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Graphitic Carbons 
and Biosignatures

INTRODUCTION
The search for evidence of early life in the geological record 
has often involved graphitic carbons and has been a subject 
of intense debates and divisive controversies (e.g. Mojzsis et 
al. 1996; Rosing 1999; Schopf et al. 2002; Brasier et al. 2002; 
Van Zuilen et al. 2003). Numerous challenges exist, such as 
contamination and abiotic pathways that might lead to the 
formation of graphitic carbons similar to fossilized biolog-
ical remains (Pasteris and Wopenka 2003; McCollom and 
Seewald 2006). The main complication resides in the poor 
preservation of biosignatures in the oldest metasedimen-
tary rocks. Bioalteration processes, as well as the increase of 
temperature and pressure conditions during burial, inevi-
tably alter the original biochemical signatures of organic 
molecules. As a result, the general paleobiological percep-
tion has long been that burial processes are detrimental to 
the preservation of signatures of life by graphitic carbons 
(Schiffbauer et al. 2007). However, although numerous 
challenges still remain, newly available microanalytical 
techniques create opportunities for the assessment of the 
biogenicity of graphitic carbons. 

This contribution begins with an overview of the processes 
involved in the conversion of biogenic organic molecules 
into graphitic carbons. We describe remarkable examples 
of preservation of biosignatures by graphitic carbons in 
metasedimentary rocks. We then explore possible solutions 
and new approaches to evaluate the biogenicity of graphitic 
carbons. Finally, we discuss the question of the putative 

biogenicity of some Eoarchean 
and Paleoarchean graphitic 
carbons in light of some represen-
tative examples from the recent 
literature.

CONVERSION OF 
ORGANIC BIOLOGICAL 
REMAINS INTO 
GRAPHITIC CARBONS
When organisms die, their organic 
molecules are usually rapidly 
biodegraded. Most biomolecules 
released to the environment are 
either oxidized or assimilated 
by living microbes. Yet, some 
organic macromolecules resistant 

to biodegradation may escape the biological cycle and be 
incorporated in sediments by selective preservation. For 
instance, some labile organic molecules may bypass biodeg-
radation through degradation/recondensation reactions 
(e.g. Vandenbroucke and Largeau 2007). Adsorption on 
inorganic surfaces and encapsulation within mineral micro-
cavities or larger molecules are also processes permitting 
the incorporation of organic molecules into sediments (e.g. 
Vandenbroucke and Largeau 2007). The respective contri-
bution of each of these processes remains debated. Of note, 
organic molecules incorporated into sediments through 
selective preservation, adsorption, or encapsulation have 
likely been only slightly degraded and thus may still be 
identifi ed. In contrast, labile molecules incorporated into 
sediments through degradation/recondensation reactions 
become geopolymers that may exhibit chemical signatures 
distinct from those of the initial biomolecules. All these 
processes lead to the formation of insoluble, polymeric, 
sedimentary, organic macromolecules, collectively called 
kerogen (Vandenbroucke and Largeau 2007).

Subsequent diagenetic processes may further complicate 
the recognition of biosignatures (FIG. 1). Partially preserved 
biosignatures carried by kerogen may suffer from compac-
tion and fl uid migration. As fl uid migration is limited 
within low-permeability sediments, they tend to favor the 
preservation of isotopic, elemental, and molecular biosig-
natures, whereas high-permeability sediments are unlikely 
to preserve indigenous biosignatures (e.g. Vandenbroucke 
and Largeau 2007). During burial, reducing sediment may 
minimize redox reactions with biogenic organic matter and 
improve its preservation potential, through, for example, 
kerogen sulfurization (e.g. Vandenbroucke and Largeau 
2007). 

When burial depth increases, sedimentary rocks are 
metamorphosed under increasing temperature and pressure 
conditions. Burial-induced biomolecule degradation 
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processes (carbonization/graphitization processes) may 
alter the morphological and chemical signatures of life 
remains in rocks (FIG. 1). 

With increasing temperature, weaker organic bonds are 
thermally broken and dehydrogenation reactions become 
predominant. Metamorphic degradation of kerogen is 
associated with an increase in aromaticity and the release 
of heteroatoms such as O, N, and S. By promoting structural 
reorganization, thermal metamorphism may ultimately 
lead to pure graphite that may have completely lost its 
original biosignatures. Finally, graphitic carbons remain 
susceptible to late oxidation and hydrogenation, as well 
as to alteration and contamination by younger biological 
carbon from the subsurface (particularly if carried by 
groundwater) during exhumation processes. 

