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Abstract: The past decade has seen an explosion of new technologies for assessment of
biogenicity and syngeneity of carbonaceous material within sedimentary rocks.
Advances have been made in techniques for analysis of in situ organic matter as well as for
extracted bulk samples of soluble and insoluble (kerogen) organic fractions.
The in situ techniques allow analysis of micrometer-to-sub-micrometer-scale organic
residues within their host rocks and include Raman and fluorescence
spectroscopy/imagery, confocal laser scanning microscopy, and forms of secondary
ion/laser-based mass spectrometry, analytical transmission electron microscopy,
and X-ray absorption microscopy/spectroscopy. Analyses can be made for chemical,
molecular, and isotopic composition coupled with assessment of spatial relationships to
surrounding minerals, veins, and fractures. The bulk analyses include improved methods
for minimizing contamination and recognizing syngenetic constituents of soluble organic
fractions as well as enhanced spectroscopic and pyrolytic techniques for unlocking
syngenetic molecular signatures in kerogen. Together, these technologies provide vital
tools for the study of some of the oldest and problematic carbonaceous residues and for
advancing our understanding of the earliest stages of biological evolution on Earth and the
search for evidence of life beyond Earth. We discuss each of these new technologies,
emphasizing their advantages and disadvantages, applications, and likely future directions.
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1. Introduction

Biogenicity and syngeneity are the criteria for which every potential organic remnant must be evaluated,
regardless of whether the carbonaceous material is preserved in terrestrial or extraterrestrial samples.
Biogenicity refers to the origin of an organic remnant in a rock from a life form. An organic remnant is
potentially biogenic if it resembles other sedimentary organic remains that are well accepted to be of
biological origin in morphology and/or geochemistry and if no non-biological processes are known
that could have produced that remnant. Syngeneity refers to the age of an organic residue compared to
the age of the rock in which it occurs. An organic residue is said to be syngenetic, if it is assessed to be
the same age as its host rock. Since post-depositional fluid migration can introduce relatively young
organic compounds and microbes into ancient rocks, evaluation of the syngeneity is as important as
evaluation of biogenicity. Furthermore, it should be noted that the criterion of syngeneity applies also
to non-biogenic organic material. It is an independent criterion that is important in the understanding
of the origin of any organic material found with ancient rocks.

Paleobiologists and geochemists have long recognized these issues, and there is a significant body
of literature aimed at defining criteria that can be used to identify bona fide morphological or chemical
fossils [1-16]. However, opportunities to evaluate the biogenicity and syngeneity of carbonaceous
materials have advanced significantly in the past decade as a result of the application of new analytical
and imaging technologies. Recent improvements in detection limits, spatial resolution, and combinations
of different chemical imaging and analytical tools are enabling more sophisticated evaluation of
candidate biosignatures. These advances have extended the search strategy for evidence of life to
include more problematic and fragmentary organic remnants in terrestrial rocks and any that may
occur in extraterrestrial materials such as meteorites and rover-based samples.

Paleoarchean sedimentary rocks (>~3.2 billion years in age) illustrate these challenges.
Organic material in Archean rocks is commonly more altered than its younger counterparts, e.g., [16,17],
as multiple post-depositional processes will have degraded and ultimately destroyed most organic
remains over the course of billions of years of geological processing. Consequently, the morphology of
preserved organic structures may lack detail (such as cellular features or colonial organization) that
could independently support a biogenic interpretation. Chemical composition could aid in assessment
of biogenicity, but, until recently, appropriate tools were not available that would allow in situ analyses
of molecular chemistry that could be correlated with morphology at sub-micrometer-scale scale spatial
resolution. In addition, while there is always the possibility that several generations of organic matter
can occur in samples of any age, this is a particular hazard in Archean rocks which, because of their
relatively altered states, can be crossed by fractures, within which epigenetic, contaminating organic
matter could accumulate post depositionally [18,19]. Finally, there is a possibility that organic matter
from ancient biological sources could co-exist with organic matter or reduced carbon produced by
non-biologic processes, such as that resulting from decomposition of siderite and mantle carbonic
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fluids [20], Fischer-Tropsch-Type reactions [21,22], or delivery of abiotic materials to the early Earth
by carbonaceous meteorites [23].

To address these challenges, many new analytical techniques have been developed
for assessing organic matter in sedimentary rocks, including in situ approaches for evaluating
micrometer-to-sub-micrometer-scale, organic fragments within their host rocks and new methods for
analyzing bulk isolates of organic materials separated from their hosts. The in situ approach eliminates
the need for harsh chemical treatments typically used to isolate bulk organic fractions and it can be
used to interpret individual organic fragments within the context of their spatial relationships to
minerals, fractures and veins, and other organic materials in the rock.

Examples of these in situ technologies include:

e Confocal Laser Scanning Microscopy—for high resolution, three-dimensional (3D) imaging.

e Raman and Fluorescence Spectroscopy and Imagery—for two-dimensional (2D) and 3D
chemical/structural information and thermal maturity.

e Secondary lon Mass Spectrometry (SIMS)—for carbon and sulfur isotopic composition at
micrometer-scale resolution.

e Nano-scale Secondary lon Mass Spectrometry (NanoSIMS)—for elemental composition
(and possible isotopic composition) at sub-micrometer-scale resolution.

e Analytical Transmission Electron Microscopy, utilizing Energy Dispersive X-Ray Spectroscopy
(EDS) and Electron Energy-loss Spectroscopy (EELS)—for chemical composition, carbon bonding
and crystallinity using electrons.

e Synchrotron-based  Scanning-Transmission X-ray Microscopy and X-ray Absorption
Near-Edge Structure Spectroscopy (XANES)—for macromolecular structure, crystallinity,
chemical composition and bonding, and functional group identification using X-rays.

e Combined Sequential, Focused lon Beam (FIB)-Scanning Electron Microscopy—for high
resolution, 3D imagining of surfaces of carbonaceous residues.

e Two-Step Laser Mass Spectrometry (LMS)—for organic molecular structure.

Raman, confocal laser scanning microscopy, SIMS, NanoSIMS, and L2MS can be used to analyze
organic material in petrographic thin sections of rock samples. These sections are typically
30-150 micrometers (jum) thick. In contrast, transmission electron microscopy, scanning-transmission
electron microscopy, and synchrotron-based scanning-transmission X-ray microscopy are used on
portions of thin sections that require further thinning to thicknesses ranging from 50-250 nanometers (hm).
This additional thinning is accomplished either by microtoming with a diamond knife or ion milling
with an ion polishing system or a FIB.

