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ABSTRACT - Raman spectroscopy is a molecule-specific technique allowing the investigation of the chemical structure of organic and 
inorganic geological materials. Being a non-destructive and relatively non-invasive analytical procedure, Raman spectroscopy is ideally suited 
to palaeontology. Raman spectroscopy is herein applied to the study of carbonaceous chert facies of the ~3.4 Ga old Buck Reef Chert of South 
Africa, which contains some of the oldest well-preserved evidence of early life. Laminated chert typically consists of microbands composed 
of microcrystalline quartz (chert) and an association of siderite and carbonaceous material (CM) in the form of mat-like laminations, simple 
carbonaceous grains, vein infills and diffuse CM. Using Raman spectroscopy, the structural characteristics of CM in mat-rich chert were 
investigated and compared with CM-rich grains from the same unit, which were deposited as layers that bear no evidence for mat construction.

All CM retains a structural organisation consistent with the lower greenschist grade regional metamorphic imprint, however, a detailed 
study of the Raman signal of CM revealed some heterogeneity between different sedimentary facies, indicating the presence of different 
types of CM. Multiple CM precursors are indicated and may reflect different sources or different alteration chemistries of various microbial 
metabolic pathways.

RIASSUNTO - [Strutture biosedimentarie di 3.4 miliardi di anni fa del Barberton greenstone belt in Sudafrica: nuove prospettive sull’origine 
della biosfera primitiva] - La spettroscopia Raman permette di analizzare la struttura chimica di composti organici ed inorganici attraverso 
il riconoscimento specifico delle loro molecole costituenti. Non invasiva e non distruttiva rappresenta uno strumento ideale per gli studi 
paleontologici. In questo lavoro la spettroscopia Raman è stata utilizzata per caratterizzare facies di quarzo microcristallino (chert), ricche 
in materiale carbonaceo, provenienti dal Buck Reef Chert, unità sedimentaria della Barberton greenstone belt sudafricana depositatasi 
circa 3,4 miliardi di anni fa e nota per preservare alcune delle più antiche tracce di vita ad oggi conosciute. I campioni qui analizzati sono 
costituiti da lamine di chert dove strati ricchi in siderite si alternano a materiale carbonaceo in forma di tappeti microbici. Lo studio di 
questi tappeti carbonacei attraverso la spettroscopia Raman ha permesso di caratterizzarne la struttura chimica e di confrontarla con quella 
di materiale carbonaceo depositato anch’esso nel Buck Reef Chert, ma non associato a biostrutture, ovvero a tappeti microbici. Si è potuto 
così osservare che, nonostante tutto il materiale carbonaceo (associato a biostrutture e non) mostri un livello di maturazione strutturale 
compatibile col grado di metamorfismo regionale (facies a scisti verdi), esistono delle eterogeneità strutturali rilevabili tramite lo studio di 
dettaglio del segnale Raman. I risultati ottenuti, infatti, suggeriscono che, a parità di grado metamorfico, i due tipi di materiale carbonaceo, 
associato a biostrutture e non, si siano formati a partire da precursori con diversa composizione chimica, il che potrebbe riflettere la presenza 
di organismi con metabolismi differenti.

INTRODUCTION

During the interaction of visible light with matter, 
discrete amounts of energy can be exchanged between the 
incoming radiation and the vibrational modes of crystals 
or molecules of the irradiated substance. Such transfer 
may result in an inelastic scattering of light known as 
Raman scattering, named after the physicist C.V. Raman 
who first observed and described the phenomenon 
(Raman, 1928). In Raman spectroscopy, the substance 
under investigation (solid, liquid or gas) is irradiated 
with low-energy, non-destructive laser radiation, usually 
at wavelengths between 242 and 1064 nm (e.g., Marshall 
et al., 2010; Toporski et al., 2018). By means of a CCD 
collector and specific software, the resulting scattering 
events can be quantified in terms of their frequencies and 
intensities, and plotted as a Raman spectrum. The pattern 
of the spectrum thus gives insights into the structural 

characteristics of the investigated sample. The association 
of the above methodology to standard or confocal optical 
microscopes, namely Raman micro-spectroscopy and 
confocal Raman spectroscopy (Toporski et al., 2018), 
makes it an efficient and versatile analytical technique 
permitting the in-situ characterisation of materials at the 
micron and sub-micron scale.

Based on its capabilities and non-invasive, non-
destructive nature, together with the minimal or no sample 
preparation requirements, confocal Raman spectroscopy 
is now widely used to investigate the chemical and 
molecular composition of liquid and solid materials in a 
wide range of research fields such as plant biology (e.g., 
Baranska et al., 2013), biomedical research (e.g., Kallaway 
et al., 2013), chemical kinetics (e.g., Ma et al., 2014), art-
preservation and archaeology (Bouchard & Smith, 2003) 
and in geosciences and planetary exploration (Marshall et 
al., 2010; Olcott Marshall & Marshall, 2015).
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RAMAN SPECTROSCOPY IN GEOSCIENCES

In the Earth Sciences, Raman spectroscopy finds 
its principal application in mineral identification, as 
the vibrational modes of crystalline material produce 
diagnostic bands at characteristic wavelengths with 
specific relative intensities (Fig. 1). Moreover, Raman 
analyses offer some important advantages over other 
routinely employed petrographic techniques: 1) Raman 
spectroscopy can identify mineral grains with a resolution 
of several microns, independently of their orientation 
in the sample (e.g., Toporski et al., 2018); 2) confocal 
Raman spectroscopy allows investigation at depth in a 
laser-transparent sample, and is therefore particularly 
suited to mineral inclusion studies (Frezzotti et al., 2012); 
3) the technique is sensitive to amorphous materials and 
non-crystalline molecules which allows the detailed 
characterisation of carbonaceous material (CM) and 
other non-crystalline organic or inorganic compounds 
within rocks. Open-source databases, such as RRUFF 
(Lafuente et al., 2015), offer accessible Raman libraries of 
well-characterised minerals that can be used for spectral 
identification.

In the recent years, a proliferation of studies focusing 
on organic compounds found in fossil vestigia and 
meteorites has delivered a wealth of high-magnification 
and high-resolution data to aid characterisation and 
detection of the most puzzling biosignatures and of a 
variety of fossil assemblages including carbonaceous 
microfossils and their organic remains (e.g., Schopf & 
Kudryavtsev, 2009; Cavalazzi et al., 2011; Danise et al., 
2012; Calça et al., 2016), stromatolites and microbial mats 
(e.g., Allwood et al., 2006; Ferretti et al., 2012), acritarchs 
and fossil algae (e.g., Javaux & Marshall, 2006), fossil 
plants and pollen (e.g., Witke et al., 2004), and dinosaurs 
and vertebrates (e.g., Thomas et al., 2011). Much Raman 
work has been done specifically on the characterization 
of carbonaceous matter.

