observed below, but even above the saturation horizon, observable variations in species
abundance can be attributed to subsurface respiration-driven dissolution, which is
expected to be influenced by the overlying water ACO3™ (ref. 24). If carbonate-ion
saturation had no effect on foraminifer abundance above the lysocline, we would expect a
larger standard deviation in ACO3™ for estimates above the lysocline because faunally
similar samples should be associated with a wider range of saturation levels. No such trend
in the standard deviation is observed, supporting our assumption that faunal patterns
above the lysocline are also associated with narrow (10 wmolkg™) ranges of ACO3™. We
note that the method seems to work in spite of regional variation in respiration-driven
dissolution. Either these differences must be relatively small, or they are correlated with
faunal assemblage.

Constraints on the method

In addition to the limitations of the method imposed by the uncertainty of the estimate,
there are additional limitations imposed by the CLIMAP and modern analogue databases.
From both the core-top and the CLIMAP LGM data sets, most of the samples are
concentrated in the middle water column, with fewer at extreme high or low ACO%’
values. There are few core-top samples with ACO?™ higher than +60 pmol kg™, so we limit
our reconstruction to samples deeper than 1,000 m, where we expect the ACO3™ to remain
below 50 pmol kg™'. Most of the CLIMAP LGM samples lie between 2,000—4,000 m.
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Laser—Raman imagery of Earth’s
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Unlike the familiar Phanerozoic history of life, evolution during
the earlier and much longer Precambrian segment of geological
time centred on prokaryotic microbes'. Because such microor-
ganisms are minute, are preserved incompletely in geological
materials, and have simple morphologies that can be mimicked
by nonbiological mineral microstructures, discriminating
between true microbial fossils and microscopic pseudofossil
‘lookalikes’ can be difficult>’. Thus, valid identification of fossil
microbes, which is essential to understanding the prokaryote-
dominated, Precambrian 85% of life’s history, can require more
than traditional palacontology that is focused on morphology. By
combining optically discernible morphology with analyses of
chemical composition, laser—-Raman spectroscopic imagery of
individual microscopic fossils provides a means by which to
address this need. Here we apply this technique to exceptionally
ancient fossil microbe-like objects, including the oldest such
specimens reported from the geological record, and show that
the results obtained substantiate the biological origin of the
earliest cellular fossils known.

Over the past few decades, the rules for accepting ancient
microfossil-like objects as bona fide Precambrian fossils have
become well established. Such objects should be demonstrably
biogenic, and indigenous to and syngenetic with the formation of
rocks of known provenance and well-defined Precambrian age>*’.
Of these criteria, the most difficult to satisfy has proved to be
biogenicity, in particular for the notably few fossil-like objects
reported from Archaean (>2,500 million years (Myr) old)
deposits®'—the putative biological origin of which has been beset
by controversy**™®. This difficulty has been obviated in part by
analyses of the isotopic composition of carbon in coexisting
inorganic (carbonate) minerals and in whole-rock acid-resistant
carbonaceous residues (kerogens), which have been used to trace
the isotopic signature of biological (photoautotrophic) carbon
fixation to at least ~3,500 Myr ago’. But because investigations of
such bulk kerogen samples yield only an average value of the
materials analysed, they cannot provide information about the
biogenicity of individual minute objects that are claimed to be fossil.