The in situ techniques can be divided into those that provide 2D information from organic structures
exposed at the surface and those that provide 3D information of organic structures by gathering data
from various focal points or planes within a thin section. Compared to 2D techniques, 3D techniques
are capable of imaging a greater volume of an organic remnant, which can provide potentially
useful information at depth within a thin section (such as evidence of branching or folding of
individual structures) and information about microbial community constituents (such as their distribution
and orientation).
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e 2D in situ techniques include transmission electron microscopy, scanning-transmission electron
microscopy, EELS, synchrotron-based scanning-transmission X-ray microscopy, XANES,
SIMS, NanoSIMS, and L®MS, as well as Raman and fluorescence spectroscopy
(which additionally can be used for 3D analysis).

e 3D in situ techniques include confocal laser scanning microscopy, Raman and fluorescence
spectroscopy, and sequential FIB-scanning electron microscopy. Optical microscopy,
while not a new technique, is a critical part of the arsenal of 3D tools, as it provides the basis
for almost all of the detailed in situ techniques that have been developed in the past decade.

However, there are also disadvantages to in situ analyses. For example, as spatial resolution is
increased, probe diameters are decreased, and smaller quantities of material are analyzed.
Those quantities may be so small that organic molecules may not be detectable or even present within
the material analyzed. In addition, SIMS, NanoSIMS, and L®MS require the volume of interest to be
located near the surface of a thin section, which may be a difficult constraint for rare specimens.
Finally, in situ techniques are time intensive in terms of sample preparation and the need for precise
sample mapping to ensure that objects identified in petrographic thin section can be relocated in
different instruments when performing the advanced in situ analyses.

Thus, the more traditional analyses of the isolates of solvent-extractable and solvent-insoluble
(kerogen) organic fractions continue to play important roles in assessment of biogenicity of ancient
organic matter. Solvent extracts can contain biomarkers that may reflect the types of organisms present
when the sediment was deposited. However, such extracts also can include soluble organic molecules
that might have migrated into the sample after it was lithified, and so may contain mixtures of
syngenetic and epigenetic materials. Because of this, newer sampling and extraction protocols have
been designed to minimize potential contamination [24,25], and innovative approaches have been
described that provide methods for recognizing instances when epigenetic organic materials have
migrated into sediments after lithification [25].

Kerogen is the organic matter in rocks that is insoluble in acids or other solvents. It comprises the
majority of the carbonaceous material in sedimentary rocks (the remainder being the soluble fraction
that is extractable with organic solvents). Kerogen is highly complex and does not have a fixed
structure or chemical composition. It is comprised mainly of amorphous hydrocarbon macromolecules
but can contain trace quantities of elements such as sulfur or nitrogen. The complexity of kerogen has
made it difficult to assess, but there have been advances in spectroscopic and pyrolytic techniques that
have made it possible to unlock its molecular structure and composition and thereby provide an
improved basis for assessment of biogenicity and syngeneity [26,27].

This paper focuses on recently developed techniques and approaches that have been adopted in the
paleobiological and astrobiological communities for addressing questions related to the origin of
carbonaceous materials in sedimentary rocks. These technologies have yielded new insight into the
early evolution of life on Earth, and they offer critical tools that will be needed to advance our
understanding of earliest, terrestrial life forms and the search for evidence of ancient life in
extraterrestrial materials.
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2. New Techniques and Approaches
2.1. In Situ Organic Materials
2.1.1. Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy is used to identify the 3D morphology and potential cellular
anatomy of organic structures at sub-micrometer scales [28,29]. When the confocal laser scanning
microscope (CLSM) is used to characterize kerogen, fluorescence in the polycyclic aromatic
hydrocarbons in kerogen is excited by a laser rastered across the structure at increasing optical depths.
The rastering process produces a series of in-focus images that can be computationally integrated to
produce 3D renderings of the structure analyzed. While the resolution of this technique is similar to
that achievable with traditional optical/fluorescence microscopy (maximum resolution of about 200 nm),
the real advantages of confocal laser scanning microscopy lie in the ability to control depth of field,
minimize interference from out of the focal plane background that can lead to image degradation,
and collect multiple serial sections that can be combined to produce high contrast, in-focus 3D images.
Resultant 3D renderings can reveal morphological definition of permineralized microfossils in their
host rock to a degree not possible with traditional microscopy [30,31]. Detailed assessments can be
made of spatial relationships between the organic structures and enclosing minerals. This technique,
when coupled with Raman and fluorescence spectroscopy and imagery (see below), can be used to
establish chemical composition and one-to-one correlations between morphology and composition and
to distinguish kerogen and abiotically formed, mineral biomorphs, e.g., [32]. These capabilities add to
assessments of both biogenicity and syngeneity and have contributed to interpretations of carbonaceous
filaments in the ~3.46 billion year old (Ga) Apex chert [29,33].

2.1.2. Raman and Fluorescence Spectroscopy and Imagery

Raman spectroscopy is an analytical technique optimized to detect the changes in wavelength that
result from inelastic scattering of laser light by molecules of the material analyzed. Fluorescence
spectroscopy is a technique that measures the emission of light from a sample resulting from
atomic/molecular absorption of photons in electromagnetic radiation from a laser source and
subsequent de-excitation. Both types of spectroscopy can be acquired with the same instrument.
Raman and fluorescence have been used for more than two decades to study molecular structure
of minerals and carbonaceous matter.