ORIGIN AND EVOLUTION OF 
CARBONACEOUS MATTER

Carbonaceous matter is a typical component of 
sedimentary rocks and occurs as discrete particles, 
laminae, clots, or, more often, as diffusely distributed 
matter within the hosting mineral matrix (Walsh, 1992; 
Walsh & Lowe, 1999). It consists mainly of sp2-bonded 
carbon structures, which contain minor amounts of 
hydrogen and other heteroatoms, such as oxygen, 
nitrogen, sulphur or phosphorus. Carbonaceous matter 
originates from both non-biological carbon precursors 
(rare) and biological organic matter (OM) (Marshall & 
Olcott Marshall, 2014). Heating of inorganic compounds, 
inorganic precipitation from hydrothermal fluids, 
serpentinisation and Fischer-Tropsch-type synthesis, 
and siderite decomposition are among the processes 
which account for the abiotic formation of CM in 
rocks (Marshall & Olcott Marshall, 2014; Delarue et 
al., 2016). In contrast, the maturation of biological 
organic matter and organic debris within sediments 
during burial, diagenesis and metamorphism accounts 
for the vast majority of CM in meta-sedimentary rocks 
(Wopenka & Pasteris, 1993). Such evolution, including 
early carbonisation and later graphitisation (Jehlička et 
al., 2003; Delarue et al., 2016), represents a progressive 
OM reorganisation into graphene-like layers, moving 
from amorphous organic compounds towards an ideally 
pure, crystalline graphite lattice. Because this evolution 
depends largely on the pressure-temperature (P-T) 
metamorphic conditions and on the original carbon 
precursor (Yui et al., 1996; Beyssac et al., 2002), the 
degree of disorder and the heterogeneity of incompletely 
reacted CM species in meta-sedimentary rocks can give 
us insights into the metamorphic history of CM-bearing 
strata and help to identify the nature of the carbonaceous 
precursor material (Yui et al., 1996; Ferrari & Robertson, 
2000; Olcott Marshall et al., 2012).

Fig. 1 - Diagnostic regions for Raman mineral fingerprinting. Diagnostic peaks of specific mineral groups occur within specific wavelength 
ranges. The first-order Raman spectrum of disordered carbonaceous materials (CM) can result from the combination of up to five different 
bands (D1, D2, D3, D4, G) as shown by a decomposed representative CM spectrum. The G band corresponds to the diagnostic peak of graphite. 
Weak bands at higher wavenumbers appear in the CM second-order range. Rayleigh scattering results in a zero Raman shift.
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Several studies have shown how separating the 
Raman spectrum of CM into its constitutive vibrational 
signals through a deconvolution (or fitting) process results 
in peak parameters that can then be used to assess the 
degree of CM disorder and heterogeneity, and to obtain a 
true Raman geothermometer (Beyssac et al., 2002, 2003; 
Kouketsu et al., 2014; Sforna et al., 2014).

Characteristics of the Raman spectrum of carbonaceous 
matter

The Raman spectrum of carbonaceous material (Fig. 
1) is confined to two regions: 1) a first-order region 
(~800-1900 cm-1), which includes frequencies of CM 
fundamental vibrations, and 2) a second-order region 
(~2200-3300 cm-1) with Raman bands corresponding to 
overtones and combinations of the fundamental modes. 
It is usually the first-order region which accounts for 
the features more sensitive to structural variations and 
which, once deconvoluted, is best suited to obtain peak 
parameters and to characterize the disorder of CM (e.g., 
Marshall et al., 2010).

The evolution of the Raman spectrum of CM is best 
illustrated by tracing back the maturation of OM from 
fully-crystalline graphite to completely amorphous CM. In 
the first-order region of crystalline graphite only a single 
peak, at ~1580 cm-1, is present. This band, termed the 
G-band (graphite), results from the ideal graphitic lattice 
E2g-symmetry and it is attributed to the in-plane bond-
stretching at all of the sp2 C sites (Ferrari & Robertson, 
2000). With increasing in-plane defects due to heteroatoms 
or in micro-crystalline graphite (Wang et al., 1990), an 
A1g breathing mode of sp2 C within six-fold aromatic 
rings becomes active and give rise to two D (disordered) 
bands, respectively D1 at ~1350 cm-1 and D2 at ~1620 
cm-1. Additional first-order bands appear with increasing 
disorder at ~1500 cm-1 (D3) and ~1080-1250 cm-1 (D4). 
Further disorder in the carbonaceous structure towards 
almost completely amorphous CM, such as in extremely 
low grade metamorphic rocks, results in the loss of the 
G peak. In this case, the latter may become replaced 
completely by the D2 signal and a general broadening 
of the disordered components will be observed with D1 
decreasing in intensity and forming a unique broad band 
together with D4 and D3 (Ferrari & Robertson, 2000; 
Kouketsu et al., 2014).

It follows that the Raman spectrum of CM can be 
deconvoluted by models fitting from two to five curves 
and using different functions (Gaussian and Lorentzian 
being the most frequently used) depending upon the 
level of crystallinity of the analysed CM (Ferrari & 
Robertson, 2000; Sadezky et al., 2005; Kouketsu et al., 
2014; Lünsdorf et al., 2014).

The relation between CM maturation and its Raman 
spectral evolution is important for the reconstruction of 
the early record of life on Earth. On the young Earth, with 
the lack of organismal “hard parts”, direct evidence of life 
usually occurs in the form of CM-rich microbial remains, 
the legacy of ancient microbiological organic production.

Raman spectroscopy in Precambrian micropalaeontology
In recent years, the application of Raman spectroscopy 

to multiple palaeontological materials has greatly 
enhanced our understanding of microbial evolution. Since 

the first Raman investigations of biological material of 
putative cell-like inclusions preserved in the Isua series of 
South Greenland (Pflug & Jaeschke-Boyer, 1979), Raman 
techniques have been increasingly used as a method to 
study definitive and putative Precambrian carbonaceous 
microfossils and their host rocks.

For example, high-resolution micro-Raman 
analyses of the ~1.2 Ga Torridonian microfossils have 
unveiled the details of their taphonomy (Wacey et al., 
2016a). Phosphatised, coccoidal microfossils and their 
intracellular inclusions are documented as originally 
carbonaceous, fossilised dominantly in apatite, with 
spectral characteristics suggesting extremely disordered 
CM (a very broad D1 band with a shoulder on its 
low wavenumber side). This indicates extremely low 
metamorphic grade and heating to temperatures of no 
more than 100°C. Variations in the mineralogy of phases 
replacing Torridonian microfossils as indicated by Raman 
spectroscopy provide further insights into environmental 
conditions and taphonomic processes and the links 
between them.

Raman mineralogical mapping is a powerful tool to 
denote preservation method and protolith characteristics. 
Using micron-scale Raman mapping in a silicified biofilm 
from the 3.33 Ga Josefsdal Chert, Westall et al. (2015) 
noted a heterogeneous distribution of pyrite, anatase 
and muscovite derived from proximal hydrothermal and 
volcanic sources. Spectral differences between quartz in 
the matrix of this ancient rock and in cross-cutting veins 
were interpreted to denote compositional differences 
resulting from a difference in the origin and generation 
of the fabrics.