Biogenic organic molecules may thus experience multiple 
stages of degradation induced by a combination of 
biological, chemical, and physical factors during the 
geological history of their host rocks. Yet, it has been 
demonstrated that products released by kerogen degrada-
tion (i.e. thermally matured bitumen, molecular fossils, 
and organic biomarkers) may sometimes preserve structural 
information diagnostic of biological and environmental 
provenance (e.g. Vandenbroucke and Largeau 2007). This 
can also be the case for graphitic carbons, as detailed in 
the following section.

PRESERVATION OF BIOSIGNATURES 
BY NATURAL GRAPHITIC CARBONS
Graphitic fossils have been reported from rocks of various 
ages and metamorphic facies, including the greenschist 
facies (e.g. Butterfi eld et al. 2007), the amphibolite facies 
(e.g. Schiffbauer et al. 2007), and the blueschist facies (e.g. 
Galvez et al. 2012). 

Some of the most illustrative examples include the “soft-
bodied” graphitic fossils found in the Middle Cambrian 
Burgess Shale in the Rocky Mountains of southern British 
Columbia, Canada (FIG. 2). This formation has experi-
enced greenschist facies metamorphism at burial depths of 
around 10 kilometers (Powell 2003). Yet, the Burgess fossil 
assemblage constitutes one of the most diverse records of 
Cambrian animal life. Graphitic fossils that are preserved 
as fi lms or compressions are interpreted as the remains 
of recalcitrant organic exoskeletons, whereas more labile 
cellular tissues have been preserved in three dimensions 
via early diagenetic mineralization (Butterfi eld et al. 2007). 
Although the mechanisms that allowed their exceptional 
preservation remain uncertain, recent investigations have 
documented the preservation of chitin-protein molecular 
signatures in some of these fossils (Cody et al. 2011; Ehrlich 
et al. 2013). 

Also remarkable is the morphological preservation of 
graphitic plant macrofossils in Mesozoic blueschist 
metamorphic rocks from the Marybank Formation in 
New Zealand (Galvez et al. 2012). Although these rocks 
have been buried to a minimum depth of 15 km, they 
contain fossil leaves and stems that can be identifi ed 
unambiguously. Graphitic polygonal structures coated 
with micas may represent original cellular structures. 
Yet, despite the excellent morphological preservation, the 
organic biomarkers and molecular functional groups of 
these graphitic carbons have been completely lost during 
metamorphism.

Other spectacular, morphologically preserved graphitic 
fossils are lycophyte megaspores from Triassic metasedi-
mentary carbonate concretions from Vanoise in the 
western Alps, France (FIG. 3; Bernard et al. 2007). These 
partially mineralized microfossils experienced blueschist 
facies metamorphism (~360 °C, ~14 kbars, i.e. a burial depth 
of about 40 km) during the late Mesozoic and Cenozoic 
Alpine orogeny. While mainly composed of graphitic 
carbons, these microfossils exhibit chemical and struc-
tural heterogeneities, which have been interpreted as 
remnants of original biochemical signals. In particular, the 
chemical signature of degraded sporopollenin, the resis-
tant biopolymer composing the walls of modern spores 
and pollen grains, has been identifi ed within the fossilized 
megaspore walls using synchrotron-based scanning trans-
mission X-ray microscopy (STXM) and X-ray absorption 
near edge structure (XANES) spectroscopy at the carbon 
absorption edge (Bernard et al. 2007).

As original biosignatures carried by organic molecules 
are degraded at least partially, if not completely, during 
bioalteration and burial processes, unambiguously identi-
fying fossils of microorganisms in ancient rocks remains a 
challenging goal. As detailed in the following section, the 
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Living Organism Sedimentary Rock Metasedimentary Rock

FIGURE 1 Illustration of the possible evolution of an organism, 
after its death, during diagenesis and metamorphism

FIGURE 2 Photographs of Burgess Shale graphitic, soft-bodied 
fossils. (A) A 5-centimeter-long Opabinia specimen 

and (B) a 2-centimeter-long Hallucigenia specimen. SOURCE: MUSEUM 
OF NATURAL HISTORY, SMITHSONIAN INSTITUTION (WWW.MNH.SI.EDU)
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next step in interpreting the ancient organic fossil record 
lies in quantitatively constraining the impact of bioaltera-
tion and burial processes on organic molecule degradation.

