversely proportional to our D1/
(G + D2) height ratio (Table 1). The best-preserved OM
analyzed in this study occurs in PAN1-1A and is likely less
metamorphosed compared to WF samples that come from
a distinct greenstone belt. The structural order heterogene-
ities observed between veins and other OM-texture types in
WF4, and WFL2-1 located only 50 m away from WF4 can-
not be explained by regional scale variations in metamor-
phism. A number of factors may contribute to these
heterogeneities: (1) mineral matrix effects (van Zuilen

et al., 2012), (2) polarization of the Raman signal by ori-
ented arrangement of graphitic/polyaromatic domains
(Beyssac et al., 2003), (3) differential alteration during meta-
somatism linked with fluid pathways (Allwood et al.,
2006b), (4) organic precursor effects (Quirico et al., 2009;
Bernard et al., 2010b), and (5) OM migration during/be-
tween different stages of the metamorphic history of the
SPF. These factors are evaluated below.

First, the mineral matrix of analyzed OM is always
quartz. Thus, mineral matrix templating is unlikely to be
responsible for the structural order heterogeneities ob-
served in our samples. Second, recent analyses of carbona-
ceous matter of higher structural order than the SPC OM in
different orientations with respect to the incident laser have
shown that polarization effects by graphic lattice are unim-
portant (Aoya et al., 2010), and can therefore be ruled out
in the SPF OM. Third, alteration of organic matter during
metamorphism typically increases bulk 813C0rg values, be-
cause of alteration reactions with preferential loss of low-
8'3C CH, (Des Marais, 2001; Ueno et al., 2004), and be-
cause of isotopic exchange between OM and inorganic C,
principally carbonate minerals (Valley, 2001; van Zuilen
et al., 2007; Pinti et al., 2009a). This 813C0rg increase is sys-
tematically correlated (Fig. 8A) with decreasing H/C and
N/C (Des Marais, 2001; Ueno et al., 2004; van Zuilen
et al., 2007). However, in WF4 and PAN1-1A, H/C shows
a weak positive correlation with E‘)”Corg (Fig. 8A).
Although the ranges of H/C are wide for different types
of OM textures, there is a clear difference between globules
and high-8"°C,,, clots (Fig. 6: Bl, D7 in WF4, and A9 in
PANI-1A). Moreover, within the range of H/C observed
in our samples (<0.27), 613C0rg is only known to increase
by 1-3%, relative to the precursor (Des Marais, 2001; van
Zuilen et al., 2007), which cannot explain the range of
613C0rg values observed in SPF cherts. No carbonates were
observed in thin sections of WF4 and WFL2-1. Isotopic
equilibration between OM and carbonates is unlikely in
these samples. Small, scattered rhombs of carbonate, likely
dolomite or ankerite are scattered throughout PAN1-1A.
Microscopic image analysis provides a crude estimation
of the volume fraction occupied by carbonate (~1-16%)
suggesting that PAN1-1A contains at least an order of mag-
nitude more carbonate carbon (~0.14-2.3 wt%) than or-
ganic carbon (0.043 wt%, Supplementary methods).
Furthermore, studies have shown that OM-carbonate iso-
tope exchange is limited at low metamorphic grade and in
such carbonate-poor rocks (Valley, 2001). The absence
of a large bulk 613C0rg difference between WF4 (carbon-
ate-free) and PANI-1A (carbonate-poor) supports the ab-
sence of substantial isotopic exchange in PANI-1A.
Moreover, PAN1-1A carbonates are not specifically associ-
ated with any of the OM-texture types; hence isotopic ex-
change could only have affected all OM-texture types
equally.

Altogether, our data rule out the possibility that 613C0rg
and H/C heterogeneities in WF4 and PANI1-1A were
formed from a single precursor by heterogeneous metaso-
matism at sub-millimeter scales. Primary organic precursor
effects and/or migration of OM are thus required to explain
the Raman, 813C0rg and H/C heterogeneities in WF4 and
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PANI1-1A. A global upwards shift of 1-39,, with respect to
precursor 813C0rg during metamorphism is considered for
all interpretations in the following discussion.

