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5 Chemical stratigraphic concepts and tools

5.1 Biologically mediated transformations

5.1.1 Introduction

It is possible to assess sedimentary contributions in contemporary environments from the microscopically
identifiable remains of organisms, particularly inorganic skeletal material (e.g. calcareous and siliceous
tests). Unfortunately, these components do not always survive in older sediments, but molecular evidence
may, particularly in the form of biomarkers: lipid-derived compounds that can be traced to particular
biological precursor molecules (e.g. Cranwell 1982). The application of molecular palaeontology (or
chemotaxonomy) to ancient sediments requires an understanding of how individual compounds and
groups of compounds can be used to identify contributions from extant organisms in Recent (i.e. Holocene)
sediments and of what changes these compounds undergo during diagenesis and subsequent
catagenesis.

Early on in the sedimentary process – in water-column particulates and in the top of the sediment pile
– some organic compounds exist as largely unaltered constituents of the source organisms. Depending
on the specificity of these compounds, it may be possible to gain an idea of the types of organisms
contributing to the sedimentary organic matter and even to estimate their relative contributions. While
considering the composition of organic material in organisms in Chapter 2 some examples of the specificity
of compounds to groups of organisms were given. This specificity is not restricted to lipids, although
certain lipid classes have received most attention because of their general ease of analysis (see Box
5.1).

In young sediments, biomarker distributions can usually be used to distinguish between contributions
from major groups of organisms (e.g. eubacteria, archaebacteria, algae, higher plants), broadly
corresponding to the division (phylum) level (e.g. algae, spermatophytes). Distinction is also usually possible
at the next taxonomic level (e.g. algal classes of Chlorophyceae, Phaeophyceae and Dinophyceae;
spermatophyte subdivisions of angiosperms and gymnosperms; see Box 1.8), but becomes increasingly
difficult as the species level is approached. This is because there are relatively few examples of compounds
exclusive to a family of organisms, which demonstrates the evolutionary relationship between the extents
of biochemical and physiological diversification. However, a distinctive combination of biomarkers may
be sufficient to identify a contribution from a family (or even species), providing it can be reasonably
ensured that such a pattern may not arise from the combined contributions of other organisms (C isotopic
composition can play a vital role here; see Section 5.8). Absolute quantification of inputs of sedimentary
organic matter using biomarkers alone is difficult, because it requires information on their abundance
relative to total organic matter in a given organism (which can vary, depending on environmental conditions;
see Section 2.7.1) and the relative stabilities of biomarkers in the sedimentary environment.

5.1.2 General differences between major groups of organisms

The more obvious compositional differences occur between the major groups of organisms, for example
lignin, composed of polyhydroxyphenol units (Section 2.5.1), is present only in the higher plants, and
particularly the woody varieties. Another characteristic of higher plants is the presence of waxes as
protective coatings on leaves. In other organisms such coatings are usually biopolymers of carbohydrates
or amino acids. The major wax components are saturated, straight-chain fatty acids with >22 C atoms
together with components of similar structure which are biosynthetically derived from these acids, including
straight-chain alcohols (n-alkanols) and alkanes (n-alkanes). This biosynthetic relationship is reflected in
an even-over-odd predominance (EOP) in carbon numbers for the fatty acids and alcohols, whereas the
alkanes, which result from decarboxylation of fatty acids (i.e. loss of CO2), exhibit a corresponding odd-
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over-even predominance (OEP; see Eqns 2.7, 2.8 and Section 2.4.2a). In contrast, in microorganisms
and multicellular algae the major saturated, straight-chain fatty acids and their biosynthetically related n-
alkanes and n-alkanols generally have <22 C atoms. A higher plant contribution to Recent sediments is,
therefore, usually readily identified, although there are exceptions to this general rule. For example, the
fresh/brackish-water alga Botryococcus braunii can potentially produce an OEP in the nC25–nC31 range
(Metzger et al. 1985).

Contributions from photosynthesizing organisms are characterized by various chlorophyll and related
tetrapyrrole pigments. Chlorophyll-a is present in all plants and the cyanobacteria, while various
bacteriochlorophylls are dominant in photosynthetic bacteria. Higher plants and green algae also contain
chlorophyll-b, whereas brown algae contain chlorophyll-c. As demonstrated in Section 2.4.3g, carotenoid
accessory pigments can be useful markers for groups of photosynthetic organisms. Some non-
photosynthetic microorganisms contain characteristic carotenoids, such as the C50 bacterioruberin (Fig.
5.1) that confers the red colour to colonies of halophilic bacteria.

Various terpenoids can be specific to certain groups of organisms. Higher plants contain many types
of terpenoids, some of which may be present in relatively large amounts in the more resinous woody
plants. Bacteria do not appear to contain sterols, unlike eukaryotes, and make use of other compounds in
the role of cell membrane rigidifiers. Among these compounds are hopanoids, which are found in eubacteria
– mainly aerobes, but also some anaerobes (purple non-sulphur bacteria and planctomycetes; Pancost
& Sinninghe Damsté 2003; Sinninghe Damsté et al. 2004) – but are rare in other organisms. Archaebacteria
contain phospholipid ethers, and the biphytanyl ethers present in thermoacidophilic and methanogenic
species are diagnostic.

In Section 5.2 the chemotaxonomic application of some compound groups is examined in a little more
detail, but first it is useful to consider some of the variations that can occur in the lipid constituents of
individual organisms.

Box 5.1 Free and bound lipids

Analysis of sedimentary biomarkers involves extracting the sediment with a suitable combination
of organic solvents, usually followed by some separation procedure(s) in order to aid component
identification by providing less complex mixtures. Solvent extraction on its own removes the free
lipids, but a proportion, the bound lipids fraction, remains bonded to insoluble polymeric material
in the sediment. Bound lipids are subsequently extracted following hydrolysis of the sediment
residue, which breaks the bonds between the remaining lipids and insoluble matrix (e.g. Goossens
et al. 1986). The free lipids usually contain a substantial proportion of compounds in which two
classes of components are chemically bonded together, such as fatty acids and fatty alcohols in
wax esters. In contrast, the hydrolysis step during extraction ensures that the bound lipid fraction
does not contain such combined components. The amount of combined components in the free
lipids fraction depends on the degree of hydrolysis that has occurred during diagenesis, a process
that releases individual components (e.g. fatty acids and sterols from steryl esters). Because of
this, hydrolytic cleavage of the remaining combined components in the free lipids is often undertaken
in the laboratory, enabling distributions within a compound class (e.g. total fatty acids) to be
examined, although techniques are available for analysing combined components. With increasing
burial, the amount of free lipids usually decreases during the formation of insoluble kerogen, while
changes in bound lipids reflect changes in kerogen composition. It can be informative, therefore,
to analyse free and bound components separately.
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5.1.3 Factors affecting the lipid composition of organisms

There are various factors that affect the biomarker distributions in individual organisms, some of which
were mentioned in Section 2.7.1, such as the decline in storage lipids in zooplankton during times of poor
nutrient availability. Light levels are important for plants because they affect the production of chloroplast
pigments in green tissue, while the lipid content of roots increases during periods of salt stress and
drought due to a proliferation of internal membranes.

Lipid content varies with tissue type within organisms and so the degree to which different tissues are
preserved can be important. For example, 18:1 and 18:2 account for c. 75% of the fatty acids in the beans
of soya plants, whereas its leaves contain only c. 20% of these acids but c. 55% of 18:3. There are also
morphological changes in the life-cycles of plants, fungi and bacteria during which membranes, organelles
and storage tissues appear and disappear. Lipids are important constituents of such tissues and so they
also vary. For example, specialized pigments (e.g. carotenoids) are important during flowering but
triglycerides are important as energy reserves when seeds are set. Most plant lipids (c. 80%) are found in
the chloroplasts (particularly as chlorophylls). In bacteria, lipid synthesis increases rapidly just prior to
cell division, while the lipid content of mycelium generally increases rapidly during the vegetative growth
of fungi, and fungal spores also contain lipid-rich bodies which serve as energy reserves.
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Fig. 5.1 Some biomarkers of microbial origin.
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As temperature decreases higher plants and microorganisms maintain the fluidity of their cell membranes
by lowering the melting point of the constituent lipids. This can be achieved by increasing the proportion
of unsaturated fatty acids and, in bacteria, by producing more anteiso (cf. iso) fatty acids of shorter
average chain length. The nature of the substrate can also significantly affect the lipids synthesized by
bacteria. High L-valine or L-leucine content leads to an increase in iso-branched acids, whereas anteiso
acid production is favoured by high concentrations of L-isoleucine. Among the sulphate-reducing bacteria,
Desulfobulbus produces mainly even-numbered acids from combined H2 and CO2, mainly odd-numbered
acids from propionate (CH3CH2COO−), but a mixture of odd and even acids when grown on lactate
[CH3CH(OH)COO−; Taylor & Parkes 1983].

5.2 Examples of source indicators in Recent sediments

In this Section two of the most intensively studied classes of biomarkers are examined: fatty acids and
sterols. The units from which polysaccharides and lignins are formed (i.e. monosaccharides and phenolic
compounds, respectively) can be analysed as readily as biomarkers and the source-related information
that their distributions can convey is also considered.

5.2.1 Fatty acids

Fatty acids are widely occurring compounds that fulfil a variety of roles, such as cellular membrane
components (e.g. phospholipids), energy stores (e.g. triglycerides) and protective coatings (e.g. wax
esters). They occur in either free or bound forms, although mostly the latter within organisms (bonded
through the ester linkage to other compounds). More than 500 fatty acids are known in plants and
microorganisms, but the most abundant are relatively few in number, palmitic acid (16:0) being the most
common (see Table 2.4 for examples and Box 2.7 for notation scheme). In higher plants seven fatty acids
account for c. 95% of the total in combined leaf tissues and seed oil: 12:0, 14:0, 16:0, 18:0, cis-18:1ω9,
cis,cis-18:2ω6 and cis,cis,cis-18:3ω3 (Harwood & Russell 1984). The fatty acids of multicellular algae are
generally similar to those of the higher plants. The three C18 unsaturated acids are also often abundant in
unicellular green algae together with 16:4ω3 (Johns et al. 1979). All fungi appear to contain 16:0, 18:0
and C18 unsaturated fatty acids (Harwood & Russell 1984).

As noted in Section 5.1.2, among the saturated straight-chain fatty acids, long-chain (generally C24–
C36) components with an EOP are characteristic of contributions of higher plant detritus to sediments.
Chain length is, therefore, a useful broad – although not infallible – indicator of source type, as will
become apparent. More specific information can, however, be obtained from unsaturated, branched and
hydroxy acids.

(a) Monounsaturated fatty acids

There is biological preference for the cis configuration at C=C bonds (although some clay-catalysed
isomerization to the trans form can occur in sediments). The fatty acid 18:1 is generally either ω9 (oleic
acid), which is common in animals, higher plants and algae, or ω7 (cis-vaccenic acid), which is particularly
abundant in, although not exclusive to, bacteria (Harwood & Russell 1984). Like 18:1, 16:1 is also often
an abundant acid in Recent sediments and exhibits a similar differentiation between predominantly
bacterially derived ω7 and algally derived ω9 isomers (although 16:1ω7 is a major fatty acid of diatoms).
This differentiation arises because of different pathways of fatty acid biosynthesis. Along the aerobic
pathway (described in Section 2.4.1a and Fig. 2.13), unsaturated acids can be formed by the action of
desaturase enzymes, resulting in ω9 compounds. In contrast, the anaerobic pathway operates in all
anaerobic and many aerobic and facultatively aerobic eubacteria, again resulting in fatty acids with even
numbers of C atoms. However, in this pathway enzymatic dehydration of an intermediate gives rise to a
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C=C bond with either cis-ω8 or trans-ω7 configuration. The trans isomer can undergo the usual enzymatic
reduction to saturated fatty acids but the cis isomer cannot, leading to ω7 unsaturated products (Harwood
& Russell 1984). This biosynthetic route also appears to produce ω5 C=C bonds.

Not all monounsaturated fatty acids are biosynthesized as cis isomers with even numbers of C atoms.
For example, trans-16:1ω7 and trans-18:1ω7 may be bacterial markers, whereas trans-16:1ω13 is produced
by photosynthetic bacteria and some phytoplankton but not cyanobacteria (Johns et al. 1979). The fatty
acid distributions of cyanobacteria can be quite variable, with some exhibiting major 16:0 and 16:1ω7,
while others have abundant 18:1ω9. The odd-numbered acids 15:1 and 17:1 with ω6 or ω8 C=C bonds
are bacterial markers, produced by the anaerobic biosynthetic route. Among the sulphate-reducing bacteria,
17:1ω8 appears to be characteristic of Desulfobulbus (Taylor & Parkes 1983).

(b) Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) are biosynthesized from saturated fatty acids by the action of
desaturase enzymes (Section 2.4.1a), and many are probably formed by chain-shortening of 24:6ω3
(Volkman et al. 1998). Most bacteria do not contain fatty acids with more than one C=C bond, but C20 and
C22 PUFAs are common among phytoplankton (Harwood & Russell 1984). For example, many planktonic
algae (e.g. eustigmatophytes, haptophytes and dinoflagellates) have high concentrations of 20:5ω3 and/
or 22:6ω3, although marine invertebrates can also be important contributors of 22:6ω3. In contrast,
chlorophytes contain mainly 18:2ω6 and 18:3ω3, the latter also being common in higher plants (Harwood
& Russell 1984; Volkman et al. 1998). Dinoflagellates often contain abundant 18:5ω3, but it is also present
in many other phytoplankton (e.g. some prasinophytes, raphidophytes and haptophytes).

Of the three commonly occurring 16:2 isomers in marine phytoplankton (ω4, ω6 and ω7) only the ω4
and ω6 isomers appear to be present in the macroscopic green, red and brown algae, while ω4 and ω7
are the common isomers in diatoms (Volkman & Johns 1977). Abundant 16:3ω3 suggests an input from
green algae. Diatoms are different from other algae in exhibiting a characteristic distribution of 16:0,
16:1ω7, 16:3ω4, 20:4ω6 and 20:5ω3, together with low amounts of C18 components. The presence of
16:3ω4 may be diagnostic of diatoms.

(c) Iso and anteiso methyl-branched fatty acids

These branched acids can be source-specific and they are rarely unsaturated. They are formed by the
incorporation of branched amino acids into the biosynthetic pathway, yielding iso and anteiso acids, as
noted in Section 5.1.3. Iso and anteiso saturated fatty acids are found in fungi, molluscs and phytoplankton,
but they are generally in higher levels in bacteria and are often observed in the
C13–C17 range (Harwood & Russell 1984). The C15 isomers (Fig. 5.1) are usually particularly abundant in
bacteria and the ratio (iso+anteiso)/normal derived from C15 components can be used as an indication of
relative bacterial contributions (Parkes & Taylor 1983). Similarly, the ω8 isomers of iso-15:1 and iso-17:1
are bacterial markers (Perry et al. 1979), and iso-17:1ω7 is characteristically a major fatty acid in the
sulphate-reducing bacteria Desulfovibrio desulfuricans (Taylor & Parkes 1983).

(d) Internally branched and cycloalkyl fatty acids

Internally branched acids occur naturally, such as the 10-methyl (numbering from the acid-group end)
isomers of 16:0 and 18:0 found in fungi and bacteria. For example, 10-methyl 16:0 (Fig. 5.1) is characteristic
of Desulfobacter (Taylor & Parkes 1983). There are also cycloalkyl acids, such as 17:0 and 19:0 cyclopropyl
moieties. Cyclopropyl acids are more common in eubacteria than other organisms, but the position of the
cyclopropyl group is important. Out of the more commonly occurring cis-11,12 and cis-9,10 isomers of
19:0 and the cis-9,10 isomer of 17:0, only the cis-11,12 isomer (lactobacillic acid; Fig. 5.1) appears to be
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a specific (probably aerobic) bacterial marker (Perry et al. 1979); cis-9,10 isomers have also been found
in some terrestrial plants (Harwood & Russell 1984).

(e) Hydroxy fatty acids

α-Hydroxy acids (i.e. 2-hydroxy, the OH group is on the C atom next to the COOH group) and β-hydroxy
acids (i.e. 3-hydroxy, the OH group is situated on the next but one C atom to the COOH group) can be
formed as intermediates in the oxidation of monocarboxylic acids, although β-oxidation is more widespread.
In contrast to the fatty acids of most Gram-positive bacteria, which comprise mainly iso and anteiso fatty
acids <C22 with odd C numbers, those of most Gram-negative bacteria (which include most planktonic
bacteria) are generally dominated by the even C numbered, <C22, β-hydroxy acids present in
lipopolysaccharides (14:0 often predominates; Harwood & Russell 1984; Volkman et al. 1998). However,
β-hydroxy acids in the range C8–C26 have also been found in cyanobacteria (predominantly C14 and C16
in lipopolysaccharides) and some microalgae (Matsumoto & Nagashima 1984). Iso and anteiso isomers
of both C15 and C17 β-hydroxy acids are probably bacterial markers. Some freshwater eustigmatophytes
produce 26:0 to 30:0 β-hydroxy acids (Volkman et al. 1998).

Hydroxy acids are relatively minor components in fungi but they are the most common substituted fatty
acids in higher plants, particularly α-hydroxy acids (Harwood & Russell 1984). Saturated and
monounsaturated, C22–C26, α-hydroxy acids are major components in the cell walls of many marine
chlorophytes (Volkman et al. 1998). The 9,16- and 10,16-dihydroxy C16 and 9,10,18-trihydroxy C18 acids
that are abundant in cutin can be diagnostic of higher plant contributions to sediments (Cardoso & Eglinton
1983). Hydroxy acids >C22 with an ω-OH group (i.e. at the opposite end of the molecule to the COOH
group) are also vascular plant markers, derived from suberin (see Section 2.4.2b). ω-Hydroxy acids <C22
are not specific and may be derived from higher plants or bacteria. Even C-numbered C26–C30 (ω-1)-
hydroxy fatty acids have been found in some methylotrophes (Skerrat et al. 1992) and the C26 member is
produced by some cyanobacteria (Volkman et al. 1998). Higher plants also produce α,ω-diacids, although
these diacids can arise from bacterial oxidation of other compounds (see Section 5.3.3).

Mid-chain hydroxy acids are also found. Mosses (Bryopsida, a class of the Bryophyta) contain
monohydroxy acids, such as the 7- and 8-hydroxy C16 diacids in Sphagnum (Cardoso & Eglinton 1983).
Some marine eustigmatophytes contain C30–C34 ω18-hydroxy acids (Volkman et al. 1998).

5.2.2 Sterols

Sterols are found in both free and bound form (e.g. steryl esters and glycosides) in organisms. The
carbon-number distribution of regular (i.e. 4-desmethyl) sterols in young sediments appears to permit a
degree of distinction between the contributions of some groups of organisms. Phytoplankton usually
contain abundant C28 sterols (although diatoms can contain approximately equal amounts of C27, C28
and C29 sterols) while zooplankton, of which the crustaceans are the dominant class (copepods account
for c. 90% wt of the zooplankton), often contain abundant C27 sterols, particularly cholesterol (cholest-5-
en-3β-ol; Fig. 2.22). In contrast, the major sterols in higher plants are C29 compounds, β-sitosterol (24β-
ethylcholest-5-en-3β-ol) and stigmasterol (24β-methylcholesta-5,22E-dien-3β-ol), although campesterol
(24β-methylcholest-5-en-3β-ol), a C28 sterol, is also often abundant (see Fig. 2.22 for structures). Fungi
contain C27–C29 sterols but ergosterol (Fig. 2.22), a C28 compound, often predominates. Terrestrial and
marine invertebrates probably contribute a range of C27–C29 sterols.

A triangular plot of C27, C28 and C29 sterols can be an aid to differentiating marine, estuarine, terrestrial
and lacustrine environments (Fig. 5.2), based on the characteristic associations of contributing organisms
(Huang & Meinshein 1979). However, this approach to sterol distributions is very simplistic and may not
always provide accurate indications of contributing organism groups. For example, the C29 compound
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24-ethylcholest-5-en-3β-ol is found in higher plants and
many unicellular algae (Table 5.1). Nevertheless, the
configuration at C-24 can provide a degree of source
specificity, because it appears that higher plant-derived
C29 sterols usually possess a 24β-alkyl configuration
(e.g. 24β-ethyl in β-sitosterol and stigmasterol; Fig.
2.22), whereas many algae (including the chlorophytes
and dinoflagellates) biosynthesize sterols with the 24α-
alkyl configuration (Goad et al. 1974; Volkman 1986).
Unfortunately, C-24 epimeric pairs are not readily
separated by the gas chromatographic techniques
routinely employed in sterol analysis (Maxwell et al.
1980; see Box 4.3). In the absence of information on
C-24 configuration it can be difficult to determine the
precise origin of some sterols in Recent sediments.