In recent years, Raman spectroscopy has been used to establish the carbonaceous composition of
problematic sedimentary material (summarized in [34]) and to investigate changes in carbonaceous
matter with burial and metamorphism (which can lead to the use of Raman spectroscopy as a
geothermometer [35] and for analyses of thermal maturity and history of alteration [34,36]).
The technique allows a one-to-one correlation between chemical information and morphological
structures observed in the petrographic thin section. In addition, the technique produces little
destruction of kerogen, though, depending on the laser parameters, local heating can be damaging to
some types of carbonaceous materials. Raman spectroscopy was used on Precambrian samples to
demonstrate a direct correlation between kerogenous composition and permineralized structures in the
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770 million year old (Ma) Skillogalee Dolomite, the ~1880 Ma Gunflint Formation, the ~3275 Ma
Kromberg Formation, and the ~3465 Ma Apex chert [37]. That work was furthered in 2005 by the
combination of Raman spectroscopy and imagery to investigate carbonaceous microfossils in
22 samples ranging in age from ~400 Ma—2100 Ma [34]. A systematic variation in the Raman spectra
of (a) the 22 samples (which were also characterized by five independent indicators of geochemical
maturity) and (b) a single acritarch, heated progressively from 200-1200 <C and analyzed at 16 different
points during heating, led Schopf and colleagues to propose the Raman Index of Preservation (RIP) as
a new measure of kerogen thermal maturity. The RIP can reveal the presence of epigenetic organic
contaminants when they are characterized by significantly different thermal maturity than the bulk
kerogen or that inferred from mineral indicators of metamorphic grade. For example, RIP could be
used to differentiate between modern or recent endoliths and ancient, syngenetic fossils. In such a case,
both the endoliths and the syngenetic fossils would be within the host rock, but the only the syngenetic
fossils would be the same age and maturity as the enclosing rock, as could be determined by
comparing their RIPs to that of particulate kerogen in the same sample (the modern/recent endoliths
would have significantly lower maturity than the kerogen). Conversely, RIP could also support an
interpretation of syngeneity when the RIP of a structure is consistent with metamorphic grade of the
sample or the RIP of the bulk, particulate kerogen.

Raman, fluorescence and confocal laser scanning microscopy provide complementary types of
information and together can be used to assess micrometer-scale structure, chemistry, and molecular
composition of organic residues and associated minerals [29-37] and biominerals [38].

2.1.3. Secondary lon Mass Spectrometry (SIMS)

SIMS is a technique whereby an ion beam is used to sputter ions from the surface of a solid
specimen and the ejected secondary ions are collected and analyzed by a mass spectrometer.
Data collected provide information on elemental and isotopic composition of the uppermost layers of
the specimen. The first work to show that SIMS could be used to determine, in situ, the 8*3C of
individual microfossils was that by House et al. in 2000 [39]. That work concentrated on analysis of
microfossils in the Proterozoic Bitter Springs (~830 Ma) and Gunflint (~1880 Ma) formations and
demonstrated the veracity of the use of SIMS for in situ isotopic measurements by comparing the
SIMS-derived §'3C values (—20 to —30%o for 14 of 15 measured individual specimens) to the values
previously measured on bulk samples of kerogen in the same rocks (—21 to —30%. for 31 of 32 bulk
samples [40]).

Subsequent studies have reported SIMS-based results from Archean deposits. A 2007 SIMS study
by Van Zuilen et al. [17] of organic matter in 3.2-3.4 Ga Archean rocks from the Barberton Mountain
Land looked at carbon isotopic composition and nitrogen/carbon ratios of organic matter in several
different formations. That study noted that hydrothermal alteration can cause small scale migration and
re-deposition of organic matter, and it concluded that the organic matter in the cherts analyzed is likely
to be metamorphosed biological material.

An attempt in 2013 by House and colleagues to acquire SIMS-derived 8"3C values of different
Archean structures was also successful [41,42]. This study focused on organic microstructures from
the ~3 Ga Farrel Quartzite of Australia. Those structures appeared to be composed of relatively dense
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material in optical microscopy, and as demonstrated by Raman spectroscopy [14], they are composed
of kerogen and likely to represent bona fide microfossils (a conclusion consistent with morphological
interpretations [43] and NanoSIMS element distributions (see below) [44]. Results from the 2013
SIMS study were three-fold: First, by showing a 8*C difference between background organic matter
and spindle-shaped structures in the same thin section, the SIMS data supported the concept that the
Farrel Quartzite spindles are bona fide microfossils—and not pseudofossils formed by the aggregation
of organic debris. Second, the weighted mean 8*3C value of —37%o of the analyzed spheroids and
spindles supported earlier conclusions that the structures are biogenic and suggested further that the
structures are likely to be remnants of autotrophic organisms. Third, the tight clustering of the isotopic
data for the spindle-shaped forms—at values significantly more depleted in **C than background—
supported an interpretation that the spindle-like structures are remains of planktonic microorganisms
that lived in open water (a conclusion also reached from their morphology [43,44]) where they could
grow without CO, limitation and, as a result, develop maximal isotopic fractionation. Thus, the
application of SIMS ultimately revealed that the Farrel Quartzite organisms were likely to have been
planktonic autotrophs. Other spindle-shaped forms in Precambrian sedimentary rocks were first
reported by Walsh in 1992 [45] from the older, ~3.33-3.45 Ga Kromberg Formation of South Africa,
and more recently, apparently similar forms have been reported from the ~3.35-3.43 Ga Strelley Pool
Formation of Australia [46,47]. Work is in progress to analyze the in situ §3C values of the spindle-
like structures in each of these older deposits and to compare the results to those from the Farrel
Quartzite specimens [42].

SIMS was used by Lepot et al. [19] in a detailed study designed to derive H/C ratios and &°C
values of the organic constituents found in rocks from the Strelley Pool Formation. Their SIMS results,
when added to Raman spectroscopy and petrographic observations, suggest that the Strelley Pool
organic constituents and possible microfossils are biogenic and syngenetic with the Archean cherts in
which they are found. Their work further shows that the Strelley Pool Formation includes a wide range
of 8*3C values that can be correlated with organic textures. Some of those textures are in late stage
vein-filling material; other textures are associated with possible microfossils, and results suggest that
diagenetic migration of organic matter in those materials has been on a millimeter scale. Spindle-like,
lensoid structures appear to be comprised of two types of organic matter: relatively high H/C and §°C
material that makes up the organic network of these structures and lower H/C and &*C material that
makes up associated, carbonaceous globules. Lepot et al. [19] noted that these heterogeneities could
either reflect different types of carbon-fixation metabolisms or selective preservation.