7.2. Late migrations in WF4

Compared to other OM-texture types, OM that mi-
grated in micro-veins displays distinct Raman spectra and
a higher H/C that are both indicative of less altered OM.
Micro-vein OM may either represent indigenous or exoge-
nous pyrobitumen. Proterozoic bitumen is usually higher
in 813C0,.g than associated kerogen, which may be the result
of the selective preservation of lipids from heterotrophic,
rather than primary production biomass (Close et al.,
2011). The higher 813C0rg observed in micro-veins com-
pared to other OM textures is thus consistent with an indig-
enous origin. In this model, the lower structural order
measured by Raman in micro-vein OM can only be ex-
plained by a precursor effect as in situ bitumen would have
formed earlier than peak metamorphism, which was intense
enough to pyrolyze kerogen and bitumen. Thus far, how-
ever, precursor effects have not been demonstrated in rocks
of sub-greenschist to lower greenschist facies. The fact that
globules and high-é‘)BCorg clots (B1, D7) show clearly dis-
tinct H/C (Fig. 8A) but a similar structural order (Fig. 7)
suggests that different precursor compositions had no influ-
ence on OM structure. Conversely, the higher 513C0rg could
reflect the different composition of exogenous bitumen.
Interestingly, in a rock submitted to burial and contact
metamorphism up to the sub-greenschist to lower green-
schist facies, kerogen and adjacent pyrobitumen showed
distinct Raman spectra and lower structural order in pyr-
obitumen (Jehlicka et al., 2003). The authors interpreted
this structural difference as the result of different metamor-
phic regimes, requiring that kerogen was altered during
burial metamorphism, and migrated pyrobitumen altered
by subsequent contact metamorphism. Similarly, WF4 mi-
cro-veins may represent exogenous pyrobitumen altered by
hydrothermal activity or a late regional metamorphic event
less intense than earlier, peak metamorphism. In conclu-
sion, OM in WF4 micro-veins represents pyrobitumen that
migrated beyond the millimeter scale. Assuming that pre-
cursor controls on structure are unlikely in rocks of sub-
greenschist to lower greenschist facies, an exogenous source
post-dating peak metamorphism is most likely for micro-
vein pyrobitumen.

7.3. OM predating peak metamorphism

7.3.1. Microstructures in WF4 and PANI-1A4

The similar Raman spectra of lenses, spheres, and glob-
ules in WF4 (Fig. 7) and PANI1-1A [Fig. 7 and (Sugitani
et al., 2013)] argue against an origin post-dating peak meta-
morphism and are consistent with an indigenous source for
all these structures. In WF4, all the dense clots also show a
similar Raman spectrum. In WF4, Sugitani et al. (2010)
analyzed one texturally distinct, spherical clotted texture
composed of a myriad of micro- to nano-particles of OM
rather than grain boundary coatings. One Raman analysis
of this clot revealed a D1/(G + D2) ratio of 1.5 similar to

the clots in the present study, as well as two other spots
with D1/(G + D2) ratios of 1.9 and 1.25. The higher struc-
tural order particle (ratio of 1.9) may be explained by the
presence of rare, transported material consistent with the
well-rounded texture and diffuse OM microstructure dis-
tinct from all other clots analyzed in the present study.
The particle with D1/(G + D2) of 1.25 is similar to vein
OM in WF4, but may also represent a polishing artefact
(Fig. 7). All Raman analyses were performed below sample
surfaces in the present study. However, in the one clot ana-
lyzed by Sugitani et al. (2010), OM particles are extremely
diffuse and analysis of polished surface material could not
be ruled out. In PANI-1A, clots on the average show a
slightly lower structural order (Table 1) than other OM-tex-
ture types. Taken separately, both low (Al, A7) and high
(A9) 613Corg clots in PAN1-1A show heterogeneities in
OM structure: the D1/(D1 + G + D2) ratio ranges between
0.93 and 1.13 in clot Al and between 0.9 and 1.05 in A9. As
discussed above, it is difficult to assess whether such small
structural heterogeneities represent a minor analytical arte-
fact, a late migration, an orientation or a precursor effect.
In conclusion, in WF4, all the clots with a similar grain-
boundary network texture, as well as spheres, lenses and
globules show a similar Raman spectrum indicative of peak
metamorphism. The same is observed in PANI-1A,
although clots show more variability.