Sterol distributions in phytoplankton vary
considerably, from dominance of a single component,

environment

open marine

lacustrine

estuarine/bay

terrestrial

C28

C29C27

phytoplankton

zooplankton higher
plant

Fig. 5.2 Sterol distributions (expressed as relative
amounts of C27, C28 and C29 components) in relation to
source organisms and environments (after Huang &
Meinshein 1979).

as in marine eustigmatophytes and some diatoms and haptophytes, to 10 or more major sterols, as in
some dinoflagellates. Many of the Chlorophyceae contain ∆7, ∆5,7 and ∆7,22 sterols (see Box 2.8 and Fig.
2.19a for numbering convention), but a few contain mainly 24β-ethylcholesta-5,22E-dien-3β-ol and
24β-methylcholest-5-en-3β-ol [i.e. the 24α(H) epimers of stigmasterol and campesterol, respectively].
Cholesterol occurs in variable amounts in most phytoplankton and is sometimes a major component.
Epibrassicasterol (24β-methylcholesta-5,22E-dien-3β-ol; Fig. 2.22), which is sometimes called diatomsterol,
is generally only a minor sterol in diatoms, and it is also found in other planktonic algae, but either 24-
methylcholesta-5,24(28)-dien-3β-ol (Fig. 5.1) or cholesterol is often a major component in diatoms. Either
cholesterol or epibrassicasterol is often abundant in haptophycean algae (including coccolithophores).
Dinoflagellates appear to be the most important source of C30 4α-methylsterols in sediments, although
some lack or contain only minor amounts of dinosterol (4α,23,24-trimethyl-5α-cholest-22-en-3β-ol; Fig.
2.22), and the freshwater species Ceratium furcoides has no 4-methylsterols (Robinson et al. 1987).
Saturated (5α) sterols are common in dinoflagellates but not in other phytoplankton, apart from some

Table 5.1 Characteristic major sterols in phytoplankton classes (after Volkman et al. 1998). Positions of unsaturation are given

by ∆ nomenclature (see Box 2.8), 4Me = 4-methylsterols, dinos = dinosterol. The Prochlorophyceae and Cyanophyceae do not

appear to synthesize sterols.

C27 C28 C29 C30

phytoplankton class ∆5 ∆5,22 ∆5 ∆5,22 ∆5,24(28) ∆7 ∆7,22 ∆5,7,22 ∆5 ∆5,22 ∆5,7 ∆5,24(28) 4Me dinos

Bacillariophyceae • • • • •

Bangiophyceae • • •

Chlorophyceae • • • • •

Chrysophyceae • • • •

Cryptophyceae •

Dinophyceae • • • •

Euglenophyceae • • • • •

Eustigmatophyceae • •

Haptophyceae • • • •

Prasinophyceae • • •

Raphidophyceae • •

Xanthophyceae • •
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diatoms and raphidophytes (Volkman et al. 1998).
Sterols have been reported in cyanobacteria, with ∆5 C27 and C29 usually dominating (Volkman et al.

1998). However, the biosynthesis of sterols by cyanobacteria is debatable (Ourisson et al. 1987; see
Section 2.4.3f), and recent studies have shown that the absolute abundance of sterols is usually low and
probably attributable to contamination (Summons et al. 2002).

5.2.3 Carbohydrates

The most abundant aldopentoses and aldohexoses resulting from hydrolysis of polysaccharides in
sedimentary organic matter are usually lyxose, arabinose, rhamnose, ribose, xylose, fucose, mannose,
galactose and glucose (see Fig. 2.6). The distributions of these monosaccharides can be used to
differentiate between various higher plant sources and to distinguish marine from terrestrial sources
(Cowie & Hedges 1984). However, the variability in carbohydrate composition that can occur in algae,
zooplankton and bacteria can make it difficult to differentiate these groups of the plankton.

Marine markers among the above pentoses are ribose and fucose. Ribose is present in many nucleotides
and RNA, which are relatively abundant in the metabolically active organisms of the plankton. Fucose is
used as a storage sugar by some plankton and bacteria, but it is rarely present in higher plants. In
vascular plants structural polysaccharides predominate and the total level of carbohydrates is significantly
higher than in marine organisms. Glucose is an important constituent of structural polysaccharides in
vascular plants, leading to high glucose:ribose ratios (>50 by wt). This ratio is usually lower in phytoplankton
but not always so, because of the extremely variable glucose levels in phytoplankton. However, the amount
of ribose or (ribose+fucose) relative to total monosaccharides excluding glucose is usually reliably greater
for planktonic than higher plant sources (Cowie & Hedges 1984).

Angiosperms (e.g. grasses and many deciduous trees) and gymnosperms (e.g. conifers) have
characteristically different hemicellulose composition. Xylose-containing components are in greater relative
abundance in angiosperms, whereas mannose-containing components are more abundant in
gymnosperms. A plot of xylose vs. ribose, expressed as levels relative to total monosaccharides excluding
glucose, can allow distinction of marine, angiospermous and gymnospermous sources (Fig. 5.3a).

Non-woody vascular plant tissue (e.g. leaves and grasses) contains more pectin than woody tissue,
resulting in higher relative abundances of arabinose and galactose. A plot of (arabinose+galactose) vs.
mannose, again evaluated as levels relative to total monosaccharides excluding glucose, allows distinction
of woody and non-woody angiospermous tissues and of the corresponding gymnospermous tissues
(Fig. 5.3b).
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Minor monosaccharides released upon hydrolysis of sediments can also provide source indications.
For example, the methoxy (i.e. O-methyl) monosaccharides 3-O-methylxylose and 6-O-methylmannose
are abundant in the coccolithophore species Emiliania huxleyi. Bacteria synthesize a wider range of
these components together with deoxy monosaccharides (Klok et al. 1984a).

5.2.4 Lignins

Lignin is an abundant component of vascular plants, and the phenolic units from which it is synthesized
are relatively stable towards chemical alteration but exhibit some compositional variation with plant type.
Lignin constituents are, therefore, potentially useful indicators of different types of vascular plant sources.
Alkaline oxidation of lignins from vascular plant tissue using copper(II) oxide (e.g. Hedges & Mann 1979;
Hedges & Ertel 1982) yields four groups of structurally related products: p-hydroxyphenyl, vanillyl (also
called guaiacyl), syringyl and cinnamyl groups (Table 5.2). There are sources of the p-hydroxyphenyl
group other than lignins, but the other three groups are usually diagnostic of lignin. Other than some rare
exceptions for the cinnamyl group, all members of a group are either present or absent in the oxidation
products of a particular vascular plant tissue. The levels of these groups in the woody and non-woody
tissues of gymnosperms and angiosperms are presented in Table 5.3.

Plots of the concentrations of any pair of the three oxidation product groups in Table 5.3 can be made.
That of syringyl vs. vanillyl generally allows differentiation of the four types of vascular plant tissue and
non-vascular plant material (Fig. 5.4a). It is not always simple to determine concentrations relative to the
total contribution of organic carbon from vascular plants in a sediment. It is simpler to calculate ratios of
the amounts of pairs of oxidation product groups, and the most useful plot of this type in distinguishing
the four main types of vascular plant tissues is cinnamyl:vanillyl vs. syringyl:vanillyl (Fig. 5.4b).

Similar distinction between lignin types is possible from the monomeric units obtained by pyrolysis
(Saiz-Jimenez & de Leeuw 1986). For example, softwood (i.e. woody gymnosperm) lignins yield vanillyl
derivatives (mainly coniferaldehyde and coniferyl alcohol), whereas hardwood (i.e. woody angiosperm)
lignins are characterized by vanillyl and syringyl units (mainly syringaldehyde, coniferyl alcohol and sinapyl
alcohol). The major pyrolytic products from bamboo lignin, which is representative of grass lignins, is p-
vinylphenol (vinyl = –CH=CH2).

R =

HO

RHO

H3CO

R

R

HO

HO

H3CO

H3CO

C

CC

H

HO

OH

C O

R =
R

C O

R = C O

H

CH3

OH

p-hydroxyl group
p -hydroxybenzaldehyde

p -hydroxyacetophenone

p -hydroxybenzoic acid

R = C O

R = C O

R = C O

H

CH3

OH

vanillyl (or guaiacyl) group
vanillin

acetovanillone

vanillic acid

R = C O

R = C O

R =

R =

R =

C O

H

H

CH3

OH

syringyl group
syringaldehyde

acetosyringone

syringic acid

OCH3

cinnamyl group

p -coumaric acid

ferulic acid

Table 5.2 Lignin oxidation products.



Killops & Killops
Introduction to Organic Geochemistry 189

Chapter 5
version 040801

5.3 Diagenesis at the molecular level

5.3.1 General diagenetic processes

(a) Carbohydrates and lignins

As noted in Section 4.1.2, carbohydrates are relatively labile sedimentary components and readily undergo
diagenetic changes; this can affect the interpretation of source indications based on monosaccharide
distributions. For example, glucose in its role as an energy storage carbohydrate is readily utilized, whereas
bacterial cell wall components are less readily degraded. The lignified material of higher plants is more
resistant towards degradation and can protect incorporated carbohydrates. The following order of increasing
stability has been noted for hardwoods: hemicellulose < cellulose < pectin < syringyl lignin units < vanillyl
and p-hydroxyphenyl lignin units (Hedges et al. 1985). Lignin and polysaccharide composition changes
from the inside to the outside of woody cell walls and the middle lamellar region appears to be preferentially
preserved, affecting the distribution of preserved components during diagenesis. The different relative
stabilities of the polysaccharides are reflected in the relative stabilities of their major constituent
monosaccharide units: xylose and mannose in hemicellulose; glucose in cellulose (often referred to as α-
cellulose); and arabinose, galactose and galacturonic acid in pectin.

(b) Biomarkers

During diagenesis biomarkers undergo the same main types of reactions as other biogenic organic
compounds: defunctionalization, aromatization and isomerization. Oxygen-containing functional groups
predominate among the lipid components at the start of diagenesis and their loss involves reactions such
as dehydration and decarboxylation. By the end of diagenesis these defunctionalization processes lead

Table 5.3 Lignin oxidation product distributions in different vascular plant

tissues (amounts are expressed as wt % of vascular plant organic

carbon; after Hedges & Mann 1979).

plant tissue syringyl cinnamyl vanillyl

non-vascular plants 0 0 0

non-woody angiosperms 1–3 0.4–3.1 0.6–3.0

woody angiosperms 7–18 0 2.7–8.0

non-woody gymnosperms 0 0.8–1.2 1.9–2.1

woody gymnosperms 0 0 4–13
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to the formation of hydrocarbons, either saturated or aromatic. Non-aromatic, unsaturated hydrocarbons
(alkenes) can be formed initially, such as sterenes from stenols, but they are reactive and do not survive
in the longer term. They may undergo rearrangement reactions, involving migration of C=C bonds before
being either hydrogenated to yield saturated hydrocarbons (alkanes) or, if the C=C bond is in a six-
membered cyclic system, dehydrogenated to yield an aromatic system. For example, the diagenetic
products of a sterol with a ring C=C bond (e.g. cholesterol) include the steranes, C-ring monoaromatic
steroidal hydrocarbons and their rearranged counterparts the diasteroids (see Fig. 4.25).

Biomarkers can undergo isomerization (the interconversion of isomers) during diagenesis and
catagenesis. A major isomerization process during diagenesis is the migration of double bonds in
unsaturated biomarkers, such as sterenes. Configurational isomerization at stereogenic centres (Section
2.1.3) can also occur during diagenesis but is mainly experienced at the higher temperatures associated
with catagenesis and the geochemical stage of coalification. Both isomerization processes involve the
movement of hydrogen, either in the form of a hydrogen radical (H., i.e. a hydrogen atom bearing a single
electron) or a hydride ion (H−, i.e. a hydrogen atom with an additional electron) depending upon whether
the hydrogen nucleus departs, respectively, with one or both of the electrons involved in its bonding to a
C atom. Mineral surfaces (e.g. clay particles) are believed to play an important role in these processes,
which are therefore geochemical rather than microbial.

Epimerization (see Section 2.1.3) converts the single, biologically conferred configuration at a
stereogenic centre into an equilibrium mixture of the two possible stereoisomers. The mechanism for the
loss and subsequent re-addition of hydrogen at an acyclic stereogenic C atom is shown in Fig. 5.5. The
intermediate involves a C atom bonded to only three groups and it has a trigonal planar geometry. The
hydrogen species can reenter the structure from either side and so there is an approximately equal
probability that the original or the opposite configuration is formed. The same process operates at cyclic
stereogenic centres, but the orientation of atoms on the groups surrounding the stereogenic C in the

en
er

gy

CH3H3C

CH3

CH3

C

CC

C

HH

HH

RR

R

R'R'

H3C

C
R

R'

R

R'

R'

..................

Eact

Fig. 5.5 Energy profile for epimerization at an acyclic
stereogenic centre, showing the transition from a
tetrahedrally bonded C atom to a trigonal planar
geometry in the intermediate (Eact = activation energy).

trigonal intermediate may partly hinder addition of H from
one side (steric hindrance). This leads to a higher
probability for the formation of one configuration, which
will be present in greater abundance in the final
equilibrium mixture. Configurational isomerization is a
reversible reaction (see Box 5.2) and so, ultimately, a
dynamic equilibrium is achieved between the two
possible configurations at a stereogenic centre. The
relative proportion of each configuration in the
equilibrium mixture depends on the effect of steric
hindrance; it is approximately 50:50 for acyclic
stereogenic centres because steric effects are about
the same for both isomers. Isomerization resulting in a
50:50 mixture of enantiomers (a racemic mixture) is
termed racemization.

5.3.2 Lipid diagenesis in the water column

It was noted in Section 3.3.1 that phytoplankton and their remains upon death sink only very slowly,
allowing ample opportunity for predation by zooplankton and degradation by microbial communities.
Sediment traps enable falling debris to be collected (which can be graded using filters of varying mesh
size) at different depths in the water column, providing information on the different communities present
at various depths and on the transportation of organic matter from the euphotic zone to the underlying
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sediments, although advection (horizontal transport) can complicate the analysis. Sediment trap
experiments have confirmed that only a small fraction of the primary production of the oceans reaches
the sediment, with most being recycled in the euphotic zone. Only the larger particulates reach the
sediment (generally >50 µm diam.), among which zooplanktonic faecal pellets can make a significant
contribution. After removing certain components from their diet of phytoplankton, the zooplankton excrete
by-products and unaltered phytoplanktonic remains (see Section 3.3.1). The distribution of lipids reaching
marine sediments can, therefore, be significantly modified by zooplanktonic grazing. In experimental
feeding of the copepod Calanus pacificus with the diatom Thalassiosora weissflogii the digestion efficiency
increased in the order: chlorophyll pigments < total organic C < total N, reflecting the importance of
polysaccharides and amino acids as nutrients for the copepod (Cowie & Hedges 1996). The intracellular
components of diatoms were also more efficiently digested than cell-wall polymers by copepods.

The role that zooplankton play in the transport of organic matter to sediments is particularly important
in the open oceans, where water depth is around 4000 m. The faecal pellets of zooplankton are considerably
bigger than phytoplanktonic remains and sink at a substantially faster rate, providing a more efficient
system of transport for both labile and refractory organic components to the sediment (Suess 1980).
Although living phytoplankton stay at a fairly constant depth in the water column (within the euphotic
zone), zooplankton migrate over considerable vertical extents, often feeding near the surface at night and
migrating to depth during the day. The migration patterns are different for different species and can also

Box 5.2 Reversible reactions and chemical equilibria

As the term implies, reversible reactions can proceed in either direction. An important consideration
is the activation energy: for the simple reaction in Fig. 2.12 the activation energy for the reverse
reaction is the sum of ∆H and Eact (i.e. overall energy change plus activation energy for the forward
reaction). If this is large the chance that a product molecule will possess the necessary energy for
the reverse reaction to occur is small. However, as the number of product molecules increases
and reactant molecules decreases, the probability of the reverse reaction occurring becomes
greater, while the probability of the forward reaction occurring diminishes. Eventually, the probability
of each reaction occurring is equal, the forward and reverse reactions occur at the same rate and
the proportions of reactants and products remain constant. This is a dynamic rather than a static
equilibrium, with reactants and products being continuously interconverted.

Isomerization at a stereogenic centre in a biomarker is an example of a reversible reaction in
which reactant and product have similar energies. Initially, the concentration of the reactant is high
and that of the product is low, so there is greater probability that a reactant rather than a product
molecule will undergo hydrogen loss to form the trigonal intermediate. The ratio of product:reactant
when dynamic equilibrium has become established reflects the balance between the probability of
formation of the intermediate by each isomer and the probability of which configuration is most
likely to be formed from the intermediate. Greater steric hindrance between the H atom and other
atoms on surrounding groups in one configuration results in a higher energy for that isomer than
the other and consequently a lower activation energy for intermediate formation. As a result, the
equilibrium favours formation of a greater proportion of the less hindered configuration. For a
single acyclic stereogenic centre there is little or no difference in steric hindrance between the two
possible configurations, the hydrogen can attack the intermediate from either side with equal
probability, so the forward and reverse reactions have equal activation energies (Fig. 5.5) and a
50:50 mixture results.
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vary with sex and growth stage for the same species (e.g. Barnes & Hughes 1988). Concentrations of
cholesterol (the dominant zooplanktonic sterol) in particulates collected by sediment traps may sometimes
reflect this behaviour, often reaching a maximum at a depth below the euphotic zone (Gagosian et al.
1982).

(a) Sterols

Crustaceans, such as copepods, cannot biosynthesize all the sterols they need from basic components
and so they ingest and convert various algal sterols into components such as cholesterol. The modification
of phytoplanktonic lipids in general by zooplankton during early diagenesis can be important. For example,
the copepod Calanus helgolandicus, when fed on a variety of phytoplankton in laboratory studies, was
found able to remove all algal hydrocarbons and a significant amount of fatty acids, particularly the
polyunsaturated components (Prahl et al. 1984a; Neal et al. 1986). There appears to be some selectivity
towards the components that are digested and some phytoplanktonic lipids can reach the sediment
unaltered after passing through zooplankton. For example, while Calanus seems able to digest most
algal stenols, it appears to have a preference for certain positions of unsaturation, such as ∆5,7. In contrast,
stanols and ∆7 stenols appear not to be digested. Stanols are, therefore, likely to be more accurate
indicators of phytoplanktonic inputs to sediments than most stenols (Harvey et al. 1987). The fate of ∆7

stenols is considered in Section 5.5.1.
Coprophagous feeding (ingestion of faecal pellets) is not uncommon among zooplankton and appears

to aid the uptake of algal hydrocarbons and polyunsaturated fatty acids by zooplankton. In addition,
coprophagy seems to result in the preferential removal of C26 and C27 zooplanktonic sterols from faecal
material relative to C28 and C29 algal sterols (Neal et al. 1986). Sterenes can be produced in particulate
organic matter in the water column (Wakeham et al. 1984a; Wakeham 1987), and they are also found in
surface sediments (Gagosian & Farrington 1978).

(b) Chlorophylls

Among the early diagenetic transformations of chlorophylls in the water column immediately below the
euphotic zone is the loss of magnesium to give phaeophytins, or the loss of the phytyl ester group to give
chlorophyllides. Both processes occur during senescence, the period of intercellular changes
accompanying cessation of photosynthetic activity prior to death, as phytoplankton sink out of the euphotic
zone. However, enzymatic hydrolysis also occurs during zooplanktonic metabolism, and it is difficult to be
sure of the extent to which herbivory modifies the imprint of senescence (Spooner et al. 1994). As a rule
of thumb, chlorophyllides are the major enzymatic transformation products when senescence dominates,
whereas phaeophorbides are the main products of zooplanktonic predation. This general picture is
complicated by the different activity levels exhibited by chlorophyllase (the enzyme responsible for
chlorophyllide formation), which can vary significantly for species within the same phytoplanktonic genus.
High chlorophyllase activity tends to result in rapid formation of chlorophyllides, and their further
transformation into phaeophorbides (by Mg and phytyl loss) and/or pyrophaeophorbides (by methyl formate
loss from the C5 ring); whereas low activity usually yields phaeophytins as the major products (Louda et
al. 1998). Information on the physiological status of phytoplanktonic populations and the importance of
grazing processes can be obtained from these early transformational processes. For example, chlorophyll-
a levels provide a record of phytoplanktonic biomass and productivity, while phaeophorbide-a
concentrations in zooplanktonic faecal pellets captured by sediment traps provide information on grazing
efficiency.

The above transformations can be considered as catabolic, and they are summarized in Fig. 5.6 for
chlorophyll-a, but appear equally applicable to chlorophyll-b and the corresponding bacteriochlorophylls.
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The later products, the pyro-pigments, may continue to be formed during early sedimentary diagenesis,
as discussed in Section 5.3.3. It appears that steryl esters of pyrophaeophorbides are commonly formed
during zooplanktonic herbivory and provide an important pool of sterols and tetrapyrrole pigments in
sediments (Harradine et al. 1996; Talbot et al. 1999). The distribution of the esterified sterols probably
reflects that of the original phytoplanktonic community better than the free sedimentary sterols. Steryl
esters of phaeophorbides have also been identified, but it is not yet known how widespread they are
(Riffé-Chalard et al. 2000).