Williford et al. [48] conducted a SIMS-based §'°C study of a suite of Proterozoic microfossils in
stromatolitic cherts from the Gunflint, Bitter Springs, Chichkan (~775 Ma), and Min’yar (~740 Ma)
formations. They reported a range of 5°C results that are consistent with photoautotrophic carbon
fixation via ribulose bisphosphate carboxylase, which is typical of cyanobacteria and photosynthetic
eukaryotes. Intracellular isotopic heterogeneities were observed, suggesting that carbon isotopic
composition of individual microfossils may be influenced by preservation of specific biomolecules.
In addition, replicate measurements of a likely colonial cyanobacterium and an adjacent leiosphaerid
acritarch showed distinctive §"3C values that could reflect the difference between cyanobacterial and
eukaryotic photosynthesis. In sum, this study showed that in situ isotopic analyses of ancient,
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permineralized microbial mats can be used to distinguish biological affinities and metabolic
fingerprints within complex microbial communities that span a significant range of ages.

In all of these studies of SIMS-based &'°C, there has been recognition that isotopic composition
alone cannot imply biogenicity, as recent studies have shown that various abiotic processes can
produce isotopically light organic compounds [49,50]. However, these recent studies have combined
isotopic data from SIMS with a variety of additional analyses to add to the assessment of biogenicity
(e.g., morphology, population distributions, Raman spectroscopy, and element distributions determined
with NanoSIMS). These combined studies illustrate the importance of utilizing a variety of analytical
tools for evaluation of organic materials that occur in ancient rocks.

Finally, SIMS also has been used to assess sulfur isotopic composition of the sulfur associated with
organic structures in stromatolites of the Strelley Pool Formation [51]. Results were interpreted as
reflecting sulfurization of organic matter by H,S in pore waters associated with microbial mats and
potentially involving microbial sulfur metabolism.

2.1.4. Nano-Scale Secondary lon Mass Spectrometry (NanoSIMS)

NanoSIMS is a secondary ion analysis technique, utilizing an instrument that has been optimized
for nano-scale spatial resolution. The technique enables determination of elemental composition at
resolutions that approach 50 nm, a resolution that is 10-50 times greater than that attainable with
conventional SIMS or electron microprobes. NanoSIMS also offers extremely high sensitivity
(ppm to ppb range for some elements) at high mass resolution, a range almost an order of magnitude
greater than can be achieved with EDS. The NanoSIMS instrument also has a rastering capability that
allows acquisition of ion images and this allows a one-to-one correlation of element maps with
microstructures observed in optical microscopy.

This technique was first applied to ancient microfossils in a feasibility study by Robert et al.
in 2005 [52]. In 2006, a follow-up study was carried out by Oehler and the Robert group [53] on well
preserved and non-controversial organic microfossils from the ~830 Ma Bitter Springs Formation
of Australia. Results demonstrated that sub-micrometer-scale maps of metabolically important
elements (carbon (C), nitrogen (measured as CN), and sulfur (S)) could be correlated with kerogenous
microfossils identified by optical microscopy. The data also showed that spatial distributions of C, CN,
and S in the individual microfossils are nearly identical and that the variations in the concentrations of
these elements parallel one another. In element maps, C, CN, and S appear as globules that are aligned
to form what Oehler et al. [53] interpreted as remains of walls and sheaths of fossiliferous structures.
Since nitrogen is a biologically fixed element, the fact that the concentration of nitrogen mirrors that of
carbon would be consistent with a biological origin for the nitrogen—an interpretation supported by a
lack of such correlation between nitrogen and carbon in organic material that fills secondary veins,
as discussed below. The silicon (Si) and oxygen (O) maps obtained in the 2006 study illustrated an
intimate association of Si and O with C in the microfossils. The authors subsequently suggested that
this relationship reflects the process of silica permineralization of biological remains and provides an
indicator of syngeneity of the fossilized material with the mineral matrix [18]. NanoSIMS characterization
of these undisputedly biogenic Bitter Springs microfossils serves as a baseline for interpretations of
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less well preserved structures and fragments of carbonaceous material that might occur in older or
extraterrestrial materials.

An example of such an application is provided by NanoSIMS analyses of controversial
carbonaceous structures preserved in the ~3 Ga Farrel Quartzite [18,44]. This deposit includes
spheroidal and unusual, relatively large, spindle-shaped structures. The latter, in particular, upon initial
petrographic examination, appeared likely to be pseudofossils of organic debris surrounding possibly
pre-existing minerals. NanoSIMS data from the Bitter Springs microfossils and from carbonaceous
material filling a secondary vein in cherts from the older Strelley Pool Formation provide comparative
datasets for analyses of the Farrel Quartzite structures. Results showed clear differences between the
organic residues in Farrel Quartzite and that in the secondary vein in the Strelley Pool Formation.

For example, for the Farrel Quartzite spindles, coincident accumulations of C, CN, and S and
a direct relationship between the concentrations of C and CN are consistent with a biogenic
interpretation. In contrast, the secondary vein material showed accumulations of C and CN that were
not coincident and showed an inverse relationship between concentrations. Also, the Si and O distributions
in the Farrel Quartzite structures showed the intimate spatial relationship with C and CN that was
suggested to be associated with permineralization and syngeneity, as discussed above, but the Si and O
distributions in the secondary vein did not show that same intimate spatial relationship to C and CN
in the vein. These results support the biogenic and syngenetic interpretation for the spheroids and the
spindle-shaped structures in the Farrel Quartzite, and this conclusion has added to arguments that life
on the early Earth was relatively diverse [44].

NanoSIMS has been used to assess element concentrations in organic material associated with other
types of Archean deposits including stromatolites in the Strelley Pool Formation [54-57] and stromatolitic
microbialites in the ~2.73 Ga Tumbiana Formation of Australia [57]. The technique has additionally
been used to investigate 5°C of organic fragments in early Precambrian organic matter [55,58].
However, as the quantities of carbon assessed with NanoSIMS are quite small, the error bars in
NanoSIMS-derived §'°C analyses are relatively large. Consequently, it may be that determination of
83C of ancient organics with SIMS may provide more meaningful results, as SIMS has broader areas
of investigation and deeper depths of penetration [59] that enable larger volumes of material to be
analyzed (with greater quantities of carbon), such that signal-to-noise ratios are improved and error
bars are minimized.