7.3.2. Stromatolitic OM in WFL2-1

In WFL2-1, BBCOrg values are only slightly higher than
those of micro-veins occurring in sample WF4 from the
same outcrop. However, Raman spectra indicating higher
structural order and the lower H/C imply that WFL2-1
OM is more altered than OM in WF4 micro-veins. Hence,
WFL2-1 OM cannot represent the same pyrobitumen as
that located in WF4 micro-veins. The possibility that
WFL2-1 OM represents the precursor kerogen to the
WF4-micro-vein pyrobitumen is unlikely. First, the high
structural order in WFL2-1 indicates that it was metamor-
phosed during peak metamorphism. Second, the 6]3C°l.g of
the parent kerogen is expected to be lower than that of
bitumen (Close et al., 2011), and we observed the reverse
situation. Thus, WFL2-1 OM is likely unrelated to WF4
micro-vein OM.

WFL2-1 OM also shows a lower H/C and a slightly
higher structural order than all other WF4 OM-texture
types. Allwood et al. (2006b) proposed that OM structural
order heterogeneities in different parts of the SPF stratigra-
phy correlate with distinct seafloor or sub-seafloor hydro-
thermal metasomatic regimes. Similarly, localized,
enhanced fluid flow through the distinct stromatolitic ma-
trix may have slightly increased structural order in
WFL2-1 compared to WF4.

7.4. Early OM migrations?

Migration of OM before the peak of metamorphism
cannot be ruled out solely based on structural similarity.
Coupled textural and geochemical data provide further
constraints on the origin of the different OM-texture types.
Most notably, within dense clots, pure OM grains up to
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~10 pm in size indicate OM migration, which may be ex-
plained by several processes. Polymerization of OM follow-
ing degradation may have occurred from the earliest stages
of diagenesis. Moreover, clotted textures may represent
ripped-up microbial mats (Tice and Lowe, 2006). Displace-
ment and compression of OM at grain boundaries could
have formed dense OM grains within clots. Alternatively,
bitumen formed by thermal cracking may have polymerized
into clots. Such “pyrobitumen nodules” are known to form
(i) by rapid maturation during hydrothermal silicification
(Buick et al., 1998) or (ii) around radiogenic detrital grains,
either through radiogenic immobilization of migrating
hydrocarbons (Buick et al., 1998) or through synthesis of
abiotic bitumen by catalytic hydrogenation of CO, (Sang-
ély et al., 2007).

The texture and 8'*C values recorded in the SPF clots
are not consistent with radiobitumen aggregates. First, nei-
ther textures indicating that OM accumulated around and
as a replacement of radioactive grains (e.g. OM-rims,
shrinkage cracks, filled nodules: Buick et al., 1998) nor rem-
nants or pseudomorphs of either a potential radiogenic
mineral or more stable sulfides were observed in the SPF
clots. Second, large 813Corg heterogeneities indicative of
radiogenic bitumen (Sangély et al., 2007) were not observed
within single clots. Thus, we found no evidence that the
SPF clots are radiogenic bitumen aggregates.

Dense pyrobitumen globules ~1-10 um in diameter
were observed in hydrothermally silicified Paleoarchean
cherts (Buick et al., 1998), hence rapid hydrothermal matu-
ration is a candidate for the formation of the dense,
rounded SPF globules. Other, larger OM globules formed
by hydrothermal alteration only migrated at the sub-milli-
meter scale and remained closely associated to source kero-
gen clots from which they were expelled (Buick et al., 1998).
However, no spatial relation links the clusters of dense OM
globules and the dense OM clots in the SPF cherts, arguing
against formation of the globules by alteration of the clots.
Furthermore, Buick et al. (1998) argued that rapid occlu-
sion of pore spaces by hydrothermal silicification curtailed
hydrocarbon migration to a few millimeters at shallow
depths, thereby ruling out long-range, late migrations.
Alternatively, globules may represent diagenetic textures
pre-dating cracking and migration. Similar clusters of
~1 um globules, polymerized by sulfurization during dia-
genesis, were observed in carbonate layers of 2.7 Ga stro-
matolite that were not hydrothermally altered (Lepot
et al., 2008, 2009).