Significant progress toward solving this problem has been made
by using an ion microprobe to analyse the carbon isotopic compo-
sition of single Precambrian microfossils'’. Laser—Raman spectro-
scopic imagery of ancient individual fossil microbes provides a
means by which to extend available analytical data to a molecular
level. In a previous study'', we applied this technique to analyses
in situ of Eocene fossil wood and Precambrian microscopic
organic-walled fossils, and showed that it can provide insight into
the molecular make-up and the fidelity of preservation of the
kerogenous matter of which such fossils are composed. Because
Raman spectroscopy is non-intrusive, non-destructive and par-
ticularly sensitive to the distinctive carbon signal of carbonaceous
(kerogenous) organic matter, it is an ideal technique for such
studies. Here we have used this technique to investigate graphitic,
geochemically highly altered, dark brown to black carbonaceous
filaments that have been inferred to be remnants of especially
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Figure 1 Optical photomicrographs showing carbonaceous (kerogenous) filamentous
microbial fossils in petrographic thin sections of Precambrian cherts. Scale in a represents
images in a and ¢—i; scale in b represents image in b. All parts show photomontages,
which is necessitated by the three-dimensional preservation of the cylindrical sinuous
permineralized microbes. Squares in each part indicate the areas for which chemical data
are presented in Figs 2 and 3. a, An unnamed cylindrical prokaryotic filament, probably
the degraded cellular trichome or tubular sheath of an oscillatoriacean cyanobacterium,
from the ~770-Myr Skillogalee Dolomite of South Australia'®. b, Gunflintia grandis, a
cellular probably oscillatoriacean trichome, from the ~2,100-Myr Gunflint Formation of

2 um

Ontario, Canada'®. ¢, d, Unnamed highly carbonized filamentous prokaryotes from the
~3,375-Myr Kromberg Formation of South Africa’: the poorly preserved cylindrical
trichome of a noncyanobacterial or oscillatoriacean prokaryote (¢); the disrupted,
originally cellular trichomic remnants possibly of an Oscillatoria- or Lyngbya-like
cyanobacterium (d). e—i, Cellular microbial filaments from the ~3,465-Myr Apex chert of
northwestern Western Australia: Primaevifilum amoenum®®, from the collections of The
Natural History Museum (TNHM), London, specimen V.63164[6] (e); P. amoenunt’ (f); the
holotype of P. delicatulum’®'°, TNHM V.63165[2] (g); P. conicoterminatun?, TNHM
V63164[9] (h); the holotype of Eoleptonema apex®, TNHM V.63729[1] (i).

Figure 2 Digital optical images and corresponding Raman images. a—i, Optical images (left) and Raman ‘G’ band intensity maps (right), of areas of fossils indicated by the squares in

Fig. 1a—i, respectively.
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ancient microbes, and show that laser—Raman spectroscopic
imagery can provide powerful evidence of the biogenicity of even
such poorly preserved microstructures, including those regarded to
be the oldest known fossils.

We analysed microbial fossil filaments that had been three-
dimensionally permineralized in cryptocrystalline cherts from one
subgreenschist facies (Gunflint Formation) and three geochemically
more altered (greenschist facies) Precambrian geological units: (1) a
cylindrical prokaryotic filament (Fig. 1a) from a domical stroma-
tolite of the ~770-Myr Skillogalee Dolomite of South Australia'’
(2) a cellular trichome (Fig. 1b) from a domical stromatolite of the
~2,100-Myr Gunflint Formation of Ontario, Canada’; (3) two
prokaryotic filaments (Fig. 1c, d) from flat-laminated microbial
mats of the ~3,375-Myr Kromberg Formation of South Africa;
and (4) the oldest fossils known—five specimens (Fig. le—i)
representing 4 of 11 described taxa®’ of cellular microbial filaments
permineralized in organic-rich clasts of the ~3,465-Myr Apex chert
of northwestern Western Australia®»". The range of Raman spectra
obtained from fossil microbes and associated organic detritus
petrified in 24 Precambrian cherts including that preserved in less
geochemically altered units, and the correlation of such spectra with
H/C ratios measured in bulk-sample kerogens and their relevance to
processes of organic metamorphism will be described elsewhere
(J.W.S. et al., manuscript in preparation).

Together with optical (Fig. 1) and Raman (Fig. 2) images of fossils
analysed from the four geological units, we present in Fig. 3 the
dominant features of their Raman spectra: vibrational bands at
~1,350cm™ and ~1,600 cm™, which are characteristic of carbo-
naceous (kerogenous) materials and commonly designated ‘D’
(disordered) and ‘G’ (graphitic), respectively, because of their
presence in various forms of graphite'’.

