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Abstract

Opaline silica deposits on Mars may be good target sites where organic biosignatures could be preserved.
Potential analogues on Earth are provided by ancient cherts containing carbonaceous material (CM) permi-
neralized by silica. In this study, we investigated the ultrastructure and chemical characteristics of CM in the
Rhynie chert (c. 410 Ma, UK), Bitter Springs Formation (c. 820 Ma, Australia), and Wumishan Formation
(c. 1485 Ma, China). Raman spectroscopy indicates that the CM has experienced advanced diagenesis or low-
grade metamorphism at peak metamorphic temperatures of 150–350�C. Raman mapping and micro-Fourier
transform infrared (micro-FTIR) spectroscopy were used to document subcellular-scale variation in the CM of
fossilized plants, fungi, prokaryotes, and carbonaceous stromatolites.

In the Rhynie chert, ultrastructural variation in the CM was found within individual fossils, while in coc-
coidal and filamentous microfossils of the Bitter Springs and formless CM of the Wumishan stromatolites
ultrastructural variation was found between, not within, different microfossils. This heterogeneity cannot be
explained by secondary geological processes but supports diverse carbonaceous precursors that experienced
differential graphitization. Micro-FTIR analysis found that CM with lower structural order contains more
straight carbon chains (has a lower R3/2 branching index) and that the structural order of eukaryotic CM is more
heterogeneous than prokaryotic CM.

This study demonstrates how Raman spectroscopy combined with micro-FTIR can be used to investigate the
origin and preservation of silica-permineralized organics. This approach has good capability for furthering our
understanding of CM preserved in Precambrian cherts, and potential biosignatures in siliceous deposits on
Mars. Key Words: Rhynie chert—Bitter Springs Formation—Wumishan Formation—Raman spectroscopy—
Micro-FTIR—Carbonaceous material—Fossil. Astrobiology 15, 825–842.

1. Introduction

Carbonaceous material (CM) preserved in ancient
sedimentary rocks provides an important textural and

geochemical record of the history of life on Earth (e.g., House
et al., 2000; Des Marais, 2001; Schidlowski, 2001; Grassineau
et al., 2006; Hayes and Waldbauer, 2006; Schopf, 2006).
However, increasing degrees of metamorphism can modify
and mask carbonaceous biosignatures, and make them more
difficult to interpret (e.g., van Zuilen et al., 2007; Qu et al.,
2012). The structural order of CM can be used to assess the
quality of preservation and, in some instances, identify varia-

tion in the organic precursor (Franklin, 1951; Bernard et al.,
2010; Olcott Marshall et al., 2014; Sforna et al., 2014a). During
postdepositional processes, organic matter experiences bacte-
rial degradation, diagenesis, catagenesis, and metamorphism
such that it gradually loses functional groups and heteroatoms,
its molecular structure is rearranged to a higher order, and it is
finally transformed from disordered kerogen to highly ordered
graphite with hexatomic rings at high metamorphic grades
(e.g., Buseck et al., 1987; Bustin et al., 1995). Vibrational
spectroscopy techniques, in particular Raman spectroscopy
and Fourier transform infrared (FTIR) spectroscopy, can be
used to investigate CM in sedimentary rocks (e.g., Olcott
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Marshall and Marshall, 2014, and references therein). CM can
be identified by its characteristic Raman spectrum with two
peaks at 1350 cm-1 and 1600 cm-1, and further properties such
as band width and the intensity ratio of these two bands (see
Section 2 below) can be used to evaluate the structural order
and size of graphene layer (e.g., Tuinstra and Koenig, 1970;
Kouketsu et al., 2014). FTIR spectroscopy can provide com-
plementary information about the functional groups attached to
the carbon chains, the chemical structure, and bonding envi-
ronment (e.g., Mayo et al., 2004). In this study, we applied a
combined vibrational spectroscopy approach to investigate
well-preserved carbonaceous biosignatures preserved in chert
(siliceous sediments), with a view to develop a tool for astro-
biological exploration.

Raman spectroscopy has been widely applied to investi-
gate carbonaceous biosignatures in the early rock record,
and there are several factors that control the structural order
of CM in sedimentary rocks, including the nature of the
carbon precursor (Franklin, 1951; Bernard et al., 2010;
Sforna et al., 2014a), metamorphic temperatures (Beyssac
et al., 2002; Rahl et al., 2005; Lahfid et al., 2010; Kouketsu
et al., 2014), deformation and shear forces (Ross and Bustin,
1990; Aoya et al., 2010), geological fluids, in particular
hydrothermal circulation (Wopenka and Pasteris, 1993, and
references therein), graphite deposition from fluids (Luque
et al., 2009; Lepland et al., 2011; Galvez et al., 2013), and
mineral templating effects (van Zuilen et al., 2012). Each of
these factors needs to be investigated in turn and distin-
guished before the variations in carbonaceous ultrastructure
can be interpreted in terms of biological processes. Raman
spectroscopy has been used to test the syngenicity of car-
bonaceous biosignatures, in other words to establish whether
they are indigenous to the host rock by comparing the ul-
trastructure and hence thermal maturity of the carbonaceous
biosignature to carbon in the surrounding matrix (e.g.,
Javaux et al., 2010). This is an important criterion for
evaluating biogenicity, especially in the early rock record
where postdepositional fluid migration can introduce rela-
tively young organic compounds. Raman spectroscopy
alone cannot be used to demonstrate a biogenic origin for
CM (e.g., Pasteris and Wopenka, 2003), and additional
information provided by other techniques such as gas
chromatography–mass spectrometry (GC-MS), FTIR, and/
or carbon isotopes by secondary-ion mass spectroscopic
(SIMS) analysis is required to definitively identify a bio-
signature (e.g., Olcott Marshall et al., 2009; Oehler and
Cady, 2014; Marshall and Olcott Marshall, 2014). In this
study, Raman mapping and micro-FTIR were combined to
study the same carbonaceous features at comparable scales.

Vibrational spectroscopy has been used to investigate
fossilized CM in (meta)-sedimentary rocks with high spatial
(micrometer-scale) resolution by several workers, and some
key studies will be summarized here. Raman imaging can be
used to map in two and three dimensions the morphology of
microfossils by using the intensity of bands at 1350 or
1600 cm-1 of spectra to reveal subcellular structures (e.g.,
Schopf and Kudryavtsev, 2005, 2009), although only the
band at 1600 cm-1 is used if the sample contains hematite
(Marshall and Olcott Marshall, 2011, 2013; Marshall et al.,
2011; Kremer et al., 2012).

In a study of carbonate concretions containing plant re-
mains that have experienced high-pressure metamorphism,

Raman spectroscopy together with other methods was used
to identify small-scale structural and chemical hetero-
geneities in megaspores despite blueschist facies (HP-LT)
metamorphism (Bernard et al., 2007). In a Raman study of
microfossils in cherts from the 700–800 Ma Draken Con-
glomerate, it was found that metastable opaline silica was
preserved in the vicinity of the CM, which is surprising
because opal-CT should not be stable in rocks of this age.
Therefore it was proposed that the organic matter is stabi-
lizing the opal-CT, and this association of opal and organic
carbon can be considered as a biosignature (Foucher and
Westall, 2013). FTIR spectroscopy has been used to study
the chemical characteristics of CM in fossils. For example,
an FTIR study of the Rhynie chert that contains excep-
tionally well-preserved plants, fungi, and arthropods con-
firmed that the organic functional groups inferred from the
IR spectra correspond to GC-MS analysis of extracted
organic compounds (Preston and Genge, 2010). Several
studies have also applied a combination of Raman and FTIR
spectroscopy to investigate Proterozoic acritarchs to deci-
pher the phylogenetic affinities of fossilized palynomorphs
that are morphologically similar but have different spectral
characteristics (e.g., Marshall et al., 2005; Javaux and
Marshall, 2006). To obtain spatially resolved chemical data,
micro-FTIR can give a spot size of c. 20 lm (see methods
below), and when combined with Raman mapping together
a spatial resolution of 0.5 lm is achievable. It is therefore
possible to distinguish fossilized subcellular features.