Combined analyses of two- and three-dimensional 
confocal Raman compositional maps can shed further light 
on the structure and occurrence of phases in microfossils. 
For example, Foucher & Westall (2013), studying 
fossilized Myxococcoides microfossils and microbial 
mats in the 700-800 Ma Draken Formation, found a 
spatial correlation between carbonaceous cell walls and 
an opaline silica phase. A frequent co-occurrence of the 
biominerals pyrite and hydroxylapatite was also observed 
in the cell walls. A similar signal was observed in 1.88 
Ga Gunflint Formation microfossils, suggesting its utility 
as a biosignature in similar taphonomic windows and 
palaeoenvironments throughout the geological column. 
Here, the preservation of an opaline silica phase was linked 
to direct fixation of opaline silica to organic matter within 
degrading microfossiliferous material. As a biosignature 
in otherwise enigmatic CM, the presence of an opaline 
silica phase within carbonaceous material could therefore 
provide strong support for biogenicity.

Bower et al. (2016) used 2D micro-Raman imaging of 
the putative 3.46 Ga “Apex Chert” holotype microfossil 
Eoleptonema apex (Schopf, 1993) to assess whether this 
object, and others occupying a similar morphospace, 
are bona fide microfossils or merely linear-arcuate 
pseudofossils resulting from the compression of carbon 
around angular silica crystals during Ostwald ripening. 
Using the I129/I461 peak ratio of quartz (i.e., the ratio between 
two active quartz mode intensities), the orientation of a 
single microquartz crystal can be ascertained (Fries & 
Claus, 1973), and this enables deduction of whether 
the carbonaceous material surrounding quartz grains 
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is syngenetic with the quartz itself. Using the D-to-G 
intensity ratio, Bower et al. (2016) found two distinct 
populations of carbonaceous matter within the E. apex 
structure, thereby interpreting it as a pseudofossiliferous, 
crack-filling deposit. The coupling of the D-to-G intensity 
ratio with quartz grain orientation could provide a non-
subjective method for determining the syngenicity of 
carbonaceous features and to distinguish true fossils from 
non-fossils.

Evidently, Raman spectroscopy is a very useful tool to 
interrogate palaeobiological problems from throughout the 
geological record and is increasingly used to investigate 
definitive and putative Precambrian carbonaceous 
microfossils and their host rocks. In what follows, we 
outline such an approach to microbial mat facies from 
the Early Archaean Buck Reef Chert from the Barberton 
greenstone belt of South Africa.

A CASE STUDY OF ARCHAEAN BIOSTRUCTURES

The source of CM in Archaean meta-sedimentary rocks 
has been the subject of many investigations, since its origin 
cannot always be related directly to biological activity. 
This is for several principal reasons: 1) unequivocal 
evidence for Archaean life is scarce (Schopf, 2006; Brasier 
et al., 2011) and both the rate and pathways of ancient OM 
matter production remain poorly understood; 2) ancient 
OM is frequently strongly altered during metamorphic 
overprints; and 3) diffuse hydrothermalism through an 
ultramafic substrate, a suitable setting for the abiotic 
production of CM, appears to have been widespread on 
the early Earth (Brasier et al., 2005; Hofmann, 2011). 
Furthermore, impactors in the form of both carbonaceous 
chondrites and micrometeorites would have delivered 
much exogenous CM to Earth (Maurette et al., 2006). 
Consequently, the assumption of a biological origin for 
CM in ancient rocks requires caution. Nevertheless, a 
multi-analytical approach on well-preserved Archaean 
sedimentary rocks of low metamorphic grade allows the 
differentiation of primary biogenic signals from abiotic 
processes and secondary overprints. Within this context, 
the origin of their CM content can be investigated by 
Raman spectroscopy.

The 3.5 to 3.2 Ga Barberton greenstone belt (BGB) of 
South Africa and Swaziland represents a classic location 
to investigate the early record of life. A wide range 
of putative microbial features, including filamentous, 
coccoidal, spindle-shaped, and spheroidal microfossils 
(Knoll & Barghoorn, 1977; Walsh & Lowe, 1985, 1999; 
Walsh, 1992; Javaux et al., 2010; Homann et al., 2016; 
Westall, 2016; Kremer & Kazmierczak, 2017; Lemelle et 
al., 2017), stromatolite-like structures (Byerly et al., 1986; 
Walsh & Westall, 2003) and fossilised carbonaceous mats 
(Walsh & Lowe, 1999; Tice & Lowe, 2004, 2006a; Noffke 
et al., 2006; Westall et al., 2011, 2015; Homann et al., 
2015; Hickman-Lewis et al., in press) occur throughout 
its stratigraphy. Within this fossil record, microbial mats 
from the 3.4 Ga sedimentary succession of the Buck 
Reef Chert (BRC) represent one of the oldest claims 
for life on Earth (Walsh, 1992; Tice et al., 2011). They 
consist of carbon-rich laminae regarded as the remains of 
anoxygenic photosynthetic microbial communities, which 

inhabited a shallow marine environment (Tice & Lowe, 
2004, 2006a, b). The recurrence with which carbonaceous 
laminae with morphologies passing multiple criteria for a 
biogenic origin are found in a shallow-water, presumably 
photic zone, depositional setting provides strong evidence 
for the interpretation of these structures as the vestiges of 
microbial mats (Walsh, 1992; Tice & Lowe, 2004; Tice, 
2009; Tice et al., 2011).

In this work we present results from a Raman 
investigation of two different facies of carbonaceous 
cherts from the BRC shallow-platformal environment 
(Tice, 2009). The first is represented by a greenish crinkly 
laminated chert/siderite rock rich in carbonaceous laminae 
similar to the microbial mats previously reported from the 
BRC (e.g., Tice, 2009). The second facies consists of a 
laminated black carbonaceous chert bearing no evidence 
of mat construction. The carbonaceous matter of these two 
chert types has been characterized through Raman spectral 
deconvolution. After calculating the geothermal imprint 
on these facies we can investigate their CM content for 
possible between-sample heterogeneity. Thus, we can 
contribute to the reconstruction of the history of this very 
ancient CM and its possible relationship to microbial life.

GEOLOGICAL AND 
PALAEOENVIRONMENTAL SETTINGS

Exposed in the Barberton greenstone belt (BGB) of 
South Africa (Fig. 2), the Buck Reef Chert (BRC) represents 
one of the few well-preserved, low-metamorphic grade 
(lower greenschist facies; Tice et al., 2004) Palaeoarchaean 
(~3.4 Ga) sedimentary units on Earth. It consists mainly 
of black-and-white banded sedimentary rocks composed 
of microcrystalline quartz (chert), siderite, and a small but 
important component of carbonaceous material. Situated 
at the contact between the Hooggenoeg and overlying 
Kromberg formations, part of the 3.57-3.30 Ga ultramafic-
mafic volcanic-dominated Onverwacht Group, the BRC 
has been divided into three main lithofacies (Fig. 3; Tice 
& Lowe, 2006b): 1) a basal evaporitic facies of largely 
botryoidal chert precipitate; 2) a lower platformal facies 
of black-and-white banded chert; and 3) an overlying 
basin facies of finely laminated ferruginous banded chert. 
These facies have been interpreted as coastal-lagoonal 
to open marine deposits (Lowe & Fisher Worrell, 1999; 
Tice & Lowe, 2006b). Nonetheless, some aspects of the 
environment, with pivotal implications for ecosystem 
reconstruction, remain cryptic, such as the influence of 
hydrothermal activity on BRC deposition (Hofmann, 
2011).