The cherts show a general dark, clotted chert fabric de-
fined by diffuse nanoscale OM coating grain boundaries
(Figs. 4A, S3-S4, S11) that likely formed by displacement
and/or aggregation OM during crystallization of the pri-
mary mineral matrix. Within this clotted fabric, the dense
clots that we analyzed by SIMS and Raman may represent
knots where the OM network is denser (Figs. 1A and E).
This OM-rich clotted fabric is interspersed with pure white
chert (Figs. 4A, S3 and S4) that may fill initial pores. The
absence of OM inclusions in white chert or aggregated at
the interface between these two types of chert strongly ar-
gues against hydrocarbon migration beyond the millime-
ter-scale. With the exception of scattered, possibly

hydrothermal or metamorphic dolomite/ankerite rhombo-
hedra in PAN1-1A (Figs. S17, S19), no traces of a precursor
carbonate or clastic fabric was observed. Hence, WF4 and
PANI1-1A represent primary seafloor cherts (Sugitani et al.,
2010, 2013). Early trapping by silica of hydrocarbons seep-
ing at the seafloor would be consistent with the dark, clot-
ted chert fabric. However, simultaneous trapping cannot
explain the wide range of 813C0rg of up to 10%, between
dense clots and globules, and the texture-specific isotopic
fractionations observed in OM. If textures are controlled
only by grain shape, then the 613COrg values would be
mixed, with no correlation to texture. Moreover, the indi-
vidualized, non-coalesced structure of spheres argues
against accretion around spherulitic quartz. So far, no min-
eral shape is known to template the abiotic accretion of
lenses formed by flanged lenticular structures (Sugitani
et al., 2010, 2013), in particular those connected in chains
by a smooth diffuse appendage (Fig. 3D).

Bitumen-bearing fluid inclusions represent another pos-
sible precursor for pyrobitumen aggregates. However, fluid
inclusions have only been described that contain a small
fraction of OM occurring as nanoscale oil rims (Dutkiewicz
et al., 2007; George et al., 2008), which cannot explain the
dense OM aggregates in clots, globules and lenses. In addi-
tion, spheres and lenses are now filled by quartz. Precursor
fluid inclusions would have to collapse and leak before
forming such structures. Textures characteristic of meta-
morphosed fluid inclusions such as necking and negative
quartz crystal shapes are, however, absent in spheres and
lenses. Hence, their formation from oil-bearing fluid inclu-
sions can be ruled out.

In conclusion, there are abundant textural, structural,
and geochemical features arguing against a metamorphic
origin to the coupled textural-isotopic heterogeneities ob-
served in our samples. Only micro-veins show evidence of
OM migration beyond the millimeter scale, and these are
demonstrably late compared to other OM-texture types,
which must be indigenous to the cherts. Spheres, lenses
and globules occur throughout WF4 and show no spatial
relationship with the denser OM clots. Hence, in situ for-
mation of spheres, lenses and globules by expulsion from
dense kerogen clots during rapid hydrothermal alteration
is unlikely. Some primary or early diagenetic OM micro-
reservoirs, OM-textures and 8'3C0rg heterogeneities may
thus have been preserved in the SPF cherts, the origin of
which is discussed below.

7.5. Primary 613C0,g and H/C heterogeneities

Processes that may produce primary 613C0rg heterogene-
ities include abiotic OM syntheses, metabolic fractiona-
tions, and selective preservation of biosynthetically
fractionated classes of molecules. Correlated variations of
613C0rg, textures, and H/C provide valuable insights into
these processes.

7.5.1. Abiotic-origin models

Abiotic Fischer—Tropsch-type (FTT) reactions can syn-
thesize molecules with a range of '*C-depletions compared
to parent CO, similar to biological fractionations (Horita,
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2005; McCollom and Seewald, 2006). These reactions may
be relevant to reducing hydrothermal systems with required
catalysts (metals, Fe-oxides) in mafic volcanic rocks. The
presence of massive, black OM-bearing feeder veins that
cut across some parts of the SPF and underlying volcanic
rocks and that possibly vented in submarine hot-springs
has been used to argue for an abiotic origin for all OM in
the SPF (Lindsay et al., 2005). In the Goldsworthy green-
stone belt (WF4, WFL2-1), no massive OM-bearing veins
cut across the SPF cherts (Sugitani et al., 2010). Massive
OM-bearing veins cutting across the SPF occur near the
Panorama site at the Trendall Locality (Lindsay et al.,
2005), but not in the outcrop where horizons of the
PANI1-1A chert occur (Sugitani et al., 2013). The 3.4 Ga
cherts in the Kromberg Formation (South Africa) show
similar OM microstructures including lenses, and neither
they nor underlying volcanic rocks are cut by massive
OM-bearing veins (Walsh, 1992). Moreover, as detailed
above, migration beyond the millimeter-scale cannot ex-
plain clots, globules, lenses and spheres textures in our
cherts. OM forming these microstructures is thus not re-
lated to distant massive veins introducing OM throughout
pre-existing cherts.