The results establish the kerogenous composition of the micro-
scopic structures studied. Raman spectra also show that the fila-
ments are embedded in fine-grained quartz and are devoid of
virtually all other mineral phases that are identifiable by Raman
analysis'”'®. As shown by the similarity of the spectra obtained from
fossils preserved in geochemically highly altered units, for example,
~770 Myr (Fig. 3a), ~3,375Myr (Fig. 3¢, d) and ~3,465Myr
(Fig. 3e—i), the graphite-like character of the kerogen signature is
related to the fidelity of preservation rather than to geological age.

The kerogen signal is not a result of contamination by the
immersion oil used to enhance the optical image of some speci-
mens, as is evident by comparing the spectra of filaments both
without (Fig. 3a, b, upper panels) and with (Fig. 3a, b, lower panels)
an overlying veneer of oil, as well as by the prominent kerogen signal
of numerous specimens measured in the absence of such oil (for
example, Fig. 3e, f, h). Indeed, not only is the Raman spectrum of
the immersion oil (Fig. 3j) easily distinguishable from the kerogen
signal of the fossils (for example, by the presence in the oil spectrum
of major bands at ~1,000 cm™" and ~1,450 cm™") but, because the
confocal capability of the analytical system allowed a vertical
resolution of 1-3 wm of the signals acquired, precise focusing of
the laser permitted exclusion of spectral contributions from this
potential contaminant.

Similarly, the kerogen signal is not a result of contamination from
graphitic (no. 2) pencil markings used in the past to encircle the
Apex fossils (Fig. le—i) to indicate their locations. Such markings
are no longer present, having been cleaned thoroughly from the
upper surfaces of the Apex thin sections, and the Raman signature of
pencil lead, characterized by a small broad ‘D’ band and a major and
exceedingly sharp ‘G’ band’, is easily distinguishable from the
signature of kerogen. In addition, rather than being exposed at
upper surfaces of thin sections, the fossils studied are enclosed
completely in the embedding quartz matrix and therefore have been
analysed at depths (measured optically to be as much as 65 um) in
the sections where they are demonstrably not affected by surface
contamination.
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Finally, by correlating directly molecular composition with fila-
ment morphology, the Raman images (Fig. 2) establish unequi-
vocally that the specimens shown are composed of carbonaceous
(graphitic) kerogen and that this organic matter is present in the
fossils in concentrations much greater than those in the wispy,
mucilage-like clouds of finely divided particulate kerogen in which
fossils of each of the four deposits are preserved.
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Figure 3 Typical spectral bands of parts of fossils shown in Fig. 1 used for Raman imaging
(Fig. 2) and the spectrum of immersion oil used to enhance the optical image of some
specimens. a, b, Point spectra of the Skillogalee filament shown in Fig. 1a, without (above)
and with (below) a covering veneer of immersion oil; and of Gunfiintia grandis (Fig. 1b),
without (above) and with (below) an oil veneer (showing a broad ‘D’ band and its
substructure, typical of the kerogen in this relatively unmetamorphosed, subgreenschist
facies, geologic unit). ¢—i, Point spectra of other fossils from which Raman images were
acquired: unnamed filamentous prokaryotes from the Kromberg Formation (¢, d; shown in
Fig. 1c, d, respectively); cellular filamentous prokaryotes from the Apex chert (e—i; shown
inFig. 1e—i, respectively). j, Spectrum of immersion oil used to enhance the optical image
of some specimens.
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Our data show that, applied to exceedingly ancient and geo-
chemically highly altered (graphitic, carbonized) kerogenous
microscopic fossils, Raman imagery can be used to correlate directly
chemical composition with optically discernible morphology and to
prove the presence of crucial indicators of biogenicity, such as
kerogenous cell walls. When applied to particularly poorly pre-
served fossil-like microscopic filaments, for which optical micro-
scopy can only hint at cellularity (Fig. 1a, ¢, d), this highly sensitive
technique can yield convincing evidence of biogenicity. Most
notably, by providing a means by which to correlate biologically
characteristic (kerogenous) composition with features of morphol-
ogy that typify filamentous microbes—such as cylindrical (Fig. la—
i), sinuous (Fig. 1a, e, f, h) and tapering (Fig. le, f, h) filament form,
and the presence of transverse cell walls (Fig. 1b, e—i) and distinc-
tively shaped terminal cells (Fig. 1e, f, h)—optical microscopy (Fig.
1) coupled with laser—Raman imagery (Fig. 2) and measurement of
Raman point spectra (Fig. 3) substantiates the biological origin of
the oldest putative fossils now known (Fig. le—i). By the time of
preservation of the diverse, exceptionally ancient, microscopic
filaments of the Apex chert*®, ~3,500 Myr ago, microbial life was
flourishing and presumably widespread. U