MATERIALS AND METHODS

The investigated samples were collected from the 
BARB3 drill core, which was obtained in 2011 during 
the Barberton drilling project (Hofmann et al., 2013) 
within the frame of the International Continental Drilling 
Project (ICDP). At the time of writing, the core was 
housed at the Department of Geology, University of 
Johannesburg. Fifteen core samples of about 15 cm 
in length, representative of the BRC shallow-water 
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platformal facies (Tice & Lowe, 2004; Tice, 2009), were 
analysed in detail and, for each, one to five polished 
standard petrographic thin sections were prepared.

Thin sections were studied with transmitted optical 
microscopy by using a Zeiss Axioplan Microscope 
equipped with a Nikon HS DS-Vi1 colour camera and a 
Zeiss Axioplan 2 Compound Microscope equipped with 
an AxioCam HR colour CCD camera. 

The mineralogy and CM content of the two chert types 
were characterised by using a WITec alpha300R Confocal 
Laser Raman microscope equipped with an automated 
sample stage for micro-Raman mapping (Assore Raman 
Lab, University of Johannesburg). Measurements were 
obtained using light from a 532 nm frequency-doubled 
solid-state YAG laser source. All spectra were collected 
in the Stokes Raman shift range up to 3800 cm-1, using 
a 600 lines/mm grating and a Peltier-cooled EMCCD 
sensor for signal detection. Before each experimental 
session the spectrometer was calibrated with a silicon chip 
standard. For identification and spatial characterization of 
minerals, spot data and maps were collected using 20X, 
50X, 100X objectives (N.A. = 0.40; 0.55; 0.90) and a 
maximum laser power of 3mW, in order to prevent CM 
thermal alteration (Everall et al., 1991). WITec Project 
2.10 software was used to produce the Raman maps and 
mineral identification used the RRUFF database. Raman 
structural characterisation of different types of CM, 
identified by optical microscopy, was performed on two 
petrographic thin sections: 1) sample D11A, representative 
of the mat-rich facies, collected at a core depth of 762.38-

761.91 m; and 2) sample C2C, representative of laminated 
black chert, from a core depth of 620.17-620.02 m. Each 
section was analysed by means of 25 punctual spectra 
to produce a statistically significant dataset (Aoya et al., 
2010). Measurements on CM were collected by focusing 
the laser beam through a 50X (N.A. = 0.55) objective 
for 240 s. Spectra were collected on CM-rich structures 
(grains and laminae), which are part of the primary rock 
fabric, with the exception of three measurements collected 
from CM within younger cross-cutting veinlets in the 
laminated black chert. All data were acquired on focal 
planes selected more than 3 μm below the thin sections 
surface in order to exclude possible surface contaminants 
and to avoid polishing-induced damage to CM (Beyssac 
et al., 2003). Each recorded spectrum was processed using 
the graphing and data analyses software Origin Lab 8.5 for 
baseline subtraction, peak identification and curve fitting 
in the Raman first-order region. Consistency of spectral 
characteristics allowed the use of the same linear baseline 
for all the data-set, conferring high reproducibility 
and comparability to our results (Beyssac et al., 2003; 
Lünsdorf et al., 2014). Plots after parameters and ratios 
were created using Origin Lab 8.5.

RESULTS

The BARB3 drill core consists of about 618 m of 
carbonaceous and siderite-bearing banded chert and 
banded iron formation (BIF) intruded by felsic, mafic 

Fig. 2 - Geological map of the Barberton greenstone belt situated in the Kaapvaal Craton of South Africa and Swaziland (inset) showing the 
location of the BARB3 drill hole (star). Modified after Homann et al. (2015).
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and ultramafic sills (Hofmann et al., 2013). Based on 
textural analysis, BARB3 cherts can be divided into lower, 
intermediate and upper divisions. In view of their banded 
appearance on multiple scales and of their iron-rich 
content, the terms mesobands (centimetre-thick bands) 
and microbands (millimetre and sub-millimetre thick 
bands), typically used for Precambrian BIF (Rasmussen et 
al., 2013), appear particularly suited to the description of 
the BARB3 chert. The lower and upper divisions consist 
mainly of intercalated mesobands of siderite-bearing 
greenish-grey, black carbonaceous and white chert. Both 
divisions are characterised by the occurrence of stratiform 
botryoidal quartz-filled veins, granular carbonaceous chert 
and brecciated white chert slabs conferring an overall 
heterogeneous aspect to the core especially at its base. The 
intermediate interval consists largely of a BIF made of an 
alternation of notably more homogenous and compacted 
mesobands of siderite and white chert with sparse, bright-
red jasper mesobands. The BARB3 succession can be 
readily correlated with the platformal-basinal-platformal 
lithofacies succession observed in the BRC outcrop on 
the west limb of the Onverwacht anticline (Fig. 3; Tice 
& Lowe, 2004).

In the core, samples of both the lower and upper shallow-
platformal lithofacies are rich in dark carbonaceous 
material, which occurs primarily in laminated black chert, 
black granular chert, and thin black laminations within 
greenish-grey crinkly laminated chert/siderite. Black chert 
consists of homogeneous, structureless layers, which can 
exceed 50 cm in thickness but are most commonly about 
5 cm thick. Laminated black chert forms beds similar to 
black chert in terms of size and distribution throughout 
the core, and is characterised by black laminae about 3-5 
mm thick separated by thin white-grey laminations less 
than 1 mm thick (Fig. 4c-d). Carbonaceous material is 
also found in the form of sand-sized, poorly sorted grains 
within granular black chert which largely represents 
a cavity-filling facies, typically observed infiltrating 
between brecciated layers of white chert and associated 
with botryoidal quartz-filled veins. Fine carbonaceous 
laminations, less than 1 mm thick, are observed within 
greenish-grey crinkly laminated siderite-bearing chert 
beds ranging from a few centimetres up to several 
decimetres in thickness within the core (Fig. 4a-b). Two 
distinct chert facies were investigated in this study and 
are described in detail below.