2.1.5. Analytical Transmission Electron Microscopy

In 2004, Moreau and Sharp used a transmission electron microscope in the scanning mode (STEM)
and energy dispersive X-ray spectroscopy (EDS) to analyze, in situ, organically preserved Precambrian
microfossils [60]. In that work, well accepted microfossils (Huroniospora spp.) from the ~1880 Ma
Gunflint Formation were ion thinned to electron transparency (~100 nm) and then studied with STEM and
EDS. Results clearly identified the intimate relationship between the kerogen of Huroniospora coccoidal
microfossils and silica of the enclosing chert. The authors concluded that the organic material of the
Gunflint microfossils promoted nucleation of opaline silica and that further diagenesis produced
submicroscopic silica spheroids in intimate spatial association with organic remains. They suggested
that the silica spheroids may themselves constitute a mineralogical biosignature. Additional microanalysis,
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with electron energy-loss spectroscopy (EELS) and electron loss near-edge structure (ELNES),
illustrated a marked difference between Gunflint kerogen and graphite samples. The kerogen appeared
to be amorphous and did not display any crystallinity, as would be expected in graphite
(formed abiotically) or in kerogen altered as a result of metamorphism. Based on these results,
Moreau and Sharp inferred that the Gunflint kerogen is derived from degraded cellular material rather
than disordered graphite or abiotically formed carbon.

In 2012, Wacey et al. [61] applied traditional transmission electron microscopy to in situ organic
structures in FIB sections from the Strelley Pool Formation and the Gunflint Formation.
The transmission electron microscopic images of all samples showed the permineralized structures in
both formations to have been greatly altered by nucleation of silica.

2.1.6. Synchrotron-Based Scanning-Transmission X-Ray Microscopy Coupled with X-Ray Absorption
Near-Edge Structure Spectroscopy (XANES)

Investigation of carbonaceous material in the ~3.46 Ga Apex chert by De Gregorio and Sharp [62]
utilized a combination of transmission electron microscopy, ELNES, scanning-transmission X-ray
microscopy, XANES, and SIMS to assess biogenicity of potential microfossils. The authors compared
their results with similar analyses of both accepted microfossils of the Gunflint Formation and abiotic
carbon compounds formed from Fischer-Tropsch-Type (FTT) reactions. The results of this study
indicate that the aromatic content of the carbonaceous material in the Apex chert varies less than
it does in Gunflint microfossils and the ELNES spectra of organic residues in the Apex chert are more
comparable to amorphous carbon than graphite. It is worth noting that the authors could not exclude
the possibility that the Apex material could have been produced by FTT reactions in a hydrothermal
vent. Additional efforts to elucidate macromolecular hydrocarbon structure, bonding, functional group
chemistry, and potential biotic elements (nitrogen, phosphorous, sulfur) of the organic residues in the
Apex chert relied on scanning-transmission X-ray microscopy, XANES, and SIMS [63]. The findings
of this latter study support the hypothesis that the organic remains in the Apex chert are similar to
Gunflint kerogen. Though an abiotic source could still not be ruled out in this second molecular-level
study, the authors argued that it would be unlikely that abiotic syntheses could recreate both the
structural and compositional complexity (including the biotic element abundance) of the Apex
carbonaceous matter since such a process is not known. This same approach, when used to assess
molecular-level characteristics of carbonaceous material preserved in the Strelley Pool Formation of
Australia (~3.35-3.43 Ga), led the authors to a similar conclusion: the residual organic material has
molecular characteristics more consistent with a biotic than an abiotic origin [64].

In these latter studies [63,64], chert samples were crushed to a powder and small grains of chert in
that powder were selected for study, then embedded in molten sulfur and thinned by microtoming with
a diamond knife to thicknesses of 90-200 nm. This technique [65] minimizes potential alteration or
contamination of carbonaceous material that might occur if prepared via ion beam sectioning,
and it enables investigation of carbonaceous material in situ within the chert matrix. However, using this
technique, it was not possible for the authors to link their results directly to the putative
microfossils observed in petrographic thin sections via optical microscopy [33,66]. In other studies,
scanning-transmission X-ray microscopy, combined with XANES has been used to characterize the



Challenges 2014, 5 270

molecular nature of specific fossils and types of kerogen identified by optical microscopy and thinned
by ion-beam milling with a FIB for true in situ analysis [67—-69]. Results revealed functional groups
that were thought to be related to biological composition and diagenesis. In Lepot et al., 2009 [70],
results from Raman, scanning-transmission X-ray microscopy, and scanning and transmission electron
microscopy show a correlation of calcified layers and organic sulfur suggestive of a role of bacterial
sulfate-reduction in the precipitation of calcium carbonate, a view consistent with the concept that
precipitation of carbonate in stromatolites may be influenced by bacterial processes.

A combination of several of the above techniques (optical microscopy, confocal laser Raman
spectroscopy, scanning electron and high resolution transmission electron microscopy of microtomed
samples, scanning-transmission X-ray microscopy, XANES, and transmission electron microscopy of
FIB sections) has been used to evaluate potential biogenicity of graphitic particles in ~3.80 Ga rocks
from West Greenland [71]. The results support previous conclusions that graphitic particles are
associated with apatite grains [72] and that more than one generation of graphitization could have
occurred. Similarly, recent work illustrates that multiple generations of organic material may be
present in the Apex chert [73]. These sorts of complexities underscore the need for in situ study of
sedimentary organic matter along with detailed assessment of spatial relationships of the organic
matter to surrounding minerals, veins, and fractures.

2.1.7. Combined Sequential, Focused lon Beam (FIB)-Scanning Electron Microscopy

Scanning electron microscopy of sequential FIB sections to produce 3D images of surfaces was
introduced by Schiffbauer and Xiao in 2009 [74] in their study of ~1 Ga microfossils from China.
The 2012 study by Wacey et al. [61] continued this type of work on carbonaceous residues in both the
Gunflint and Strelley Pool Formations. They took sequential FIB sections, each separated by 75-200 nm,
and imaged the sections with scanning electron microscopy to produce tomographic renderings at an
average of 30 nm/pixel in the x and y directions [75] which would yield a resolution of about 90 nm in
the x and y directions. Resolution in the z direction varies with slice spacing. The renderings showed
the surfaces of the structures with depth in the section. For the Gunflint microfossil, they obtained 220
FIB slices, each ~15 um = 15 um. Compared to confocal laser scanning microscopy, the resolution
using this technique is higher, but the technique is limited to surface images and would not illustrate
features of cellular anatomy that might be preserved within microfossils. The FIB technique is also
destructive to the sample, and the surface images produced would have gaps for the separation
between each FIB section. Nevertheless, this approach can yield a new body of morphological
information at very high resolution that may be applicable to assessment of the origin and history of
ancient carbonaceous materials.