The scheme in Fig. 5.6 is based on reactions in which the chlorophyll-a molecule is modified, but it
should be remembered that the fate of by far the greater part of these pigments involves oxidative cleavage

senescence
senescence
or predation

Fig. 5.6 Major early diagenetic (water column and very early sedimentary) pathways for chlorophyll-a transformation
(after Baker & Louda 1986; Keely et al. 1990; Harradine et al. 1996; Louda et al. 1998; Louda et al. 2000).
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photosensitizing properties of the tetrapyrrole units promote the photodegradation of chlorophylls in
senescent or dead phytoplankton in surface waters (Rontani 2001), but photodegradation ceases once
the tetrapyrroles have been destroyed or the detritus has settled out of the euphotic zone. Autoxidation
processes are then important, generally involving addition of .OH or .OOH radicals to the phytyl double
bond (Fossey et al. 1995). Zooplankton assimilate the phytol side chain of chlorophylls (e.g. Prahl et al.
1984a,b), and so can various herbivorous and coprophagous feeders among the benthonic invertebrates
(Bradshaw et al. 1990, 1991). Among the major products are the C19 compounds pristane, pristenes and
pristanic acid, together with various oxidized C20 compounds such as dihydrophytol, phytanic acid and
phytenic acids.

(c) Carotenoids

Like chlorophylls, carotenoids can provide information on primary productivity and grazing rates, although
the basic carotenoid structure is less stable towards enzymatic degradation during herbivorous grazing
than the porphyrin ring system of chlorophylls. For example, fucoxanthin is converted by enzymatic
hydrolysis during zooplanktonic metabolism (e.g. by copepods and euphausiids) into fucoxanthinol (see
Fig. 5.8), so the relative amounts of these compounds have been used to provide similar information to
the ratio of chlorophyll-a to phaeophorbide-a (Repeta & Gagosian 1982, 1984), although the carotenoid
transformation also occurs during senescence (Louda et al. 2002). Diadinoxanthin, which is generally the
second most abundant carotenoid in diatoms and fucoxanthin-containing dinoflagellates, disappears
rapidly during senescence, whereas diatoxanthin increases in abundance (see Fig. 2.25; Louda et al.
2002).

(d) Bacterial action

In addition to the modification of phytoplanktonic biomarkers by zooplanktonic metabolism, the lipids and
other organic compounds in particulate matter are subject to alteration and supplementation by bacterial
action (enzymatic hydrolysis being particularly important), although the extent of this action is generally
lowest in the more rapidly sinking, larger particulates. The effects of bacterial action in the water column
can be considered an extension of those in the sediment, which is considered in the following section. For
example, the microbial hydrogenation of stenols to stanols can occur in anoxic sediments and beneath
the oxic-anoxic boundary in the water column (where anoxicity develops in bottom waters).

of the macrocyclic ring, with the tetrapyrroles ultimately
being broken down into non-fluorescing, colourless
compounds. Catabolic rupturing of the carbon bridge
between C-4 and C-5 (see Fig. 2.27 for numbering scheme),
yielding 19-formyl-1-oxobilanes (Fig. 5.7), has been
observed during senescence, but oxidative ring-cleavage
may also occur between C-1 and C-20 (Matile et al. 1996).
Most chlorophyll-a is destroyed by photo-oxidation in surface
waters (Carpenter et al. 1986). The degradation of
chlorophylls, and pigments in general, is retarded in the
absence of oxygen (Louda et al. 2002).

Not surprisingly, the phytyl side-chains of chlorophylls
suffer a similar fate to the tetrapyrrole units. The

Fig. 5.7 Possible 19-formyl-1-oxobilane structure
produced by oxidative cleavage at C-5 of the
phaeophorbide macrocycle (after Matile et al. 1996).
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5.3.3 Sedimentary diagenesis of lipids

(a) Fatty acids

As noted in Section 4.1.2, when labile compounds are associated with refractory material they are protected
to a degree from the effects of diagenesis. This may account for the apparently greater stability of long-
chain fatty acids (>C22) from higher plant material, which are abundant in waxy leaf cuticles, compared
with the shorter-chain fatty acids (<C22) from microorganisms. Unsaturated acyclic components, such as
polyunsaturated fatty acids, are degraded relatively quickly, both microbially and chemically, during
diagenesis (Wakeham et al. 1984b). The more resistant saturated fatty acids, ω-hydroxy acids and α,ω-
diacids, can survive in ancient sediments (i.e. sediments of greater than Holocene age).

Fatty acid distributions can be affected by microbial oxidation in sediments, so care must be exercised
when certain components are used as source indicators. For example, β-hydroxy fatty acids are produced
from β-oxidation of saturated fatty acids. In addition, ω-oxidation of saturated fatty acids to ω-hydroxy
acids and of ω-hydroxy acids to α,ω-diacids is performed by yeasts (unicellular fungi, mainly belonging to
the ascomycetes) and bacteria. Consequently, while the long-chain (>C22) ω-hydroxy acids are reliable
indicators of higher plant sources, the short-chain components (<C22) may be either microbial in origin or
derived from higher plant suberin and cutin. Similarly, long-chain α,ω-diacids may be derived from vascular
plant suberin and cutin or from microbial oxidation of long-chain ω-hydroxy acids, although in either event
these diacids derive directly or indirectly from higher plant components. Confirmation of possible higher
plant contributions of these components requires comparison with distributions of long-chain n-alkanes
(exhibiting an OEP), an unambiguous source indicator.
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(b) Tetrapyrrole pigments

The main input of chlorophyll-derived compounds to sediments under oxidizing conditions are usually
pyrophaeophorbides, due to the activity of zooplanktonic herbivores in the water column and metazoans
in the surface sediment. Where surface sediments are anoxic, phaeophytins can dominate, but are
subsequently converted to pyrophaeophorbides (Fig. 5.6). Photosynthetic pigments generally do not
survive in recognisable form in oxic sedimentary environments, but in anoxic settings the sequence of
reactions shown in Fig. 5.9 has been recognized for tetrapyrroles. The pyrophaeophorbides can undergo
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reduction of the vinyl group at C-3, yielding
mesopyrophaeophorbides. Alternatively, in anoxic
carbonates, dehydration can result in cyclization, which
may ultimately give rise to bicycloalkylporphyrins (Fig. 5.10;
Louda et al. 2000).

Reduction (hydrogenation) and loss of oxygen (e.g. by
decarboxylation) continues throughout early sedimentary
diagenesis, at in situ temperatures up to c. 25–30˚C. As
temperature rises during mid-diagenesis the tetrapyrrole
system of phorbides becomes fully aromatized, yielding
free-base porphyrins, with deoxophylloerythroetio (DPEP)
porphyrins usually predominating (Fig. 5.9). The long-term

Fig. 5.10 Bicycloalkylporphyrin (BiCAP) possibly
formed via a cyclophaeophorbide-enol intermediate
(as in Fig. 5.9). M = VO or Zn (after Chicarelli &
Maxwell 1986).
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survival of porphyrins is enhanced by metal chelation during late diagenesis, involving cations such as
Ni2+, VO2+, Cu2+ and GaOH2+. Nickel and vanadyl (VO) porphyrins are usually the most common and
seem to be formed by different routes. Nickel porphyrins appear to be readily solvent-extractable from
sediments, i.e. they are present as chemically free components, whereas the vanadyl porphyrins are
generally not extractable, i.e. they are bound to a polymeric matrix (e.g. kerogen; Baker & Louda 1986).
Nickel chelation, as measured by the ratio of nickel-complexed porphyrins to total porphyrins, increases
with sediment depth during diagenesis, starting at c. 45–55˚C and finishing at c. 60˚C. Vanadyl complexation
does not appear to follow a similar simple trend, although in immature sediments the distributions of
vanadyl DPEP porphyrins more closely resemble the pattern expected from free-base porphyrin
distributions than do those of the nickel DPEP porphyrins. The complexity of vanadyl chelation is probably
due to both the fact that it occurs later than for other metals (laboratory modelling suggests that
complexation occurs in the order Cu, Ni, VO) and the influence of the organic matrix to which the porphyrin
is bound. Levels of vanadyl porphyrins increase with rising temperature, continuing into catagenesis.
Late diagenesis, therefore, corresponds to the complete chelation of all free porphyrins and the onset of
the evolution of vanadyl porphyrins (c. 65˚C).

Porphyrins of the DPEP type, with carbon number ranges of C26–C38, predominate during diagenesis
in anoxic aquatic sediments and in sapropelic coals (Baker & Louda 1986). However, in humic coals the
main porphyrins are the etio type (see Fig. 5.11), ≤C32 and complexed with Fe(III), Ga(III) or Mn(III)
(Bonnett et al. 1984). The reason for this difference is believed to be that plant porphyrins are largely
degraded during the initially aerobic depositional conditions in peat bogs, and those that survive may
undergo oxidative cleavage of the five-membered ring that does not contain nitrogen (isocyclic ring in
main reaction scheme; Fig. 5.11). However, such cleavage cannot lead to members >C30, which are
probably generated under anoxic conditions from microbial cytochromes rather than chlorophylls (e.g.
haemin in Fig. 5.11; Bonnett et al. 1984). Bacteriochlorophylls may also make a contribution to porphyrin
formation. Aquatic sediments and kerogens often contain some etio porphyrins in addition to the DPEP
type.

 Only free phytol seems to be amenable to biodegradation, so the chlorophyllase-induced release of
phytol from chlorophyll is an important process (Rontani et al. 2000). Aerobic bacteria can completely
mineralize the phytol, via phytenal, mostly by a combination of β-oxidation and, when a β-methyl group
blocks β-oxidation, α-oxidation plus decarboxylation (i.e. β-decarboxymethylation; Fig. 5.12; Rontani &
Volkman 2003). Anaerobic bacteria can likewise mineralize phytol, with phytadienes, phytenes and
sometimes dihydrophytol (see Fig. 5.33) dominating among the initial degradation products of sulphate
reduction (Grossi et al. 1998; Schulze et al. 2001). Anaerobic degradation by denitrifying bacteria, like
aerobic degradation, involves β-oxidation and, where there is a β-methyl block, β-decarboxymethylation
(Rontani et al. 1999). Particulate associations can hinder certain early biodegradation routes (e.g. involving
addition of water; Rontani & Bonin 2000).
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Fig. 5.11 Possible origins of etio porphyrins in sediments and humic coals (after Barwise & Roberts 1984;
Bonnett et al. 1984; Baker & Louda 1986; Louda et al. 1998).

13

(c) Carotenoids

Carotenoids do not generally survive the whole of diagenesis in recognisable form, even under anaerobic
conditions. Defunctionalization occurs, as for other lipid groups, but is often accompanied by chain
fragmentation and ring opening, which destroy any recognisable link between a sedimentary component
and its biological precursor. However, there are some exceptions in which the complete carotenoid structure
is retained in the form of a saturated (e.g. lycopane and β-carotane) or aromatic (e.g. isorenieratane)
hydrocarbon (Fig. 5.13). Methanogenesis appears to be the dominant oxidation process rather than
sulphate reduction in marine and lacustrine sediments containing saturated or partially saturated
carotenoids (Repeta 1989).
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Fig. 5.13 Some diagenetic products of carotenoids (R = isoprenoid chain).

R

Occasionally the carotenoid structure is partially preserved, in the form of one cyclic system and part
of the isoprenoidal chain. Examples shown in Fig. 5.13 include C11–C31 1,1,3-trimethyl-2-
alkylcyclohexanes, which may arise from degradation of β-carotane (Jiang & Fowler 1986), and  C13–C31
1-alkyl-2,3,6-trimethylbenzenes, which are probably derived from degradation of isorenieratene (Summons
& Powell 1987). The position of methyl groups on the ring of aromatic carotenoids can provide information
about source organisms. A 2,3,6-trimethyl substitution pattern, as present in chlorobactene (Fig. 5.1) and
isorenieratene (Fig. 2.23), is characteristic of the photosynthetic green sulphur bacteria (Chlorobium),
whereas 2,3,4-trimethyl substitution, as present in okenone (Fig. 2.23), is characteristic of the purple
genus (Chromatium). Isorenieratene can also undergo a series of internal ring-formation reactions leading
to a variety of polycyclic hydrocarbons, which can represent a significantly larger proportion of the early
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diagenetic products than isorenieratane and the alkyl-trimethylbenzenes (Sinninghe Damsté et al. 2001).
Individual carotenoids exhibit varying stabilities during early sedimentary diagenesis. Degradation rates

increase in the order: β-carotene and diatoxanthin < peridinin and diadinoxanthin < fucoxanthin (Repeta
1989). Carotenoids containing 5,6-epoxide groups (i.e. a three-membered ring containing an oxygen
atom), such as fucoxanthin and diadinoxanthin, rapidly disappear in anoxic sediments. The 5,6-epoxide
group is highly reactive, due to the presence of an oxo group at C-8, and undergoes the chemical epoxide
opening shown in Fig. 5.8. This is rapidly followed by fragmentation of a 5,8-hemiketal intermediate to
yield loliolide (Repeta 1989). Loliolide has a 3S,5R configuration, as do all epoxide-containing carotenoids.
In contrast, carotenoids containing a C=C bond in the 5,6 position (e.g. diatoxanthin, β-carotene, lutein
and zeaxanthin) are degraded more slowly in anoxic Recent sediments, via microbially mediated oxidation
(Fig. 5.14; Repeta 1989). The initial epoxide-forming step of this microbial oxidation can involve attack by
an oxygen atom from either side of the ring system, ultimately yielding equal amounts of the epimers
loliolide and isololiolide, where a 3-hydroxy group is present in the original carotenoid (Fig. 5.14). The
corresponding oxidation of β-carotene, which lacks an OH group at C-3, yields the 5R and 5S epimers of
dihydroactinidiolide in equal amounts (Fig. 5.14; Klok et al. 1984b). Other carotenoids (e.g. acyclics like
lycopene, aromatics like okenone, and those containing a 4-oxo group like astaxanthin; see Fig. 2.23) do
not undergo such 5,6-epoxidation reactions.

(d) Reduction of regular steroids

The diagenetic fate of steroids has received much attention (e.g. Mackenzie et al. 1982). As for lipid
transformations in general, our knowledge is largely founded on apparent steroid product-precursor
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relationships in natural systems, such as the similarity of carbon-number distributions in the supposed
product and precursor compound classes, and inverse abundance trends in product-precursor compound
pairs with increasing burial depth. Where possible, transformations have been confirmed by simulated
diagenesis in the laboratory using isolated or synthesized individual compounds (sometimes isotopically
labelled). In this way, many diagenetic transformations have been recognized (e.g. de Leeuw & Baas
1986; Peakman & Maxwell 1988), but we restrict our attention to the transformations of some of the more
widely occurring steroids in sediments. ∆5-Stenols are the predominant biogenic sterols and, along with
stanols, constitute the major steroidal input to sediments. Free sterols appear to undergo diagenetic
alteration much more readily than esterified sterols and so hydrolysis of the latter may be considered the
initial step in early diagenetic transformations. The subsequent transformations of free sterols are
summarized in Fig. 5.15 for the major products of diagenesis.

Hydrogenation (reduction) of free unsaturated sterols (stenols) to their saturated counterparts (stanols)
occurs at an early stage of diagenesis. It is a microbially mediated process, occurring under anaerobic
conditions, both in sediments and in particulate matter in the water column (Wakeham 1989). The reduction
may proceed via ketone (stanone) intermediates or by direct reduction of the C=C bond and yields
predominantly 5α-stanols (Fig. 5.15; Mackenzie et al. 1982), with much smaller amounts of 5β-stanols.
The ratio of stanols:stenols, therefore, increases during early diagenesis. However, a contribution of 5α-
stanols (e.g. cholestanol) can reach the sediment, resulting from partial heterotrophic transformation of
algal sterols and from direct algal inputs. The sterols of phytoplankton contain c. 5–20% stanols, although
the exact amount can vary significantly with growth conditions. For example, the chrysophyte alga
Monochrysis lutheri does not appear to produce stanols in the exponential growth stage but its stanol
content reaches c. 50% in the stationary phase (Ballantine et al. 1979; see Box 5.8).

The next diagenetic transformation, again under anoxic conditions in the sediment or water column, is
dehydration of stanols and stenols to sterenes, mainly the ∆2 (via stera-3,5-dienes), ∆4 and ∆5 isomers
(Fig. 5.15; van Kaam-Peters et al. 1998). The latter two isomers readily interconvert. There are several
divergent reaction pathways leading from sterenes to significantly different products, the major pathway
usually being reduction (hydrogenation) to the fully saturated steranes, with predominantly the 5α
configuration (Fig. 5.15). The configuration at most of the stereogenic carbon centres in the newly formed
steranes is unaffected by diagenetic reactions and so remains that inherited from the original biogenic
steroid. At the end of diagenesis, therefore, steranes have predominantly a
5α(H),8β(H),9α(H),10β(CH3),13β(CH3),14α(H),17α(H),20R configuration. Isomerization reactions involving
stereogenic carbon centres bearing a hydrogen atom (Section 5.3.1 and Box 5.2) occur later for steranes.

(e) Rearrangement and aromatization of regular steroids

Rather than reduction, the intermediate ∆4 and ∆5 sterenes may undergo various rearrangement reactions,
which are apparently catalysed by acidic sites on certain clay minerals (e.g. kaolinite and montmorillonite).
The most important rearrangement products are diasterenes (Fig. 5.15; Rubinstein et al.1975; Sieskind
et al.1979), while minor products include spirosterenes (de Leeuw et al. 1989) and steroids that have lost
part or all of the A ring (van Gras et al. 1982). These minor products are formed by rearrangement of the
cyclic backbone, whereas diasterene formation involves methyl group and C=C bond migrations, but the
tetracyclic backbone remains unchanged. Diasterenes are more resistant towards reduction than sterenes
and so they survive for longer during diagenesis. They are affected by isomerization at the C-20 position,
the initial 20R isomer being converted into an equilibrium mixture of 20S and 20R epimers in approximately
equal amounts before reduction to diasteranes occurs; which is the converse of the observed sequence
for sterenes-steranes. Reduction yields mainly 13β,17α-diasteranes (Fig. 5.15), with smaller amounts of
the 13α,17β isomers.
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As an alternative to reduction, biogenic stenols may undergo dehydration to yield diunsaturated
hydrocarbons, steradienes. Double-bond migration can then occur followed by aromatization, yielding
various monoaromatic steroidal hydrocarbons. The major products are C-ring monoaromatics, and by
the time they are formed isomerization at the C-20 position has already occurred (Fig. 5.15). The
intermediate steradienes in the formation of C-ring monoaromatics have yet to be conclusively identified,
but may include the ∆3,5 isomers. Minor aromatic products include A-ring monoaromatic steroids (Hussler
et al. 1981) and B-ring monoaromatic anthrasteroids (Hussler & Albrecht 1983), both of which may derive
from stera-3,5-dienes by competitive reactions. These steradienes may also undergo rearrangement
and/or reduction to yield saturated products (Fig. 5.15).

An important attribute of the diagenetic transformations of steroids is their sensitivity to temperature.
For example, diasterene isomerization at C-20 exhibits changes over small depth intervals of around 20
m (Brassell 1985). Therefore, the sequence of diagenetic reactions can be used to determine the extent
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of diagenesis in an immature sediment. The balance established between the products of the competing
reactions occurring during diagenesis is affected by factors such as the geothermal gradient and the
availability of mineral surfaces (particularly clays) for involvement in catalysed rearrangements. The products
of subsequent catagenetic transformations will depend to a large extent on the hydrocarbon distributions
present at the end of diagenesis.

(f) 4-Methylsteroids

In addition to 4-desmethylsterols, 4-methylsterols are abundant in nature and they follow broadly similar
diagenetic trends to their demethylated (regular) counterparts, as summarized in Fig. 5.16. The main
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1992).
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precursors are 4α-methylsterols, such as those in dinoflagellates (Robinson et al. 1984), which upon
dehydration yield various 4-methylsterenes. Reduction of the ∆2 4α-methyl-5α-sterenes (derived from
4α-methyl-5α-stan-3β-ols) and ∆4 4β-methylsterenes (derived from ∆5 4α-methylsten-3β-ols) can then
occur, yielding the 20R isomer of predominantly the 5α isomer of the 4-methylsteranes (Rechka et al.
1992). With increasing maturity the relative abundance of the thermally more stable 4α epimer increases,
presumably via a hydrogen-exchange isomerization process.

As an alternative to reduction the ∆4 4β-methylsterenes, via equilibration with their ∆5 counterparts,
may undergo rearrangement, one pathway producing 4-methyl-10α-diaster-13(17)-enes with predominantly
a 4β-methyl configuration (Peakman et al. 1992). Like their demethylated counterparts, these 4-
methyldiasterenes isomerize at the C-20 position before undergoing reduction to 4-methyldiasteranes,
which possess mainly the 13β,17α configuration. Small amounts of 4-methylspirosterenes and their
rearranged counterparts are also produced, which can undergo further rearrangements analogous to
their 4-desmethyl counterparts. The rearrangement reactions are in competition with aromatization of
∆3,5 4-methylsteradienes, intermediates in the formation of the ∆4 and ∆5 4-methylsterenes (Fig. 5.16).