Here, a combination of Raman spectroscopy and micro-
FTIR analysis was performed on fossils and CM from the
Rhynie chert (410 Ma, Scotland), Bitter Springs Formation
(820 Ma, Australia), and Wumishan Formation (1485 Ma,
China). The reason for selecting the Rhynie chert and Bitter
Springs Formation was because of the fossils and the fact
that CM is exceptionally well preserved, with subcellular
features impregnated by silica. In contrast, the Wumishan
stromatolites contain organic carbon preserved in clots that
lack cellular-grade preservation; these samples were in-
cluded to test the application of this vibrational spectroscopy
approach to less-well-preserved samples bearing candi-
date biosignatures. Below, we report the chemical and ul-
trastructural characteristics of the fossils and CM first to
identify the influence of postdepositional processes and then
to evaluate ultrastructural variations that arise from primary
biological diversity and possibly subcellular differentiation
within individual organisms. The overall aim is to develop
an approach that can be applied to organic remains from the
early rock record on Earth and potential biosignatures in
Mars return samples.

2. Basic Theory of Vibrational
Spectroscopy Techniques

The structural characteristic of CM in sedimentary and
metamorphic rocks can be assessed by Raman spectroscopy
(e.g., Wopenka and Pasteris, 1993; Yui et al., 1996; Beyssac
et al., 2002, 2003; Jehli�cka et al., 2003; Rahl et al., 2005;
Aoya et al., 2010; Bernard et al., 2010; Lahfid et al., 2010). At
high metamorphic temperatures (>650�C), the CM predomi-
nately consists of pure crystalline graphite with a Raman
spectrum containing only a single G-band (G for graphite) at
1580 cm-1 (Fig. 1a), due to E2g mode vibration of sp2-bonded
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hexagonal ring structures (Tuinstra and Koenig, 1970). At
lower metamorphic temperatures (approximately from 320�C
to 650�C), the defects or heteroatoms in relatively disordered
CM restrict the in-plane domain size of graphene layers and
cause A1g breathing mode vibration of sp2 rings, inducing the
D1-band (D for disorder) at 1350 cm-1 and D2-band at
1620 cm-1 (Fig. 1b, Tuinstra and Koenig, 1970; Beyssac et al.,
2002). Under advanced diagenesis at even lower temperatures
(<320�C), the composition and structure of CM is more
complex, including out-of-plane defects associated with het-
eroatoms, dangling bonds and tetrahedral coordinated carbons,
and aromatic substances; therefore, the D1-band splits into

D3-, D4-, and sometimes D5-band at around 1510, 1245, and
1460 cm-1, respectively (Fig. 1c, Sadezky et al., 2005; Lahfid
et al., 2010; Kouketsu et al., 2014; Romero-Sarmiento et al.,
2014; Sforna et al., 2014a).

Several parameters derived from the first order of Raman
spectra in the range of 150–2000 cm-1 can describe the
structural order of CM, some of which are used as geo-
thermometers to estimate the peak metamorphic tempera-
tures (e.g., Tuinstra and Koenig, 1970; Beyssac et al., 2002;
Rahl et al., 2005; Lahfid et al., 2010; Kouketsu et al., 2014).
The definitions and valid temperature ranges for these pa-
rameters are briefly summarized below:

FIG. 1. Examples of Raman spec-
tra in the range of 1000–1800 cm-1 of
carbonaceous material (CM) with
different structural order. (a) The
Raman spectrum of well-graphitized
CM at high metamorphic temperature
with a narrow G-band at 1580 cm-1.
(b) The Raman spectrum of CM at
medium metamorphic temperatures
has additional bands, D1 at 1350 cm-1,
D2 at 1620 cm-1, sometimes with
small D3- and D4-bands. (c) At low
metamorphic temperature or advanced
diagenesis, the poorly ordered CM
has D1-band, D2-, D3-, D4-, and
sometimes D5-bands.
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(1) I-D/G = intensity ratio of band at 1350/1580 cm-1

(Tuinstra and Koenig, 1970; Bonal et al., 2006)
(2) R1 = intensity ratio of D1/G; or R2 = area ratio of D1/

(G + D1 + D2) with temperature dependence given by

T = -445 · R2 + 641, suitable in the range 330–700�C
(Beyssac et al., 2002)

T = 737.3 + 320.9 · R1 - 1067 · R2 - 80.638 · R12,
suitable in the range 100–700�C (Rahl et al., 2005)

(3) RA1 = area ratio of (D1 + D4)/(D1 + D2 + D3 + D4 + G);
RA2 = area ratio of (D1 + D4)/(D2 + D3 + G)
with a temperature dependence given by

T = (RA1 - 0.3758)/0.0008; T = (RA2 - 0.27)/0.0045,
suitable in the range 200–320�C (Lahfid et al., 2010)

(4) FWHM-D1 and FWHM-D2 = full width at half
maximum of D1-, and D2-band, with a temperature
dependence given by

T = -2.15 · (FWHM-D1) + 478; T = -6.78 · (FWHM-
D2) + 535, suitable in the range 165–655�C
(Kouketsu et al., 2014).

Fourier transform infrared spectroscopy can be used to
investigate functional groups of CM in fossils and sedi-
mentary rocks (e.g., Marshall et al., 2005; Igisu et al., 2006,
2009, 2014; Lepot et al., 2009). Different functional groups
in organic molecules give rise to specific peaks in the IR
spectra due to various stretching and/or bending vibrations
of bonds in aliphatic C-H of CH3/CH2, C–N, C = O, C–O,
and aromatic C = C. The absorbance ratio of asymmet-
ric stretching band of aliphatic CH3 end-methyl versus
CH2 chain-methylene, defined as R3/2 = intensity ratio of
2960 cm-1-band/2925 cm-1-band, is usually used to describe
the branching index of carbon chains (Igisu et al., 2009). It
has been proposed that CM derived from different domains
of life, for example, eukaryotes, prokaryotes, and archaea,
have their own R3/2 ranges due to different lipid compounds
in their cellular structures (Igisu et al., 2009). In this study,
we tested to discern whether the R3/2 and Raman spectral
parameters vary between fossilized eukaryotic and pro-
karyotic organisms.

3. Geological Setting and Sample Material

The Early Devonian Rhynie chert in northeastern Scot-
land occurs within the ‘‘old red sandstone’’ succession
consisting of primarily sandstones, shales, and subordinate
volcanic rocks. The chert units are siliceous sinter, formed
when Si-rich fluids from hot springs migrated and flooded
the fluvial and lacustrine sediments (Trewin, 1993; Rice
et al., 1995, 2002). The Rhynie chert is well known for
recording the earliest reported Devonian subaerial, terres-
trial, and freshwater ecosystems and for the exceptionally
well-preserved and diverse communities including plants
(Kidston and Lang, 1920a, 1920b), animals (Whalley and
Jarzembowski, 1981; Fayers and Trewin, 2002), algae
(Edwards and Lyon, 1983), fungi (Remy et al., 1994a,
1994b; Taylor et al., 2004), lichen (Taylor et al., 1997), and
cyanobacteria (Croft and George, 1959; Taylor et al., 1997).
The depositional age of the chert is estimated to be
396 – 12 Ma (40Ar/39Ar, Rice et al., 1995), and the Lower
Devonian Rhynie Outlier is constrained to be 411.5 – 1.3 Ma

(U-Pb zircon, Parry et al., 2011), which was also confirmed
by the biostratigraphy of fossilized spores in muddy sedi-
ments associated with the Rhynie chert (estimated to 410–
400 Ma, Wellman, 2004).