2.1.8. Two-Step Laser Mass Spectrometry (L°MS)

The L?MS technique, which provides in situ analysis of molecular constituents of organic matter,
has been used since the 1990s to assess aromatic compounds in meteorites. The technique uses a laser
to access surface-bound organic species. Two laser pulses are used, the second orthogonal to,
and separated in time from, the first. Both neutral (desorbed) species and ionized products are
produced and then extracted and analyzed in a time-of-flight mass spectrometer which separates the
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desorbed and ionized products temporally and spatially. Recent advances in ionization mechanisms
allow for molecular identification and spatial mapping of a greater variety of organics species [76-79].
Though L®*MS was used in 2001 to study polycyclic aromatic hydrocarbons in ancient terrestrial
rocks [79], the technique has been used primarily for analyzing extraterrestrial materials (e.g., meteorites,
interplanetary dust, and cometary dust particles). Recent enhancements in the technology, however,
may expand the applicability of L?MS to more investigations of organic compounds in early
Earth materials. Challenges in using this technique are associated with potential organic contaminants
in terrestrial or extraterrestrial materials and the possibility that some of the laser-desorbed or ionized
products might be produced from such contaminants.

2.2. Isolates of Kerogen and Soluble Organic Materials
2.2.1. Kerogen

Kerogen comprises the majority of the organic matter in sedimentary rocks. In the early years of
Precambrian paleobiological studies, particulate kerogen was considered to be syngenetic with its host
rock, particularly when found in cherts, where the interlocking microcrystalline quartz structure was
thought to isolate syngenetic organics from post-depositional contaminants that could have entered the
rock from migrating fluids. Subsequent work, however, showed that migrating organic compounds can
be absorbed “irreversibly” onto kerogen such that the adsorbed compounds cannot be removed by
exhaustive solvent- or water-based extractions [80]. Such materials conceivably could come into
contact with kerogen, even in a chert, via fractures or at grain boundaries. Thus, while kerogen is
initially syngenetic with deposition of its host rock, that kerogen can be altered subsequently by post
depositional, migrating fluids and may contain both syngenetic and epigenetic constituents.
Follow-up work, attempting to remove potentially adsorbed contaminants from kerogen, has demonstrated
that a relatively low temperature step of hydro-pyrolysis (pyrolysis under hydrogen gas pressure) can
remove adsorbed hydrocarbons from kerogen [81]. If that first step of pyrolysis is then followed by a
higher temperature step, compounds attached to kerogen by covalent bonds are released.
This covalently bound material is considered to be the syngenetic material in kerogen [81].

Syngenetic components of kerogen were investigated in the study by Derenne et al. [26] that used
solid-state *3C nuclear magnetic resonance (NMR) spectroscopy and Curie point pyrolysis-gas
chromatography/mass spectrometry to evaluate kerogen from the ~3.46-3.47 Ga Warrawoona chert.
The authors found that the Warrawoona organic matter (a) lacks evidence of severe, thermally-induced
chemical modification (from the NMR spectra), and (b) contains a homologous series of long-chain
aliphatic hydrocarbons consistent with a biological origin (i.e., the slight odd-even carbon number
predominance in the pyrolysate is not characteristic of abiotically produced aliphatic hydrocarbons).
The study further revealed that the aliphatic chains they uncovered are covalently bonded to the
kerogen. The authors concluded that the aliphatic compounds that they detected by pyrolysis are
syngenetic with the Warrawoona chert. Similar work was carried out by Marshall et al. [27] on
kerogen in ~3.35-3.43 Ga cherts from the Strelley Pool Formation. Again, covalently bonded material
in hydro-pyrolysates was considered to be syngenetic with the cherts, and conclusions support a
biogenic origin for that material. However, this study found that the kerogen in the Strelley Pool
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Formation was virtually all aromatic. Discrepancies between the mainly aromatic kerogen in the
Strelley Pool Formation [27] and the aliphatic constituents found in the Warrawoona kerogen [26]
should be evaluated further to assess whether they may be related to the specific techniques used or
whether they reflect true differences attributable to unique depositional or post-depositional histories
of the Warrawoona and Strelley Pool samples.

2.2.2. Soluble Organic Materials

Detailed analyses of soluble organics from Neoarchean sedimentary rocks were reported in a study
by Waldbauer et al. [25] in 2009. That work emphasized the importance of determining syngeneity,
and five lines of evidence were used to address this question. The investigation centered on analyses of
two cores from the Agouron Griqualand Drilling Project in southern Africa. Those cores recovered
more than 2500 m of sedimentary rocks from the Transvaal Supergroup, with depositional ages
between 2.46 and 2.67 Ga. The Transvaal Supergroup is made up of a siliciclastic-carbonate ramp and
includes peritidal, as well as platform, slope, and basinal facies. The two cores were drilled 24 km
apart and were correlated to each other by volcanic and impact spherule layers, distinctive facies,
and bulk geochemistry of the shales.

Extracts of soluble organic materials were acquired from equivalent intervals in each of the cores with
the use of clean drilling, handling, sampling, storage and analyses protocols, details of which are described
in [25]. Blanks were used to assess the possibility of procedurally introduced or laboratory contaminants.

The five lines of evidence used to assess potential post-depositional contamination in the cores included:

1. Thermal maturity: To be syngenetic, all constituents of the extracts must have compositions
indicative of a level of maturity consistent with that of the host rock. In the Transvaal study,
the extracts have compositions consistent with a wet-gas zone of thermal cracking,
a conclusion consistent with the prehnite-pumpellyite to lower greenschist metamorphic grade
of the host rocks.

2. Absence of petrochemical signatures suggestive of man-made contaminants or Phanerozoic
molecular signatures.

3. Similarity of extracts from the two cores in bed-to-bed comparisons, which suggests
depositional control on extract composition, rather than control by man-made contamination or
that produced from migrating fluids in the subsurface.