There is, however, a difference between the behaviours of 4-methyl and 4-desmethyl steroids during
diagenesis. Whereas sterenes are produced at an early stage of diagenesis, 4-methylsterenes are formed
later. One possible explanation lies in the observation that dehydration occurs more readily for 3α than 3β
hydroxy groups, and that although both configurations are found among stanols, to date only the 3β-
hydroxy isomers of 4-methylstanols have been detected in immature sediments (Wolff et al. 1986).
Consequently, 3α-stanols may provide an early diagenetic source of sterenes, whereas 3β-stanols undergo
dehydration at a later stage; which is consistent with the observed more rapid disappearance of 3α-
stanols than 3β-stanols from sediments. In contrast, only a later stage formation of 4-methylsterenes is
possible from 4-methylstan-3β-ols.

(g) Mono-, sesqui- and diterpenoids

Of the major terpenoidal classes the monoterpenoids are quite volatile and labile, and do not generally
survive diagenesis in recognisable form. The sesquiterpenoids are less volatile and can survive diagenesis,
undergoing defunctionalization and either reduction (hydrogenation) or, in the case of the cyclic
sesquiterpenoids, aromatization, to yield hydrocarbons such as eudesmane and cadalene (Fig. 5.17).
The precursors of the cyclic sesquiterpenoidal hydrocarbons are often abundant in higher plant resins,
but other sources are possible (Simoneit et al. 1986a).

Diterpenoids can be an important source of the saturated and aromatic hydrocarbons remaining at the
end of diagenesis, following the usual defunctionalization and reduction/aromatization reactions. Examples
of the diagenetic transformations involving aromatization of some higher plant diterpenoids are shown in
Fig. 5.18. The precursor diterpenoids often exist as several isomers, resulting from variations in configuration
or C=C bond position. For example, abietic acid has a 10β-methyl and ∆7,13 unsaturation, whereas epiabietic
acid has a 10α-methyl group, neoabietic acid has ∆8(14),13(15) unsaturation and levopimaric acid has
∆12,8(14) unsaturation. However, upon aromatization these differences vanish, leading to a simplified
range of products; for example, retene is formed by all the above abietic acid isomers. Similarly, pimaric

4

eudesmane cadalene

Fig. 5.17 Examples of bicyclic sesquiterpenoidal
hydrocarbons.

acid and its 13α-methyl isomer, sandaracopimaric acid, both
yield 1,7-dimethylphenanthrene.

In contrast to aromatization, hydrogenation initially preserves
the biologically conferred stereochemistry, as previously
observed for steranes. New stereogenic centres can also be
generated by the addition of hydrogen across a C=C bond,
such as at the C-16 position in phyllocladane (see Fig. 5.18).
Reduction of phyllocladane initially leads to a 16α configuration
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but, with increasing maturity, this is largely converted to the more stable 16β epimer (Alexander et al.
1987).

(h) Triterpenoid reduction and rearrangement

As for steroids, defunctionalization of pentacyclic triterpenoids occurs during early diagenesis and reduction
or aromatization later. Some bacterial degradation of triterpenols has even been observed in the leaves
of living plants (Killops & Frewin 1994). Higher plant triterpenoids often contain a ring C=C bond, which
can migrate around the pentacyclic skeleton. For example, the triterpenes formed from taraxerol and β-
amyrin rapidly isomerize to 18β-olean-12-ene and then to a mixture of predominantly the ∆13(18) and 18α
∆12 isomers, with smaller amounts of ∆18, as shown in Fig. 5.19 (Rullkötter et al. 1994). Subsequent
reduction yields 18α-oleanane together with smaller amounts of its 18β counterpart. Little taraxerane,
the direct reduction product of taraxerol, is found in sediments. Instead, the intermediate taraxer-14-ene
appears predominantly to undergo isomerization to olean-12-ene, finally yielding oleanane (Fig. 5.19;
Rullkötter et al. 1994).
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Fig. 5.19 Formation of oleanane from higher plant triterpenoids (large arrows indicate biogenic inputs; after ten Haven &
Rullkötter 1988; Ekweozor & Telnaes 1990; Rullkötter et al. 1994).
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In laboratory dehydration experiments, 3α-triterpenols are found to yield ∆2-triterpenes, whereas
3β-triterpenols form A-ring contracted triterpenes. However, the dominant natural triterpenols have the
3β configuration, but ∆2-triterpenes dominate in sediments, suggesting that another mechanism operates,
possibly bacterially mediated, favouring formation of ∆2-triterpenes (ten Haven et al. 1992). A possible
reaction scheme is shown in Fig. 5.20.

Hopanoids (alkenes, acids, ketones and alcohols) are ubiquitous components of sediments and soils,
and are more widespread than higher plant derived triterpenoids. Polyhydroxy-bacteriohopanes are major
precursors, yielding ketones and carboxylic acids during early diagenesis. The latter are the chief products,
with C31–C33 components occurring widely in Recent sediments. These acids are more resistant towards
alteration than other oxygenated hopanoids during diagenesis. Often the C32 acid is dominant (31,32-
dihomohopanoic acid; n = 2, Fig. 5.21), as in Sphagnum peats (Quirk et al. 1984) and soils (Ries-Kautt &
Albrecht 1989). Diploptene is also often a major hopanoidal component in soils. As shown in Fig. 5.21,
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reduction of the hopanoidal acids and polyols yields hopanes with a 17β,21β configuration. Where the R
group is C2H5 or larger (i.e. C31–C35 components) in Fig. 5.21 there is an additional stereogenic centre at
C-22 which is biosynthesized with the R configuration. Commonly, C29–C35 hopanes are produced, arising
from fragmentation of the n-alkyl chain attached at C-22 on the E ring of the precursor polyols (Ensminger
et al. 1973). A C27 component is also produced by complete loss of the side chain, but a C28 product is
only rarely formed.
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The 8(14) bond in the C-ring of pentacyclic triterpenoids generally appears to be susceptible to acid-
catalysed rupture. The 8,14-secohopanes produced from hopanoids by this bond cleavage are shown in
Fig. 5.21. Similar 8,14-secotriterpanes can be formed from higher plant and other triterpenoids, the
reaction appearing to be favoured by the presence of an oxygenated functional group at C-3 in the
precursors. Another group of triterpanes, the onoceranes, lacks the 8(14) bond, but it is not due to cleavage
during diagenesis. The plant-derived precursor compounds, onocerins (see Fig. 2.20), are biosynthesized
without an 8(14) C–C bond, so simple reduction yields the onoceranes.

The 11(12) bond in all the above C-ring-opened compounds appears to be relatively weak and can
undergo cleavage (Schmitter et al. 1982). Drimane, a sesquiterpane, can be produced from the A,B-rings
fragment of secohopanes and secotriterpanes upon breaking of the 11(12) bond (Alexander et al. 1984a).
However, the presence of drimane in sediments is not conclusive of such fragmentation reactions because
it may also be produced from reduction of drimenol (Fig. 5.21). Complete C-ring cleavage of higher plant
triterpanes can also generate a range of dicyclic sesquiterpanes, similar to drimane, from the D,E-rings
fragment.

(i) Triterpenoid aromatization

As with the steroids, triterpenoids may undergo aromatization rather than reduction during diagenesis.
Higher plant triterpenoids, such as α-amyrin (Fig. 5.22), can ultimately form fully aromatized pentacyclic
or tetracyclic hydrocarbons (polymethylpicenes or polymethylchrysenes, respectively). The latter are formed
by degradation of the A ring, which appears to be a common process and, as mentioned Section 5.3.3h,
is expected during chemical dehydration of 3β-triterpenols (ten Haven et al. 1992). Regardless of the
initial position of any C=C bond, aromatization of higher plant triterpenoids appears to begin in the A ring
upon loss of the oxygenated functional group at C-3, and progresses sequentially through the B, C, D
and E rings (Laflamme & Hites 1979).

In contrast, hopanoidal precursors have no removable functional group at C-3 and aromatization begins
in the D ring and progresses through the C, B and A rings (Greiner et al. 1976). This sequence seems
consistent with the C=C bond isomerization that has been observed for diploptene (Fig. 5.22). Unsaturated
hopanoidal hydrocarbons, or hopenes, are common in Recent sediments, particularly the ∆17(21) and
∆13(18) isomers. The latter is the most stable, and would be anticipated to yield a D-ring monoaromatic
species, which may then undergo further aromatization from the C ring through to the A ring. The major
aromatic hopanoidal products have an ethyl (C2H5) group attached to the E-ring, rather than the isopropyl
[i-C3H7 or CH(CH3)2] that would be expected from diploptene, and it remains to be established whether
these compounds are derived from diploptene by loss of a methyl group from the side chain, as suggested
in Fig. 5.22. Aromatic hopanoids with the same carbon-number distributions as the hopanes are sometimes
observed, although they are usually minor components. They must arise from the same precursors as
the hopanes.

Aromatization can also occur in 8,14-secotriterpenoids during diagenesis (de las Heras et al. 1991)
and, as for the saturated counterparts, complete cleavage of the C ring can occur (Killops 1991). Examples
of these processes are shown in Fig. 5.23 for β-amyrin and hopanoids. D-Ring monoaromatic 8,14-
secohopanoids are common in sediments and oils, although usually only as trace components (Nytoft et
al. 2000). However, they are often abundant in carbonates, along with a series of C32–C35 benzohopanes
(Fig. 5.23; Hussler et al. 1984). Both series of compounds probably originate from the same C35
bacteriohopanoidal precursors, but the benzohopanes seem to be formed at an earlier stage of diagenesis
by reactions involving cyclization of the side chain on the E ring (Hussler et al. 1984).

The initial product from the A,B-rings fragment upon complete C-ring cleavage in aromatic
secohopanoids is 1,1,5,6-tetramethyl-1,2,3,4-tetrahydronaphthalene, which can also be formed from the
sesquiterpenoid drimenol (Püttmann & Villar 1987). This hydrocarbon becomes fully aromatized with
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increasing maturity, yielding 1,2,5-trimethylnaphthalene (agathalene) and 1,2,5,6-tetramethylnaphthalene
(Fig. 5.23). Formation of the latter requires a methyl group to move between adjacent carbon atoms
(termed a 1,2-methyl shift), which is not an uncommon geochemical process (Püttmann & Villar 1987).
During aromatization a methyl group at C-1 must either be lost or migrate to an adjacent C atom (where
it replaces an H atom), because the C-1 atom can only be bonded to three other atoms or groups upon
aromatization. Similarly, methyl groups cannot remain at ring junctions during aromatization and in Fig.
5.23 it can be seen that they are generally lost (rather than undergoing migration), as in the formation of
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Fig. 5.22 Examples of triterpenoid aromatization (large arrows indicate biogenic inputs). For ∆17(21) and
∆13(18) hopenes only D and E rings are shown; A, B and C rings are identical to those in diploptene (after
Greiner et al. 1976; Tan & Heit 1981; Chaffee & Johns 1983; Simoneit 1986; Hayatsu et al. 1987).
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1,1,5,6-tetramethyl-1,2,3,4-tetrahydronaphthalene from drimenol.
Aromatic secotriterpenoids of higher plant origin give the same two polymethylnaphthalene products

from the A,B-rings fragment as their hopanoidal counterparts (Fig. 5.23). There is a slight difference in
the mechanism of formation in that the 1,2-methyl shift is believed to occur at the same time as loss of the
OH group at C-3 and while the 11(12) bond of the higher plant secotriterpenoid is still intact (Püttmann &
Villar 1987). A further polymethylnaphthalene can arise from the D,E-rings fragment of aromatic
triterpenoids with a six-membered E ring, its methyl substitution pattern being characteristic of the structural
type of triterpenoid from which it is derived. In Fig. 5.23 this compound is 1,2,7-trimethylnaphthalene,
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Fig. 5.23 Examples of the formation of polymethylnaphthalenes from terpenoidal precursors (large arrows indicate
biogenic inputs; after Chaffee et al. 1984; Hayatsu et al. 1987; Püttmann & Villar 1987; Strachan et al. 1988).
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deriving from β-amyrin (Strachan et al. 1988). Angiosperms are often rich in β-amyrin and so large amounts
of 1,2,7-trimethylnaphthalene relative to other polymethylnaphthalenes can be a good indicator of an
angiospermous input in immature sediments. At higher maturity levels, typical of catagenesis, this source
indicator tends to be overwhelmed by larger amounts of non-specific polymethyInaphthalenes expelled
from kerogen, and so the input signature is masked.

The greatest abundances of higher plant derived aromatic triterpenoids and their degradation products
are, not surprisingly, found in brown coals. However, aromatic hopanoids and related compounds can
also be abundant in coaly sediments, demonstrating the importance of bacterial activity during diagenesis.

R = H, C2H5 or 
R

(CH2)nCH3

where n = 0–5

Fig. 5.24 C27–C35 17α-diahopanes (after Moldowan et
al. 1991).
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15

The diagenetic fate of hopanoids is less well understood
than that of steroids. However, the formation of hopanes,
aliphatic and aromatic secohopanoids, and dicyclic
sesquiterpanes from the complete cleavage of the C ring,
may represent an array of competing reactions that parallel
the transformations of steroids. There is even an apparent
rearrangement of hopenes yielding diahopanes (15α-
methyl-27-nor-17α-hopanes), analogous to diasteranes
(Fig. 5.24; Killops & Howell 1991; Moldowan et al. 1991).

5.4 Source and environmental indicators in ancient sediments and oil

5.4.1 Introduction

By the end of diagenesis the biogenic organic material in sediments either has been degraded and
recycled by microorganisms or has been largely converted into insoluble polymeric material (kerogen or
brown coal). The most useful molecular source indicators at this stage of maturity in ancient sediments
are biomarkers, which are mostly in the form of hydrocarbons. Some source-related information is lost
with the disappearance of functional groups (including C=C bonds) and their associated stereochemistry.
As seen in the previous section, it is possible for a number of biogenic precursor molecules to yield the
same hydrocarbon at the end of diagenesis (e.g. drimane can be formed from 8,14-secotriterpanes and
drimenol; Fig. 5.21). However, in cyclic hydrocarbons, both aliphatic and aromatic, the number of carbon
atoms and the position of substituents on the basic carbon skeleton can still convey some source-related
information. In addition, the biologically conferred configuration at most stereogenic centres is conserved
during diagenesis, although isomerization does occur with increasing thermal maturity.

Caution must be applied when using biomarker distributions in bitumen extracted from ancient sediments
to determine the contributions from different groups of organisms and the environments in which they are
likely to have lived. Biomarkers represent only a small and variable fraction of the original biomass of the
contributing organisms, so only indications of relative contributions is possible. In addition, the distribution
of biomarker hydrocarbons can be distorted by preferential sulphurization (with H2S or polysulphides;
see Section 4.4.1c) of certain of the precursor functionalized lipids during early diagenesis, and their
consequential removal from the free hydrocarbon pool (Kohnen et al. 1991a). The resulting organic sulphur
compounds (OSCs), which may be incorporated into the kerogen matrix or may exist as free compounds
within the bitumen, can provide much valuable information about ancient ecosystems (Kohnen et al.
1992; de Leeuw et al. 1995).

All the source-related biomarkers, and indeed biomarkers related to depositional environments, can
provide a useful means of correlating oils with their likely source rocks, provided the effects of differences
in maturity are allowed for. Because secondary migration can occur over significant distances (see Section
4.5.5b) it is possible, in a given exploration area, to have a number of reservoirs containing different types
of oils and several potential source rocks. It is important to determine which source rocks have given rise
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to which oils, in order to obtain information about migration routes and the timing of oil generation in
relation to trap formation. Biomarkers are the best tools for such correlation studies.

5.4.2 Source-related biomarkers

(a) Normal and methyl-branched alkanes

In Section 5.1.2 it was noted that some acyclic alkanes are produced directly by organisms (although
usually at lower levels than fatty acids) and so the usefulness they may have as source indicators in
Recent sediments can be retained in older sediments that have not reached the stage of catagenesis
when cracking of alkyl chains occurs. For example, the mid-chain methyl-branched C17 alkanes 7- and 8-
methylheptadecane are characteristic of cyanobacteria (Han & Calvin 1969; Shiea et al. 1990). Although
normal (i.e. straight-chain), iso and anteiso alkanes are widely distributed in organisms, the presence of
an odd-over-even predominance (OEP) in carbon number can provide source information. In particular,
an OEP for n-alkanes >C22 is characteristic of higher plant waxes (Eglinton & Hamilton 1967), whereas
phytoplankton are generally characterized by odd-numbered n-alkanes <C22 (Blumer et al. 1971). During
catagenesis, however, such n-alkane source indicators become less distinct with the generation of large
amounts of non-specific n-alkanes from kerogen.

The acyclic alkanes produced by defunctionalization and reduction of fatty acids retain some source-
related information by way of their carbon numbers and positions of any branch points in the alkyl chains.
For example, the OEP observed in higher plant wax n-alkanes (>C22) is augmented by the decarboxylation
(i.e. loss of one C atom) of wax-derived fatty acids with an EOP.

Most Ordovician petroleum source rocks are characterized by accumulations of the marine colonial
microorganism Gloeocapsomorpha prisca (Fowler 1992), which appears to be an alga (Derenne et al.
1992). The fossilized cell walls contain a highly aliphatic macromolecular material based on n-alkylresorcinol
units, although it is not clear whether this material was present as algaenan in the living organism or was
formed by diagenetic polymerization of C21 and C23 n-alkenylresorcinols (Fig. 5.25; Blokker et al. 2001).
Whatever the origin, bitumen and oils derived from the resulting kerogen are characterized by abundant
n-alkanes and n-alkylcyclohexanes up to C19 with an OEP (Hoffmann et al. 1987; Douglas et al. 1991;
Fowler 1992).

(b) Acyclic isoprenoids

Acyclic isoprenoidal alkanes occur widely in organisms but there are some source-specific examples.
The biphytanyl ethers characteristic of some members of the archaebacteria (e.g. methanogens and
thermoacidophiles) can be preserved as a series of long-chain (>C20) isoprenoidal alkanes (e.g. C38
alkane, Fig. 5.26), which retain the head-to-head linkage where the two phytanyl units join together
(Moldowan & Seifert 1979; Albaigés 1980). The C25 component 2,6,10,15,19-pentamethyleicosane appears
to be diagnostic of methanogens (Schouten et al. 2001). Lycopane (Fig. 5.13), a saturated C40 isoprenoidal
alkane, is also likely to be a bacterial marker, deriving from reduction of lycopene (Fig. 2.23). However,
squalane (Fig. 5.26), a saturated C30 isoprenoidal alkane, may represent a direct archaebacterial input
(Brassell et al. 1981), or it may derive from diagenetic reduction of squalene (Fig. 2.21), which occurs in
a variety of organisms.

Botryococcane, a saturated C34 isoprenoidal alkane, is a particularly useful source- and environment-
specific indicator. It appears to be derived only from the alga Botryococcus braunii, which is widely
distributed in freshwater lakes and often forms large mats. Three races of this organism are known, in
each of which it produces different hydrocarbons (Grice et al. 1998). Race B produces the characteristic
C34, C36 and C37 alkenes (botryococcenes) containing six double bonds, of which the C34 component in
Fig. 5.26 is the most abundant and undergoes complete hydrogenation during diagenesis to yield
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botryococcane (Maxwell et al. 1968; Metzger et al. 1985). In contrast, in race A odd numbered C25–C31
n-alkadienes and -trienes dominate (Knights et al. 1970), whereas race L produces lycopa-14E,18E-
diene (Metzger & Casadevall 1987). Botryococcane is the dominant aliphatic component in some oils
from Sumatra (Moldowan & Seifert 1980) and South Australia (McKirdy et al. 1986), which suggests that
the oils are sourced largely by the remains of Botryococcus deposited in freshwater lakes (see Section
4.4.3a). The ancestors of race A may have been major contributors to some torbanites (Derenne et al.
1988).

Highly branched C20, C25, C30 and C35 isoprenoidal alkanes and their alkene counterparts with 1–4
double bonds (Fig. 2.18) occur widely in Recent marine and lacustrine sediments, and they can be
abundant (Robson & Rowland 1986; Rowland & Robson 1990; Hoeffs et al. 1995). Their main source is
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likely to be phytoplankton, probably diatoms (see Section 2.4.3d), which produce the corresponding
polyunsaturated precursors such as the C25 components shown in Fig. 2.18. The di-, tri- and
tetraunsaturated alkenes disappear rapidly from older sediments, possibly as a result of sulphurization
(Sinninghe Damsté & de Leeuw 1990).

(c) Microbial tricyclic and tetracyclic alkanes

Extended tricyclic alkanes with isoprenoidal side chains (C19–C30; Fig. 4.25), which can be named after
the C25 member 13β,14α-cheilanthane (a sesterterpane), are common in oils and ancient sediments
and they may be microbial in origin (Aquino Neto et al. 1983). The hexaprenol in Fig. 5.26, a common
eubacterial and archaebacterial component, seems a likely precursor (Ourisson et al. 1982). Occasionally,
the cheilanthane series has been found to extend to C54 (de Grande et al. 1993), suggesting that hexaprenol
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either undergoes further polymerization reactions or is not the sole precursor.
Tetracyclic alkanes, generally in the range C24–C27 (Fig. 4.25), are also frequent constituents of oils

and bitumens. They are structurally related to the hopanes, from which they may be formed by thermal or
bacterial cleavage of the 17(21) C–C bond in the E ring, although a direct bacterial source cannot be
discounted. They can be called de-E-hopanes, or 17,21-secohopanes, and the C24 component (18β-de-
E-hopane) is usually the most abundant of the series. The C25–C27 members differ from the C24 in
possessing an 18α-methyl group in addition to an 18β-alkyl group (C1–C3).