Syn-sedimentary labile molecules vented with hydro-
thermal fluids could be proposed to have aggregated and
polymerized to shape these microstructures either: (i) in
hydrothermal conduits, or (ii) upon mixing with seawater,
or (iii) within seafloor cherts. First, the OM in massive veins
cutting the SPF cherts and underlying volcanics is essen-
tially clot-like, and these veins do not show spheres, lenses,
or clusters of globules (Lindsay et al., 2005). It is thus un-
likely that these microstructures were shaped in hydrother-
mal conduits before sedimentation. Second, assemblages of
organic microstructures with similar carbon isotope ratios
occur in the two sampled SPF sites, which are ~100 km
apart and likely marked by a gap in time (Sugitani et al.,
2010, 2013). This consistency of isotopic fractionation pro-
cesses and precipitation mechanisms is highly unlikely at
the interface between different hydrothermal vents and sea-
water (Marshall et al., 2007). So far, little is known about
the precipitation and polymerization potentials of FTT-
synthesis products once they are mixed in seawater
(Marshall et al., 2007), and no insoluble residues have been
reported in hydrothermal experiments (McCollom and
Seewald, 2006). Rather, insoluble pyrobitumen could have
formed in chert through cracking by hydrothermal metaso-
matism at shallow depth or during burial metamorphism
(Marshall et al., 2007). In this scenario, organic molecules
would migrate in the chert and concentrate at grain bound-
aries and each OM generation may be characterized by a
distinct texture at each microstructural evolution step of
the forming/recrystallizing chert. These scenarios are,
however, difficult to reconcile with the wide range of
613C01.g observed in SPF in this study and by Wacey et al.
(2011) and, in particular, with the texture-specific isotopic
compositions we report. Indeed, formation of distinct gen-
erations of bitumen with distinct 513C0rg is usually caused
by stepwise expulsion of specific classes of molecules bear-
ing distinct biosynthetic isotopic fractionations (Hayes,
2001; Galimov, 2006; Close et al., 2011). Molecule-specific

isotopic fractionations were not observed in non-volatile
FTT-synthesis products (McCollom and Seewald, 2006).
Hence, small-scale migration of specific classes of molecules
is unlikely to have formed isotopically distinct generations
of abiogenic bitumen at the sub-millimeter scale in the stud-
ied cherts. Therefore, we find no evidence for a mechanism
simultaneously controlling quartz microstructures, fluid
migrations, the 813C0rg and the condensation of abiogenic
organics. Molecule-specific 613C0,.g variation of —369%, to
—299, were observed in series of bound polyaromatic
hydrocarbons in other SPF kerogen (Marshall et al.,
2007). Textural- and molecule-specific isotopic heterogene-
ities may thus represent important indicators of biogenicity
in such mature OM.

7.5.2. Metabolic fractionation of carbon isotopes

Assuming they are representative of the parent biomass,
813C0rg values of each OM-texture type can be used tenta-
tively to propose metabolic pathways. Lenses may represent
microfossils of photoautotrophs using the RuBisCO path-
way, chemoautotrophs using the acetyl Co-A pathway, or
heterotrophic microorganisms replacing primary biomass
(Pearson, 2010). Spheres show lower values of 613Corg con-
sistent with microorganisms using the same metabolic path-
ways, but also methanogens, or methanotrophs (House
et al., 2000, 2003; Pearson, 2010). Clots show a texture con-
sistent with a polymerized residue of degraded organic mat-
ter (Lepot et al., 2009). Heterotrophic degradation increases
613C0rg by ca. 1-29,, (Pearson, 2010), and larger increases
can be produced when several trophic levels overprint the
initial biomass (Close et al., 2011). Accordingly, the bimo-
dal distribution of 6'3Corg in clots may represent distinct
trophic levels. Globules are the lowest 8'°C OM-texture
type in WF4 and may accordingly represent biomass of het-
erotrophic or chemolithotrophic methanogens, methano-
trophs, or sulfate reducers (House et al., 2003; Pearson,
2010). Hence, they possibly represent the final biodegrada-
tion steps in the ecosystem. Similar globule clusters in Ar-
chean cherts (Glikson et al., 2008) or carbonates (Lepot
et al., 2009) were interpreted as cellular microfossils. This
is supported by their size, shape, and the observation of
dense OM globules during thermal alteration of pure cul-
tures of methanotrophs (Glikson et al., 2008). However,
studies of hydrothermal alteration of pure cultures did
not assess the role of mineral catalysts (Hetenyi, 1995) on
the preservation or formation of such globules. In addition,
the aggregation of OM into dense globules is unlike most
microfossils that usually display hollow structures. Alterna-
tively, these globules may represent (individual or coa-
lesced) dense polymeric lipid granules/droplets, which
may represent up to 90% of the dry weight of some pro-
karyotes (Wiltermann and Steinbiichel, 2005). In this case,
their isotopic composition may not be representative of the
bulk cells (Fig. 8B and below) and C-fixation metabolism.