EXPERIMENTAL FOSSILIZATION
Although laboratory simulations do not perfectly simulate 
natural diagenesis, experimental investigations are a 
promising route towards quantitative analyses of the 
transformations of organic molecules induced by burial. 
Most recent attempts at experimental fossilization have 
been aimed at reproducing and better constraining early- 
diagenetic processes that contribute to the morphological 
preservation of organic structures (e.g. Li et al. 2013). 
Numerous studies now also explore the molecular evolu-
tion of organic molecules during artifi cial maturation (e.g. 
Li et al. 2013).

The use of isotope compositions to evaluate the bioge-
nicity of graphitic carbons appears necessary but insuf-
fi cient. Abiotic pathways, such as the decarbonation of 
siderite and Fischer-Tropsch Type (FTT) synthesis, produce 
organic molecules with isotopic signatures similar to those 
of biological carbons, that is, depleted in 13C (McCollom 
and Seewald 2006). Recent hydrous pyrolysis experiments 
on kerogen in isotopically labeled aqueous solutions 
have shown that temperature increase promotes isotopic 
exchange between macromolecular organic matter and 
reactive inorganic compounds (Schimmelman and Lis 
2010). Kinetic extrapolation from long experiments 
performed at 100 °C suggests that isotopic exchange may 
occur in natural settings even at temperatures as low as 
40–50 °C. If not taken into account, such modifi cations 
of isotopic signatures may lead to erroneous interpreta-
tions regarding the search for evidence of early life in the 
geological record. 

Structural and molecular biosignatures appear a bit more 
robust. For instance, using heating experiments to simulate 
the thermal alteration of organic matter, Schopf et al. (2005) 
showed that Raman spectroscopy may provide sensitive 
indicators of the low-temperature alteration of graphitic 
carbons. More recently, Schiffbauer et al. (2012) exposed 
natural fossilized acritarchs from the Mesoproterozoic 
Ruyang Group to experimental heating at approximately 
500 °C for up to 250 days, under both oxic and anoxic 
conditions. Notably, anoxic replicates retain biological 
morphologies despite an increasing degree of carbonization 
with continuous heating, whereas oxic replicates experi-
enced more aggressive degradation. Following a similar 
approach, Li et al. (2013) investigated the structural and 
chemical transformations of bacterial cells during thermal-

aging experiments performed under anoxic conditions. 
Combined microscopy and spectroscopy data demonstrate 
partial morphological and chemical preservation of bacte-
rial cells completely encrusted by iron phosphates despite 
heat treatments at hundreds of degrees for several hours 
under an argon atmosphere. This study illustrates that 
inorganic phases may favor morphological and chemical 
preservation during carbonization processes.

Altogether, the trends in structural, elemental, molecular, 
and isotopic changes reported in experimental fossiliza-
tion studies provide new milestones towards a general-
ized mechanistic model of organic molecule degradation 
processes during diagenesis and metamorphism. In addition 
to simulating biodegradation and taphonomic processes in 
the laboratory, future studies should investigate the impact 
of key parameters, such as the geochemical nature of the 
fl uid and the mineral matrix, on the extent of biomolecule 
degradation during burial in natural settings. Artifi cial 
maturation experiments performed in open or closed 
systems under well-constrained physical and chemical 
conditions have been used for decades to better under-
stand kerogen degradation processes (e.g. Vandenbroucke 
and Largeau 2007). In addition, the recent development of 
advanced characterization techniques allows the evolution 
of chemical, structural, and isotopic signatures of graphitic 
carbons within natural maturation series to be precisely 
documented (Bernard and Horsfi eld 2014). 

CONTROVERSIES OVER 
THE EARLIEST TRACES OF LIFE 
Although many claims for Eoarchean and Paleoarchean 
life have been made on the basis of graphitic carbons, 
many controversies have arisen regarding their origin 
(e.g. Mojzsis et al. 1996; Rosing 1999; Brasier et al. 2002; 
Schopf et al. 2002; Van Zuilen et al. 2003). Because of the 
inevitable alteration of organic molecules during burial, 
biogenic graphitic carbons can be diffi cult to differentiate 
from carbons coming from contamination. Contamination 
in geological specimens may have several origins: (1) an 
experimental origin, where samples are contaminated 
during sampling, handling, and/or preparation; and (2) a 
natural origin, where samples are contaminated by natural 
abiotic, prebiotic, or younger biogenic carbons during 
fl uid migration or biodegradation. Because of these poorly 
understood diffi culties, the distinction of biogenic from 
nonbiogenic graphitic carbons in Archean rocks remains 
an issue, as illustrated by a number of controversial studies.