Greenish crinkly laminated chert
Throughout the BARB3 platform facies, carbonaceous 

lamina-rich sediments consist typically of superposed 
discrete (~1mm thick on average) crinkly, laminated, grey-
greenish microbands (Fig. 4a-b). Such microbands consist 
of translucent, mainly fine-grained (~10-20 μm), rhombic 
siderite crystals within a pervasive microcrystalline quartz 
(chert) matrix (Fig. 5), where siderite is responsible for 
the greenish-yellow colour of the cherts. Dark material, 
identified as disordered carbonaceous matter from the 
typical first- and second-order Raman bands (Figs 6, 8), 
is found in the form of sub-micron sized particles which 
occur as diffuse dark domains or concentrated into discrete 
micron-sized aggregated structures including laminae and 
grains (Fig. 5a-d). Laminae, with a thickness of a few 
microns (usually less than 10 μm), are enriched in CM 

Fig. 3 - BARB3 drill hole stratigraphy and related depositional facies 
reconstruction. The Buck Reef Chert (total thickness about 400 m) 
rests on the Hooggenoeg Formation rhyodacite member H6 and is 
separated from the overlying Kromberg Formation by an ultramafic 
sill. From the base towards the stratigraphic up: 1, dacite, Hooggenoeg 
Fm.; 2, dacite-derived sandstone, Hooggenoeg Fm.; 3, evaporite and 
ripple laminated chert; 4, black and white banded chert; 5, ferruginous 
banded chert; 6, ultramafic intrusive rock, Kromberg Fm.
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which, although often disrupted at the micron scale, has 
an overall lateral continuity across the samples. They are 
characterised by a wavy-crinkly habit, which gives rise to 
relief up to a few millimetres in amplitude. Laminae can be 
found gently draping carbonaceous grains, siderite grains 
or composite grains comprising both CM and siderite (Fig. 
5b). They can also be arranged into vertical multilayered 
lamina-sets which, along the core, appear as black layers 
typically less than 1 mm thick (Fig. 4a-b). As resolved 
by Raman imaging (Fig. 5e), these structures consist of 
laterally continuous CM-rich laminae spaced by chert 
layers usually a few microns thick, giving a total thickness 
typically ranging between ~50 and 100 μm. In these 
black layers, siderite and CM-grains are scarce or absent. 
Lamina-sets bend plastically into wavy morphologies 
such as loosely attached folded-over structures and 
anastomosing structures (Fig. 5e), indicating the ductility 
and cohesiveness of the original carbonaceous material. 
As mentioned above, discrete carbonaceous material 
occurs also in the form of equant, simple carbonaceous 
grains, up to about 250 μm in size, scattered within the 
siderite-bearing chert (Fig. 5c). Both grains and laminae 
are often characterised by an intimate relationship with 
the siderite crystals as the latter appear to grow-on and 
partially replace CM (Fig. 5d). Other than chert, siderite 
and CM, pyrite has also been recognised in the form of 

authigenic idiomorphic cubic crystals or, more rarely, 
completely or partially replacing rhombic ghost crystals. 

The primary fabric of siderite-bearing laminated cherts 
is cross-cut by horizontal and sub-vertical quartz veinlets 
which, in the absence of soft-sediment deformation, are 
indicators of post-lithification fracturing events. These 
veinlets can be infilled by a dense opaque carbonaceous 
phase (Fig. 6d).

Laminated black chert
Laminated black chert lacks internal structure and 

consists of a mixture of randomly oriented carbonaceous 
grains and diffuse CM within microcrystalline quartz 
cement (Fig. 6a), with minor scattered authigenic pyrite 
crystals. As in the greenish laminated chert, discrete 
carbonaceous structures, when observed at high-
magnification, consist of sub-micron-sized CM particles 
in a pervasive microcrystalline quartz matrix. Simple 
grains (Fig. 6a-b), ranging from a few microns up to ~500 
μm, predominate in laminated black chert. They consist 
of fluffy, dense concentrations of CM characterised by 
irregular shapes and margins and showing little to no 
evidence of transport or compaction (aspect ratio < 10). 
Discrete wisps and composite grains also occur with less 
frequency in laminated black chert. Wisps (Fig. 6c) are 
dense, elongated carbonaceous flakes (aspect ratio > 10) up 

Fig. 4 - (color online) BARB3 core samples. Both core samples are representative of BRC shallow-platformal lithofacies. a) Greenish crinkly 
laminated chert/siderite. Scale bar equals 1 cm. b) Inset of a) shows the clear superposition of discrete (~1mm thick on average) crinkly 
laminated grey-greenish microbands and the interlayered black carbonaceous lamina-sets (white arrows). Scale bar equals 4 mm. c) Laminated 
black chert mesoband interlayered with white chert bands and botryoidal quartz-filled veins. Scale bar equals 8 mm. d) Inset of c) shows the 
poorly preserved laminated texture (white dashed line). Scale bars equal 5 mm.
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to a few hundred microns long and often less than 10 μm 
thick resembling carbonaceous laminae but differentiated 
from the latter by their variable thickness laterally, their 
lack of continuity, and absence of anastomosing behaviour. 
Composite grains (Fig. 6b) represent simple carbonaceous 
grains aggregated into discrete clumps which reach up to 
~1000 μm in size. CM is also observed to form botryoidal 
rims around discrete grains or as dense, opaque, cavity-
filling, interstitial material between grains or between the 
domains of composite grains (Fig. 6b).

As with siderite-bearing laminated cherts, cross-
cutting horizontal and sub-vertical quartz veinlets often 
infilled by a dense CM phase (Fig. 6a, d) occur within the 
laminated black chert. This CM was deposited from a fluid 
phase and the cross-cutting nature of veinlets is indicative 
of their formation during later fracturing events.

Raman characterisation of carbonaceous matter
Spectral characteristics of the analysed CM are 

consistent throughout the whole dataset such that Raman 
results, at first glance, appear very homogeneous (Fig. 
7). This is especially true when comparing CM from the 
primary chert fabric, whereas a minor difference in term 
of relative peak intensity is observed in the CM from 
later cross-cutting veinlets (Fig. 7b). Notwithstanding, 
all collected CM spectral profiles are characterised in 
the first-order by a well-developed D peak with a weak 
down-shifted shoulder (D4 band) and a less intense G band 
with an intense up-shifted shoulder (D2 band). A further 
Raman shift seems to arise in between D and G (D3 band) 
conferring to the graphitic band a slightly asymmetrical 
aspect. In the second-order range, three weak, broad 
signals appear at around 2690 cm-1, 2950 cm-1 and 3220 
cm-1. This overall spectral pattern is similar to that of 
disordered CM in meta-sediments subjected to greenschist 
facies metamorphism (chlorite zone; e.g., Yui et al., 1996).

Out of several possible fitting models, a five-curves 
deconvolution protocol (Fig. 1), such as that proposed 
by Sadezky et al. (2005), best fits the analysed CM 
resulting in the highest adjusted-R2 values. The first-order 
carbonaceous spectra are thus decomposed into four 
Lorentzians at approximately 1194 cm-1 (D4), 1355 cm-1 
(D1), 1604 cm-1 (G), and 1626 cm-1 (D2) and a Gaussian 
at ~1543 cm-1 (D3). The average band parameters and 
calculated ratios used to characterise the CM are listed 
for all the analysed types of CM, and respective samples, 
in Tab. 1.