These tricyclic and tetracyclic series are absent from Recent sediments, suggesting that their formation
from kerogen requires higher temperatures than those associated with diagenesis (Aquino Neto et al.
1983), assuming that the organisms that produce them still exist.

(d) Steranes

The carbon number of biogenic precursor sterols is largely preserved in steranes, but some source
specificity is lost, for example the same C29 sterane is produced by stigmasterol, sitosterol and fucosterol
(Fig. 2.22). Consequently, a ternary plot of C27:C28:C29 steranes requires even more caution than the
corresponding plot from sterols (Fig. 5.2) when evaluating sources of organic matter. However, such plots
are useful for correlating oils with their source rocks.

Some systematic changes appear to have occurred in the sterane C-number distributions in oils derived
from marine source rocks over geological time, with C29 steranes being relatively abundant in oils from
Paleozoic sources and C28 steranes becoming more important thereafter (Fig. 5.27; Grantham & Wakefield
1988). It is tempting to correlate the increasing relative importance of C28 steranes with the radiation of
dinoflagellates and coccolithophores in the early Mesozoic, and the silicoflagellates and diatoms in the
late Mesozoic/Tertiary (see Fig. 1.12), but the sterol distributions in extant phytoplanktonic classes (Table
5.1) do not provide unequivocal support. The effects of herbivory and the likely dominance of
phytoplanktonic blooms by just a few species, possibly with atypical sterol distributions, may have a
major influence on the ultimate sterane distributions (Volkman 1986). The two groups of Omani oils from
Proterozoic sources (c. 650 Myr old) are notable for exhibiting sterane distributions that lie off the main
trend in Fig. 5.27.
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Fig. 5.27 Variations over geological time in sterane C-number distributions in oils from marine source rocks
(age refers to inferred source; after Grantham & Wakefield 1988).
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Dinoflagellate contributions can usually be recognized from dinosterane (Fig. 5.26) and related C30 4-
methylsteranes (Summons et al. 1987), and their presence usually infers a Mesozoic or younger age
(Summons et al. 1992; Moldowan et al. 1996). The ratio of 24-norcholestanes to 27-norcholestanes can
provide age information too, because the ratio increases after the Triassic and particularly during the
Cretaceous and Tertiary, and appears to be attributable to diatom contributions (Holba et al 1998).

(e) Hopanes

Hopanes are ubiquitous components of sediments and sedimentary rocks, demonstrating the importance
of bacterial activity during diagenesis. Other series of hopanoidal alkanes have been detected in which
the number and/or position of ring-methyl groups differ from those in the regular hopanes. As can be
seen in Section 5.4.3, some series of norhopanes (i.e. bearing one fewer ring-methyl group than the
regular hopanes) are associated with particular depositional environments. Among the rearranged hopanes
a C29 homologue of Ts (Fig. 2.19c), i.e. 30-nor-18α,21β-neohopane, has been identified (Moldowan et al.
1991) but an extended series equivalent to the regular hopanes has not been detected, so the neohopanes
do not appear to be rearrangement products of the regular hopanoids, unlike the 17α-diahopanes
(Moldowan et al. 1991).

The most prominent of the methylhopanes (i.e. hopanes bearing an additional ring-methyl group) in
ancient sediments and oils belong to the 2α-methyl-17α-hopane series, which derive from isomerization
of less thermodynamically stable 2β precursors in certain types of bacteria. Some methylotrophic and
nitrogen-fixing bacteria biosynthesize 2-methylhopanoids, the dominant members of which are the C31
analogues of diplopterol and diploptene, whereas 2-methylbacteriohopanepolyols are dominant in
cyanobacteria and probably also in prochlorophytes (Summons et al. 1999). The polyfunctional nature of
the cyanobacterial 2-methylhopanoids confers greater potential for incorporation into kerogen and
preservation than is possible for the diplopteroids, and so cyanobacteria are likely to be the major source
of 2-methylhopanes in ancient sediments and oils. Further circumstantial evidence is provided by the
types and age distribution of sediments in which they have been detected. High abundances of 2-
methylhopanes relative to regular hopanes are found in carbonates deposited in marginal marine settings
and saline lakes, in which cyanobacterial mats have flourished since the Precambrian. Examples from
more open marine settings, characterized by shale deposition, are more abundant for the Proterozoic
than the Phanerozoic, probably owing to the greater importance of cyanobacteria and prochlorophytes
among the phytoplankton during the Proterozoic (Summons et al. 1999). The earliest documented
occurrence of 2-methylhopanes is in 2.7 Ga shales from the Pilbara Craton, Australia (Brocks et al.
1999).

(f) Higher plant diterpanes and triterpanes

Cyclic diterpanes with two (labdane), three (abietane, isopimarane and rimuane), or four rings (ent-
beyerane, ent-kaurane and phyllocladane) can be particularly abundant where there has been a significant
contribution from gymnospermous resins, such as in coals (Fig. 5.28; Aplin et al. 1963; Noble et al. 1985,
1986; Weston et al. 1989; Otto & Simoneit 2001).

As seen in Fig. 5.19, contributions from woody angiosperms are likely to lead to the presence of
oleanane in ancient sediments and oils, often accompanied by its ring-A degraded counterpart, 10β-de-
A-oleanane. The ring-A degradation products of lupeol (10β-de-A-lupane) and α-amyrin (10β-de-A-ursane)
may also be present (Fig. 5.29; Woolhouse et al. 1992).

Angiosperms became widespread during the Late Cretaceous-early Tertiary (Crane & Lidgard 1989),
but prior to that gymnosperms dominated, and their distinctive diterpane distributions have been traced
back to Carboniferous rocks (Disnar & Harouna 1994). With appropriate regional palynological calibration,
the ratio of angiospermous to gymnospermous terpanes in oils with major terrestrial contributions, together
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with variations in the distributions within each of the two terpane groups, can help constrain the likely age
of its source rocks (Killops et al. 1995, 2003).

Often the higher plant derived terpanes are found in association with their aromatic counterparts. For
example, among the aromatic diterpenoids that can dominate the methylated phenanthrenes of bitumens
from humic coals are retene, formed by abietoids and phyllocladoids (Fig. 5.18), and pimanthrene from
pimaroids (Fig. 5.30). Similarly, diagnostic pentacyclic aromatic hydrocarbons may be present in ancient
sediments and oils, such as 1,2,9-trimethylpicene (derived from α-amyrin; Fig. 5.22) and 1,8-dimethylpicene
(derived from β-amyrin; Fig. 5.30). Abundant 1,2,7-trimethylnaphthalene relative to other
trimethylnaphthalenes probably also indicates an angiospermous contribution, resulting from fragmentation
of the C ring of β-amyrin during diagenesis (Fig. 5.23). However, with increasing thermal maturity during
catagenesis (or coalification) the relative abundance of specific polymethylnaphthalenes decreases, until
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Fig. 5.28 Examples of cyclic diterpanes generally abundant in mature, woody-gymnospermous kerogen.
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that can be found in bitumens from humic coals.

10β-de-A-oleanane 10β-de-A-lupane 10β-de-A-ursane
Fig. 5.29 Ring-A degraded,
angiosperm-derived triterpanes.
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they are no longer conclusive source indicators. This
occurs because of the generation from kerogen (or
coal) of polymethyInaphthalenes with random
substitution patterns, and possibly also because of
the conversion of the source indicators into other
isomers by methyl group migration (see Section
5.5.4).

Other higher plant derived triterpanes include a
series of bicadinanes, which can sometimes be
observed in Tertiary oils and source-rock extracts
from southeast Asia. They are believed to derive from
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thermal breakdown of polycadinanes, a class of biopolymer that has been identified in dammar resins in
some southeast Asian angiosperms (particularly dipterocarps; van Aarssen et al. 1992). Other cadinane
oligomers may also be present, but the bicadinanes are usually dominant and the major component in
oils is generally the most thermally stable trans,trans,trans isomer (Fig. 5.26).

5.4.3 Indicators of depositional environment

To some extent molecular source indicators provide information on depositional environments, because
the composition of organism assemblages varies with environmental conditions. These conditions will
also influence the transformations that the molecular source indicators undergo during diagenesis [e.g.
Eh and pH conditions (Box 3.4), and rearrangements catalysed by inorganic minerals (e.g. Section 5.3.3e)].
As a general example, the ternary plot of branched and cyclic C7 hydrocarbons in Fig. 5.31 can help to
distinguish between marine, terrigenous and lacustrine environments (ten Haven 1996; Mango 1997).
Terrigenous samples plot closest to the cyclohexyl apex (100% methylcyclohexane + toluene) because
higher plant derived material tends to yield greater quantities of benzene and toluene than marine samples
(Leythaeuser et al. 1979; Odden et al. 1998).

Environmental conditions can change as a basin evolves, examples of which are Brazilian marginal
offshore basins formed during the opening of the South Atlantic by the rifting of the African and South
American continental plates. The basins resulted from the progressive subsidence of the crust during the
onset of rifting in the Early Cretaceous (see Box 3.11). Initially, freshwater and then saline lacustrine
deposits were formed, followed in the mid-Cretaceous by marine evaporite deposition as rifting proceeded,
resulting from the combined effects of intermittent marine transgressions and evaporation of the waters
trapped by topographical barriers in a hot dry climate. Biomarkers have been successfully used to
differentiate these depositional environments by applying a number of the concepts outlined in the rest of
this section (Mello et al. 1988a,b).

(a) Freshwater and marine environments

Unfortunately, there are few types of depositional environments that are exclusively characterized by the
presence of just one or two specific biomarker hydrocarbons. One example is botryococcane, which is
diagnostic of contributions from Botryococcus in freshwater lakes, although it is not present in all such
lacustrine sediments. Freshwater lakes often exhibit characteristics of vascular plant and phytoplanktonic
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Fig. 5.31 Ternary plot of Mango's ring-preference
parameters, showing depositional environment fields
(after ten Haven 1996).

inputs, and significant contributions of long-chain acyclic
isoprenoids from methanogenic bacteria may occur
where sulphate levels are very low. In contrast, bacterial
activity in marine and saline lake sediments is dominated
by sulphate reducers, and the S content (including
S-containing compounds) is greater than in freshwater
settings (c. >0.3%).

Sometimes the presence (or even the absence) of a
range of biomarkers can be diagnostic. For example,
despite the reservations about sterane C-number
distributions noted in Section 5.4.2, dominant C29
steranes (c. >60%) in post-Palaeozoic oils usually
indicates a major contribution from terrestrial higher
plants. Corroboration is provided by a high
hopane:sterane ratio (reflecting bacterial activity), n-
alkanes dominated by >C22 members with an OEP, high
pristane:phytane ratios (discussed below), and abundant
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higher plant derived terpanes. Such a combination of
biomarker distributions is characteristic of deposition
in coastal floodplains or nearshore environments (e.g.
marine or lacustrine deltas), as in oils from the Niger
delta, Africa (Ekweozor et al. 1979) and Mahakam
delta, Indonesia (Grantham et al. 1983). The absence
of terrestrial indicators in marine sediments does not
necessarily imply distal (offshore) deposition.
Nearshore (proximal) areas vir tually devoid of
vegetation (e.g. deserts) or with limited river drainage
(e.g. west side of the Andes) will not exhibit a significant
vascular plant fingerprint.

The extended cheilanthanes (>C30) appear to derive
from bacteria that thrived in conditions of moderate
salinity (De Grande et al. 1993; Dahl et al. 1993). The
shorter chain (≤C30) cheilanthanes seem to share a
similar source, because they are generally in low
abundance or absent in bitumen and oils from
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terrigenous source rocks (Aquino Neto et al. 1983; Philp & Gilbert 1986). However, even relatively minor
marine incursions during early diagenesis can result in low cheilanthane abundances in coal-sourced
oils (Killops et al. 1994).

Based on the apparent occurrence of 24-n-prop-24(28)-enylcholesterol (a C30 sterol) only in certain
extant marine members of the chrysophytes (order Sarcinochrysidales; Billard et al. 1990), the presence
of the corresponding 24-n-propylcholestanes in oils and ancient sediments is considered to indicate a
contribution from marine algae (Moldowan et al. 1990). Low levels of these C30 steranes have been
detected in some coals, in which they can be interpreted as resulting from a marine transgression, and
are often accompanied by other signs of marine contributions (e.g. lower relative abundance of C29
steranes and elevated cheilanthane content; Killops et al. 1994).

A broad distinction between freshwater and marine environments can be obtained from the relative
abundance of S-containing compounds; the greater abundance of these compounds in marine sediments
being related to the sulphate content of seawater and the activity of sulphate reducers. A particularly
useful plot is shown in Fig. 5.32, combining an S-containing parameter with the pristane:phytane ratio,
which can help distinguish between some basic marine and freshwater sub-environments (Hughes et al.
1995). Lacustrine oils in general have been found to contain elevated levels of a C30 tetracyclic polyprenoidal
alkane of algal origin (Fig. 5.26) relative to total 27-norcholestanes which, together with the absence of
24-n-propylcholestanes, distinguishes lacustrine (fresh or brackish water) from all other depositional
environments (Holba et al. 2000).

(b) Argillaceous and carbonate sediments

High diasterane:sterane ratios are usually attributed to abundant clay minerals (Section 5.3.3), so it is not
surprising that most carbonates, which have low argillaceous contents, have low ratios. However, high
ratios can also be found in some carbonate rocks with low clay content, and it appears that high diasterane
content is better explained in terms of a high clay:organics ratio (van Kaam-Peters et al. 1998). The
relatively low sterane content but high diasterane:sterane ratio of low-ash coals may primarily reflect the
greater resistance of diasteroids during biodegradation, because most of the phytosterols are associated
with mesophyllic tissues, which are readily biodegraded (Killops et al. 1994).
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Carbonates can exhibit a number of biomarker characteristics. Abundant de-E-hopanes may be present
(as they are in evaporites; Connan et al. 1986), although the C24 component (18β-de-E-hopane) is also
often relatively important in coaly sediments (Philp & Gilbert 1986; Killops et al. 1994). Abundant 30-nor-
17α-hopanes (C28–C34) are associated with carbonate sources (Subroto et al. 1991). Because of the low
levels of iron in carbonates, high-sulphur levels generally result in abundant OSCs and hence high
dibenzothiophene:phenanthrene ratios (Fig. 5.32; Hughes et al. 1995).

(c) Hypersalinity

Hypersaline environments are interesting in that very few organisms are tolerant of such extreme conditions
and so relatively simple communities are usually found. Cyanobacteria can flourish in these environments
because the mats they form are not subject to extensive grazing by herbivores, although the associated
communities usually include some invertebrates together with algae. The halophilic archaebacteria also
thrive under these conditions (they actually require salinities >15% in order to synthesize ATP). Bacterial
inputs can, therefore, be significant in organic-rich sediments deposited in hypersaline lakes (see Section
3.4.1b). This organic material is less subject to degradation than in other sedimentary environments
because most microbial activity, including sulphate reduction, is suppressed by hypersalinity (hence the
use of salt in food preservation). Oil source rocks deposited in salt lakes occur widely in China (Jiamo et
al. 1986; Jiamo & Guoying 1989). Biomarker distributions are characterized by relatively large amounts of
phytane, β-carotane, C35 hopanes and gammacerane (Fig. 5.26). In addition, C22 n-alkane is often relatively
abundant (ten Haven et al. 1985). Type II kerogen in marine evaporitic deposits can contain very high
concentrations of squalane and a related C25 isoprenoidal alkane (2,6,10,14,18-pentamethyleicosane;
Fig. 5.26), in addition to abundant phytane, gammacerane and β-carotane, and sometimes an EOP
among the n-alkanes (Mello et al. 1988a,b).

Gammacerane (Fig. 5.26) has been found in sediments dating back to the Proterozoic, and most oils
appear to contain trace amounts. Particularly high concentrations seem to be associated with highly
reducing, hypersaline depositional conditions, although not all such environments result in abundant
gammacerane (Moldowan et al. 1985; Mello et al. 1988a,b). Gammacerane is believed to be the diagenetic
product of tetrahymanol (Fig. 5.26; ten Haven et al. 1989; Venkatesan 1989), a triterpenoidal alcohol that
occurs widely in Recent marine sediments. Analogous to steroids and hopanoids, tetrahymanol functions
as a rigidifier in the membranes of certain protozoa (Ourisson et al. 1987), phototrophic bacteria (Kleeman
et al. 1990) and possibly other organisms. Several commonly occurring species of bacteria-eating marine
ciliates have been found to contain abundant tetrahymanol, which may explain the ubiquity of gammacerane
in marine and lacustrine settings (Harvey & McManus 1991). Water-column stratification promotes the
development of hypersalinity and results in the ciliates, that live in anaerobic conditions beneath the
thermocline, synthesizing tetrahymanol in the absence of a supply of dietary sterols. Hence gammacerane
can be considered as an indicator of stratification (Sinninghe Damsté et al. 1995).

β-Carotane (Fig. 5.13) is found only in ancient lacustrine sediments and it has been suggested that it
may be a by-product of methanogenesis (Repeta 1989). Reduction of carotenoids to form saturated
hydrocarbons does not appear to occur in Recent sediments and, as sulphate reduction causes degradation
of carotenoids, the survival of potential precursors of β-carotane until reduction occurs requires the absence
or limitation of sulphate reduction. The most likely precursors are those that do not contain a 5,6-epoxide
group, such as β-carotene, and so are degraded less rapidly by anaerobic oxidation (see Section 5.3.3c).
The major phytoplanktonic carotenoids that contain a 5,6-epoxide grouping, such as fucoxanthin (Fig.
2.23), are rapidly degraded at the beginning of diagenesis even in anoxic sediments. The exceptionally
high levels of β-carotane in salt-lake sediments reflects the abundance of suitable precursors in contributing
organisms and the conditions necessary for their preservation during diagenesis (e.g. presence of
methanogens but virtual absence of sulphate reducers).
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Hypersaline conditions can also be distinguished by the degree of methylation of chromans (oxygen-
containing aromatic isoprenoids; Fig. 5.26), which can be expressed by the chroman ratio:

Values of CR <0.6 generally indicate hypersaline conditions, whereas greater values are found in marine
to freshwater environments (Sinninghe Damsté et al. 1987, 1993b). The origins of the methylated chromans
have yet to be identified, but are probably algal or cyanobacterial.

(d) Redox conditions and phytol diagenesis

While anoxic conditions generally favour the formation of organic-rich sediments, oxygen is unlikely to be
absent at all stages of diagenesis. Levels of oxygen in the water column can fluctuate over time and so
can the position of the oxic-anoxic boundary. It is possible to gain some information on redox conditions
(see Box 3.4) during diagenesis from molecular indicators. For example, the 25-nor-17α-hopanes, which
lack the methyl group at the A/B-ring junction (C-10) that is present in the regular hopanes, appear not to
be alteration products of regular hopanoids. They are generally associated with marine and lacustrine
source rocks that were deposited under dysoxic (see Box 1.5), but not significantly hypersaline, conditions
(Blanc & Connan 1992).

High concentrations of 28,30-dinorhopane (Fig. 5.26) are common in petroleums generated from source
rocks deposited in highly reducing to anoxic environments (Grantham et al. 1980; Mello et al. 1988a,b).
There is evidence that the compound is synthesized by bacteria utilizing CO2 (Schoell et al. 1992; Schouten
et al. 1997), a substrate that is likely to originate from sulphate reduction in marine environments, which
suggests that 28,30-dinorhopane could originate within oxygenated sediments immediately overlying the
anoxic zone.

Phytol is an important part of phytoplanktonic chlorophylls, from which it appears to be released early
on during diagenesis in the water column (see Section 5.3.2b). Early studies of the diagenetic fate of
phytol (Didyk et al. 1978) suggested that different products are formed under different redox conditions
(Fig. 5.33). Under relatively oxidizing conditions a significant proportion of phytol, a C20 compound, can
be oxidized to phytenic acid, which may then undergo decarboxylation to pristene, a C19 compound,
before finally being reduced to pristane. In contrast, under relatively anoxic conditions phytol is more
likely to undergo reduction and dehydration to phytane, via dihydrophytol (phytanol) or phytene, with the
preservation of all 20 C atoms in the product. On this basis it was suggested that the ratio pristane:phytane
may provide a measure of redox conditions during diagenesis, with values <1 being typical of anoxic
conditions and values >1 suggesting oxicity (Didyk et al. 1978). Isoprenoidal hydrocarbons with <20 C
atoms (e.g. C14–C16 and C18) are common in sediments and may also derive from phytol.