4. Similarity of extracts obtained before and after the samples were treated with hydrochloric and
hydrofluoric acids to dissolve mineral matter. Since extracts obtained after acid treatment
represent materials likely to have been trapped within minerals, these extracts are less likely to
have been exposed to migrating fluids or laboratory/drilling contaminants than the extracts
obtained before acid treatment. So, where extracts before and after acid treatment are similar,
they are most probably derived from syndepositional organic matter.

5. Dissimilarity in composition and maturity between extracts from the Archean samples and the
overlying Dwyka Formation (a Permo-Carboniferous diamictite). This dissimilarity provides
evidence that the extracted organic compounds in the Archean section of the cores are
depositional signals of Archean age and not younger contaminants.
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This study provides a new basis for assessing syngeneity and suggests that syngenetic molecular
fossils can be preserved in ancient detrital sediments. Nevertheless, some doubt may be cast on this
type of biomarker work, as a newer study of cores drilled in 2012 in the Australian Pilbara, using even
more stringent protocols, failed to find detectable alkanes, hopanes, steranes, or triterpanes [82].
Whether this result extends to Archean biomarker work from other localities is not clear but will
certainly be an area of continued research.

3. Discussion

This paper focuses on sedimentary organic residues and the technologies that have gained
prevalence in the past decade for assessing their origin and significance. Advances in both in situ
techniques and analyses of bulk isolates of kerogen and soluble extracts are described and the ways in
which these new technologies have been applied are demonstrated. We have not addressed potential
mineral biosignatures or organo-sedimentary structures (such as stromatolites), as those fields of
inquiry involve different sets of questions and analytical techniques. However, to the extent that many
(bio)minerals and stromatolites preserve organic residues that can be evaluated independently,
all of the techniques discussed herein apply.

Traditionally, efforts to assess biogenicity and syngeneity of organic residues in sedimentary rocks
have focused on geochemical signatures in kerogen and soluble extracts and/or morphological and
chemical signatures of organic materials observable in thin section using optical microscopy and
techniques such as Raman spectroscopy. Objectives were to define features likely to be biogenic
(e.g., specialized cell types known in modern biology, evidence of cell division in paired unicells [83,84],
colonial organization, chemical and isotopic signatures suggestive of living systems, and spatial
distributions of carbonaceous remains suggestive of biologic origin such as association with potential
biofilms and mat-type architectures [9,10,13]). However, the earlier geochemical investigations lacked
the refinements discussed in Waldbauer et al. [25] and French et al. [82] for addressing syngeneity of
soluble extracts as well as those introduced by Derenne et al. [26] and Marshall et al. [27] for elucidating
molecular composition of syngenetic components of kerogen. Similarly, the previous body of studies
lacked application of the newer technologies for in situ analysis of micrometer-to-sub-micrometer-scale
chemical structure and elemental/isotopic composition.

Cady et al. in 2003 [10] discussed the use of high resolution transmission electron microscopy,
Raman spectroscopy, ion microprobe analyses, synchrotron X-ray tomography, and time of flight-SIMS,
and they stressed the value of optimizing these techniques to acquire multiple characteristics of the
same structure. To a large extent, the last decade has seen that sort of advancement. Researchers have
realized the limitations of trying to determine biogenicity solely on a single type of analysis.
Accordingly, recent strategies for demonstrating biogenicity have linked chemical, isotopic,
and molecular signals with morphological evidence for life. These correlative approaches have
improved our understanding of the nature and potential origin of problematic and controversial
structures and material. For example, in 2007, McKeegan et al. [72,73] used Raman imagery to create
a high resolution, 3D map of a quartz-enclosed, apatite-hosted graphite particle in >3830 Ma Akilia
supracrustal rocks from West Greenland. They used that map to characterize the spatial relationships
of that inclusion to the surrounding minerals prior to SIMS analysis for §'3C. This combination of data
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allowed confirmation of the existence of isotopically light graphitic particles in the Akilia sample.
Another example is the 2013 work by Lepot et al. [19] who used combinations of Raman spectroscopy,
petrography, and SIMS for both H/C and §"3C to conclude that organic constituents in the ~3.35-3.43 Ga
Strelley Pool Formation are most likely biogenic and syngenetic. Finally, Cady et al. [10] also
singled out biotic trace element distributions as a new criterion for establishing biogenicity,
and it was the identification of biotic trace elements coupled with macromolecular organic structure
that led De Gregorio and colleagues to favor a biogenic origin for organic structures in the ~3.46 Ga
Apex chert [63,64].

The advances in in situ analyses should be especially useful in assessing poorly preserved,
fragmentary organic residues that might be found in some of Earth’s oldest, Archean rocks and
potentially in extraterrestrial samples. Such materials are unlikely to exhibit the excellent organic
preservation known from many Proterozoic cherts in which delicate cellular structures are
three-dimensionally permineralized by the silica. These newer techniques enhance our abilities to
identify the chemistry of minute carbonaceous fragments and, at the same time, determine the spatial
relationships of such fragments to surrounding mineral and organic constituents—both aspects being key
components of a strategy to assess the biogenicity and syngeneity of organic matter in geological materials.

4. Future Directions

Many of the techniques discussed by Cady et al. in 2003 [10] have matured over the past decade.
Others, such as NanoSIMS, SIMS-based isotopic composition of individual microstructures, confocal
laser scanning microscopy, and 3D Raman and fluorescence spectroscopy are relatively new in
paleobiological or astrobiological studies and are being used in new applications. While transmission
electron microscopy of FIB sections is also relatively new, the study by Wacey et al. [61] illustrates
that the ultrastructure of organic structures is greatly affected by silicification. This effect was also
seen in ultrastructural studies of excellently-preserved microfossils from the Neoproterozoic Bitter
Springs Formation [85]. These observations may suggest a limited utility for ultrastructure in some
ancient, permineralized microfossils. The FIB-scanning electron microscopy study of Wacey et al. [61]
illustrates 3D images of surface structures, reminiscent of images obtained with confocal laser
scanning microscopy, and the combination of these techniques with in situ chemical and molecular
analyses are likely to provide new avenues for future study. Scanning-transmission X-ray microscopy
and kerogen hydro-pyrolysis/spectroscopy are among the newest techniques, and procedures are still
being assessed and refined. L°MS has been used mainly in meteorite studies, but with its recently
increased sensitivity and resolution, this technique may find future applications in studies focused on
in situ molecular signatures of ancient terrestrial organic materials.