FIGURE 3 (A) Refl ected-light 
photomicrograph 

of a fossilized megaspore in 
Triassic metamorphic rocks 
from the Vanoise in the French 
Alps (blueschist facies: 360 °C, 
14 kbars). (B) Corresponding 
Raman map showing the spatial 
distribution of graphitic carbon 
(blue), calcite (red), and 
ankerite (yellow). (C) C-XANES 
spectra of graphitic carbons 
composing the wall of these 
objects and reference spectra of 
sporopollenin (the biopolymer 
that constitutes the walls of 
modern spores and pollen 
grains), lignin, and graphite. 
The graphitic carbon 
composing the Vanoise 
megaspore wall is identifi ed as 
degraded sporopollenin. 
MODIFIED FROM BERNARD ET AL. 
(2007)
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For instance, 13C-depleted diamonds and graphitic carbons 
included in Hadean zircons from the Jack Hills in Western 
Australia have been interpreted as possible evidence of the 
earliest carbon cycle and/or early life (Menneken et al. 
2007). Yet, nanoscale TEM observations performed on 
foils microfabricated by focused ion beam (FIB) techniques 
have recently revealed that the observed graphite–diamond 
mixtures included in the Hadean zircons are embedded in 
epoxy, leading to the conclusion that they are contami-
nants derived from polishing compounds during sample 
preparation (Dobrzhinetskaya et al. 2014).

Among other controversial fi ndings is the isotopically light 
graphite (with δ13C values between –21 and –49‰) from 
ca 3.83 Ga granulite facies quartz–pyroxene rock on the 
island of Akilia, southwest Greenland. This isotopic signa-
ture has led researchers to interpret this graphite as the 
oldest remains of life (Mojzsis et al. 1996). Yet, it has been 
demonstrated in the laboratory that abiotic hydrothermal 
pathways, such as siderite decarbonation and FTT synthesis, 
may lead to the formation of carbonaceous compounds 
similarly depleted in 13C (McCollom and Seewald 2006). 
Further, the graphite from this rock has been shown by two 
independent analytical methods to not be as fractionated 
as previously reported, with δ13C values between –4.1 and 
–23.6‰ (Papineau et al. 2010b). Mojzsis et al. (1996) argued 
that, because graphite is completely included within apatite 
crystals, isotope exchanges with fl uids during long crustal 
residence times did not occur. While recent nanoscale inves-
tigations of graphite associated with apatite in the Akilia 
quartz–pyroxene rock indicate the presence of crystalline 
domains consistent with the granulite facies metamorphic 
grade of this rock, detailed petrography has revealed clear 
evidence for fl uid-deposited graphite in the rock, which 
blurs interpretations (FIG. 4A). So far, these investigations 
have reported graphite as coatings on apatite grains in these 
rocks, but not as inclusions (FIG. 4B; Papineau et al. 2010a). 
Similar graphite coatings on apatite grains within banded 
iron formations from the ca 3.75 Ga old Nuvvuagittuq 
Supracrustal Belt, northern Québec, are poorly crystalline 
and inconsistent with amphibolite facies metamorphism, 
and have thus been interpreted as deposited by fl uids late 
in the history of the rock (Papineau et al. 2011). NanoSIMS 

analyses of H, O, N, S, and P heteroatoms in the Akilia 
graphite indicate their presence, but nothing is known 
regarding how these heteroatoms are bonded to carbon. 
While all these data are not inconsistent with a biogenic 
origin for the carbon in the Akilia quartz–pyroxene rock, 
these examples illustrate the importance of unambiguously 
demonstrating indigenicity before discussing the age and 
biogenicity of graphitic carbons.

Graphite particles in the ca 3.77 Ga turbiditic schists 
from the Isua Supracrustal Belt (western Greenland) 
have also been interpreted as biogenic remains based on 
their abundance and isotopic signatures (Rosing 1999). 
Yet, additional measurements showing less 13C-depleted 
graphite particles in Isua metacarbonate rocks have led 
to the interpretation that these particles are the result of 
the abiotic thermal decarbonation of siderite (Van Zuilen 
et al. 2003). Since then, turbiditic schists from Isua have 
been reported to contain graphitic layers with a crystal-
linity consistent with amphibolite facies metamorphism 
(Ohtomo et al. 2014). However, these recent interpretations 
are debated, notably because they rely on samples from a 
single formation.