Kouketsu et al. (2014) proposed a five-curves fitting 
(termed Fitting E), similar to that used herein, as the most 
appropriate for sedimentary CM that experienced peak 
metamorphic temperatures ranging between 300 and 
340°C. In agreement with such evidence, and with the 
overall spectral similarity to CM subjected to greenschist 
facies metamorphism (Yui et al., 1996), we used two CM 

Raman geothermometers calibrated for low-metamorphic 
terrains. The first, proposed by Beyssac et al. (2002), is 
best suited to temperatures ranging between 330°C and 
650°C and relies on the ratio R2 (1) and its relation with 
temperature expressed in (2).

R2 = AD1/(AD1 + AD2 + AG)   (1)

with 

T = -445  × R2 + 641 (±50°C)   (2)

The second, proposed by Kouketsu et al. (2014), is 
better suited for temperatures ranging between 150°C 
and 400°C and consists of two possible equations, (3) and 
(4), in which the metamorphic temperature is correlated 
to the full-width at half maximum intensity (FWHM) of 
D1 and D2.

T (°C) = -2.15 (FWHM-D1) + 478 (±30°C) (3)

and

T (°C) = -6.78 (FWHM-D2) + 535 (±50°C) (4)

There is no significant variation in the peak 
metamorphic temperatures obtained from different 
primary BARB3 CM: the average results, using the three 
respective equations (2-4), correspond to about 325 ± 
50°C (2), 349 ± 30°C (3) and 365 ± 50°C (4), respectively.

Several characteristics of all the fitted spectra 
including: 1) the regular presence of well-developed D3 
and D4 bands, 2) the prevailing D1 intensity on G, 3) 
the D1 width range FWHMD1= ~54-85 cm-1 (~61 cm-1 on 
average), and 4) the ID/IG range R1= 1.41-2.55 (2.16 on 
average) are consistent with poorly ordered CM typical of 
lower greenschist grade Archaean meta-sediments (Sforna 
et al., 2014; Delarue et al., 2016). The five-curve protocol 
was thus used to calculate several further ratios including 
AD/AG, RD3, RD4 which, together with R1 and R2, allow the 
estimation of the degree of order and heterogeneity in the 
BARB3 CM type of maturation (Beyssac et al., 2003; 
Sforna et al., 2014; Delarue et al., 2016). These ratios and 
parameters are combined in plots (Fig. 8), which are used 
to evaluate and discuss the BARB3 CM heterogeneities.

DISCUSSION

The degree of order reached by natural CM during its 
irreversible maturation within meta-sedimentary rocks 
is reflected by the characteristics of its Raman spectrum 
and depends mainly on the metamorphic P-T conditions 
and on the nature of the original carbonaceous precursor 

Fig. 5 - (color online) Microphotographs of siderite-bearing crinkly laminated chert. a) Discrete siderite-bearing microbands of siderite-rich 
chert and CM locally forming grains and laminae (arrows). Scale bar equals 100 µm. b) CM-rich laminae gently draping siderite and composite 
grains. Scale bar equals 50 µm. c) Discrete grain of CM. Scale bar equals 200 µm. d) Siderite crystals associated with CM-rich laminations. 
Scale bar equals 100 µm. e) Carbonaceous lamina-set. Top: photomicrograph of a lamina-set. Scale bar equals 200 µm. Note the multilayered 
structure showing plastic and choesive behaviour including features typical of microbial mats such as folded-over or roll-up structures (arrow) 
which can remain partially attached to the main structure, plastic bending and anastomosing layering around lenticular chert domains. f-h) 
High-resolution Raman maps (bright areas) showing the quartz (in f), siderite (in g) and carbonaceous matter (in h) distribution of the boxed 
area in e). Note the lamina-sets composed mainly of CM in a chert cement, with scarce siderite. Scale bars equal 40 µm.
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(Yui et al., 1996; Beyssac et al., 2002). In light of such 
correlations, Raman spectroscopy has been used to 
reconstruct the metamorphic history of CM-bearing rocks 
and to investigate the degree of its structural disorder and 
heterogeneity (Kouketsu et al., 2014; Beyssac et al., 2003; 
Olcott Marshall et al., 2012). Recent Precambrian micro-
palaeontological investigations have greatly benefitted 
from this non-destructive technique as microbial fossils, 
which occur in the form of carbonaceous remains, can be 
characterised in-situ within their mineralogical context 
(Bower et al., 2016; Wacey et al., 2016b; Muirhead 
et al., 2017). This may also be applied to enigmatic 
Archaean CM. Although Raman spectroscopy cannot 
unambiguously relate such ancient CM to a biological 
or abiotic origin (Pasteris & Wopenka, 2003), several 
studies have demonstrated how this method can help 
in discriminating between different carbonaceous 
inputs (Olcott Marshall et al., 2012, 2014; Sforna et al., 
2014), thus identifying the best preserved carbonaceous 
structures (Delarue et al., 2016) and revealing possible 
thermal palaeoenvironments (Allwood et al., 2006).

In the BARB3 core, shallow-platform CM occurs 
in black chert, black granular chert, and thin black 
laminations, which are modes already reported in previous 
BGB and BRC investigations (e.g., Paris, 1990; Walsh 
& Lowe, 1999; Tice & Lowe, 2006b). In this work we 
focussed on laminated black chert and greenish crinkly 
laminated chert, where CM occurs within primary 
sedimentary strata in the form of equant grains and 
primary laminations which underwent early silicification.

Thermal imprint and structural characteristics of the 
carbonaceous matter

Although all collected Raman spectra show a striking 
similarity in their profiles, spectral decomposition allows the 
observation of some differences in the grade of organization 
of the primary CM between the investigated cherts.

The three Raman geothermometers (Beyssac et al., 
2002; Kouketsu et al., 2014) applied to both greenish 
crinkly laminated chert and laminated black chert show 
a metamorphic imprint, which falls within the lower 
greenschist metamorphic temperature range (see Tab. 
1). This is coherent with the thermal history of the 
Onverwacht Group (Tice et al., 2004). Equation (3), which 
is the more accurate in the 200-400°C range (Kouketsu 
et al., 2014), particularly indicates that the primary CM 
spectra from both siderite-bearing and laminated black 

cherts show basically the same estimated peak temperature 
of 349 ± 30°C. Carbonaceous matter from cross-cutting 
veinlets, using the same equation, reveals a temperature 
of 308 ± 30°C. Although this value was obtained from the 
analysis of only three collected spectra, it is consistent with 
the decrease of R1 values together with the broadening of 
the D1 band and with the higher RD3 and RD4 ratios, all 
indicative of a lower degree of CM maturation (Ferrari 
& Robertson, 2000; Sforna et al., 2014). 