As seen in Sections 5.3.2b, 5.3.3b, phytol geochemistry is complex (Rontani & Volkman 2003) and the
scheme described above is an oversimplification. For example, much of the phytol can reach the sediment
in esterified form (Johns et al. 1980) and so when hydrolysis liberates phytol in the anoxic zone phytane
may be produced but not pristane (ten Haven et al. 1987). In addition, the effects of geological constraints
on redox conditions have been overlooked. These include the effect of variations in sedimentation rate on
the thickness of the oxic sediment layer, the interbedding of turbidites and pelagic sequences, and the
effect of micro-environments (the conditions within two adjacent micro-environments can vary significantly).
Clay minerals can catalyse the hydrolytic liberation of phytol from chlorophylls and also its subsequent
dehydration to phytadienes (Rontani & Volkman 2003), which may then react with sulphides to produce
thiophenes and other OSCs (Sinninghe Damsté & de Leeuw 1990; Schouten et al. 1994). Furthermore,
there can be sources of pristane and phytane other than chlorophylls (ten Haven et al. 1987). These
include methanogenic or halophilic phytanyl lipid sources for phytane, and zooplanktonic or tocopherol

5,7,8-trimethylchroman
(5,7,8-trimethyl + 7,8-dimethyl + 8-methylchroman)

chroman ratio (CR) = [Eqn 5.1]
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(i.e. vitamin E; Fig. 5.26) sources for pristane (Goossens et al. 1984). In hypersaline environments halophilic
bacteria are very important and they contain more phytanyl lipids than methanogens. Consequently, a
low pristane:phytane ratio is usually recorded in these environments, apparently reflecting the salinity-
dependent growth rate of bacteria and not the degree of anoxicity. Despite all these possible restrictions
on the use of pristane:phytane as an indicator of redox conditions, this ratio appears to work surprisingly
well for a large number of oil source rocks, as shown by Fig. 5.32. During catagenesis, however, the
pristane:phytane ratio tends to increase as additional pristane appears to be generated from kerogen
(Goossens et al. 1988a,b).

There are inorganic indicators of redox conditions, an example of which is considered in Box 5.3.

5.5 Thermal maturity and molecular transformations

5.5.1 Configurational isomerization

Many of the stereogenic centres remaining in hydrocarbons during diagenesis preserve the biologically
conferred configuration. However, as temperature increases isomerization occurs, ultimately resulting in
equilibrium mixtures of isomers, the ratios of which reflect their relative thermodynamic stabilities.
Isomerization mostly involves hydrogen exchange, as described in Box 5.2.

(a) Acyclic isoprenoidal alkanes

Configurational isomerization begins during diagenesis for some components. For example, in pristane
the biologically conferred 6R,10S isomer is converted into equal amounts of the four possible isomers
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(6R,10S; 6R,10R; 6S,10S and 6S,10R) prior to the onset of catagenesis (Fig. 5.33). The 6S,10S and
6R,10R forms of pristane are, in fact, identical and can be interconverted simply by rotating the molecule
about a vertical axis through the central C atom (and so are not chiral). This isomer is known as meso
pristane (rather than 6S,10S or 6R,10R).

(b) Steranes

At the end of diagenesis the configuration at the stereogenic carbon centres in the sterane skeleton is
largely that inherited from the biogenic precursor, which provides the degree of flatness required for the
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Fig. 5.34 Eh and pH stability fields in sediments. Total
shaded area is the natural stability field for marginal and
open marine sediments. Areas I, II and III are discussed
in the text, and their combined area encompasses the
field for organic sediments (after Lewan 1984).

Box 5.3 Nickel and vanadium distributions and sedimentary redox conditions

The interaction of metal ions with organic moieties is an important aspect of diagenesis and is
affected by redox potential (Eh) and acidity (pH) (see Box 3.4). These factors control the oxidation
state of a metal ion and the availability of anions that may compete with organic moieties for the
metal. The distribution of metals in oils can, therefore, provide information on the depositional
environment of its source rock. Two metals that are particularly useful are nickel (Ni) and vanadium
(V). The bulk of these two metals in oils appears to be strongly associated with high-molecular-
weight organic components, especially asphaltenes, and the ratio of Ni to V appears not to be
affected by post-diagenetic processes. Although Ni and V are also associated with porphyrins,
which do undergo some changes with increasing maturity, the amounts in porphyrins are generally
relatively minor and do not affect the overall interpretation of Ni:V ratios (but there are exceptions,
such as Venezuelan oils). Figure 5.34 shows the main field of Eh and pH conditions for marine
organic sediments, which is divided into three areas (Lewan 1984). Whereas the average pH of
seawater is 8.2, the pH of sedimentary pore water can vary significantly, as shown in Fig. 5.34.

The chemical form of sulphur is important in determining the availability of metal ions in marine
environments. In area I of Fig. 5.34 sulphur is generally in the form of SO4

2− and nickel is available
for bonding (as Ni2+), but vanadium is unavailable. Oils from source rocks deposited under these
conditions, such as those from Mesozoic and Tertiary reservoirs in the Uinta Basin (USA), have V/

(V+Ni) values <0.1 and S content <1%. In area
II sulphate is again the major form of sulphur,
while Ni2+ and VO2+ (vanadyl) are available for
bonding, but the vanadyl species may be
partially hindered by sulphide complexation.
Crude oils associated with these conditions
include those from Tertiary reservoirs in eastern
Nigeria, which contain low amounts of S (c. 0.2–
0.5%) and have V/(V+Ni) values in the range
0.1–0.9. In area III sulphur exists mainly as H2S
at pH <7 and as HS− at higher pH. Vanadium is
available in the form of VO2+ and V3+, but Ni2+

may be partially hindered by sulphide
complexation. Associated oils, such as those
from Jurassic reservoirs in Saudi Arabia, have
high S content ( >1%) and V/(V+Ni) values >0.5.
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function of a cell membrane rigidifier. At certain of the stereogenic centres the stereochemistry already
corresponds to the thermodynamically most stable configuration (e.g. at C-8 and C-9; see Fig. 2.19a for
carbon numbering scheme). At C-10 and C-13 hydrogen exchange cannot alter the configuration because
there is no hydrogen directly bonded to the stereogenic carbon atom to allow the necessary process to
occur (see Section 5.3.1 and Box 5.2). Isomerization is, therefore, limited to the C-14, C-17 and C-20
positions. A mixture of isomers is usually present at C-5 and C-24, although the 5α configuration is
normally more abundant.

Only the 20R isomers of the regular steranes and 4-methylsteranes exist initially, but they undergo
isomerization to form an equilibrium mixture containing approximately equal amounts of 20R and 20S
isomers (Figs. 5.15, 5.16). This process appears to require higher temperatures than the isomerization of
pristane. Similar temperatures to those at which the 20S/R isomerization occurs are required for another
isomerization process of the regular steranes that affects the C-14 and C-17 cyclic positions in concert.
The 14α,17α isomer is converted into an equilibrium mixture of 14α,17α and 14β,17β isomers (Fig. 5.15)
that contains rather more of the latter.

A variable amount of 5α,14β,17β-steranes may be present at the end of diagenesis. A possible source
of these components at a relatively early stage of maturity is the reduction of ∆14 sterenes produced from
∆7 stenols (synthesized by several common freshwater green microalgae; see Table 5.1), a much simplified
scheme for which is shown in Fig. 5.35 (Peakman & Maxwell 1988; Peakman et al. 1989). Spirosterenes
are involved as intermediates, and they may be important intermediates in many sterene rearrangements,
even though they are not themselves preserved in substantial amounts at the end of diagenesis (e.g. as
spirosteranes).
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Peakman et al. 1989).
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(c) Triterpanes

Isomerization via hydrogen exchange also affects terpanes. For example, S/R interconversion can occur
at C-16 in phyllocladane and ent-kaurane (Fig. 5.28) and at C-18 in oleanane (Fig. 5.19). In
C31–C35 hopanes the biologically conferred 22R configuration is preserved during the initial stages of
diagenesis. Subsequent isomerization results in a final equilibrium mixture containing approximately
equal amounts of 22R and 22S isomers. At the C-17 and C-21 positions (see Fig. 2.19a for carbon
numbering scheme) the configurations are initially mainly 17β,21β. The 17β,21β isomer is much less
thermally stable than either the 17β,21α or 17α,21β isomer and is rapidly converted into a mixture of the
latter two isomers. The other possible isomeric configuration, 17α,21α – the theoretical stability of which
lies between that of 17β,21β and 17β,21α – makes only a minor contribution at all maturity levels (Nytoft
& Bojesen-Koefoed 2001). With increasing temperature the 17β,21α isomer is converted almost completely
into the more stable 17α,21β isomer, so that the final equilibrium mixture is dominated by the latter (Fig.
5.21). It should be remembered that these compounds are usually collectively referred to as hopanes,
regardless of configuration at the various stereogenic centres. Strictly speaking, however, only those with
a 21β configuration are hopanes, whereas those with a 21α configuration are called moretanes.

(d) Alternative explanations of apparent isomerization

Studies of the changes in absolute abundance of sterane and hopane isomers during oil generation
under different heating regimes (i.e. average maturation conditions, more rapid heating by igneous
intrusions and extremely rapid heating during hydrous pyrolysis in the laboratory) have provided evidence
that the variation in isomer ratios may not be entirely the result of isomerization in the bitumen. Differences
in generation rates from kerogen and in thermal stabilities (i.e. tendecy to disintegrate) of the various
isomers may also be important (Abbott et al. 1990; Bishop & Abbott 1993; Requejo 1994; Farrimond et al.
1998). It is likely that isomerization occurs in biomarkers incorporated into kerogen (e.g. at C-17, C-21
and C-22 in bound hopanoic acids; Abbott et al. 2001) as well those in the free bitumen, although there is
some evidence for preservation of an elevated R:S ratio at C-22 in hopanes and at C-20 in steranes
among the last evolved members of these hydrocarbon classes in some shales and coals (Peters et al.
1990; Farrimond et al. 1996; Killops et al. 1998). Such an immature signature could result from steric
hindrance restricting the hydrogen exchange within certain parts of the kerogen matrix, but would require
the affected biomarkers to be among the last released from the kerogen into the bitumen, after most of
the earlier hopanes and steranes have been expelled from the host rock.

The apparent isomerization at C-14 and C-17 in steranes occurs over a higher maturity range than the
isomerization at C-20 in steranes and C-22 in hopanes. It may be at least partially controlled by differences
in thermal stability towards the higher maturity limit, similar to that suggested for the increasing dominance
of the 18α over the 18β epimer of oleanane (Rullkötter et al. 1994).

5.5.2 Aromatization

Another important, thermally mediated, transformation is aromatization, which we have already examined
for diterpenoids (Fig. 5.18) and triterpenoids (Fig. 5.22). One of the major classes of diagenetic products
of steroids is the C-ring monoaromatics (Fig. 5.15), which include diasteroids and 4-methylsteroids as
well as regular steroids (Riolo et al. 1986). As temperature rises with increasing burial, complete
aromatization of the three 6-membered rings occurs, generally with the loss of the C-19 methyl group at
the A,B-ring junction (Fig. 5.36). Only small amounts of B,C-ring diaromatics have been detected,
suggesting that these intermediates in the aromatization process are short-lived (Mackenzie et al. 1981).
Aromatization is not a reversible reaction, unlike isomerization. Initially there are no triaromatic steroidal
hydrocarbons, but during catagenesis C-ring monoaromatics tend to be converted into triaromatics. In
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humic coals aromatization of cycloalkanes in general increases throughout coalification and is virtually
complete towards the end of the bituminous coal stage. Although the distribution of 4-desmethyl C-ring
monoaromatic steroids can be quite complicated, the loss of methyl groups during aromatization leads to
a relatively simple distribution of triaromatics: mainly C20, C21 and 20S/R epimers of C26–C28 (Fig. 4.25;
Riolo et al. 1986).

5.5.3 Enrichment of short-chain hydrocarbons and cracking processes

(a) Steroids

As maturity progresses through the oil window there is an apparent increase in the abundance of steroidal
hydrocarbons with short relative to long alkyl chains (e.g. C21 and C22 alkanes, and C20 and C21
triaromatics). This appears to reflect the greater resistance of the short-chained components towards
thermal degradation rather than their production by thermal cracking of the alkyl chains in the longer-
chain components (Mackenzie 1984). Although there is not a direct product-precursor relationship, the
ratio of short-chain to long-chain components appears to be a useful indicator of maturity in closely
related samples (Wingert & Pomerantz 1986). However, the ratio in immature sediments can vary
significantly under the influence of changing sources of organic matter and depositional environments.

(b) Porphyrins

Porphyrin distributions in oils and ancient sediments are dominated by C27–C33 DPEP and etio species
complexed with Ni2+ and VO2+. With increasing temperature the ratio DPEP:etio for vanadyl porphyrins
decreases. This may in part be due to a cracking process involving cleavage of the isocyclic ring (i.e. the
non-pyrrole 5-membered ring) of the DPEPs to yield etio porphyrins (Fig. 5.11), but is more likely to result
from a combination of generation of etioporphyrins from kerogen and the generally faster degradation
rate for DPEP than etio porphyrins with increasing temperature (Barwise & Roberts 1984; Baker & Louda
1986).

5.5.4 Methyl group migration in aromatic hydrocarbons

The mobility of methyl groups on lignin and other moieties during the thermal degradation of kerogen and
coal affords the possibility of migration of methyl groups from less to more thermodynamically stable

H
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positions in aromatic compounds (see Sections 4.3.2c, 5.4.3). Dimethylnaphthalenes (DMNs) and
methylphenanthrenes (MPs) are usually relatively abundant components of bitumens and oils and
demonstrate the application of changes in the position of methylation in estimating maturity. However, the
following principles apply to all methylated aromatic compounds (Radke 1987).

There are 10 possible isomers of dimethylnaphthalene (DMN): 1,2, 1,3, 1,4, 1,5, 1,6, 1,7, 1,8, 2,3, 2,6
and 2,7; all other arrangements effectively duplicate these 10 isomers. As maturity increases, the
thermodynamically more stable isomers become dominant in bitumens. The stability is determined by
the degree of steric interaction (i.e. electrostatic repulsion caused by close proximity) between each
methyl group and the substituents on the immediately adjacent C atoms of the ring system (either an H
atom or another methyl group). The greater the space between these substituents, the lower the steric
interaction and the greater the stability. The relative stabilities can be seen by reference to Fig. 5.37, and
bearing in mind that methyl groups are bulkier than hydrogen atoms. A methyl group at any of the β
positions (C-2, C-3, C-6 or C-7) is further from its neighbours than one at an α position (C-1, C-4, C-5 or
C-8). So for DMNs, the most stable arrangement is a methyl on C-2 and the other on C-6 or C-7. The least
stable arrangement is where the methyl groups are in adjacent α positions (1,8DMN). It is not surprising,
therefore, that 1,8DMN is rarely detectable in oils (Alexander et al. 1984b). The next least stable isomers
are 1,4DMN and 1,5DMN.

Similarly, there are five possible isomers of methylphenanthrene (MP): 1, 2, 3, 4 and 9 (Fig. 5.37). A
methyl group at C-4 (α* position) results in intense steric interactions and is not thermodynamically
favoured. Therefore, 4MP is at most a minor component in oils (<1% total MPs; Garrigues & Ewald 1983)
and can be discounted. Of the other four isomers, 1MP and 9MP have methyl groups in α positions,
where there is some steric interaction with H atoms on adjacent carbons, whereas in 2MP and 3MP the
methyl groups are further from these hydrogens (in β positions) and so their steric interactions are smaller.
Consequently, the 1 and 9 isomers are slightly less thermodynamically stable than their 2 and 3
counterparts, with the result that 2MP and 3MP become dominant as maturity increases. As well as
migration within a particular aromatic compound, it has been suggested that methyl groups can migrate
between aromatic moieties, such as during the methylation and subsequent demethylation that
phenanthrene appears to experience with increasing maturity (Radke & Welte 1983).

More recent studies suggest that the distributions of methylated naphthalenes and phenanthrenes
reflect the dilution of the components in the bitumen inherited from diagenesis by addition of components
with different distributions generated from kerogen (Radke et al. 1990; Killops et al. 2001). The effects of
this dilution process are probably more noticeable in coals because their larger adsorption capacity
tends to delay oil expulsion to a greater extent than in marine shales.

The steric considerations proposed above to account for the differing thermodynamic stabilities of the
various DMN and MP isomers can also be applied to methyldibenzothiophene (MBDT) isomers, as shown
in Fig. 5.37. The least stable isomer appears to be 1MDBT, in which the methyl-group hydrogens are
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close to the valency electron pairs of the sulphur atom. The relative concentrations of this isomer are low
above a vitrinite reflectance of c. 0.8% Ro.

5.6 Palaeotemperature and age measurement

5.6.1 Introduction

From the previous section it may be deduced that the extent of isomerization reactions can potentially
provide an idea of the thermal history or the age of a sediment, provided there has not been sufficient
time for all isomerization reactions to yield an equilibrium mixture of isomers. The thermal histories of
Recent sediments are often relatively simple, providing the opportunity for reasonably accurate estimates
of temperature (if samples can be dated) or age (if independent measurements of temperature are available)
to be obtained from isomerization reactions. Isomerization of amino acids has been used in studying the
sequence of glacial and interglacial episodes during the Quaternary, which is examined in Section 5.6.2.
However, isomerization reactions are not the only useful parameters, and we have seen in Section 5.1.3
how organisms can adjust the degree of unsaturation in lipids to maintain their fluidity as temperature
fluctuates. As an example of this type of palaeothermometer, the degree of unsaturation in long-chain
alkenones is discussed in Section 5.6.3. The further back into geological history we travel, the more
difficult it is to model burial and thermal histories accurately, so isomerization and other reactions, such
as vitrinite reflectance and the degree of kerogen degradation (as examined in Section 5.6.4), are used
to provide more general estimates of maturity.

5.6.2 Amino acid epimerization

As noted in Section 3.3.3a, amino acids can be preserved in proteinaceous materials associated with
resistant mineral coatings, such as molluscan shells and foraminiferal tests. The degree of isomerization
of these amino acids has been successfully used to estimate the ages or burial temperatures of Quaternary
sedimentary strata (Bada & Schroeder 1975; Goodfriend et al. 2001). This application is possible because
living organisms synthesize proteins from the L form of amino acids (see Section 2.3.1), but after death
isomerization occurs, eventually resulting in a racemic mixture (see Section 2.1.3). Racemization occurs
via proton abstraction and the formation of a trigonal planar carbanion intermediate (cf. Fig. 5.5), and at
equilibrium the rates of forward and backward reactions are equal, so the concentrations of the L and D
enantiomers are also equal. The neutral amino acid isoleucine is frequently used because of its relative
stability (Section 3.3.3a). It has two stereogenic carbon centres, and of the possible isomerizations, the
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H H
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Fig. 5.38 Epimerization (E) and racemization (R) of
isoleucine (major pathway is epimerization of L-isoleucine
and D-alloisoleucine; large arrow indicates biogenic
input).
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epimerization of L-isoleucine to D-alloisoleucine is the
major reaction pathway and is used for age/
temperature estimation (Fig. 5.38). At equilibrium, the
rates of forward and backward reactions are not equal,
which results in the ratio of D-alloisoleucine:L-isoleucine
being c. 1.3. At first sight the application of racemization
or epimerization to estimating ages or
palaeotemperatures seems to be relatively simple,
through the application of first order kinetics (Box 5.4).
However, the potential loss of racemized amino acids
by aqueous leaching has been noted (Section 3.3.3a),
and there are several other complicating factors.

Normally the degree of epimerization is determined
for the total amino acids, which include both the free
amino acids and those bound in peptides and proteins.
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Box 5.4 Reaction rates

The speed, or rate, of a reaction involving a single chemical species (a unimolecular reaction)
depends on the concentration of the species involved. It is also dependent on temperature, and so
the rate at a particular temperature is proportional to some power (n) of the concentration:

rate = k[Y]n [Eqn 5.2]

where [Y] = concentration of the chemical species Y and k = the rate constant. The value of n (the
reaction order) can only be determined experimentally. Isomerization reactions and kerogen
degradation can be approximated by reactions in which n = 1, i.e. they are first-order reactions.
The rate constant, k, is related to the activation energy (Eact; see Box 2.6) and temperature:

where A = Arrhenius constant (also known as the frequency factor, because its units are
time−1), Eact = activation energy, R = universal gas constant (8.314 kJ mol−1 K−1) and T = absolute
temperature (in Kelvin).

From Eqn 5.3 reaction rates can be seen to increase as temperature rises. For most reactions
near room temperature (300 K) Eact = c. 50 kJ mol−1, so a 10˚C rise in temperature results in an
approximate doubling of the reaction rate. However, the exponential dependence of reaction rate
on temperature means that the rate increases by successively smaller amounts for every 10˚C
interval as temperature rises so that, for example, the increase in rate is only c. 1.4 for a 10˚C rise
in the region of 200˚C.

The rate of a first order reaction can be represented by the change in concentration of the
starting material with time, which yields the following differential equation:

where a = initial concentration and x = change in concentration. Integration then gives:

which represents exponential decay (e.g. radioactive decay). The time taken for half the material
to disappear (i.e. x = a/2), no matter what the initial concentration, is constant. It is related to the
rate constant and is termed the half-life (t1/2):

A reversible reaction, such as epimerization, can be described by:

where kf & kb = rate constants of forward and backward reactions, respectively. As the forward
reaction progresses, the concentration of the reactant ([Y]) decreases and that of the product ([Z])
increases, so the rate of the forward reaction slows while that of the backward reaction increases.