The Bitter Springs Formation is located in the Amadeus
Basin of central Australia, consisting of predominately car-
bonates; siltstones; evaporites; and frequent lenses, nodules,
and thin beds of cherts (Wells et al., 1970). The Bitter Springs
Formation was deposited in a restricted basin or lagoon on a
marginal platform. In the upper part of the Bitter Springs
Formation, deposited in a shallow marine setting, microbial
films and stromatolitic bioherms are common. These were
preserved during the rapid silicification throughout the basin,
possibly due to Si-rich fluids from contemporary volcanisms
(Wells et al., 1970). Microbial communities of coccoidal and
filamentous cyanobacteria are well preserved in the cherts of
Bitter Springs Formation (Schopf, 1968; Schopf and Blacic,
1971; Knoll and Golubic, 1979). The age of the Bitter Springs
Formation based on U-Pb dating of baddelyite is constrained
to be 824 – 4 Ma (Glikson et al., 1996; Edgoose, 2012).

The Wumishan Formation in Jixian, northern China,
comprises a 3300 m thick stromatolitic carbonate succession
(Mei et al., 2008). The succession contains numerous meter-
scale cyclothems of peritidal carbonates consisting of subtidal
stromatolitic biostromes, thrombolitic bioherms, tidal-flat
micritic dolomites, lagoon facies dolomitic mudstone, and
shale (Mei et al., 2001a, 2001b, 2008). There are abundant
stromatolites in Wumishan Formation, including micro-
digitate columnar stromatolites (Liang et al., 1984, 1985;
Zhou et al., 1989; Zhu et al., 1993, 1994; Mei et al., 2008).
Examples of well-preserved cyanobacterial microfos-
sils including Eomycetopsis, Animikiea, and Rhicnonema
have been found in these stromatolites (Liang et al., 1984).
The age of Wumishan Formation is constrained between
1483 – 13 Ma and 1487 – 16 Ma (Li et al., 2014).

For this study, four polished thin sections were chosen. In
one thin section from the Rhynie chert (RYC 2b 3 loaned
from Prof. M.D. Brasier, University of Oxford), we targeted
areas containing fungi, identified as Chytridiomycetes (cf.
1–7 in Remy et al., 1994a), also plant material including
stem components from Rhynia (cf. 1 in Satterthwait and
Schopf, 1972) and Aglaophyton (cf. 2 and 20 in Edwards,
1986). In the Bitter Springs samples, two thin sections—
TBS-22-1-B and TBS-22-1-C, published in Knoll and Go-
lubic (1979) and loaned from Prof. A.H. Knoll, Harvard
University—we focused on coccoidal microfossils (Gloeo-
diniopsis lamellosa Schopf em., Fig. 7B in Knoll and Golubic,
1979) and filamentous microfossils (Cephalophytarion, Plate
105 and 106 in Schopf and Blacic, 1971). In one thin section
from the Wumishan Formation (sampled by the authors in the
field), we targeted the CM within lamina of silicified stro-
matolite of Pseudogymnosolen (Plate I and II in Liang et al.,
1984; Fig. 3 in Liang et al., 1985; and Fig. 3 in Mei et al., 2008)
hosted in chert and calcite. The samples and their geological
background information are summarized in Table 1.

4. Methods

The petrographic and Raman spectroscopic analyses were
performed on polished thin sections of c. 30 lm thickness
using a Nikon Eclipse LV100POL polarizing optical mi-
croscope in transmission mode and a Horiba-Jobin Labram

828 QU ET AL.



800 HR Raman spectrometer linked to an Olympus BX41
petrographic microscope at the Centre for Geobiology,
University of Bergen, Norway. The Raman spectra were
acquired with a 514 nm Ar-ion laser with absolute laser
power of 15–20 mW through a density filter (D = 0.3), 100·
objective and aperture hole = 100 lm with the final power of
c. 2.5 mW (measured with a Coherent Lasercheck Analyser)
in a c. 1–2 lm spot on the sample. The laser beam was
focused on the CM underneath the polished surface of thin
sections to avoid surface contamination and polishing arti-
facts (Pasteris, 1989; Beyssac et al., 2003; Ammar and
Rouzaud, 2012; Maslova et al., 2012). The Raman spectra
were obtained in multiwindow mode with 2 · 10 s integra-
tion time and a spectral range of 150–2000 cm-1, and treated
with software Lab Spec version 5.58.25. According to
Kouketsu et al. (2014), spectra were subtracted by a linear
baseline from 1000 to 1750 cm-1 to remove the background
fluorescence. According to the method for CM-experienced
low-grade metamorphism (Kouketsu et al., 2014), the peak
fitting and characterization were performed by peak de-
convolution using a Gauss-Lorentzian function with 100
iterations per fit.

The micro-FTIR analysis was performed on doubly polished
rock wafers using an IR microscope coupled to an IR spec-
trometer in transmission mode at Beamline D7 in the MAX III
ring of Maxlab in Lund, Sweden. The FTIR equipment consists
of a Bruker IFS66V FTIR spectrometer, a Bruker Hyperion
3000 microscope with a 15· IR objective, and a 100 · 100
micron MCT detector for the mid-IR region. An aperture was
used to focus on the target fossils and CM, with measured spots
down to 15 · 15 lm2. The rock wafer samples were put on a
CaF2 window, and IR spectra were measured. A reference
background IR spectrum was measured on the CaF2 window

before the measurement of every sample. The spectra were
acquired from wavenumbers 500 to 7500 cm-1 by the inte-
gration of 256 scans and were represented as IR absorbance in
this range. The IR spectra were processed and calculated with
the software Lab Spec version 5.58.25.

5. Results

5.1. Raman spectral characteristics
of carbonaceous material

All the measured Raman spectra of CM within the Rhynie
chert, Bitter Springs, and Wumishan samples record two broad
peaks at around 1350 and 1600 cm-1 typical of disordered
carbon, with another peak occurring at 465 cm-1 indicating the
coexisting quartz matrix (Fig. 2a). Decomposing the spectra,
the broad band at 1350 cm-1 actually consists of three sub-
peaks: D4- (at 1270 cm-1), D1- (at 1350 cm-1), and D5- (at
1430 cm-1) bands; and the 1600 cm-1 peak is composed of G-
(at 1580 cm-1) and D2- (at 1620 cm-1) bands (Fig. 2b). In ad-
dition, there is another band between the 1350 and 1600 cm-1

peaks defined as the D3-band at approximately 1500 cm-1 (Fig.
2b). In this study, the Raman spectra decomposition and peak
calculations were performed in two ways: (1) by only taking the
main bands at 1350 and 1600 cm-1 into account, and the inten-
sity ratio of 1350 cm-1-band versus 1600 cm-1-band is defined as
I-1350/1600 (Fig. 2a); (2) by decomposing the spectra range
from 1000 to 1800 cm-1 into D4-, D1-, D5-, D3-, G-, and D2-
bands and calculating the associated parameters (Fig. 2b).