Perhaps, one of the most interesting and challenging results in recent years is the conflicting
evidence for syngeneity of Archean biomarkers. The 2014 report by French et al. [82] on core samples
from the Pilbara failed to detect alkanes, hopanes, or steranes. Those cores and samples were acquired
using the most stringent protocols. Moreover, analysis of a core drilled in earlier years from the same
formation demonstrated an abundance of hydrocarbons, now attributed to likely contamination
introduced during drilling, sampling, and storage. These results cast doubt on other studies of ancient
biomarkers and bring into focus the controversy that has existed for some years regarding the
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syngeneity of Archean molecular fossils in soluble extracts (e.g., compare [86] with [87,88]).
Nevertheless, it is conceivable that other localities may have been richer in organic matter originally,
and/or that they experienced geologic histories that were more favorable to preservation of syngenetic
organic materials. Clearly, this will be an area of future investigation that should lead to new protocols
for sample collection and analysis as well as insight into the importance of optimal depositional
settings and geologic histories for the preservation of syngenetic biomarkers. The recent work [26,27]
on kerogen pyrolysis does imply that syngenetic biomarkers exist and can be detected in some types of
Archean rocks. While there is some disagreement over interpretations (e.g., [27]), we expect this
approach to be applied to many more deposits in the near future. In fact, assessment of syngenetic
biomarkers in kerogen may play a significant role in distinguishing biomarkers in soluble organic
fractions and separating syngenetic constituents from post-depositional contaminants.

Future investigations should also include the search for potential organic biosignatures in
sedimentary rocks other than chert. Cherts are chemical precipitates in which organic microfossils with
high morphological fidelity can be preserved by permineralization. Accordingly, most of the information
we have about Precambrian life comes from ancient chert deposits. However, cherts represent only one
type of sedimentary facies. Other rock types represent different environments of deposition and may
include remnants of biological communities that are not preserved in cherts. For example, shales are
clastic sedimentary rocks that are more common than chert in the geologic record on Earth and they
can be rich in organic matter. While they may be more susceptible to post-depositional contamination
by migrating fluids (since they lack the interlocking grain structure of chert that can isolate syngenetic
organic materials), their high organic carbon content makes them reasonable candidates for applying
the advanced geochemical evaluation methods to assess the biogenicity of kerogen and soluble
extracts. Moreover, even though most shales lack structurally preserved, organic microfossils
recognizable by optical microscopy, some Archean grey shales and siltstones preserve surprisingly
large spheroidal, organic microfossils [89] that illustrate a previously unknown microbiota, presumably
unique to the grey shale/siltstone facies. Accordingly, even though abrasion, compression, and bacterial
degradation during clastic deposition and burial may physically damage many morphological remains
of ancient organisms in many shales, it is likely that small fragments of syngenetic microorganisms
may exist within a variety of Archean siliciclastic deposits. The newer in situ techniques would be
ideal for analyzing such fragments of organic matter. Additionally, because shales and siltstones
represent sedimentary facies that are distinct from that of cherts, studies of organic residues in these
types of sedimentary rocks should provide insight about the biological constituents of different
ecological niches, adding to our understanding of the diversity of life on the early Earth. Similarly,
other rock types, such as gypsum [90], impact glasses [91,92], vesicular pillow basalts [93], and even some
metamorphic rocks [94] which can preserve organic fossils on Earth, should be evaluated as targets in
the search for evidence of earliest terrestrial life or potential extraterrestrial life.

The techniques described above could play important roles in assessing the origin of organic matter
that may exist in meteorites. Though organic matter in carbonaceous meteorites is abiotic, that does not
preclude the potential for biogenic organic matter to be preserved in stony meteorites from other
planetary bodies, such as Mars. While the origin of such organic matter will be controversial, the key to its
evaluation will lie in studies using a combination of in situ, micrometer-to-sub-micrometer-scale
techniques for assessment of elemental composition, chemical structure, molecular constituents,
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morphology, and carbon and hydrogen isotopic composition e.g., [50,95]. In addition, establishing
syngeneity of such organic carbon in meteorites will be equally critical because of the possibility
that meteorites can be contaminated with terrestrial microbes or soluble organics. Meteorites, in their
fall to Earth, may preferentially break along pre-existing fractures or planes of weakness that could
have been sites of migrating fluids in an extraterrestrial setting. Such features would be interesting
because they could contain remains of potential extraterrestrial, endolithic life forms. Caution is
warranted, however, as fractures and weak zones will also be preferential sites for Earth-based fluid
incursion and invasion by terrestrial microbes. Discrimination between terrestrial contaminants and
organic matter of potential extraterrestrial origin will be facilitated by many of the advanced
techniques discussed in this review.

5. Conclusions

The toolkit for assessing biogenicity and syngeneity of organic residues in sedimentary rocks has
grown considerably in the past decade. A variety of new technologies now exists for both in situ organic
analysis and assessment of bulk isolates of kerogen and soluble organics. The in situ techniques can play a
critical role in establishing composition and spatial context of micrometer-to-sub-micrometer-scale organic
residues while the advanced methods for analysis of kerogen and soluble organics have the potential to
reveal previously undeterminable syngenetic biomarkers that can provide new insights into metabolism
and evolutionary relationships of early life on Earth. Future refinement is expected particularly in the
areas of SIMS for isotopic studies, L?MS, kerogen pyrolysis, and kerogen analysis by synchrotron-based
scanning-transmission X-ray microscopy. Organic matter isolated from rock types other than chert
(e.g., shales and siltstones, gypsum, volcanics, and impact glasses) is likely to play an increasingly
important role in our understanding of early terrestrial life. Continued study of biomarkers in Archean
shales should clarify the prevalence of contamination in ancient shales, and guidelines are likely to be
defined that will aid in sample selection and methods of analysis that will maximize recovery of
syngenetic, soluble organic components. Studies using combinations of analytical methods will be
particularly important in determining the significance of problematic and controversial organic
materials. These are the sorts of materials that commonly occur in some of Earth’s oldest rocks and
that might be found in extraterrestrial materials in the course of searching for evidence of life beyond
Earth. We expect that the next decade will bring a host of new discoveries based on many of the
techniques described herein, and that these discoveries will provide new insight into the origin and
early evolutionary history of life on Earth and the potential existence of life beyond Earth.
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