(continued)

k = A e−(Eact/RT) [Eqn 5.3]

a
a−xloge = kt [Eqn 5.5]

loge 2
k

t1/2 = [Eqn 5.6]

Y                     Z
reactant                product

kf

kb
[Eqn 5.7]

dx
dt = k(a-x) [Eqn 5.4]
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The rate of the forward reaction (disappearance of Y) can be represented by:

Writing this in the same form as Eqn 5.5 yields:

where m = kf[Y0]/(kf+kb), [Y0] = initial reactant concentration, x = change in concentration, K =
equilibrium constant (kf/kb) and initially there is no product (i.e. [Z] = 0). Integration then gives:

It is difficult to obtain absolute concentrations, but it is possible to use the ratio of reactant and
product:

In all the above equations the rate of a reaction is seen to be temperature dependent, and the
equations only apply to isothermal conditions. In geological systems, complex burial histories are
usually involved, with variable rates of heating and possibly also intervals of cooling. For such
systems the rate equations require integration with respect to both temperature and time, and it is
assumed that A values are little affected by temperature change (Lewis 1993).

dx K+1
dt K

= kf(m−x) [Eqn 5.9]

m K+1
m−x K

loge = kf [Eqn 5.10]

[Z] K
[Y] + [Z] K+1

= (1 − e−(K+1)kbt) [Eqn 5.11]

–d[Y]
dt

= kf[Y] – kb[Z] [Eqn 5.8]

The free amino acids might be expected to be the most susceptible to epimerization, so the rate at which
hydrolysis frees individual amino acids from peptide chains is also an important consideration. The
hydrolysis rate of each peptide bond depends on factors such as protein chain length (the bonds are
generally more labile in larger chains) and the nature of the adjacent amino acids (Kriausakul & Mitterer
1978). Because the sequence of amino acids is genetically determined, it is not surprising that the hydrolysis
rates of proteins in calcified structures exhibit taxonomic variability. For the L-isoleucine:D-alloisoleucine
epimerization the first order kinetics yield the following equation (Bada & Schroeder 1972):

where A = D-alloisoleucine, I = L-isoleucine, kf is the rate of the forward reaction (conversion of L-isoleucine
to D-alloisoleucine), and K’ is the reciprocal of the equilibrium constant (i.e. 1/1.3; it is equal to the ratio of
the rate constant for the reverse reaction to that of the forward reaction). The value of the constant is
determined from A/I values in modern shells (usually <0.03).

The rate of epimerization (or racemization) depends upon the stability of the carbanion intermediate:
the more stable it is the greater the rate of isomerization. Stability is controlled by the electrostatic influences
of the groups bonded to the α-C atom. In carbonate tests the pH is slightly alkaline (see Box 3.4), so
neutral amino acids exist as the protonated form together with the corresponding zwitterion (the left and

1 + (A/I)
1 − K'(A/I)

loge − const = (1 + K')kft [Eqn 5.12]
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central structures in Fig. 2.11a, respectively). The NH3
+ group formed by protonation is electron-withdrawing

and so stabilizes the carbanion, leading to faster isomerization, whereas a COO− group is electron-
donating and so destabilizes the carbanion, resulting in slower isomerization. The balance between these
contrasting influences, and hence the rate of isomerization of an amino acid in a peptide chain, is modified
by the other amino acids attached to its amine and carboxyl groups. There are five possible environments
for amino acids in peptide chains, as shown in Fig. 5.39. Epimerization/racemization is slower for a C-
terminal than a N-terminal unit (Smith & Sol 1980), because the former can form a COO− group while the
electron-withdrawing power of the amino group is diminished by its involvement in bonding to another
amino acid (Mitterer & Kriausakul 1984). For a N-terminal unit the carboxyl group is involved in bonding
to another amino acid, and so has a weakened electron-donating effect, whereas the protonated amine
group stabilizes the carbanion intermediate of the isomerization process.

The observed relative rates of isoleucine epimerization in heating experiments are: N-terminal and
diketopiperazine groups >> C-terminal and interior groups ≈ free isoleucine (in aqueous solution). However,
the relative extents of epimerization observed in real samples is diketopiperazine > N-terminal > C-
terminal > free >> interior (Mitterer & Kriausakul 1984). The apparent dilemma of why C-terminal and free
isoleusine can exhibit extensive epimerization but their rates of epimerization are slow is explained by the
conversion of some of the more highly epimerized isoleucine from quickly (N-terminal and diketopiperazine)
to slowly (C-terminal and free isoleucine) epimerizing units via diketopiperazine and hydrolysis (Fig. 5.39;
Kriausakul & Mitterer 1983).

The rate of hydrolysis is important, because if it were rapid it would yield the rate curve predicted by the
simple first order kinetics in Eqn 5.12 for the epimerization of free aqueous isoleucine. If hydrolysis were
slow, the initial part of the rate curve would also be similar to that predicted for epimerization of free
isoleucine because most of the isoleucine would be in the slowly epimerizing interior positions, with the
epimerization rate being effectively controlled by the small amounts of free isoleucine. However, the rate
of hydrolysis generally lies between these extremes (and depends upon the strength of the peptide bond
between isoleucine and its neighbouring amino acids), with isoleucine remaining in terminal positions
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Fig. 5.39 Possible variations in molecular environment for isoleucine (ile; after Mitterer & Kriausakul 1984). With
increasing diagenesis, hydrolytic cleavage will move interior amino acids to terminal positions in peptide chains and
ultimately to free amino acids. The N-terminal unit has a free amino group, whereas the C-terminal analogue has a free
carboxyl group. These two varieties of terminal groups are interconverted via the formation of diketopiperazines. HR =
high epimerization rate; LR = low epimerization rate; HE = high epimerization extent; LE = low epimerization extent.

COOHEt

CH CH

Me NH2

Et

R

CH COOH

N-terminal

NHC

RCH

O

CH CH

Me

Et

R

CHNHC

NH

CH R

O

C

O

CH CH

Me NH

Et

NH2

CO

C-terminal

RCH

NH

NH

CO

CH CH

Me

Et C

C

O

O

NH

interior

diketopiperazine

COOH

CH CH

Me NH2

Et

N-terminal

C

O

CH CH

Me NH

Et

C-terminal

COOH

hydrolysis

hydrolysis hydrolysis

hydrolysis

hydrolysis hydrolysis

+H2O

−H2O

−H2O

+H2O

po
ly

pe
pt

id
e 

ile
fr

ee
 il

e
di

pe
pt

id
e 

ile

HR / HE
LR / LE

HR / HE
LR / LE

LR / HE

LR / LE



Killops & Killops
Introduction to Organic Geochemistry 232

Chapter 5
version 040801

long enough for a significant degree of epimerization
to occur before free isoleucine is formed. This helps to
explain the appearance of the rate curves for natural
epimerization of isoleucine, such as that in Fig. 5.40.
During the early part of the rate curve, hydrolysis rapidly
produces a mixture of smaller peptides from the
proteins, containing some isoleucine in N-terminal and
diketopiperazine units, which epimerize rapidly. Further
hydrolysis of these peptides is slower, ultimately
releasing free isoleucine. As the proportion of free
isoleucine builds up, its slower rate of epimerization
becomes the rate determining factor. The resulting non-
linear rate curves can, therefore, be interpreted as
consecutive, first order rate lines, as shown in Fig. 5.40,
representing these two epimerization processes
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Fig. 5.40 Isoleucine epimerization in fossil foraminiferans
(Globorotalia spp.) from deep-sea sediments interpreted
as sequential first order reactions with different rates
(A = D-alloisoleucine, I = L-isoleucine; after Müller 1984).

(Mitterer & Kriausakul 1984), with the intersection occurring around an A/I value of 0.6. More detailed
analysis sometimes reveals additional linear sections in the rate curve, which may be attributable to
leaching of free amino acids (affecting the early part of the curve, A/I <0.6) and to decreasing rates of
protein hydrolysis with increasing age (Müller 1984; Kimber & Griffin 1987). The rate of epimerization/
racemization of isoleucine and other amino acids is dependent upon organism genus (Müller 1984; Kimber
& Griffin 1987) because of the influence of peptide hydrolysis rate, as mentioned above.

Despite the above complications, epimerization and racemization of amino acids have been used for
dating Quaternary deposits (Colman et al. 1987; Smart & Frances 1991). Relative ages can be obtained
or, using a suitable calibration (e.g. 14C dating; Box 5.5), estimates of actual ages can be obtained. The
simplest dating application is in deep-sea sedimentary cores, because the thermal environment is stable
and uniform over large expanses of the ocean. The extent of isomerization in individual species of benthonic
foraminiferans can be calibrated against radiometric ages to provide a dating tool (Fig. 5.42a; Müller
1984), and data for two species can be combined to generate a concordia curve (Fig. 5.42b; Wehmiller
1993), providing greater confidence in the dating procedure.

In coastal settings, marine molluscs are frequently used for dating maxima in relative sea level (i.e.
continental ice-volume minima) during the warm periods of interglacials and interstadials (the latter are
smaller scale warming episodes during glacial periods; Kaufman & Miller 1992). The variations in
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Box 5.5 Radiocarbon dating

14C is an unstable isotope of carbon that is formed in the upper atmosphere by neutron bombardment
of 14N, but subsequently decays back to 14N by electron loss:

14N + 1n → 14C + 1p [Eqn 5.13]
14C → 14N + e [Eqn 5.14]

In the atmosphere the 14C is rapidly oxidized to CO2, which is then incorporated into organic
matter by photosynthesis, and subsequently enters other organisms. The amount of 14C in living
organisms is reflected by the atmospheric content (it is not quite in equilibrium, due to isotopic
fractionation favouring the lighter isotopes, but this can be allowed for using the δ13C value; see
Box 1.3), but upon death the amount of 14C declines by radioactive decay, as represented by Eqn
5.14. The amount of 14C relative to stable C isotopes provides a measure of the age of organic
material. The half-life of 14C was first estimated as 5568 yr (Libby et al. 1949), so that after about
10 half-lives, or 55–60 kyr, there is so little 14C left that the precision of the method decreases and
age estimations become unreliable, requiring the use of other techniques (e.g. radioisotopes with
longer half-lives).

The concentration of 14C in a sample is compared to that in a standard (generally oxalic acid I or
II) , which permits the conventional radiocarbon age to be determined using first order kinetics for
a half-life of 5568 yr, and correcting for any isotopic fractionation (Stuiver & Polach 1977). Ages
before present (BP) relate to the arbitrary zero age of 1950. The conventional radiocarbon age
assumes that the sizes of all 14C reservoirs have remained constant throughout time (at 1950
values, before nuclear testing introduced a new source of 14C), but this is not so. Variations in the
atmospheric production of 14C have occurred, related to changes in the intensity of cosmic radiation,
and the exchange of 14CO2 between the atmospheric and oceanic reservoirs has also varied. A
further inaccuracy derives from the fact that the half-life is actually c. 5730 yr. Radiocarbon ages
consequently require calibration to provide accurate calendar ages, and this has been successfully
achieved back to c. 11 ka by counting tree rings (dendrochronology), as shown in Fig. 5.41.
Radiocarbon age increasingly underestimates true calendar age as the latter increases.
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Fig. 5.41 (a) Deviation of radiocarbon age from true calendar age (based on dendrochronology); (b) detailed
variation and error range of age calibration for the period following the Younger Dryas stadial (after Roberts
1998; based on OxCal calibration). See Box 6.5 for discussion of the Younger Dryas.
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temperature during successive warming and cooling episodes make absolute dating difficult, but calibration
of epimerization values against other age data (e.g. oxygen isotopic stages; Box 5.6) can provide a
means of identifying specific sea-level maxima at various locations (e.g. Shackleton 1987a).

Although the main application of amino-acid isomerization is in dating strata, differences in mean
temperature between horizons have been estimated, yielding information on Quaternary climatic changes
(e.g. Miller et al. 1987). This application requires independent dating and the use of approximate first
order kinetics to describe the isomerization.

5.6.3 Degree of unsaturation in long-chain ketones

Although the ratio of 18O:16O in carbonate tests of marine invertebrates can be used to examine sea
surface temperatures, the extent of continental glaciation, the balance between precipitation and
evaporation, the carbonate compensation depth and the diagenetic alteration of carbonate all influence
whether an estimation can be made and its accuracy (Boxes 5.6, 5.7; Marshall 1992). There is also a
reliable organic geochemical palaeothermometer based on the distributions of long-chain (C37–C39)
unsaturated ketones (Brassell et al. 1986). These compounds appear to be present only in a few living
algae, the haptophytes, but are found in marine and lacustrine sediments throughout the world, probably
reflecting blooms (Marlowe et al. 1984). The major contemporary source is the ubiquitous coccolithophore
Emiliania huxleyi, which first appeared during the late Pleistocene (c. 250 ka), but the compounds are
also characteristic components in the morphologically related Gephyrocapsaceae, the emergence of
which dates back to the Eocene (c. 45 Ma; Marlowe et al. 1990). The haptophyte lineage can be traced
back to the Cretaceous (see coccolithophores; Fig. 1.12).

Emiliania huxleyi and other haptophytes have been found to increase the degree of unsaturation of
their long-chain ketones as temperature decreases, resulting in a lowering of the melting points of these
lipids and so enabling the phytoplankton to maintain cellular fluidity and function in colder climates (as
noted for fatty acids in Section 2.4.1a). These long-chain ketones seem to be more stable than most
unsaturated lipids and can survive diagenesis (Prahl et al. 1989; Sikes et al. 1991), possibly aided by the
unusual E (i.e. trans) configuration of the double bonds (Rechka & Maxwell 1988). However, under certain
oxic conditions it is possible for the more highly unsaturated components to suffer a greater degree of
degradation, leading to an overestimation of palaeotemperature (Hoefs et al. 1998; Gong & Hollander
1999).

The degree of unsaturation of long-chain ketones in Emiliania huxleyi can be evaluated from the
concentrations of the dominant di- and triunsaturated C37 components (C37:2 and C37:3 respectively; see
Fig. 5.1):

Values of UK
37' derived from Eqn 5.16 have been found to increase with sea-surface temperature (SST),

and although there is some biogeographical variation, the following linear calibration is generally applied:

Radiocarbon ages for marine organisms are typically 400 yr greater than for terrestrial organisms
of the same calendar age (Stuiver & Braziunas 1993), as a result of the exchange rate between
marine bicarbonate and atmospheric CO2, and also the mixing of upwelling old deep water with
surface water (Mangerud 1972).

[C37:2]
[C37:2] + [C37:3]

UK
37' = [Eqn 5.16]



Killops & Killops
Introduction to Organic Geochemistry 235

Chapter 5
version 040801

Box 5.6 Oxygen isotopic record in carbonate tests

Fractionation of oxygen isotopes
Oxygen exists as three stable isotopes, 16O,17O and 18O (see Box 1.3 & Table 1.1), all of which
are present in the water of the oceans and so take part in the equilibrium reaction involving carbonate
shown in Eqn 3.8. Organisms that secrete calcium carbonate tests incorporate the isotopes of
oxygen broadly in the ratio in which they occur in ambient seawater, although there is also an
isotopic fractionation, which varies with temperature (the colder the water, the greater is the
proportion of 18O relative to 16O) and species. The ratio of the two most abundant isotopes can be
expressed by:

δ18O (‰) = [(18O/16O)sample/(18O/16O)standard − 1] x 103 [Eqn 5.15]

The δ18O value of the ambient water used to form carbonate tests depends upon a number of
factors (Faure 1986). Water containing 16O evaporates more readily than that containing 18O, an
effect that is more pronounced in cold than warm water because the partial pressure of H2

18O
increases faster than that of H2

16O with increasing temperature. Similarly, during precipitation,
H2

18O condenses more rapidly than H2
16O, and the effect is more pronounced as temperature

increases (a 1˚C rise causes a δ18O increase of c. 0.7‰ in snow relative to its source vapour;
Dansgaard 1964). These Rayleigh fractionation processes lead to polar ice being enriched in
16O compared with carbonates. There are various contributions to the final isotopic signature in
rain and snow: the isotopic composition of surface water in the source region of moisture, the
temperature during evaporation and condensation, and the amount of precipitation that has occurred
en route from the source region of the moisture (Craig 1965). The lower the ambient temperature
during precipitation and the farther the moisture has travelled, the lower is the ratio of 18O:16O in
rain and snow. For example, the δ18O values for rain in the tropics, ice in Greenland and ice at the
South Pole are, respectively, of the order of
−30, −50 and 0‰. The deuterium content of precipitation behaves similarly to 18O content, with δD
increasing by 5–6‰ for every ˚C rise in temperature (Dansgaard 1964).

During periods of glaciation the 18O content of seawater increases as more 16O becomes locked
up in continental ice-caps at high latitudes (Kahn et al. 1981). The δ18O value of carbonate in the
preserved shells of marine organisms can give a measure of the degree of water locked up in ice.
The remains of benthonic foraminiferans are usually chosen, because bottom water temperatures
in the Quaternary oceans were fairly constant and so temperature-dependent variations in δ18O
are minimal. A change in δ18O of 0.1‰ corresponds to a sea-level change of c. 100 m during the
last glaciation, due to the change in amount of seawater trapped as ice on continental areas
(Chappell & Shackleton 1986). Terraces in coral reefs can provide a means of calibrating δ18O

(continued)

UK
37' = 0.034(SST) + 0.039 [Eqn 5.17]

This temperature calibration (Fig. 5.44) is derived from a range of culture experiments, sediment-trap
data and sedimentary cores calibrated against δ18O values for planktonic species of the foraminiferan
Globigerina (Prahl & Wakeham 1987; Prahl et al. 1988). The UK

37' parameter can be measured to an
accuracy of 0.02 units, potentially allowing temperature to be determined to within 0.5˚C.

Variations have been noted in the temperature calibration between different genera of haptophytes,
although the impact on open-marine Quaternary temperature studies is likely to be limited given the
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Fig. 5.43 Oxygen isotopic record and stages from
sedimentary carbonate at ODP site 677 (eastern
equatorial Pacific Ocean; after Shackleton et al. 1995).

values with sea-level changes (Aharon &
Chappell 1986).

Data from planktonic foraminiferans can
provide information on sea-surface temperature
(Epstein et al. 1953). This information can be
more difficult to interpret because it is
superimposed on the ice-volume effect and
because sea-surface temperature patterns and
the factors that affect them can be quite complex.
A major factor is the balance between evaporation
and precipitation, which affects salinity. All other
conditions being constant, a fall of 1˚C results in
an increase in δ18O of c. 0.2‰. If independent
estimation of surface-water temperature is
possible (e.g. UK

37'), δ18O values for planktonic
foraminiferans can be used to evaluate salinity
variations, which can provide information on
climate, such as rainfall patterns in the Amazon
Basin (Maslin & Burns 2000) and the intensity of
the Indian monsoon (Rostek et al. 1993; Kudrass
et al. 2001).

Oxygen isotopic stages
The oxygen isotopic record for the last 2.6 Myr
preserved in carbonates at ODP (Ocean Drilling
Programme) site 677 (eastern equatorial Pacific;
Shackleton et al. 1995) is shown in Fig. 5.43, and
reveals cycles of high and low δ18O values. The
high values correspond to relatively abundant
18O, characteristic of colder periods with greater
volumes of land ice. Although the detail of such
records vary with location, the overall patterns
are constant, reflecting the global nature of the
climatic variations, and can be used as a dating
tool. Odd numbered stages represent warm
periods (interglacials and interstadials) and even
numbered stages cold periods (glacials and
stadials).

dominance of Emiliania huxleyi in pelagic settings (Gephyrocapsa oceanica can be important in coastal
waters; Sawada et al. 1996; Versteegh et al. 2001). Despite episodes of major changes in the composition
of populations of Gephyrocapsa and Emiliania in the central North Atlantic during the past 290 kyr, the
close correlation of UK

37' and δ18O surface-temperature records indicates that the assemblage changes
did not affect UK

37' values (Villanueva et al. 2002). In laboratory cultures, Isochrysis galbana has provided
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Box 5.7 Lysocline and carbonate compensation depth

Carbonate tests are not always preserved in marine sediments. Shallow marine waters are generally
supersaturated in calcium carbonate, which enables various organisms to precipitate carbonate
tests. With increasing depth (i.e. pressure) in the water column, the degree of carbonate saturation
decreases and the sinking carbonate tests of dead organisms begin dissolving. The lysocline
marks the depth range over which there is a rapid increase in the undersaturation of carbonate,
resulting in a dramatic increase in the dissolution rate.