The Raman spectra obtained from various CM in the
Rhynie chert show systematic differences with certain
morphological features probably indicate different cellular
components. In the plant stem, the cell walls have a higher
ratio of 1350 cm-1-band versus 1600 cm-1-band (defined as

Table 1. Generalized Geological Background of Material Studied in This Research

Site Age Lithology Depositional setting Fossils

Rhynie chert 410 Ma chert terrestrial plants, fungi
Bitter Springs 820 Ma chert shallow marine cyanobacteria
Wumishan 1485 Ma chert and calcite intertidal-subtidal zone stromatolite

FIG. 2. A representative Raman spectrum of CM from the Rhynie chert illustrating two different ways of decomposing
the spectrum used in this study. (a) The Raman spectrum from 100 to 2000 cm-1 that in addition to the quartz band at
465 cm-1 has two CM bands at 1350 and 1600 cm-1 that are used to calculate the intensity ratio between them defined as I-
1350/1600. (b) Zoom-in of (a) showing the Raman spectrum between 1000 and 1800 cm-1 decomposed into D1-, D2-, D3-,
D4-, D5-, and G-bands. (Further explanation in Section 5.1 of the text.)
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I-1350/1600) of Raman spectra than those of the protoplasm
(Figs. 3a–3c). The spectral parameters have been calculated
and plotted in Supplementary Fig. S1 (Supplementary Data
available online at www.liebertonline.com/ast), where the
cell walls of the plant have systematically higher I-1350/
1600 and lower FWHM-D2 than their protoplasm. The
epidermis and cell walls of the sclerenchyma have similar
spectra (Figs. 3d–3f) and ranges of I-1350/1600 and
FWHM-D2, respectively (Supplementary Fig. S1). How-
ever, the black formless CM filling between the cells (Figs.
3d, 3e), which is probably derived from extracellular
phloem sap, has higher I-1350/1600 and lower FWHM-D2
than the epidermis and cell walls of sclerenchyma (Fig. 3f,
Supplementary Fig. S1). The Raman spectra acquired
from fungal tufts, rhizoid, and the cell walls of rhizoid-
bearing plant stem also show differing I-1350/1600 values
(Figs. 3g–3i). The fungal tufts have higher I-1350/1600 and
lower FWHM-D2 values of Raman spectra compared to
those from the fungi-bearing plant stem, whereas the fungal
rhizoid penetrating into the epidermis has I-1350/1600 and
FWHM-D2 values that are between their tufts and the host
plant stem (Figs. 3g–3i, Supplementary Fig. S1).

In the Bitter Springs samples, the Raman spectra and
the associated parameters of the different types of CM
investigated—coccoidal microfossils (Figs. 4a, 4b), filamen-
tous microfossils (Figs. 4d, 4e), laminated (Fig. 4g), and
clotted (Fig. 4h) CM—show some variation (Figs. 4c, 4f, 4i).
However, the whole data set of Raman spectral parameters
does not record systematic variation between these different
morphological types of CM (Supplementary Fig. S2). The CM
within Wumishan stromatolite is not morphologically diverse
but occurs predominantly as aggregates in the dark lamina
(Fig. 5b), probably derived from cyanobacteria. Unfortunately,
there is no cellular structure preserved due to decomposition of
the organic matter. The Raman spectral parameters are plotted
in Supplementary Fig. S3.

The systematic variation in the Raman properties of the
different morphological components was further investigated
by two-dimensional Raman mapping (Figs. 6 and 7). The
intensities of 1350 cm-1-band (Figs. 6b, 6f, 6j, 7b, 7f) and
1600 cm-1-band (Figs. 6c, 6g, 6k, 7c, 7g) were mapped and
indicate the relative abundance of organic carbon of different
ultrastructures within various biological tissues and subcel-
lular components. Most of the Raman spectra in the maps

FIG. 3. Optical microscopic images of selected fossils and CM with their corresponding Raman spectra from the 410 Ma
Rhynie chert; the colored spots show the location of the Raman analysis, with the spectra and calculated parameter I-1350/
1600 shown on the right in the corresponding colors. (a–c) The pith of a plant stem showing preserved cellular structures
that are brownish in color. (d–f) The extracellular black formless CM between the cell walls of phloem and epidermis. (g–i)
Cross section through an epilithic filamentous fungi growing outward from the host plant stem. Sample number RYC 2b 3.
(Color graphics available at www.liebertonline.com/ast)
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have high intensities of 1350 cm-1- and 1600 cm-1-bands,
whereas some mineral matrix has low intensities of these two
bands due to low concentration of CM (the black color in
Figs. 6j, 6k). To avoid significant error, the spectra with the
intensities of 1350 cm-1- and 1600 cm-1-bands that are lower

than c. 5% of the maximum intensities of these two bands in
the map were filtered in the maps of I-1350/1600. The Raman
maps show that the cell walls of plant stems have systemat-
ically higher I-1350/1600 ratios than their protoplasm (Fig.
6d). The black formless extracellular CM has higher I-1350/

FIG. 4. Optical microscopic images of selected fossils and CM and their corresponding Raman spectra from Bitter Springs
samples; the colored spots show the locations of the Raman analysis, with the spectra and calculated parameter I-1350/1600 shown on
the right. (a–c) Clusters of coccoidal cyanobacteria. (d–f) Filamentous cyanobacteria. (g–i) Laminated and clotted black CM. Samples
are from TBS-22-1-B and TBS-22-1-C in Knoll and Golubic (1979). (Color graphics available at www.liebertonline.com/ast)

FIG. 5. Optical microscopic images and Raman spectrum of CM in microdigitate stromatolite from the Wumishan
Formation. (a) Polished thin section image showing silicified microdigitate stromatolites with carbonate matrix in the upper
part. (b) The enlarged optical microscopic image of the white dashed box in (a) showing location of dark CM within the
stromatolite laminae comprising quartz (Qtz) and calcite (Cal). (c) The Raman spectrum and parameter I-1350/1600 of CM
measured on the green spot in (b). (Color graphics available at www.liebertonline.com/ast)
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1600 values than the adjacent cell walls in the phloem (Fig.
6l). The fungi tufts have higher I-1350/1600 values than their
rhizoids and the epidermis of host plant stem (Fig. 6h).

In the Bitter Springs samples, the subcellular structure of
fossilized coccoidal cyanobacteria is revealed in the Raman
maps (Figs. 7b, 7c, 7f, 7g). The coccoidal microfossil is
apparently in a divisional phase (cf. 9 in Knoll and Golubic,
1979), as illustrated by the abundance of organic carbon
recorded by the relative intensities of the 1350 cm-1- and
1600 cm-1-bands in Figs. 7b, 7c. The cellular-scale spatial
distribution of CM within the filamentous fossils is shown
by the relative intensities of 1350 cm-1- and 1600 cm-1-
bands in Figs. 7f, 7g. However, the I-1350/1600, indicating

the structural order of CM, in both the coccoidal and fila-
mentous fossils does not change according to the cellular
morphology (Figs. 7d, 7h).