As shown by FWHM-D1, FWHM-G and R1 values, all 
investigated sedimentary CM has a degree of crystallinity 
consistent with the structural organisation usually found in 
CM from Archaean terrains of comparable metamorphic 
grade (Sforna et al., 2014; Delarue et al., 2016). This CM 
consists of very poorly organised (well-developed D4) 
stacks of nanometric, polyaromatic, graphene-like layers 
characterized by out of plane defects (D3) (Beyssac et al., 
2003), corresponding to a carbonaceous structural grade 
which reached the end phases of the carbonisation process 
(Charon et al., 2014; Delarue et al., 2016).

Geothermal and structural evidence confirms Archaean 
authenticity for all analysed CM and a syn-depositional 
origin for both types of primary CM.

Carbonaceous matter heterogeneity
Although the Raman characteristics of the CM 

within cross-cutting veins suggest a different degree 
of organisation to the other CM, structural differences 
between primary CM in siderite-bearing and laminated 
black cherts are more challenging to discern as the 
homogeneity of calculated parameters and ratios (Tab. 1) 
does not allow a comparison in terms of absolute structural 
disorder. Despite this, the combination of significant 
parameters for the evaluation of structural variations in 
this lightly metamorphosed Archaean CM could indicate 
between-sample heterogeneity.

It has been shown that for lower greenschist 
metamorphic conditions, a combination of FWHMG, R1 
and ID1/ID1+IG, rather than just R1 - which alone becomes 
unreliable for this grade of CM maturation (Ferrari & 
Robertson, 2000) - provides a good proxy for variations 
in the CM maturity, with the first parameter decreasing 
and the two ratios increasing with increasing structural 
order (Jehlička et al., 2003; Allwood et al., 2006). Small 
variations in these values occur between the greenish 
and the laminated black chert and the trends are sample-
consistent, with mat-rich deposits having higher average 

D4 D1 D3 G D2

Sample ɷ FWHM ɷ FWHM ɷ FWHM ɷ FWHM ɷ FWHM R1 R2 ID1(ID1+IG) AD/AG T(3) C° FWMHD/G RD3 RD4

1) D11A 1194 195.59 1355 60.04 1540 118.19 1604 43.89 1626 24.85 2.18 0.70 0.69 3.01 349±30 1.37 0.05 0.06

2) C2C 1194 193.21 1357 60.46 1548 125.90 1605 41.62 1628 25.27 2.21 0.71 0.69 3.22 349±30 1.45 0.06 0.05

3) C2C 1203 187.72 1355 79.41 1543 132.28 1606 44.84 1627 25.10 1.54 0.69 0.61 2.71 308±30 1.77 0.10 0.08

4) < D11A
C2C 1194 194.47 1356 60.23 1544 121.80 1604 42.83 1627 25.05 2.20 0.71 0.69 3.11 349±30 1.41 0.05 0.06

5) D11A
C2C 1195 194.07 1356 61.38 1544 122.43 1604 42.95 1627 25.05 2.16 0.71 0.68 3.08 347±30 1.43 0.05 0.06

Tab. 1 - Average values for the most significant parameters and ratios after deconvolution of CM Raman spectra. The following average values 
are shown: 1) CM from the siderite-bearing chert (D11A); 2) CM from the laminated black chert in the form of grains (C2C); 3) CM from 
the laminated black chert in the form of dense vein infill (C2C); 4) primary CM from both the black laminated and siderite-bearing chert; 5) 
all CM from both the laminated black and siderite-bearing chert including vein infills.
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values for FWHMG and lower average values for both 
ratios. 

Other measurements obtained after spectral 
deconvolution have been proposed by several authors to 
best correlate with the change of the CM disorder during 
its evolution within meta-sedimentary rocks. Graphing 
combinations of such parameters and ratios can be used 
to fully appreciate the heterogeneities of CM. Using 
both synthetic and natural samples representative of a 
large range of metamorphic conditions, Beyssac et al. 
(2003) demonstrated that the R1 against R2 ratio exhibits 
a significant evolution, which correlates well with the CM 
maturation trend. For the range of R1 values calculated 
in our study (1.82-2.55), R2 becomes more constant, 
however, at the scale of variations occurring between 
our samples, in spite of some overlaps, the R1 against 
R2 plot shows a grouping which appears sample-related 
(Fig. 8a). Similar results can be observed for FWHMG 
and FWHMD/FWHMG against R1 (Fig. 8b-c), whereas the 
variation of peak widths as a function of the R1 ratio is 
sensitive to variations in the structure of poorly organized 
CM of the type found in Archaean rocks (Sforna et al., 
2014; Delarue et al., 2016). Once again, in spite of some 

degree of overlap, the samples show a diverse distribution 
with D11A showing a wider scattering than C2C. This 
dispersion is also observed in the variability of the G 
band position and width with respect to an almost fixed 
D1 position (Fig. 8d) and FWHM, whereas the width and 
position of the G band can estimate the degree of CM 
organisation (Beyssac et al., 2003). A similar distribution 
is shown also for the AD/AG ratio, which Yui et al. (1996) 
correlated to the structural variability of CM from lower 
greenschist metamorphic rocks. Significant parameters 
and ratio combinations thus appear to consistently 
point out a heterogeneity in CM structure between the 
ferruginous crinkly laminated chert and the laminated 
black chert.

Possible sources for carbonaceous matter heterogeneity
Caution must be taken when investigating the structure 

of CM by Raman spectroscopy, as some steps in the 
analytical procedures can potentially introduce extrinsic 
variability. Consequently, before exploring possible 
causes for CM between-sample heterogeneity, some 
preliminary consideration must be given with regard to 
the experimental approach.

Fig. 6 - (color online) Photomicrographs of laminated black carbonaceous chert. a) Laminated black chert is composed mainly of randomly 
oriented, equant, simple, fluffy carbonaceous grains, but also composite carbonaceous grains and wisps. The fabric is cross-cut by later quartz 
veinlets. Scale bar equals 1000 µm. b) A large composite carbonaceous grain (cg) and several simple carbonaceous grains (sg) are present 
in chert precipitate. The black arrow at the bottom right corner indicates a botryoidal CM-rich rim that can often be found around simple or 
composite grains. Scale bar equals 200 µm. c) Elongated wisps (ws) of CM which can be so thin that they may resemble mat-like carbonaceous 
laminae. Scale bar equals 100 µm. d) Dense CM present in cross-cutting quartz veinlets similar to those seen in (a). Scale bar equals 20 µm.
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We used a low laser power (3 mW) focusing only on 
CM structures embedded in quartz below the surface of 
the thin section to avoid sample heating (Everall et al., 
1991) and to exclude any contribution to CM defects 
by surface polishing (Beyssac et al., 2003). Due to 
the anisotropic character of graphite-like materials, a 
preferential orientation of the analysed CM with respect 
to the incoming laser radiation can result in a structural 
sampling bias.

