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Sedimentary organic matter is formed by diagenesis (reactions in sediments up to 60°C, Tegelaar
et al., 1989) and catagenesis (those >100°C induced by thermal cracking, Tissot and Welte, 1984)
of biological material introduced during deposition from primary producers. Over 90% of this
sedimentary organic matter is a non-hydrolyzable (i.e., immune to acid–base hydrolysis) macrop-
olymer called kerogen (de Leeuw and Largeau, 1993) that does not dissolve in organic solvents and
produces petroleumupon catagenesis (Tissot andWelte, 1984). The composition and type of kerogen
is heavily dependent on the nature of the biological input (de Leeuw et al., 2006), the environment
of deposition (Goth et al., 1998), and the preservation pathway (diagenesis, Briggs, 1999). Both
diagenesis and catagenesis can be simulated in the laboratory using P-t apparatus (Stankiewicz et al.,
2000) and environmental decay experiments (Briggs, 1999; Gupta et al., 2009).

Kerogen formation is generally attributed to neogenesis (Tissot and Welte, 1984), in which sedi-
mentary organic matter is formed by random intermolecular polymerization and polycondensation
of biological residues (e.g., amino acids, sugars, and lipids) including melanoidins or the Selective
Preservation of resistant biosynthesized macromolecules that undergo limited chemical change
during diagenesis (i.e., they remainmorphologically and chemically recognizable as organic remains
in the sedimentary rock; Goth et al., 1998). Selective preservation which has gained widespread
acceptance as a counter thesis to neogenesis since the mid-1980s posits that aliphatics in fossil
organic matter are derived from highly aliphatic and resistant (insoluble and non-hydrolyzable)
biopolymers in living organisms, such as algaenan (present in algae; Goth et al., 1998), cutan (present
in plant leaves;Mösle et al., 1998), and suberan (present in suberinized vascular tissue, de Leeuw and
Largeau, 1993). These survive decay more readily than labile biopolymers such as polysaccharides,
proteins, and nucleic acids (Tegelaar et al., 1989). A thorough geochemical analysis of organic
fossil matter using high-resolution spectroscopy in conjunction with mass spectrometry [such as
in Goth et al. (1998)] and laboratory analytical chemistry methods (de Leeuw and Largeau, 1993)
establishes the diagenetic pathway degree of biological preservation (Briggs, 1999) and insights
into geochemical transformation of biomolecules to geomolecules (Gupta et al., 2009). Organic
sulfurization (Kok et al., 2000) and oxidative reticulation of unsaturated cross-linkages in reacting
molecules (Riboulleau et al., 2001) offer mechanistic insights through analysis and case study of
modern (extant) and fossil material (discrete) or those disseminated in sediment as kerogen. In
light of this, this synthesis opinion article focuses on complimentary and conflicting arguments
from plant fossil analysis, their widespread relevance, the biochemical description of contributors,
insights from controlled laboratory experiments (decay), and simulated autoclave experiments in
pressure–temperature regimes from 270 to 350°C (Stankiewicz et al., 2000).

Morphology and chemical structure of fossil leaves from the Ardèche diatomite (Late Miocene,
from southeast France) were detected using pyrolysis–gas chromatography–mass spectrome-
try, tetramethylammoniumhydroxide (TMAH)-assisted pyrolysis, micro-FTIR, and solid-state
13C NMR spectroscopy to improve understanding of these questions (Gupta et al., 2007a).
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These revealed the presence of benzene derivatives, lignin,
pristenes, fatty acids, and an aliphatic geopolymer (insoluble in
organic solvents, hence recalcitrant) similar in composition to
kerogen. Modern leaves failed to reveal the presence of cutan
(the aliphatic biopolymer that has been posited to be the direct
source of aliphatics in leaf fossils), thereby precluding selective
preservation of cutan as the source (Gupta et al., 2007a). TMAH-
assisted pyrolysis (an online hydrolysis method) supported this
argument by releasing incorporated fatty acyl moieties ranging in
C number from C8 to C32 from the macromolecule. The C10 to
C32 acid units are characteristic of the free fatty acid from epicu-
ticular waxes in modern leaves and also phospholipid fatty acid
(PLFA) fraction of cell membranes (Gupta et al., 2007a) indicating
their direct chemical incorporation in the fossil leaf geopolymer.
Such lipid cross-linking is seen in fossil dinoflagellates as well
(Versteegh et al., 2004). Cutan, the resistant non-hydrolyzable
aliphatic biopolymer present inmodern leaves (Mösle et al., 1998),
was first reported in the cuticle of Agave americana and has
generally been considered ubiquitous in leaf cuticles along with
the biopolyester cutin. Because leaves and cuticles in the fossil
record almost always have an aliphatic composition (Mösle et al.,
1998), cutan has been argued as the source biopolymer, especially
for the aliphatic component >C20. However, Gupta et al. (2006a)
analyzed modern leaves using chemical degradation techniques