5.2. Micro-FTIR

The IR absorbance spectra of selected fossils and CM in
the Rhynie chert and Wumishan stromatolites were obtained
in transmission mode. The spectral bands with relatively
high peak intensity between 2800 and 3000 cm-1, which
indicate strong IR absorbance of CH2 and CH3, are pre-
sented in Fig. 8. All the spectra contain seven bands at 1995,
1870, 1793, 1684, 1610, 1525, and 1492 cm-1 (Fig. 8e)

FIG. 6. Optical microscopic images and two-dimensional Raman maps of fossils and CM from the Rhynie chert. (a) The
optical microscopic image of the cell ultrastructure within the plant stem; the white dashed box shows areas corresponding
to Raman maps to the right. (b–c) The Raman maps of the relative intensity of 1350 cm-1-band (I-1350) and 1600 cm-1-
band (I-1600), respectively, indicating the C concentration in the cellular structures. (d) The Raman maps of relative
intensity ratio of 1350 cm-1/1600 cm-1-band (defined as I-1350/1600), indicating higher structural order of CM within cell
walls than the protoplasm. (e) The optical microscopic image of epilithic filamentous fungi growing outward from the host
plant stem. The arrow indicates the fungal rhizoid penetrated into the stem, the dashed line represents the epidermis of the
plant stem, and the white dashed box shows areas corresponding to Raman maps to the right. (f–g) The Raman maps of I-
1350 and I-1600, respectively. (h) The Raman maps of I-1350/1600, showing higher structural order of CM within fungi
than that in the host plant. (i) The optical microscopic image of extracellular black formless CM (arrowed) between the cell
walls of a plant stem. (j–k) the Raman maps of I-1350 and I-1600, respectively, indicating high concentrations of carbon in
the cell walls and the extracellular formless CM. (l) The Raman maps of I-1350/1600, showing higher structural order of the
extracellular CM than the adjacent cell walls. The color scales increase from blue, green, red to yellow (in b, c, f, g, j, k) or
from black to white (in d, h, l). (Color graphics available at www.liebertonline.com/ast)
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derived from the overtones and combinations of Si-O vi-
brations of quartz (Ito and Nakashima, 2002) in the siliceous
mineral matrix. A broad band at around 3400 cm-1 repre-
sents O-H stretching vibration of molecular H2O (Aines and
Rossman, 1984), most likely from the chert. In the range
of 2800–3000 cm-1, there are three bands at 2850, 2925,
and 2960 cm-1, indicating the symmetric stretching vibra-
tion of C-H bond in CH2, the asymmetric stretching vibra-
tion of C-H bond in CH2 and CH3, respectively (Bellamy,
1954, Fig. 8f).

In the Rhynie chert, the whole data set of R3/2 values,
defined as the intensity ratio of 2960 cm-1-band/2925 cm-1-
band, are in the range from 0.19 to 0.61, and in each type of
fossil and CM the R3/2 shows some variations (Supple-
mentary Fig. S4). The R3/2 of the protoplasm of the plant
stem ranges from 0.19 to 0.45 (averagely 0.36) and is lower
than that of the surrounding cell walls (R3/2 = 0.5–0.61, av-
erage = 0.56, Fig. 8f, Supplementary Fig. S4). The epidermis
of the plant stem has an averagely lower R3/2 value (R3/2

= 0.4–0.51, average = 0.47) than the adjacent cell walls (Fig.
8f, Supplementary Fig. S4). The R3/2 of the black formless
extracellular CM shows a wide range from 0.27 to 0.59 with
an average of 0.43 (Fig. 8f, Supplementary Fig. S4). In
Wumishan stromatolite, the R3/2 of CM aggregates ranges
from 0.17 to 0.25, with an average of 0.21 (Supplementary
Fig. S4).

Due to lack of material for making doubly polished thin
sections, the micro-FTIR analysis has not been performed on
the Bitter Springs samples in this study. However, the R3/2

values of coccoidal ( = 0.32) and filamentous ( = 0.33) mi-
crofossils in the Bitter Springs Formation have been reported
by Igisu et al. (2006, 2009), which will be discussed in the
following paragraphs.

6. Discussion

6.1. Selection of appropriate Raman spectral
parameters for assessing the structural order
of low-grade carbonaceous material

In this study, all the Raman spectra contain a broad band at
1350 cm-1 consisting of D4-, D1-, D5-, and D3-bands in the
fossils and CM (Figs. 2, 3, 4, and 5), which is typical for CM that
has experienced advanced diagenesis or low-grade metamor-
phism (Kouketsu et al., 2014). There are several different
methods for calculating the metamorphic temperatures (see
Section 2), and these estimates will now be compared and
discussed to select the most appropriate to our samples. The
FWHM-D1- and FWHM-D2-based calculations indicate that
CM from the Rhynie chert, Bitter Springs, and Wumishan
stromatolite samples experienced peak metamorphic tempera-
tures estimated at 255–345�C, 235–340�C, and 250–320�C,
respectively (Supplementary Figs. S1–S3). An alternative

FIG. 7. Optical microscopic images and two-dimensional Raman maps of microfossils and CM from the Bitter Springs
Formation. (a) The optical image of a coccoidal microfossil in apparent cell division phase, splitting along a central linear
zone. (b–c) The Raman maps of I-1350 and I-1600, respectively, with the cell wall and central linear zone clearly visible.
(d) Raman map of I-1350/1600 shows the cell in mineral matrix but without obvious internal structural variation. (e) The
optical image of a filamentous microfossil. (f–g) The Raman map of I-1350 and I-1600, respectively, shows some internal
variation within the filament. (h) The Raman maps of I-1350/1600 show no obvious variation within the filamentous
microfossil. The color scales increase from blue, green, red to yellow (in b, c, f, g) or from black to white (in d, h). (Color
graphics available at www.liebertonline.com/ast)
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temperature estimate is obtained by RA1- and RA2-based
calculations and gives peak-metamorphic temperatures in the
range of 190–310�C, 150–350�C, and 205–270�C, respectively
(Supplementary Figs. S1–S3). However, given that the fossil
remains are particularly well preserved in the Rhynie chert and
Bitter Springs samples, it is expected that the samples experi-
enced only advanced diagenesis, with peak temperatures of
around 200�C, and at this temperature range the parameter
R2 (Beyssac et al., 2002) is known not to be a suitable geo-
thermometer. Moreover, in a study by Lahfid et al. (2010) the
Raman spectra in the range of 1000–1500 cm-1 comprised the
D4-, D1-, and D3-bands; however, in our study there is also a D5-

band at around 1430 m-1 and another peak at around 1170 m-1

(Fig. 2b), which could affect the areas of the D4-, D1-, and
D3-bands; thus the RA1 and RA2 may again be inaccurate pa-
rameters for assessing the structural order of CM in our samples.

Most of the Raman spectra obtained in this study are
similar in the range of 1000–1500 cm-1 but differ in the range
of 1500–1800 cm-1 due to differences in the G- and D2-bands
(Figs. 3 and 4). In amorphous CM, the G-band is derived not
only from hexatomic rings but also from E2g mode vibration
of sp2 bond in carbon chains (Ferrari and Robertson, 2000);
therefore the FWHM-D2 parameter is better than FWHM-G
to describe the structural order of CM in our samples.

FIG. 8. Optical microscopic images and micro-FTIR spectra of fossils and CM from the Rhynie chert and Wumishan
Formation. (a–d) Optical images of analyzed targets; the number spots show the location of measured IR spectra in (e)
between 500 and 4000 cm-1, with the dashed boxed area enlarged in (f) focusing on peaks recording vibrations of the -CH2

and -CH3 groups and the R3/2 intensity ratio reflecting the degree of carbon chain branching. Spectra 1 and 2 are obtained
from fossilized protoplasm and cell wall of plant stem, respectively, from Rhynie chert. Spectrum 3 is from the epidermis of
plant stem from Rhynie chert. Spectra 4 and 5 are from formless extracellular CM within the plant stem from Rhynie chert.
Spectrum 6 is from CM in Wumishan microdigitate stromatolite. (Color graphics available at www.liebertonline.com/ast)
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In previous studies, the intensity ratio of 1350 cm-1/
1600 cm-1 band was applied to evaluate the structural order
of CM (Tuinstra and Koenig, 1970; Bonal et al., 2006;
Kouketsu et al., 2014; Sforna et al., 2014a). If the peak
metamorphic temperature is above c. 360�C, the intensity
ratio of 1350 cm-1- versus 1600 cm-1-band (defined as I-
1350/1600) decreases as the structural order increases,
whereas at temperatures <360�C, lower I-1350/1600 indi-
cates lower structural order of CM (Kouketsu et al., 2014;
Sforna et al., 2014a). In this study, the decomposition ap-
proached explained in Fig. 2a best avoids potential errors in
decomposition and peak-fitting of the spectra into D1-, D2-,
D3-, D4-, D5-, and G-bands (the way in Fig. 2b). Conse-
quently, I-1350/1600 is the best parameter to assess the
structural characteristic of CM accurately in this research,
although it cannot be used as a geothermometer.