All discrete CM analysed during this study consisted 
of concentrations of sub-micron sized particles interleaved 
between chert grains, and thus showing no preferential 
orientation in space. The broad similarity of all collected 
spectra allowed the application of a consistent linear 
baseline correction and fitting through the same 
deconvolution model applied with no fixed parameters, 
thus allowing direct comparison between the results 
(Beyssac et al., 2003; Lünsdorf et al., 2014). The quality 
of fitting has been evaluated visually and based on the 
adjusted-R2 values, which in the Origin software reflect 
the goodness of the deconvolution. Poorly fitted spectra 
have been excluded from any calculation or discussion. 
Thus, minimising and excluding extrinsic inputs, any 
difference observed likely corresponds to a true CM 
between-samples intrinsic heterogeneity.

Fig. 7 - Raman spectra of CM. All CM types show near-identical 
Raman spectra. These are characterized by a well-developed D1 
peak, a D4 shoulder at lower wavenumbers, and a less intense G 
peak showing asymmetry caused by both D2 and D3 signals. The 
second-order results characterized by three very weak peaks at 
about 2690 cm-1, 2950 cm-1 and 3220 cm-1, respectively. a) Average 
spectrum of CM occurring in the siderite-bearing chert in the form 
of mat-like laminations and simple grains. b) Average spectra of 
CM occurring in laminated black chert in the form of primary 
fluffy flakes (bottom spectra) and dense veinlet infill (top spectra).

Fig. 8 - Plots of different Raman parameters and ratios of CM from the siderite-bearing chert (D11A) and the laminated black chert (C2C), 
which better correlate to the structural disorder of Archaean low-greenschist metamorphic CM. a) R2 vs R1. b) FWHMG vs R1. c) FWHMD/
FWHMG vs R1. d) D1 position vs G position. Dashed ellipses are superposed manually to help recognising the grouping between CM types 
analysed with the exclusion of maximum two spectra for each group. In (a), although some overlap between the two samples exists, the 
scattering of ratio values define two distinct groups in primary CM fabrics. This grouping is sample-related. The CM in crosscutting veinlets 
form a very distinctive cluster suggests that this CM has a very different history from the primary fabrics. Both (b) and (c) show similar results. 
Here plots are characterised by some overlap, suggesting that the laminated black chert and the crinkly ferruginous chert may have shared 
part of their original pool of carbonaceous material. In (d) it is shown again that the the grouping of parameters is sample-related. Refer to 
the text discussion for more detailed explanation.
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It has been proposed that the structural variability 
of CM in Palaeoarchaean rocks collected at the same 
locality, and which have undergone the same low-
metamorphic grade, can be related to carbon deposition 
and maturation in different surface or near-surface thermal 
palaeoenvironments (Allwood et al., 2006). BARB3 
ferruginous crinkly laminated and laminated black 
cherts bear a thermal imprint which is related to regional 
metamorphism. Our results suggest that diverse thermal 
environments cannot be the cause of the CM heterogeneity 
described herein. Nevertheless, this does not exclude the 
possibility of low-temperature hydrothermal environments 
in the BRC (Hofmann, 2011) as these would have been 
overprinted by the later higher regional metamorphic peak.

Within modern sediments, CM occurs as a mixture 
of chemically and structurally diverse carbonaceous 
materials derived from several allogenic and authigenic 
sources (Jehlička et al., 2003). In meta-sedimentary rocks 
that experienced the same lower greenschist metamorphic 
grade, CM may still display significant structural 
heterogeneity, which is indicative of a “precursor effect” 
on the carbonisation-graphitisation reaction kinetics at 
low P-T conditions (Buseck & Huang, 1985; Pasteris & 
Wopenka, 1991; Yui et al., 1996). This means that for 
low-grade metamorphic processes, the composition of the 
carbonaceous precursor plays an important role, together 
with the P-T metamorphic conditions, in determining the 
final degree of disorder in the CM. Thus the variability 
of incompletely reacted CM species formed in low-
grade metamorphic successions are indicative of the 
heterogeneity of the original carbon precursors. This is 
in contrast to CM from highly metamorphic material, 
where the original carbon source heterogeneity tends to 
be homogenised by the prevailing high P-T conditions.

In the BARB3 drill core, crinkly laminated ferruginous 
cherts have high potential for fossil preservation. CM-rich 
laminations are morphologically consistent with fossil 
and modern benthic microbial mats; they exhibit plastic 
behaviour, cohesiveness and have morphologies likely 
produced by the interaction of mats with pervading fluids 
and gentle currents in low-energy aqueous environments 
(Eriksson et al., 2007; Walsh, 2010; Tice et al., 2011). 
Such lines of evidence together with the characteristic 
draping of carbonaceous grains by laminae - i.e., mat-
sediment interaction - strongly support the interpretation 
of the BARB3 laminations as photosynthetic microbial 
communities that dominated the lower part of the BRC 
shallow-platform (Tice & Lowe, 2004, 2006a, b; Tice, 
2009). In contrast, CM of laminated black chert occurs as 
a structureless mixture of carbonaceous grains suggesting 
that this facies did not form with the assistance of mat 
constructors (Walsh & Lowe, 1999). This interpretation 
suggests thus that much of the CM found in the greenish 
crinkly laminated chert, especially in the form of mat-
like laminations, may have formed in-situ as an original 
authigenic organic precursor, while laminated black chert 
layers can be interpreted as the result of CM, possibly 
microbial remains, settling out of the water column thus 
representing an allogenic input. Considering that the 
different modes of deposition of the two chert facies reflect 
a different history and possibly origin for their CM content, 
the CM between-sample heterogeneity appears consistent 
with a “precursor effect”. This suggests that, in spite of 

the antiquity of this geological sequence, and as already 
observed in coeval meta-sedimentary rocks (e.g., Allwood 
et al., 2006), some primary structural characteristic of the 
BARB3 carbonaceous precursors may have survived to 
the present day.

CONCLUSIONS

In this work, we have highlighted the importance 
of Raman spectroscopy in the investigation of CM 
found within Palaeoarchaean meta-sedimentary rocks 
and its contribution to the identification of possible 
ancient microbial remains. This is informative for the 
reconstruction of the environments of early life. In 
particular, it has been shown that Raman spectroscopy is 
more than just a tool to confirm the carbonaceous nature 
of dark amorphous materials, but rather can give important 
direction to research in early life.

The Raman geothermometer constrains the same 
metamorphic imprint on 3.4 Ga carbonaceous chert 
samples from the BARB3 core, indicating that minor 
structural differences in CM from compositionally and 
texturally diverse microfacies probably reflect differences 
in the original carbon source. It is thus suggested that 
information concerning the nature of the original CM 
production - and thus potential biosignatures - may still be 
preserved within these Palaeoarchaean rocks in the form 
of poorly ordered CM. Raman spectroscopy thus presents 
a number of unique opportunities to study traces of life 
recorded in the sedimentary record from deep geologic 
time on Earth. Since the early Earth should be considered 
an analogue, both geological and philosophical, for the 
assessment of putative biosignatures from the Noachian 
Mars, such techniques will be of great importance in 
assessing the geological conditions, palaeoenvironments 
and habitability of similar terrestrial planets.
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