to test for the presence of cutan in multiple taxa concluding its
absence in 16 out of 19 taxa analyzed (including gymnosperms
and angiosperms). Cutin that forms the protective biopolymer-
polyester in modern leaf cuticles (with C16 and C18 hydroxy fatty
acids as abundant components) also acts as a possible source in
fossils (Mösle et al., 1998; Gupta et al., 2007a). Other studies that
offer similar examples of geopolymer formation in fossils include
insects (Briggs, 1999; Stankiewicz et al., 2000), graptolites (Gupta
et al., 2006b), kerogen (showing oxidative cross-linking with
less selective preservation; Riboulleau et al., 2001), sporopollenin
(Watson et al., 2012), and fossil algae (Versteegh et al., 2004).

Degradation of polysaccharides by microbes is dictated by the
presence of polysaccharide utilization loci (PUL) in genomes of
microbes that dictates which sugars can be utilized by the micro-
bial consortia for energy. Hence, studies have been conducted to
understand the relative rate of decay of plant biopolymers (Gupta
et al., 2009 and references therein), e.g., by analysis of modern
(decaying) and fossilMetasequoia leaves. These revealed the pres-
ence of structural polyester cutin, guaiacyl lignin units (typical of
gymnosperms), and polysaccharides. Analysis of environmentally
decayed leaves revealed that the lignin units and cellulose were
degraded more relative to cutin, suggesting that cutin is likely
more stable than lignin and cellulose in this environmental set-
ting. This is supported by electron microscopy of changes in the
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FIGURE 1 | A concept diagram proposing and integrating the pathways of organic matter preservation in tandem with selective preservation (that
requires presence and limited change of precursor recalcitrant biopolymer).
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cellular structure and cuticle of the modern, decayed, and fossil
Metasequoia (Gupta et al., 2009).

Experimental heating of cutin is known to generate an aliphatic
polymer with carbon chain length <C20 (Gupta et al., 2007b),
demonstrating that the n-alkyl component >C20 is a product of
incorporation of long-chain plant waxes (indicated by the odd
over even predominance of the >C27 n-alkanes) when cutan is
absent in the modern leaf. The resistant nature of cutin com-
pared with lignin and polysaccharides explains the ubiquitous
presence of an n-alkyl component (<C20) in fossil leaves even
when polysaccharides are absent and lignin has decayed (Gupta
et al., 2009). Experimental maturation of cutan, cutin, lipid waxes,
lignin, and polysaccharides in plant leaves (and model com-
pounds – 270 to 350°C, 700 bars) generated a resistant non-
hydrolyzable aliphatic macromolecule similar to that detected in
plant fossils (Gupta et al., 2007b); Stankiewicz et al. (2000) used
similar methods for insects. By comparing the products derived
frommaturation of different pre-treated plant tissues, these exper-
iments demonstrated that lipids are incorporated into the macro-
molecular material at 350°C (Gupta et al., 2007b; Figure 1 shows
a new integrated concept diagram). Thus, they indicate that labile
organic compounds are a potential source of the aliphatic com-
ponent of fossil organic matter and kerogen in the absence of a
resistant aliphatic precursor in the living organism.

The mechanism leading to the formation of aliphatic com-
ponents in petroleum from algal sources in marine kerogens is
posited to derive from algaenan present in outer cell walls of algae

(Goth et al., 1998). Experiments on the non-algaenan-producing
alga Chlamydomonas reinhardtii at 260 and 350°C revealed a
macromolecule with significant aliphatic component (Gupta et al.,
2014) similar to that in the modern leaf experiments, also similar
to high H content kerogens; derived directly from saturated and
unsaturated C16 and C18 fatty acids here. The presence of amides,
nitriles, and oximes in the heated algae is due to the reaction
of lipids with the N-containing protein molecules as also seen
in heated insects (Gupta et al., 2014). Scenedesmus quadricauda
at 350°C (an algaenan-containing green alga – as a control)
demonstrated survival of algaenan at these temperatures. Anal-
ysis of the solvent-insoluble residue of heated cyanobacterium
(Oscillatoria sp.) and Rhodopseudomonas palustris (purple non-
sulfur-containing bacteria) similarly produced a macromolecule
with high aliphatic content in these studies. Algaenan thus does
not give rise to a ubiquitous aliphatic composition in marine
sedimentary organic matter (Goth et al., 1998) as a preserved
biopolymer. These renew interests and caveats in organic diage-
nesis and selective preservation of biopolymers (such as algaenan
and cutan) and their effect on long-term carbon sequestration (de
Leeuw, 2007), where occurrence of recalcitrant biomolecules is
limited in modern taxa.
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