Perhaps the most famous report of graphitic microfossil 
evidence for earliest life is the discovery of microbe-like 
structures composed of graphitic carbon from the ca 3.46 Ga 
Apex Chert in the Warrawoona Group, western Australia 
(Schopf et al. 2002). While these microscopic objects 
were originally interpreted as cyanobacterial microfossils 
and subsequently became the benchmark for bona fi de 
Paleoarchean microfossils, their biogenic origin has come 
into question after reexamination of their morphology 
and their geological and geochemical contexts (Brasier 
et al. 2002). The origin of this graphitic carbon is still 
debated. Although the presence of heteroatoms reported 
by De Gregorio et al. (2009) suggested a biological origin, 
FTT synthesis (Brasier et al. 2011) and contamination by 
younger organic matter (Olcott Marshall et al. 2012) have 
also been proposed. 

A target of several investigations is the 3.35 Ga Strelley 
Pool Formation, Pilbara Craton, Western Australia, as it 
hosts different types of graphitic carbons (FIG. 4C) as well 

FIGURE 4 Backscattered 
electron images 

of graphite from the Eoarchean 
Akilia quartz–pyroxene rock 
showing (A) fl uid-deposited 
graphite (gra) indicated by 
mineral associations, with calcite 
(cal), magnetite (mag), 
chalcopyrite (ccp), and 
pyrrhotite (po), enveloped in 
hornblende (hbl), and (B) a 
graphite coating on apatite (ap), 
also possibly fl uid-deposited. 
(C) Photomicrograph (crossed 
polars) of a globule of black 
graphitic carbon surrounded 
by a halo of fi nely disseminated 
brown organic matter and 
euhedral dolomite (red arrow), 
from a Paleoarchean chert in 
the Strelley Pool Formation. 
(D) Small, domal, laminated 
stromatolites from the 
Strelley Pool Formation 
(coin is 28.5 mm wide).
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as stromatolites (FIG. 4D). Wacey et al. (2012) recently 
concluded on the biogenicity of microfossil-like structures 
containing spheroidal nanograins of silica embedded in 
graphitic carbon from this formation. Their conclusions 
rely mostly on the morphological similarities that these 
objects share with Gunfl int microfossils as observed using 
FIB-SEM and TEM. 

REMAINING QUESTIONS 
AND CONCLUDING REMARKS
The controversies detailed above highlight the need for 
gathering the multiple lines of evidence necessary for 
unambiguously identifying ancient graphitic carbons 
as biological remains. To prevent misinterpretations, we 
propose a number of criteria, listed in TABLE 1, to be consid-
ered when investigating the possible biological origin of 
graphitic carbons. Still, several fundamental questions still 
need to be addressed.

For instance, almost nothing is known regarding the 
possibility that abiotic carbons accumulate as aromatic 
compounds and polymerize within sediments or sedimen-
tary rocks. FTT synthesis generally proposed as the source of 
controversial graphitic carbons dominantly produces short 
aliphatic hydrocarbons (McCollom and Seewald 2006). The 
fate of such abiotic organic molecules in sedimentary rocks 
over geological timescales remains unknown. Under what 
conditions can these hydrocarbon chains become aromatic 
macromolecules, which can be diffi cult to distinguish from 
graphitic carbons resulting from the degradation of organic 
molecules of biogenic origin? What geological mechanisms 

and conditions would have to work in concert to yield 
accumulations of abiotic, poorly crystalline graphitized 
carbon from such aliphatic precursors? What type of FTT 
synthesis or diagenetic pathways could produce graphitic 
microbe-like features? 