7.5.3. Selective preservation of OM

PANI-1A and WF4 show the same 109, range of
613C0rg between the most '*C-enriched clots and the most
13C-depleted globules. This range may be accounted for
by separation of classes of biomolecules from the biomass
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of a single primary producer, as well as from the biomass of
a complex ecosystem characterized by distinct metabolic
fractionations (Hayes, 2001; Pearson, 2010). Indeed, bio-
synthetic processes within a cell form micro-reservoirs of
molecules (Fig. 8B) with values of 613C0rg distinct from that
of the whole cell (Sakata et al., 1997; Hayes, 2001; Teece
and Fogel, 2007). Distinct micro-reservoirs can be distin-
guished by in situ 813C0,g analysis of well-preserved
microfossils (Williford et al., 2013), as shown in Fig. 8C.
These classes of molecules have distinct reactivity and tim-
ing of formation during biodegradation and fossilization
(Galimov, 2006; Close et al., 2011) and may polymerize
independently through early diagenetic processes such as
sulfurization (Sinninghe Damste et al., 1998). Most
importantly, the coupled 813C0rg7H/C heterogeneities we
observed (Fig. 8A) support the conclusion that the
texture-specific isotopic fractionations result from conden-
sation and/or preservation of specific classes of molecules.

The spheres in SPF cherts are morphologically consis-
tent with cell membranes (Fig. 8E). Accordingly, their
low 813C0rg value may represent that of selectively pre-
served membrane lipids, which are generally *C-depleted
compared to bulk cells (Sakata et al., 1997). Similarly, glob-
ules may represent condensates of biosynthetically '*C-de-
pleted lipids separated from the fossil biomass (Sakata
et al., 1997; Hayes, 2001).

Lenses partly or mostly filled by reticulated OM are
morphologically consistent with preservation of a thick
polysaccharide sheath or capsule. Selective polymerization
of *C-enriched polysaccharides (Sinninghe Damste et al.,
1998) may have raised the 613C0rg in lenticular microfossils
by a few 9, (Fig. 8B) relative to whole precursor cells (Teece
and Fogel, 2007). Within lenses, '*C-depleted globules may
represent (i) post-mortem condensation of membrane lipids
forming the initial lenticular cells, or (ii) preservation of pri-
mary intracellular storage granules or droplets composed of
lipids (Waltermann and Steinbiichel, 2005), Fig. 8B. On the
one hand, the isotopic composition of membrane lipids is
well known and characterized by biosynthetically '*C-de-
pleted lipids (Sakata et al., 1997; Hayes, 2001). Globular
preservation of lipids could explain the difference in 8'3Corg
(up to ~99%,, Fig. 8) between globular lenses and globule-
free lenses. Similarly, Proterozoic microfossils display inter-
nal globules with 6'3Corg ~2.5%, lower than their bounding
wall (Fig. 8C) and were interpreted as resulting from the
selective preservation of lower biosynthetic 813C0,g of lipids
in globules and higher 813COrg of peptidoglycan in walls
(Williford et al., 2013). On the other hand, to our knowl-
edge, little is known about the specific isotopic composition
of intracellular (storage) lipid globules. Some bacteria show
storage lipids composed of polyhydroxyalkanoic acids with
313C values 0.9-3%, higher than bulk cells (van der Meer
et al., 2001). In other prokaryotes, storage globules are
composed of wax esters (Wéiltermann and Steinbiichel,
2005), a class of lipids that usually shows a lower 8'>C than
bulk cells (Hayes, 2001; van der Meer et al., 2001). The
hypothesis where low 613C0rg globules within microfossils
represent lipid granules rather than collapsed membranes
requires further investigation of living cells.