To summarize, the Raman spectral parameters I-1350/
1600 and FWHM-D2 are the most appropriate parameters to
assess the structural order of CM in this study and will be
used to interpret the geobiological significance of hetero-
geneities in the following discussion. We note that, at higher
metamorphic conditions, the secondary geological effects
are the predominant controls on the structural order of the
carbonaceous matter; this is therefore commonly used as a
geothermometer (Beyssac et al., 2002; Rahl et al., 2005;
Lahfid et al., 2010; Kouketsu et al., 2014). However, even at
high metamorphic temperature, it is possible that different
carbon precursors could give rise to different efficiencies
in graphitization and thermal alteration/maturation (e.g.,
Franklin, 1951; Bernard et al., 2007, 2010; Galvez et al.,
2012). It is also possible that large differences in peak
metamorphic temperature estimates of up to 70�C within
one thin section that were previously attributed to errors in
Raman spectra acquisition and calculation (Beyssac et al.,
2002; Rahl et al., 2005; Aoya et al., 2010; Lahfid et al.,
2010; Kouketsu et al., 2014) may in part be derived from
diverse biological carbonaceous precursors.

6.2. Interpreting ultrastructural heterogeneities
in fossilized carbonaceous matter: distinguishing
primary biological variation from secondary
geological transformations

Among the factors that control the structural order of CM,
the peak metamorphic temperature is crucial (see previous
section), but it cannot explain marked variation on the scale
of a few millimeters or micrometers as observed in our
samples (Figs. 3, 4, 6, 7). Differential shear deformation can
influence the structural order of CM (Bustin et al., 1995) and
has been observed in CM within contact and regional meta-
morphic rocks, which have experienced the same metamor-
phic temperature (Aoya et al., 2010) but differential shear
stress. However, there is no evidence of strong shear defor-
mation in the microfossils or CM in our samples; therefore
shear deformation can be excluded as the origin of the ul-
trastructural heterogeneities. The possibility of polishing ar-
tifacts (Pasteris, 1989; Beyssac et al., 2003; Ammar and
Rouzaud, 2012; Maslova et al., 2012) created during thin
section preparation can also be excluded, because all the
Raman spectra were obtained by focusing the laser beam on
the CM underneath the polished surface to avoid this artificial
ordering of the carbonaceous material.

The mineral matrix can also conceivably play a role in
acting as a template that enhances graphitization efficiency on
mineral contacts by forming graphite films that envelop the
mineral grains and can thus lead to higher structural order on
mineral surfaces than the adjacent mineral-free CM (van
Zuilen et al., 2012). The efficiency of this mineral-templating
effect varies between different minerals, for example, quartz
and chlorite, and this effect was discovered in the 2.0 Ga
Zaonega Formation (Russia) where organic-rich fluids were
generated and mobilized by contact metamorphism at tem-
peratures above 300�C in an organic-rich siltstone/shale (van
Zuilen et al., 2012). However, this rock type differs signifi-
cantly from the cherts studied here, where all the organic re-
mains have been permineralized by fine-grained silica. In this
research, all the Raman spectra were measured from CM in-
timately associated with quartz matrix, and the permineraliz-
ing silica fluid was pervasive and uniformly affected all parts
of the CM with which it came into contact. Therefore, the
mineral templating effect cannot explain the ultrastructural
heterogeneities observed in subcellular components. The I-
1350/1600 of CM (Figs. 6d, 6h, 6l, 7d, 7h) does not correlate
to the relative intensity of either the 1350 cm-1-band or
1600 cm-1-band (Figs. 6b, 6c, 6f, 6g, 6j, 6k, 7b, 7c, 7f, 7g),
arguing that the structural order of CM within various cel-
lular components does not correspond to their relative carbon
versus mineral concentrations. Moreover, if the mineral tem-
plating effect could affect the structural order of CM in the
samples in this study, the CM within mineral matrix (low CM
abundance, e.g., protoplasm in Figs. 6b, 6c) should have higher
structural order than that within CM-enriched components
(e.g., cell walls in Figs. 6b, 6c). Contrarily, the CM in proto-
plasm is in fact more disordered than that in cell walls (Fig. 6d).
This further negates the possibility of mineral templating-
induced ultrastructural heterogeneities of the CM studied here.

The structural and chemical properties of the carbonaceous
precursor can affect the final structural order of CM preserved
in sedimentary rocks due to different efficiencies of graphi-
tization (Franklin, 1951; Bernard et al., 2010; Sforna et al.,
2014a). In well-preserved fossils or CM-experienced low-
grade metamorphism, different chemical compounds in the
original carbonaceous precursors can potentially induce dis-
tinct Raman spectra due to specific vibrational modes arising
from different bonding in the primary organic molecules
(Kouketsu et al., 2014). In another recent independent study,
ultrastructural heterogeneities were discovered in silicified
microfossils from the 700–800 Ma Draken Formation using a
different Raman system and were also interpreted as an in-
dication of a different carbon precursor (Foucher et al., 2015).
Thus to summarize, after excluding other possible factors, it
is reasonable to conclude that the ultrastructural hetero-
geneities measured in the fossils and CM studied here are
caused by different organic carbon precursors that coexisted
in the diverse primary ecosystems.

6.3. Micro-FTIR spectral characteristics
and micrometer-scale chemical heterogeneities
of carbonaceous matter

In this study, we build on previous FTIR studies of fos-
silized cells preserved in chert (e.g., Preston and Genge,
2010) by employing micro-FTIR in transmission mode,
which has much higher spatial resolution and enabled us to
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directly correlate IR spectral variation to the morphology of
fossilized CM. In particular, we focus on the R3/2 ratio of the
IR spectra, which gives a measure of the branching index of
carbon chains, or the relative ratio of CH3 versus CH2 car-
bon molecules; this in turn can be used to explore differ-
ences in the composition of CM. In the Rhynie chert, the
fossilized plant protoplasm originally comprises an atrophic
membrane, cytoplasm, organelles, and nuclei and yields
low R3/2 values, implying abundant straight-chain aliphatic
carbon molecules derived from lipid compounds in the
membrane (Figs. 8 and 9a, Supplementary Fig. S4). In
comparison, the cell walls of the plant stems have higher R3/2

values, probably due to more branched carbon molecules in
the cellulose, hemicellulose, pectin, and lignin (Figs. 8 and
9a, Supplementary Fig. S4). The epidermis of plant stem
consists of abundant aliphatic lipids in epicuticular wax;
therefore the R3/2 values are lower than the adjacent cell walls
(Figs. 8 and 9c, Supplementary Fig. S4). The black formless
extracellular CM has a large range of R3/2 values (Fig. 8,
Supplementary Fig. S4), suggesting multiple sources of or-
ganic compounds either from the local extracellular muci-
lage, the cytosol from lysed cells nearby, or compounds
transported from other parts of the plant.