Galvez et al. (2013) reported graphite formation from 
abiotic calcite reduction at low temperature in an exhumed 
serpentinite–sediment contact in Alpine Corsica (France). 
Based on isotopic and spectroscopic measurements, these 
authors argued that this graphite formed from an abiotic 
source of carbon and could be distinguished from the 
biogenic graphitic carbons observed in the same rocks. 
Yet, such reports of robust geochemical evidence for 
geological deposits of abiotic graphitic carbons remain 
scarce, in contrast to what should be expected based on the 
null hypothesis. In the present context, the null hypoth-
esis stipulates that all possible abiotic pathways need to 
be disproven before a biogenic origin can be accepted. 
This cautionary approach may be valuable for the oldest 
sedimentary rocks and for rocks in an exobiological context. 
However the null hypothesis could likewise be used in the 
opposite way from a uniformitarian perspective, depending 
on the context and as far as terrestrial organic matter is 
concerned. Ultimately, such debates are healthy for this 
fi eld of science as they stimulate additional research, and 
they can only be solved by using new analytical approaches 
and sample suites.

All these questions can be summarized as follows: “How 
can ancient graphitic carbon be unambiguously assigned an 
origin?” This apparently simple question is full of hidden 

TABLE 1 LIST OF SUGGESTED CRITERIA FOR ASSIGNING A BIOGENIC ORIGIN TO GRAPHITIC CARBONS

Required criteria Cautionary notes Techniques useful 
for assessment*

Geological context Sedimentary nature of the protolith Chemical sediments might have 
formed in multiple generations and 
under the seafl oor or in the crust.

Field studies, geological, 
petrological and/or geochemical 
studies

Petrographic 
context

Occurrences of graphitic carbons 
should be numerous within a single 
thin section and demonstrably 
indigenous. Morphological and 
textural structures may be important 
clues but may be ambiguous.

Possible artefacts resulting from 
sample preparation and other 
sources of contamination should be 
identifi ed and avoided.

Macroscopic observations, 
optical microscopy, CLSM, 
Raman, SEM, EA 

Mineralogical 
context

Graphitic carbon occurrences should 
be included within the crystalline 
mineral matrix and not in pore spaces. 
Associations with diagenetic minerals 
can be useful.

Occurrences associated with 
neoformed minerals, alteration, and 
skarn phases should be investigated 
with special care.

Optical microscopy, Raman, 
FTIR, FIB-SEM, TEM-EDS

Structural and 
microstructural 
characteristics

Proofs of syngeneity: the crystalline 
structure of the graphitic carbon 
is consistent with the peak 
metamorphic conditions experienced 
by the host rock.

Care is needed for host rocks that 
have experienced a multiphase 
geological history. 

Raman, FTIR, STXM-based 
XANES, TEM-based electron 
diffraction

Isotopic 
composition

13C-depleted carbon isotope 
compositions consistent with a 
biological origin, taking into account 
possible metamorphic fractionation 
and reequilibration of inorganic 
carbon phases.

Adequate standards should be 
used, and artefacts should be 
identifi ed and avoided.

Care is also needed as nonbiogenic 
carbons may exhibit similar values.

IRMS, SIMS, NanoSIMS

Elemental 
composition

Graphitic carbons of biogenic origin 
might still contain heteroatoms (O, N, 
P, S) as traces.

Contamination by recent carbon, if 
any, should be identifi ed.

EA-IRMS, SIMS, NanoSIMS, 
ToF-SIMS

Molecular structure Trace levels of molecular functional 
groups might remain present and be 
consistent with heteroatom content.

Their amount should be consistent 
with the thermal history of the 
host rock.

STXM-based XANES, ToF-SIMS, 
GC-MS, NMR

Reproducible 
observations

Reproducible observations in other 
samples from other localities appear 
necessary. 

Absence of evidence is not evidence 
of absence.

Minimum of triplicate 
observations

* List of abbreviations: CLSM = confocal laser scanning microscopy, EA = elemental analysis, EDS = energy dispersive spectroscopy, 
FIB = focused ion beam, FTIR = Fourier transform infrared spectroscopy, GC-MS = gas chromatography–mass spectrometry, IRMS =  
isotope ratio mass spectrometry, NanoSIMS = nanoscale secondary ion mass spectrometry, NMR = nuclear magnetic resonance, SEM = 
scanning electron microscopy, SIMS = secondary ion mass spectrometry, STXM = scanning transmission X-ray microspectroscopy, TEM = 
transmission electron microscopy, ToF-SIMS = time-of-fl ight secondary ion mass spectrometry, XANES = X-ray absorption near edge structure.
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 fundamental and methodological issues. A great deal of 
caution is required to prepare samples for microanalyses 
and to gather the necessary multiple lines of evidence 
(TABLE 1). In addition, we suggest that the identifi cation of 
biogenic graphitic carbons in ancient rocks should not be 
based on results obtained from a single locality. Most impor-
tantly, the determination of syngenicity and indigenicity 
of putative microfossils and/or graphitic carbons within 
metasedimentary rocks requires an accurate assessment of 
their thermal history, as well as quantitative constraints on 
the biosignatures that may be preserved by these graphitic 
carbons in light of their thermal history. Experimental 
fossilization should allow substantial progress in that 
regard in the future.

