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Abstract

Raman spectra of carbonaceous materials in one of the world’s oldest sedimentary rock formations — the Strelley Pool Chert (Pilbara Craton,
Western Australia) — are analysed to determine whether primary structural characteristics of organic molecules may have survived to the present
day. We use Raman spectral parameters to identify variations in molecular structure of the carbon and determine whether original characteristics of
the carbonaceous materials have been completely thermally overprinted, as would be expected during c.3.5 billion years of geologic history. To the
contrary, we find that the molecular structure of the carbonaceous materials varies depending on the sedimentary layer from which the sample came
and the inferred original palaeoenvironmental setting of that layer, as determined by other geochemical and geological data. Thus, we argue that the
spectral characteristics of the carbonaceous materials reflect original palaecoenvironments that varied through time from warm hydrothermal
settings to cooler marine conditions and a return to hydrothermal conditions. Raman spectroscopy is also used to show that organic matter is present
in trace amounts in association with putative stromatolites (laminated sedimentary structures possibly formed by microorganisms) in the Strelley
Pool Chert, which were previously thought to be devoid of organic remains. Furthermore, the Raman spectra of carbon associated with
stromatolites indicate lower thermal maturity compared to the carbon in (non-stromatolitic) hydrothermal deposits above (younger) and below
(older). Significantly, this indicates that the stromatolites are not abiotic hydrothermal precipitates — as previously proposed — but were formed in a
cooler marine environment that may have been more favorable to life.
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1. Introduction and background

Examining remnants of organic material in Earth’s oldest
sedimentary rocks is an essential part of tracing the origins of
life on our planet and is important for developing techniques to
search for traces of life on other planets. Accordingly,
carbonaceous materials (CM) in Early Archaean age (3.2-
3.5 billion-year-old) sedimentary rocks are coming under
scrutiny to determine whether evidence of biology can be
elucidated from their physical and chemical characteristics.
Raman spectroscopy is emerging as a useful tool in that
research by enabling simple, in situ, non-destructive evaluation
of CM in geological samples. Raman spectroscopy has been
used to demonstrate a carbonaceous composition for putative

microfossils in Early Archaean age rocks [1]. In some cases,
Raman has been used to infer a biological [2] origin of putative
microfossils. In other cases, Raman spectra have been cited as
evidence of a non-biological origin for microfossils [3].
However, studies have shown that non-biological and
biological CM display similar Raman spectral properties [4].
This is because thermal maturation or metamorphism processes
that affect rocks during burial can be expected to produce
essentially the same set of thermally stable carbonaceous
products (interlinked polyaromatic hydrocarbons, or PAHSs) for
almost all naturally occurring organic matter, whether
biological or abiological in origin. Therefore, Raman spectro-
scopy of metamorphosed CM cannot, by itself, provide
definitive evidence of biogenicity [5]. Nonetheless, Raman
spectroscopy can do more than simply demonstrate a
carbonaceous composition for trace materials in rock: it can
also reveal macromolecular structural characteristics that may
provide important constraints on the origin and history of the
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minimize laser induced heating of the CM. The laser induced
heating can be easily detected as it is responsible for a shifting
of the G band position downward to 1565 cm . There was no
G band position shift downward to 1565 cm ™~ observed for any
spectra acquired in this study. Each spectrum was acquired
using 10 scans and an accumulation time of 30 s, which gave
good signal-to-noise ratio. The scan ranges were 1000-
1800 cm™ in the carbon first-order region.

The spectra were deconvoluted with a Gaussian/Lorentzian
fit routine using GRAMS/32 software in order to follow small
spectroscopic changes with accuracy. The parameters were
fitted to the experimental envelope by a least squares iterative
procedure. In order to determine the goodness of fit criteria the
following aspects were considered: (1) standard errors of
parameters (x-squared), (2) local poor fits (indicative of an
incorrect choice of the number of component peaks or errors in
their half-widths), and (3) the degree of coincidence of the
second derivative (original and fitted spectrum).