8. CONCLUSIONS

This study combines petrographic analysis with in situ
measurement of structural and geochemical tracers. These
micrometer-scale data provide invaluable information on
the origin and alteration history of one of the oldest pre-
served OM occurrences. For the first time, in situ analysis
has revealed texture-linked structural, isotopic and H/C
heterogeneities in organic microstructures of the Strelley
Pool Formation. The main implications of this study are:

— OM in micro-veins shows a high H/C, a lower structural
order, and a higher 813C0rg compared to all other OM
microstructures within the chert matrix they cut across.
Vein OM thus likely post-dates peak metamorphism. All
other OM microstructures (lenses, spheres, globules and
clots) show a similar, higher structural order and pre-
date peak metamorphism.

— A general positive correlation links 613C0rg and H/C,
and is most evident in globules with low 813C0rg and
low H/C compared to clots with high 8'3C0rg and high
H/C. This relation verifies for the first time that SIMS
isotopic bias arising from variable H/C ratios is negligi-
ble for H-poor Paleoarchean OM but standards must
match samples in composition and structure state. Like-
wise, alteration reactions with preferential loss of '2C
and metamorphic exchange of OM with carbonates
would both produce a negative correlation of 613C0rg
and H/C, which is not seen. Hence, this relation demon-
strates that sub-millimeter-scale isotopic heterogeneities
within the cherts are not the sole result of heterogeneous
metamorphic or metasomatic alteration from a single
OM precursor. Based on negative correlations in other
terranes between 8'°C,,, and H/C, N/C or §"°N, several
studies suggested that the best preserved OM in Paleo-
archean cherts is that found in the lowest 3'°C,,, micro-
to macro-reservoirs, often with 513C0rg < —=36%, (Ueno
et al., 2004; van Zuilen et al., 2007; Pinti et al., 2009a).
For the in situ data of this study, the opposite relation
shows that the 109, 813C0rg range observed in pre-meta-
morphic OM in WF4 and PAN1-1A was not produced
by such alteration and indicates the preservation of pri-
mary and/or diagenetic heterogeneities.

— Several lines of evidence indicate that the pre-metamor-
phic OM textures (clots, globules, lenses, spheres) are
indigenous to the cherts and that OM could not have
migrated beyond the millimeter-scale. Diagnostic tex-
tural features of radiogenic pyrobitumen and oil-bearing
inclusions are absent. The texture-specific isotopic com-
positions and the absence of OM at the interface
between pure chert regions and OM-rich chert argue
against large-scale migration associated with pyrobitu-
men formation. These results also rule out a pervasive
migration of hydrocarbons from intrusive hydrothermal
veins into pre-existing chert as the origin of lenses,
spheres, clots and globules. Moreover, texture-specific
isotopic and H/C heterogeneities argue against an abi-
otic hydrothermal origin for OM within the SPF cherts.



K. Lepot et al./ Geochimica et Cosmochimica Acta 112 (2013) 66-86 83

— The 109, range of 813Corg in indigenous OM of both
PANI1-1A and WF4 is consistent with a complex micro-
bial food chain. However, such 6]3C0rg heterogeneities
can also be partly to fully explained by selective preser-
vation and diagenetic polymerization processes. Selec-
tive preservation is crucial in the fossilization of
cellular structures (Vandenbroucke and Largeau,
2007). The narrow range of isotopic values recorded in
spheres and lenses is consistent with the narrow ranges
recorded in fresh bacterial monocultures (Orphan and
House, 2009) and in microfossils (House et al., 2000;
Kaufman and Xiao, 2003; Orphan and House, 2009;
Williford et al., 2013). Specifically, the 3'*C,, distribu-
tion of spheres displays a sharp peak at values distinct
from lenses, but also from recondensed OM such as
clots, globules and micro-veins. This supports selective
preservation of specific classes of macromolecules in
spheres, as opposed to condensation of polymers from
degraded biomass. Isotopic differences between the
OM network that forms lenses and their internal glob-
ules are similar to isotopic heterogeneities preserved
within Proterozoic microfossils (Williford et al., 2013).
Hence, 813C0rg values support the conclusion that
spheres and lenses are microfossils.
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