In the Wumishan stromatolites, the R3/2 of CM derived from
cyanobacteria shows a much narrower range (from 0.17 to
0.25, Fig. 8, Supplementary Fig. S4) compared to the Rhynie
chert CM (from 0.19 to 0.61, Fig. 8, Supplementary Fig. S4),
indicating more homogeneous carbon precursors predomi-
nantly sourced from prokaryotic cyanobacteria as opposed to
eukaryotic matter. The micro-FTIR analysis has unfortunately
not been performed on microfossils and CM from the Bitter
Springs Formation in this study due to lack of available rock
samples that could be prepared as doubly polished wafers.
However, Igisu et al. (2006, 2009) studied microfossils from
the Bitter Springs Formation by micro-FTIR, where the coc-
coidal (Glenobotrydion) and filamentous (Cephalophytarion)
cyanobacteria have very similar R3/2 ratios of 0.32 and 0.33,
respectively. This supports the idea of more homogeneous CM
preserved within prokaryotes, comprising peptidoglycan and/
or glycoprotein of gelatin in cyanobacterial cell walls (Hoiczyk
and Hansel, 2000; Šmarda et al., 2002), regardless of different
species and morphological occurrences. The undeveloped
prokaryotic cell structures, organelles, and simpler metabolic
functions compared to eukaryotes could explain the relatively

homogeneous composition of fossils within the Wumishan
stromatolites and the Bitter Springs samples.

To further investigate the potential correlation between
the structural order of CM and the molecular structure of
carbon precursors, the I-1350/1600 versus R3/2 of fossils and
CM from Rhynie chert, Bitter Springs, and Wumishan
samples have been plotted together in Fig. 10. In the Rhynie

FIG. 9. Schematic interpretation illustrating the possible chemical compounds found in various carbonaceous precursors
preserved in fossils and CM of the Rhynie chert. Note in particular their molecular structure, occurrence of heteroatoms, and
degree of branching. (a) Cell wall (orange) and protoplasm (blue) of plant stem. (b) Fungal tufts and their host plant stem.
(c) Formless extracellular CM (white circle) between cell walls and epidermis (gray circle). (Color graphics available at
www.liebertonline.com/ast)

FIG. 10. Plots of degree of carbon chain branching (R3/2)
calculated from IR spectra versus the degree of structural order
(I-1350/1600) calculated from measured Raman spectra for
CM from the Rhynie chert and Bitter Springs and Wumishan
Formations. The average values with standard deviations are
plotted. The dashed lines indicate a possible correlation be-
tween R3/2 and I-1350/1600 of CM respectively inferred for
eukaryotic plant material preserved in the Rhynie chert (gray
dotted line), which shows a different trend from prokaryotic
cyanobacteria in the Bitter Springs and Wumishan Formations
(black dotted line). (Note the R3/2 values of coccoidal and
filamentous cyanobacteria in the Bitter Springs Formation are
from the study of Igisu et al. (2009); all other values are based
on our own spectroscopic measurements.)
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chert, both the I-1350/1600 and R3/2 values show the lowest
values in the protoplasm and the highest values in the cell
wall, while the epidermis and extracellular formless CM
have intermediate I-1350/1600 and R3/2 values. Although
only four different types of CM were compared, they record
a positive correlation between I-1350/1600 and R3/2 (Fig.
10). The cyanobacteria microfossils and CM in stromatolites
from the Bitter Springs and Wumishan samples show a
similar positive correlation between I-1350/1600 and R3/2,
implying that CM with lower CH3/CH2 ratio has lower
structural order (Fig. 10). It is possible that aliphatic
straight-chain carbon molecules (low R3/2) are more difficult
to be cyclized; thus they have lower efficiency in graphiti-
zation during postdepositional processes and consequently
lower structural order than branched carbon chains.

Interestingly, the CM derived from eukaryotic plants in
the Rhynie chert and prokaryotic cyanobacteria in the Bitter
Springs and Wumishan samples show distinct correlations
between I-1350/1600 and R3/2 with different trends (Fig.
10), likely arising from differences between the eukaryotic
and prokaryotic fossils. Indeed, it has been shown that ex-
tant eukaryotes, prokaryotes, and archaea have specific R3/2

ranges; moreover R3/2 even variates among different cellular
compounds (lipid, membrane, protein, and the whole cell) of
an individual species (cyanobacteria: Synechocystis) (Igisu
et al., 2009). The selective preservation of lipids rather than
protein and water-soluble compounds could influence the
final whole cell–R3/2 values; thus the fossilized cyano-
bacteria have different R3/2 values compared to extant bac-
teria (Igisu et al., 2009).

In this study, the variation of R3/2 in various CM and the
correlation between I-1350/1600 and R3/2 respectively in
eukaryote-derived (Rhynie chert) and prokaryote-derived
(Bitter Springs and Wumishan samples) CM probably reflect
either the different compounds from the primary biomass or
their differential degradation, preservation, and graphitiza-
tion during the postdepositional processes. The detailed
mechanism is still unknown, and more studies are needed.

6.4. Biological interpretation of variations
in the ultrastructure and chemistry of fossilized
carbonaceous matter

Chemical heterogeneities preserved within cell structures
have previously been identified using electron microprobe
mapping, for example, in fossilized plant stems and coex-
isting spores of the Rhynie chert (Boyce et al., 2001), which
show similar spatial distribution of carbon as the Raman
maps presented here but lack any information about ultra-
structural order of the CM. In this study, we report Raman
spectra that record ultrastructural variability in fossilized
plant, fungi, and cyanobacteria and combine this with IR
data that record chemical variability to discuss the biologi-
cal significance of these results. Considering the Rhynie chert
first, the cell walls of plants comprise cellulose, hemicellu-
lose, pectin, and in many cases lignin (Buchanan et al., 2000),
which are polymers of penta- and/or hexatomic-ring-based
molecules such as D-glucose and aromatic derivants (Fig. 9a).
These polysaccharides with cyclic-structured carbohydrate
monomers could efficiently form graphene layers with
hexagonal ring structures during postdepositional thermal
alterations. In contrast, the protoplasm, including membrane,

nucleus, cytosol, and all the organelles in the cytoplasm,
contains abundant phosphorous lipids, protein, and nucleic
acids with P, N, S, O, H (Fig. 9a, Buchanan et al., 2000). The
abundant heteroatoms could hinder the cyclization of the
hexatomic C rings; thus the structural order of the CM in
protoplasm is predicted to be lower than that of cell walls
(Figs. 3c and 6d, Supplementary Fig. S1).

The black formless extracellular CM in the phloem is
probably derived from extracellular mucilage of phloem sap
and records higher structural order than the adjacent cell
walls of sclerenchyma (bast fibers) and the epidermis (Figs.
3d, 3e, and 6l, Supplementary Fig. S1). The phloem sap,
comprising mainly water with sugars, hormones, and mineral
elements, is transported from the photosynthetic production
areas to the nonphotosynthetic parts of the plant (Khan, 2001).
The most abundant organic matter within phloem sap is sugar,
which comprises monosaccharides with cyclic penta- and/or
hexatomic molecular structures (e.g., glucose, fructose),
whereas the epidermis consists of abundant straight-chain
aliphatic hydrocarbons with a range of substituted functional
groups in the epicuticular wax (Fig. 9c, Baker, 1982; Hollo-
way and Jeffree, 2005). These chemical differences in the
carbon precursors could result in lower efficiencies of
graphitization and, thus, more disordered CM in the fossilized
epidermis than the formless extracellular CM (Figs. 3e, 3f,
and 6l, Supplementary Fig. S1). The polysaccharide in the cell
walls is highly polymerized compared to the sugars in phloem
sap. It is unknown whether and how the degree of polymeri-
zation of monosaccharides could influence the final structural
order of the CM. However, this could account for the ultra-
structural differences between the formless extracellular CM
and adjacent cell walls.