Methods
Optical photomicrography

We acquired the optical photomicrographs (Fig. 1) in transmitted white light with a Leitz
Orthoplan 2 automatic photomicroscope.

Raman spectroscopy

Laser—Raman spectroscopic data (Figs 2 and 3) were obtained with a Dilor XY (formerly
Instruments S.A., now J.Y. Horiba) 0.8-m triple-stage system that has macro-, micro- and
confocal line-scan imaging options. This system permitted acquisition of both individual
point spectra, typically over a period of 100 s, and true Raman images that show the spatial
distribution of molecular components. The confocal capability of the system was such that
we could use a 100X objective without immersion oil (having an extended working
distance of 3.4 mm and a numerical aperture of 0.8) to obtain all Raman data with a planar
resolution of < 1 pm and a vertical resolution of 1-3 pm. Laser wavelengths ranging from
blue to infrared were provided by a coherent krypton ion laser equipped with appropriate
optics. We used a wavelength of 531 nm (in the green portion of the spectrum) typically at
a laser power of less than 8 mW over a 1-pum spot—an instrumental configuration that we
showed to be well below the threshold that results in radiation damage to the specimens
analysed.

Fossil specimens situated in the uppermost ~65 pum of petrographic thin sections were
centred in the path of the laser beam projected through an Olympus BX40 microscope.
The upper surfaces of thin sections were either polished (with a paste containing 1-pm-
sized diamonds) or unpolished and finished by a slurry of 600 mesh carborundum. To
enhance the optical image of specimens situated more than ~10 wm below the upper
surface of unpolished sections, we covered the area imaged by a thin veneer (~1-pm thick)
of type B non-drying microscopy immersion oil (R. P. Cargille Laboratories). Not only
have appropriate analyses (see above) shown that the presence of this thin veneer has no
appreciable effect on the Raman spectra acquired, but the point spectra of specimens in
polished sections (for example, Fig. 1a, b) and of most specimens (12/23) analysed in
unpolished sections (for examples, Fig. 1e, f, h) were obtained without this veneer.

Raman imaging

To acquire Raman images (Fig. 2), a rectangular area enclosing a part of a fossil was
selected for imaging, the backscattered Raman spectra obtained in each rectangle were
collected through the optical system described above along micrometre-resolution scan
lines, and their x—y registrations were automatically recorded to provide a pixel-assigned
array of spectral elements (‘spexels’)"". A typical Raman image comprised 25 X 25 spectral
elements, each analysed for 5-10s, resulting in a total data collection time of 50—100 min
for each image. We processed the several hundred spexels for each specimen by
constructing a map of the intensity in the spectral window corresponding either to the
‘D’ band (at ~1,350 cm™) or the ‘G’ band (~1,600 cm™) of the kerogenous material;
maps made by the ‘G’ band were generally of relatively higher Raman image
quality. The resulting ‘chemical image’ shows the areal distribution of the fossil
structures that produced the Raman spectral bands originating from specific molecular
components.
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Structures resembling remarkably preserved bacterial and cyano-
bacterial microfossils from ~3,465-million-year-old Apex cherts
of the Warrawoona Group in Western Australia'™ currently
provide the oldest morphological evidence for life on Earth and
have been taken to support an early beginning for oxygen-
producing photosynthesis’. Eleven species of filamentous prokar-
yote, distinguished by shape and geometry, have been put forward
as meeting the criteria required of authentic Archaean micro-
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