As described here, the assessment of the origin of graphitic 
carbons in ancient rocks remains challenging and debat-
able because the behaviors of biogenic and abiotic carbons 
during diagenesis and metamorphism have not yet been 
accurately constrained. Likewise, while there remain uncer-
tainties about the possible biogenic origin of graphitic 
carbons in Eoarchean and Paleoarchean metasedimentary 

rocks, signifi cant advances have recently been made with 
the introduction of new microanalytical techniques. Such 
tools have helped to expand databases and generate repro-
ducible observations of samples from ancient sedimentary 
rocks. Such progress opens up new subfi elds in Precambrian 
micropaleontology and nanobiogeochemistry and holds 
great promise to contribute to the current challenges of 
addressing the origin of graphitic carbons.

ACKNOWLEDGMENTS
SB acknowledges support from the ERC (project Paleo-
NanoLife, PI: F. Robert) and DP acknowledges support from 
the University College London and the NASA Astrobiology 
Institute (grant numbers NNA04CC09A, NNA09DA81A, 
and NNX12AG14G). STXM-based C-XANES data shown 
in Figure 3 were acquired at beamlines 5.3.2.2 and 11.0.2 
at the Advanced Light Source (ALS), Berkeley, CA, USA, 
which is supported by the Director of the Offi ce of Science, 
Department of Energy, under Contract No. DE-AC02-
05CH11231. Special thanks go to David Kilcoyne and Tolek 
Tyliszczak for their expert support on STXM at the ALS. 

REFERENCES
Bernard S, Horsfi eld B (2014) Thermal 

maturation of gas shale systems. Annual 
Review of Earth and Planetary Sciences 
42: 635-651

Bernard S and 6 coauthors (2007) 
Exceptional preservation of fossil plant 
spores in high-pressure metamorphic 
rocks. Earth and Planetary Science 
Letters 262: 257-272

Brasier MD and 7 coauthors (2002) 
Questioning the evidence for earth’s 
oldest fossils. Nature 416: 76-81

Brasier MD and 6 coauthors (2011) 
Geology and Putative Microfossil 
Assemblage of the c. 3460 Ma ‘Apex 
Chert’, Chinaman Creek, Western 
Australia - A Field and Petrographic 
Guide. Government of Western 
Australia, Department of Mines and 
Petroleum, 65 pp

Butterfi eld NJ, Balthasar U, Wilson LA 
(2007) Fossil diagenesis in the Burgess 
Shale. Palaeontology 50: 537-543

Cody GD and 7 coauthors (2011) 
Molecular signature of chitin-protein 
complex in Paleozoic arthropods. 
Geology 39: 255-258

De Gregorio BT, Sharp TG, Flynn GJ, 
Wirick S, Hervig RL (2009) Biogenic 
origin for Earth’s oldest putative micro-
fossils. Geology 37: 631-634

Dobrzhinetskaya L, Wirth R, Green H 
(2014) Diamonds in Earth’s oldest 
zircons from Jack Hills conglomerate, 
Australia, are contamination. Earth and 
Planetary Science Letters 387: 212-218

Ehrlich H and 19 coauthors (2013) 
Discovery of 505-million-year old chitin 
in the basal demosponge Vauxia graci-
lenta. Nature Scientifi c Reports 3: doi: 
10.1038/srep03497

Galvez ME and 8 coauthors (2012) 
Morphological preservation of carbo-
naceous plant fossils in high grade 
metamorphic rocks from New Zealand. 
Geobiology 10: 118-129

Galvez ME and 6 coauthors (2013) 
Graphite formation by carbonate 
reduction during subduction. Nature 
Geoscience 6: 473-477

Li J, Benzerara K, Bernard S, Beyssac O 
(2013) The link between biomineral-
ization and fossilization of bacteria: 
Insights from fi eld and experimental 
studies. Chemical Geology 359: 49-69