The CM of the fungal tufts has higher structural order
than the fossilized cell walls of the host plant stem (Figs. 3i
and 6h, Supplementary Fig. S1), and the CM embedded in
the rhizoid has an intermediate structural order. Fungal cell
walls are composed of chitin and glucan (Fig. 9b, Webster
and Weber, 2007) containing polymers of cyclic molecules,
for example, b-(1,4)-linked-N-acetylglucosamine and D-
glucose, which differ strongly from cellulose, hemicellulose,
and lignin in plant cell walls. This could explain the resul-
tant ultrastructural heterogeneities between the carbona-
ceous material preserved in the fungal and plant cell walls.

The Raman spectra of prokaryotic cyanobacteria from the
Bitter Springs samples do not show obvious cellular-scale
structural heterogeneities within individual microfossils
(Figs. 7d, 7h), probably due to the relatively simple cell
structure and unspecified organelles as compared to eu-
karyotic cells. However, both coccoidal and filamentous
microfossils do preserve heterogeneities in CM between
microfossils (Figs. 4c, 4f, Supplementary Fig. S2), possibly
indicating different compositions of organic matter in vari-
ous species of cyanobacteria, or even in different growth
stages. Both coccoidal and filamentous microfossils do not
show systematic variations in structural order (Supplemen-
tary Fig. S2), implying that the predominant composition of the
cyanobacterial cell walls is similar, comprising gelatin made of
peptidoglycan and/or glycoprotein molecules (Hoiczyk and
Hansel, 2000; Šmarda et al., 2002). Accordingly, the laminated
(Fig. 4g) and clotted (Fig. 4h) CM in the surrounding chert
matrix was probably also derived from coccoidal and/or fila-
mentous cyanobacteria and preserved some limited structural
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heterogeneities but lacks systematic variation with morphol-
ogy or microtexture (Supplementary Fig. S2). However, the
ultrastructural heterogeneities within Precambrian prokaryotic
microfossils could be well preserved and identified by Raman
spectroscopy (e.g., map of I-1350/1600), which indicates dif-
ferent carbon precursors rather than abiotic postdepositional
processes (Foucher et al., 2015). This enables scientists to trace
carbonaceous biosignatures from Precambrian cherts using
Raman spectroscopy.

6.5. Astrobiological implications

Opaline silica has been discovered on the martian surface
by the near-IR spectrometer on the Mars Reconnaissance
Orbiter using CRISM (the Compact Reconnaissance Ima-
ging Spectrometer for Mars) and by the Mini-TES (Thermal
Emission Spectrometer) on the Spirit rover, and is inter-
preted as siliceous sinter deposits derived from hydrother-
mal activity (Glotch et al., 2006; Milliken et al., 2008;
Squyres et al., 2008; Ruff et al., 2011). These siliceous
deposits have been proposed as targets for exploration of
biosignatures on Mars (e.g., McLennan et al., 2012), given
that they suggest an aqueous environment at, or near, the
martian surface and that silica is an excellent perminer-
alizing agent and can preserve exceptional cellular details
(Farmer and Des Marais, 1999; Cady et al., 2003). The ESA
ExoMars rover scheduled for launch in 2018 will include a
Raman spectrometer, the first such instrument to be de-
ployed in space (Edwards et al., 2012). A UV-Raman
spectrometer is also part of the SHERLOC (Scanning Ha-
bitable Environments with Raman and Luminescence for
Organics and Chemicals) instrument in development for the
NASA Mars 2020 mission. The overall goal of the ExoMars
mission is to pave the way for Mars sample return and, in
particular, focus on finding well-preserved organic remains.
The payload also contains a MicrOmega near-IR spec-
trometer and MOMA (Mars Organic Molecule Analyzer),
which is designed to target potential organic biomarkers.
The Raman instrument has been advocated as an excellent
tool for rapidly screening samples for organic remains that
can then be analyzed by MOMA, which includes a gas
chromatograph–mass spectrometer to test for biotic or abi-
otic compounds (e.g., Olcott Marshall and Marshall, 2014).
Studies such as that reported here, which combine Raman
and micro-FTIR spectroscopy to investigate carbonaceous
biosignatures preserved in the rock record, are thus impor-
tant for designing analysis strategies that could be employed
on upcoming Mars rovers or in sample return missions.

Siliceous deposits bearing microfossils and organic carbon
from the early rock record on Earth have been studied with
Raman spectroscopy to investigate the preservation potential
of carbonaceous remains and formulate potential bio-
signatures for martian exploration (e.g., Westall et al., 2011;
Foucher and Westall, 2013). Siliceous hot spring deposits
have also long been recognized as good target environments
with high potential for biosignature preservation (e.g., Walter
and Des Marais, 1993), where techniques such as Raman
spectroscopy can help reconstruct the geological history and
evaluate candidate biosignatures (e.g., Campbell and Abbey,
2012). In addition to silica minerals, Raman spectroscopy has
been used to analyze other minerals that coexist with CM,
such as carbonate, pyrite, and apatite, whose specific bands in

the Raman spectrum can also be analyzed to investigate pu-
tative mineral-microbial interactions (e.g., Igisu et al., 2014;
Sforna et al., 2014b). Raman spectroscopy can be applied to
analyze CM that has experienced thermal alteration, includ-
ing higher-temperature metamorphism (Galvez et al., 2012;
Kouketsu et al., 2014), which enables exploration of potential
biosignatures in extreme environments on early Earth and
Mars. Therefore, Raman spectroscopy is suggested as a rover-
based technique for future exploration of possible microbial
organics on Mars and for analyzing the returned rock samples
(e.g., Wang et al., 2003; Rividi et al., 2010; McLennan et al.,
2012). In summary, the combination of Raman and IR
spectroscopy presented here is an efficient method with
widespread application to the investigation of possible bio-
signatures on early Earth and Mars.

7. Conclusions

In this study, we report a combined Raman- and IR-
spectroscopy-based approach to investigating the origins
and preservation of carbonaceous biosignatures. Raman
spectroscopic analyses on well-preserved fossils and CM
from the 410 Ma Rhynie chert, the 820 Ma Bitter Springs
Formation, and the 1485 Ma Wumishan Formation revealed
heterogeneities in the ultrastructure of the organic matter
derived from cellular-grade variations in the primary bio-
mass. These cannot be explained by postdepositional geo-
logical processes but reflect cellular-scale heterogeneities in
chemical composition of the carbon precursors, with dif-
ferent organic compounds that cause differential graphiti-
zation during thermal alteration.

Micro-FTIR analysis was used to quantify the branching
index of the carbonaceous remains (R3/2) and combined with
a Raman spectral parameter (I-1350/1600), which describes
the structural order of CM. We found positive correlation
between the branching index of carbon chain and the degree
of structural order of various types of CM in both eukaryotic
plant fossils (from the Rhynie chert) and cyanobacteria-
derived CM (from the Bitter Springs and Wumishan stro-
matolites, Fig. 10). These two correlations in eukaryotes and
prokaryotes imply that disordered CM has relatively more
straight aliphatic carbon chains, but the organic compounds
derived from eukaryotic and prokaryotic biomass probably
behave differently during postdepositional processes.

Our research provides a guide to deciphering carbona-
ceous biosignatures preserved in siliceous deposits of early
Earth and potentially Mars by investigating the ultrastruc-
tural and chemical characteristics of CM with a combination
of Raman spectroscopy and micro-FTIR analysis.
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