4. Results and discussion

The CM in chert samples consist of clots or clasts of black
material finely disseminated through a matrix of polygonal
microcrystalline quartz. The samples also contain variable
quantities of silicified rock and mineral grains (



introduced into the graphitic structure (i.e., through meta-
morphism), are as follows:

e D1—1350 cm~*: The most intense D band, corresponding to
a disordered graphitic lattice vibration mode with Ay,
symmetry. This vibration mode has been suggested to arise
from graphene layer carbon atoms in immediate vicinity of a
lattice disturbance such as the edge of a graphene layer [16],
or a heteroatom [15].

e D2—1620 cm™*: Observed as a shoulder on the G band,
corresponding to a graphitic lattice mode with E,, symmetry.
The D2 band is assigned to a lattice vibration involving
graphene layers at the surface of a graphite crystal [20]. The
relative intensities of both the D1 and D2 bands increase with
increasing excitation wavelength, which can be attributed to
resonance effects [21]. The D2 shoulder becomes more
pronounced with increasing disorder, producing an apparent
broadening and up-shifting of the G band. [22-24] and

gradual merging of the G and D2 bands merge until a single
feature is observed around 1600 cm ™.

e D3—1550 cm*: Assigned to amorphous carbon fraction of
organic molecules, fragments or functional groups [24,25].

e D4—1200 cm™*: Observed as a shoulder on the D1 band.
Tentatively attributed to sp?~sp> bonds or C-C and C=C
stretching vibrations of polyene-like structures. These
polyene C-C=C-C structures are bridging units that link
the aromatic domains [19,26].

Thus, the 1600 cm~* band in the Strelley Pool Chert sample
spectra is attributed to a combination of the D2 (1620 cm™1)
and G (1580 cm %) bands. The band at 1350 cm ™ is assigned
to D1, with the shoulder assigned to the D4 band at 1200 cm



The thermal maturity of the CM can be examined by
determining the width of the G band (full-width at half-
maximum, or Gewnnm) and the relative intensity of the G and D
bands (Ip1/Is and Ip./{Ip1 + Ig}) on the deconvoluted spectra.

Those parameters have been shown to correlate with the
amount of structural disorder in the CM and may be considered
as an index of thermal treatment or metamorphic alteration
[27,24 and references therein].

Broadly, the spectra of our samples indicate that CM in the
Strelley Pool Chert has a low degree of two-dimensional
structural organization, and the spectral characteristics of
the G and D bands in most samples are comparable with spectra
of other CM taken from chlorite up to biotite grade
metamorphic rocks



deconvoluted spectra of the Strelley Pool Chert samples
(Table 1). Significantly, those variations define a trend of
thermal treatment, with samples from Member 3, Member 4
and underlying black cherts tending toward higher thermal
maturity and samples from Member 2 showing lower thermal
maturity (



mature samples (010904-11) comes from a hydrothermal black
chert vein, as would be expected if original thermal signatures
were preserved. The most convincing evidence lies in the
contrasting thermal characteristics of CM in chert pebbles from
Member 1 conglomerate (sample 070803-4) and CM in
encrusting laminated carbonate immediately above the
conglomerate (samples 010904-6-2a, 010904-6-2b). Field
observations indicate that the encrusting carbonates were
deposited immediately after the conglomerate and both
conglomerate and carbonate would have been exposed to
the same environments and post-burial thermal history [7-12].
However, spectra of CM in the pebbles have values for Grwhm,
Ipi/Ig~ and In,/(Ip; + Ig) that indicate high thermal maturity
that is comparable with the CM in the underlying strata from
which the clasts were derived, whereas CM in encrusting
carbonate have values that indicate the lowest thermal maturity
in the entire sample suite. Evidently, the higher thermal
maturity of the CM in the clasts was set by temperatures that
occurred prior to deposition of Member 2 carbonates and that
the carbonates never reached such high temperatures.
Similarly, the thermal maturity of CM in the overlying
Member 3 and Member 4 cherts must reflect the original hot
depositional (or very early post-burial) environments of those
cherts, which post-dated — and did not affect — Member 2. The
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