McCollom TM, Seewald JS, (2006) 
Carbon isotope composition of organic 
compounds produced by abiotic 
synthesis under hydrothermal condi-
tions. Earth and Planetary Science 
Letters 243: 74-84

Menneken M, Nemchin AA, Geisler T, 
Pidgeon RT, Wilde SA (2007) Hadean 
diamonds in zircon from Jack Hills, 
Western Australia. Nature 448: 917-920

Mojzsis SJ, Arrhenius G, McKeegan KD, 
Harrison TM, Nutman AP, Friend CRL 
(1996) Evidence for life on Earth before 
3,800 million years ago. Nature 384: 
55-59

Ohtomo Y, Kakegawa T, Ishida A, Nagase 
T, Rosing MT (2014) Evidence for 
biogenic graphite in early Archaean 
Isua metasedimentary rocks. Nature 
Geoscience 7: 25-28

Olcott Marshall A, Emry JR, Marshall 
CP (2012) Multiple generations of 
carbon in the Apex Chert and implica-
tions for preservation of microfossils. 
Astrobiology 12: 160-166

Papineau D and 7 coauthors (2010a) 
Ancient graphite in the Eoarchean 
quartz–pyroxene rocks from Akilia 
in southern West Greenland I: 
Petrographic and spectroscopic 
characterization. Geochimica et 
Cosmochimica Acta 74: 5862-5883

Papineau D and 7 coauthors (2010b) 
Ancient graphite in the Eoarchean 
quartz-pyroxene rocks from Akilia in 
southern West Greenland II: Isotopic 
and chemical compositions and 
comparison with Paleoproterozoic 
banded iron formations. Geochimica et 
Cosmochimica Acta 74: 5884-5905

Papineau D and 6 coauthors (2011) 
Young poorly crystalline graphite in 
the >3.8-Gyr-old Nuvvuagittuq banded 
iron formation. Nature Geoscience 4: 
376-379

Pasteris JD, Wopenka B (2003) Necessary, 
but not suffi cient: Raman identifi cation 
of disordered carbon as a signature of 
ancient life. Astrobiology 3: 727-738

Powell W (2003) Greenschist-facies 
metamorphism of the Burgess Shale 
and its implications for models of fossil 
formation and preservation. Canadian 
Journal of Earth Sciences 40: 13-25

Rosing MT (1999) 13C-depleted carbon 
microparticles in >3700-Ma sea-fl oor 
sedimentary rocks from West 
Greenland. Science 283: 674-676

Schiffbauer JD and 9 coauthors (2007) 
Ultrastructural and geochemical charac-
terization of Archean-Paleoproterozoic 
graphite particles: Implications for 
recognizing traces of life in highly 
metamorphosed rocks. Astrobiology 
7: 684-704

Schiffbauer JD, Wallace AF, Hunter JL 
Jr, Kowalewski M, Bodnar RJ, Xiao SH 
(2012) Thermally-induced structural 
and chemical alteration of organic-
walled microfossils: An experimental 
approach to understanding fossil preser-
vation in metasediments. Geobiology 
10: 402-423

Schimmelmann A, Lis GP (2010) Nitrogen 
isotopic exchange during maturation of 
organic matter. Organic Geochemistry 
41: 63-70

Schopf JW, Kudryavtsev AB, Agresti DG, 
Wdowiak TJ, Czaja AD (2002) Laser-
Raman imagery of Earth’s earliest 
fossils. Nature 416: 73-76

Schopf JW, Kudryavtsev AB, Agresti DG, 
Czaja AD, Wdowiak TJ (2005) Raman 
imagery: A new approach to assess the 
geochemical maturity and biogenicity 
of permineralized Precambrian fossils. 
Astrobiology 5: 333-371

Vandenbroucke M, Largeau C (2007) 
Kerogen origin, evolution and structure. 
Organic Geochemistry 38: 719-833

Van Zuilen MA, Lepland A, Teranes J, 
Finarelli J, Wahlen M, Arrhenius G 
(2003) Graphite and carbonates in 
the 3.8 Ga old Isua Supracrustal Belt, 
southern West Greenland. Precambrian 
Research 126: 331-348

Wacey D and 7 coauthors (2012) 
Taphonomy of very ancient microfos-
sils from the ~3400 Ma Strelley Pool 
Formation and ~1900 Ma Gunfl int 
Formation: New insights using a 
focused ion beam. Precambrian 
Research 220-221: 234-250 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /FRA <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