Below the lysocline a depth is reached at which the rate of supply of carbonate particles equals
the rate of dissolution, termed the carbonate compensation depth (CCD). Below the CCD no
carbonate is deposited. The CCD varies with crystalline form (polymorph) of calcium carbonate,
as well as the chemical composition and temperature of seawater, and the last two properties vary
with ocean locality. For example, the CCD for calcite it is c. 4500 m in the Atlantic and c. 3000 m
in the Pacific, but it is significantly shallower for aragonite. The dissolved CO2 concentration (and
hence the atmospheric partial pressure of CO2; see Box 1.11) influences the CCD, so it is not
surprising that the CCD has varied over geological time. It was much shallower from the Cretaceous
to Eocene, and was probably only 1–2 km during the Cambrian and Devonian as a result of high
atmospheric pCO2 (Briggs & Crowther 2001).
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Fig. 5.44 Linear [0.034(SST) + 0.039; after Prahl et al.
1988] and sigmoidal [1/(1 + e−0.22(SST−15.1)); after Sikes &
Volkman 1993] temperature calibrations of UK

37'.

evidence of sensitivity of UK
37' values towards light and phosphate (but not nitrate) limitation, equivalent to

a temperature decrease of 5–7˚C at 16˚C, which suggests that there is not a simple temperature control
on alkenone unsaturation, at least in this species (Versteegh et al. 2001). Although algae usually experience
growth-limiting conditions in natural environments, such factors would have a minor influence on UK

37'
(Popp et al. 1998a), particularly if the bulk of the alkenones results from blooms.

The linear calibration has been found to fail at low temperature (<5˚C) in the Southern Ocean (Sikes &
Volkman 1993) and at both high (>21˚C) and low (<12˚C) extremes in laboratory cultures (Conte et al.
1998). These deviations may reflect the temperature limits of the alkenone regulation (Conte et al. 1998),
and suggest that a sigmoidal curve may be more appropriate (Fig. 5.44; Sikes & Volkman 1993). It has

been proposed that errors in estimated palaeo-SST
values are likely to be small, with the biogeographical
variations mostly deriving from differences in population
genetics and physiological status (alkenone production
falls in the late log growth phase; see Box 5.8; Conte et
al. 1998). However, in a review of global oceanic surficial
sediment data (60˚N–60˚S) Müller et al. (1998) obtained
a good linear correlation over an annual mean sea-
surface temperature range of 0–29˚C, identical within
error limits to that in Eqn 5.17 [0.033(SST) + 0.44]. This
suggests that under natural conditions a reasonably
linear relationship does exist, and that growth rate and
nutrient availability do not significantly affect the
temperature calibration.

Confidence in the UK
37' parameter is gained from good

correlations with planktonic foraminiferal δ18O records,
an example of which is shown in Fig. 5.46.
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Box 5.8 Microbial growth phases

Microbial growth is generally described in terms of cell numbers, although an increase in the mass
of the cell population also usually occurs. In laboratory culture, bacteria exhibit a growth curve that
can be divided into four main phases: lag; exponential; stationary; and death (Fig. 5.45).

The lag phase can be observed upon a change in environment, and in bacteria it can be observed
when nutrient supply increases. For example, when passing from a stationary phase to an
exponential phase a lag may be observed before division resumes. Although cell numbers do not
increase during the lag phase, cell mass may. The length of the lag phase is a function of how
rapidly the microbial population acclimatizes to the new environmental conditions (Black 1996).

The exponential (or logarithmic) phase is characterized by uninterrupted division cycles, such
that the population doubles at regular intervals (the generation time). There is usually no change in
average bacterial cell mass, although the mass of individual cells increases before rapidly decreasing
during cell division (by binary fission).

The stationary phase classically represents the stage at which the rate of cell division equals
the rate of cell death, so the number of viable
cells remains constant. This phase usually
occurs when the cell concentration reaches a
sufficient size that some property of the
environment restricts growth rate, often a
nutrient where phytoplankton are concerned.
Physiological changes can occur, including
adaptations that promote cell survival through
periods of limited growth. Some bacteria (e.g.
species of Bacillus and Clostridium) form
endospores, which represent a dormant state
that is resistant towards levels of desiccation,
heat, chemical or radiation exposure that would
prove lethal to the non-endospore forms.

The death phase (involving exponential/
logarithmic decline) begins when cell deaths
exceed births (i.e. the viable-cell count declines).

5.7 Maturity of ancient sedimentary organic matter

5.7.1 Bulk compositional indicators of maturity

Macerals are affected by increasing maturity in a variety of ways, and we have already looked at changes
in the reflectance of vitrinite and the fluorescence of liptinite in Box 4.1. Perhaps the simplest optical
property to monitor is the change in colour, observed under transmitted light, of spores and pollen grains
with increasing temperature (in a similar way to the charring of toasted bread). The carbonization of these
palynomorphs results in a colour change from yellow in immature samples, through shades of orange/
yellow-brown during diagenesis and brown during catagenesis, to black in metagenesis. Standardization
is required to remove the subjectivity of assessing colour change, and colour charts can be used to
assign numerical values, as in the thermal alteration index (TAI; Staplin 1969).
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The behaviour of bulk organic material under pyrolysis can also provide maturity information. Among
the changes that can provide such information are the amount of bitumen (a measurement of the thermal
breakdown of kerogen) relative to remaining kerogen, and the temperature required to achieve the
maximum rate of conversion of remaining kerogen into bitumen. A standardized method, Rock-Eval, is
routinely applied in petroleum exploration (see Box 5.9). When evaluating maturity it is advisable to use a
range of molecular, optical and pyrolytic parameters because any maturity indicator may be adversely
affected by one factor or another (e.g. migration or source-related effects) and so provide misleading
information when considered in isolation.

5.7.2 Molecular maturity parameters

(a) Light hydrocarbons

The light hydrocarbons of the gasoline range (C4–C10) account for c. 30% of a crude oil, and so any
information that can be gained from these components is likely to be reasonably representative of the
bulk oil. The C7 components are often selected for analysis because the number of isomers is manageable
(i.e. virtually all can be resolved by gas chromatography) but sufficiently large to provide several ratios for
correlation (Philippi 1981) and other purposes (see Section 4.5.3a and Fig. 4.24).

There is some conjecture about the origin of the light hydrocarbons. Thermal degradation of hydrocarbons
previously generated from kerogen together with acidic clay-catalysed rearrangements have been proposed
(Kissin 1987, 1990; Thompson 1979), although there is evidence that hydrocarbons are quite stable
under catagenetic conditions (Mango 1991).

In general, it appears that the ratio of acyclic alkanes to cycloalkanes increases with increasing thermal
maturity (Philippi 1975; Thompson 1979, 1983). To account for this behaviour, it has been proposed that
higher polycyclic alkanes undergo cracking to form the cyclohexanes and cyclopentanes (Thompson
1979), which in turn undergo ring-opening with increasing temperature to produce acyclic alkanes
(Thompson 1983). Two parameters based on these assumptions are the heptane value and isoheptane
value, which both increase with increasing maturity:
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heptane value = n-heptane / (n-heptane + cyclohexane + 2-methylhexane +
2,3-dimethylpentane + 1,1-dimethylcyclopentane + 3-methylhexane +
cis-1,3-dimethylcyclopentane + trans-1,3-dimethylcyclopentane + 3-ethylpentane +
trans-1,2-dimethylcyclopentane + methylcyclohexane + 2,2,4-trimethylpentane +
2,2-dimethylhexane + 1,1,3-trimethylcyclopentane + 2,2,3,3-tetramethylbutane) [Eqn 5.18]

isoheptane value = (2-methylhexane + 3-methylhexane) / (cis-1,3-dimethylcyclopentane +
trans-1,3-dimethylcyclopentane + trans-1,2-dimethylcyclopentane) [Eqn 5.19]

Box 5.9 Rock-Eval and related pyrolytic assessment of maturity

Method
There have been many variations on the general theme of bulk pyrolysis, including several
generations of Rock-Eval instruments (Espitalié et al. 1977, 1985; Lafargue et al. 1998). As a
general guide, a sample of powdered rock is heated rapidly to a maximum of 300˚C in an inert
atmosphere, which vaporizes the bitumen already present, allowing it and any gas to be quantified
by a flame-ionization detector, as the S1 parameter. The temperature is then raised progressively
(c. 25˚C min−1) to 600˚C, converting all the remaining petroleum potential of the kerogen into
bitumen and gas, which is measured as the S2 parameter. The temperature at which the maximum
rate of hydrocarbon generation occurs during the S2 measurement is also recorded, as the Tmax
parameter. In the latest instruments the CO and CO2 evolved are also measured throughout the
pyrolysis by an infrared (IR) detector. In earlier instruments only CO2 was measured, over a narrow
temperature range (using a thermal conductivity detector), providing an underestimate as the S3
parameter. Prior treatment of the sample to remove carbonate provides more reliable estimates of
oxygen content. The units of S1 and S2 are mg of hydrocarbons per g of rock (or kg per tonne of
rock, i.e. parts per mil). The residual carbon is recorded in some instruments by the S4 parameter,
although usually total organic carbon (TOC) is independently evaluated.

Interpretation
With increasing maturity during catagenesis, hydrocarbons are generated in increasing quantity,
so the S2 measurement decreases while S1 increases (in the absence of migration). Hence S1/
(S1+S2), the transformation ratio (or production index, PI), increases with increasing maturity. The
value of Tmax also increases with increasing maturity, reflecting the increasing thermal energy that
is required to break the remaining bonds in kerogen associated with hydrocarbon generation. It is
possible, therefore, to use Tmax as a maturity parameter, but it is affected by the type of organic
matter, because the thermal energy required to break the different types of bonds present varies
(see Section 5.1.4). There are various guides in the literature to the interpretation of Rock-Eval
data and the limitations of the method (e.g. Peters 1986, Killops et al. 1998).

A pseudo-van Krevelen diagram can be constructed from a plot of S2/TOC (termed the hydrogen
index, or HI) vs. S3/TOC (the oxygen index, OI). Although the underlying assumption that H content
is proportional to hydrocarbon yield and O content is proportional to CO2 can lead  to significant
errors in kerogen-type assessment, HI does provide an indication of the likely quantitative importance
of oil among the total hydrocarbons generated. A source rock sample just approaching the onset
of petroleum generation is generally considered to have only gas potential if its HI value is ≤150
mg g−1, but to be mainly oil-prone if HI >300 mg g−1.
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Mango (1990a,b) has suggested that the various branched and cyclic C7 components are formed
entirely from n-heptane by steady-state, catalytic rearrangements involving transition metals and a
cyclopropyl intermediate. Under such circumstances, 2,4-dimethylpentane (2,4DMP) and
2,3-dimethylpentane (2,3DMP) would be produced by the opening of different bonds in the cyclopropyl
intermediate, which have slightly different energies, and so the ratio of these two components should be
sensitive to temperature (Mango 1997):

maximum temperature (˚C) = 140 + 15[loge(2,4DMP/2,3DMP)] [Eqn 5.20]

For an oil, the maximum temperature can generally be assumed to equate to the temperature of generation/
expulsion of the hydrocarbons.

The mode of formation of light hydrocarbons clearly has implications for their application as maturity
indicators, and Mango’s model is not universally accepted (ten Haven 1996). The distribution of light
hydrocarbons is significantly affected by variations in the original contributions to kerogen (Hayes 1991;
Odden et al. 1998), so maturity differences inferred from light hydrocarbon distributions must be treated
with caution.

(b) Carbon preference index

The carbon preference index (CPI) is a numerical means of representing the odd-over-even predominance
in n-alkanes in a particular carbon-number range. It is often used as a maturity measurement where C25–
C33 n-alkanes from higher plant waxes are present (Bray & Evans 1961):

This form of the CPI calculation sometimes does not give a value of 1 when there is a smooth distribution
of n-alkanes with no apparent C-number preference. An alternative formula, CPI2, has been proposed to
overcome this problem (Marzi et al. 1993):

Values of CPI for immature higher plant contributions are often >>1.0 but approach 1.0 with increasing
maturity. This is a result of two factors: (a) the random cleavage of alkyl chains in the kerogen matrix
producing n-alkanes (in the requisite carbon-number range) with no odd or even predominance, which
dilute the original OEP of the higher plant contribution; (b) progressive loss of the high-OEP component
during the expulsion of hydrocarbons. Consequently, the CPI values for oils are usually c. 1.0. EOPs (i.e.
CPI values <1.0) are relatively rare, but have been reported among the shorter-chain n-alkanes (<C23) in
sediments of various ages and from a variety of depositional environments, but without corresponding
distributions among other straight-chain lipid components. Under such circumstances, the EOP seemingly
does not derive from reduction of fatty acids/alcohols with C-number preservation, but is probably the
result of direct microbial biosynthesis (Grimalt & Albaigés 1987).

(c) Biomarker transformations

The transformations reviewed in Section 5.5 are potential maturity indicators. The most useful reactions
are those in which only one of the pair of components is present initially in immature sediments, so that
the extent of the transformation can be attributed entirely to thermal maturation (the kinetics of the
transformation are also simpler; Box 5.4). Such reactions include isomerization of pristane at C-6 and C-

1   (C25 + C27 + C29 + C31 + C33) (C25 + C27 + C29 + C31 + C33)
2   (C24 + C26 + C28 + C30 + C32) (C26 + C28 + C30 + C32 + C34)

CPI = + [Eqn 5.21]

1 (C25 + C27 + C29 + C31) (C27 + C29 + C31 + C33)
2 (C26 + C28 + C30 + C32) (C26 + C28 + C30 + C32)

CPI = + [Eqn 5.22]
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10, of steranes at C-20 and of hopanes at C-22, and also the aromatization of C-ring monoaromatic
steroidal hydrocarbons. A number of molecular maturity parameters are shown in Fig. 5.47, together with
some bulk maturity measurements. The correlation of values is approximate and varies with the type of
organic matter present, its potential for generating petroleum and its heating rate.

It can be seen from Fig. 5.47 that most of the biomarker hydrocarbon maturity indicators operate at

Fig. 5.47 Approximate correlation of various maturity parameters with stages of coalification and petroleum generation.
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relatively low maturities and have reached their end
points before the end of the oil generation window,
except for the ratio of short-chain to long-chain
triaromatic steroids. This limits their use in petroleum
exploration mainly to the assessment of whether
potential source rocks have reached the onset of
catagenesis. The relative abundances of some families
of biomarkers can be used to extend the effective range
of maturity indications. For example, 17α-diahopanes
are predicted to be more thermodynamically stable than
the 18α-neohopanes, which are in turn more stable than
the 17α-hopanes, so diahopane abundance increases
towards the end of the oil window (Moldowan et al. 1991;
Killops et al. 1998). Similarly, cheilanthanes appear to
be more thermally resistant and are generated from
kerogen at higher temperatures than the hopanes, so
their relative abundance tends to increase towards the
end of the oil window too (Peters et al. 1990; Farrimond
et al. 1999). In coaly source rocks the abundance of
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Fig. 5.48 Ternary plot of relative abundance of C29, C30
and C31 17α-hopanes (22S+22R) in New Zealand coals
(shaded area shows province of coal-sourced oils in
Taranaki Basin; after Killops et al. 1998). VR = vitrinite
reflectance.
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C30 relative to C31 17α-hopanes increases during catagenesis (Fig. 5.48; Killops et al. 1998).
All such maturity-related changes indicate the caution that needs to be applied when using biomarkers

as an aid to correlating oils with their sources. The potential problems are not restricted to the higher-
maturity end of catagenesis. For example, 28,30-dinorhopanes appear to derive from the original free
bitumen in source rocks rather than from kerogen breakdown, so their concentration declines rapidly with
increasing maturity during catagenesis (Peters & Moldowan 1993). The relative abundance of oleanane,
an indicator of angiospermous contributions, increases to a maximum at the start of the oil window and
thereafter remains relatively constant (Ekweozor & Telnaes 1990). The initial low abundance may be
partly due to the relative stability of oleanenes during late diagenesis/early catagenesis.

(d) Methyl group isomerization in aromatic hydrocarbons

Various molecular maturity parameters, based on the positions of methylation of aromatic compounds,
have been developed from studies of coals and type III kerogens (Section 5.5.4) and can also be applied,
with caution, to type II kerogens. A few of the many possible parameters are examined here (Radke 1987;
Kvalheim et al. 1987).

The dimethyInaphthalene index (DNI) is based on the decrease in the ratio of the least thermodynamically
stable isomer, 1,8-dimethylnaphthalene (1,8DMN), to the total amount of all DMNs with increasing maturity
(Alexander et al. 1984b). Amounts of 1,8DMN are usually very small in relation to other DMNs, and
DMNs can be lost during the isolation procedure because they are quite volatile. However, these drawbacks
are ameliorated by the use of a logarithmic scale:

Comparison with other molecular maturity indicators suggests that DNI probably operates across the
oil window, as shown in Fig. 5.47.

The ratio of 2,6DMN and 2,7DMN, which both have the most thermodynamically stable ββ-methyl
groups (Fig. 5.37), to 1,5DMN, which has the less stable αα substitution pattern, is the basis for another
maturity parameter, DNR1 (dimethylnaphthalene ratio 1). Values of this ratio appear to be variable below
c. 1.0% Ro (which generally marks the onset of oil expulsion), but then increase linearly from 2 to c. 12 by
1.5% Ro (Fig. 5.47; Radke et al. 1984).

The ratio 2-methylphenanthrene to 1-methylphenanthrene (2MP:1MP), known as the
methylphenanthrene ratio (MPR), compares β and α methyl substituents (Fig. 5.37). Like DNR1, MPR is
variable below c. 1.0% Ro for coals, but then increases linearly from a value of c. 1 to c. 5 by 1.7% Ro (Fig.
5.47; Radke et al. 1984). In comparison, the methylphenanthrene index (MPI1) – the first of the methyl-
aromatic maturity parameters to be developed – is more complex, being based on the relative abundances
of phenanthrene (P) and its four major methyl homologues (Radke & Welte 1983):

This parameter incorporates the potential for methylation of P at lower maturities, demethylation of
MPs to yield P at higher maturities, and isomerization of MPs. The result of these combined processes is
that MPI1 increases to c. 1.6 at the end of the oil window (vitrinite reflectance 1.3%) and thereafter
decreases. MPI1 has been calibrated against vitrinite reflectance (Fig. 5.49) and it is possible to obtain a
calculated value of vitrinite reflectance (Rc) from MPI1:

%Rc = 0.60(MPI1) + 0.40 (for Ro <1.35%) [Eqn 5.25a]

1.5(2MP + 3MP)
(P + 1MP + 9MP)

MPI1 = [Eqn 5.24]

1,8DMN
ΣDMNs

DNI = −log10 [Eqn 5.23]
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from oil-prone coals (Killops et al. 2001). The effects
of the dilution and expulsion processes are more
noticeable in coals, because their relatively large
adsorption capacity tends to delay oil expulsion to a
greater extent than occurs in marine shales. Although
thermodynamically controlled isomerization and
methyl-group migration may not, therefore, occur to
the extent previously thought necessary to account
for the changes in various methyl-aromatic maturity
parameters, the utility of the maturity parameters is
not greatly diminished.

The various methyl-aromatic ratios are likely to be
adversely affected by water washing (see Section
4.5.6d) because α-type isomers are more water-
soluble than their β counterparts. However, the ratios
are useful for highly biodegraded oils (see Section
4.5.6c) because of the resistance of the compounds
towards biodegradation.
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Fig. 5.49 Correlation of methylphenanthrene index
(MPI1) with vitrinite reflectance for bituminous coals and
type III kerogens (envelope shows error range; after
Radke & Welte 1983).

%Rc = −0.60(MPI1) + 2.30 (for Ro >1.35%) [Eqn 5.25b]

It can be seen that a single MPI1 value can correspond to two different levels of maturity, but it is
usually obvious from other maturity indicators (e.g. MPR <2.65 indicates that the lower maturity applies;
Radke et al. 1986) whether the lower or higher maturity level is correct. Changes in the type of organic
matter present down a stratigraphic section (facies changes; see Box 1.1) can adversely affect the maturity
inferences of MPI1. However, this parameter does give useful comparative maturity data for bitumens
from related source rocks over a maturity range associated with the oil window and the wet gas zone. The
MPI1 and %Rc values for oils should reflect those of the source rock at the maturity level associated with
the main phase of oil expulsion.

Differing thermodynamic stabilities in methyldibenzothiophenes have also been used for maturity
estimations. The ratio that shows the greatest maturity-related changes is 4MDBT/1MDBT (the
methyldibenzothiophene ratio, MDR), but it is dependent upon the type of organic matter present (Radke
et al. 1986).

As noted in Section 5.5.4, the distributions of methylated naphthalenes and phenanthrenes in bitumens
are affected by the addition of components from the thermal breakdown of kerogen that have different
distributions from those in the bitumen inherited from diagenesis (Radke et al. 1990). In particular, the
beginning of the linear increases in MPR and DNR1 seems to coincide with the onset of oil expulsion

5.7.3 Modelling kerogen maturation

(a) Temperature and time

Measuring maturity is not as straight forward as may at first be thought, because it is dependent upon the
parameter selected (e.g. steroid aromatization, sterane isomerization). Each parameter involves a particular
reaction or group of reactions, the rates of which are governed by characteristic activation energies and
frequency factors (Table 5.4; see Box 5.4). In terms of petroleum generation, the extent of kerogen
transformation is the most obvious choice, but different kerogen types involve the cleavage of different
types of chemical bonds, requiring different amounts of energy (e.g. Tegelaar & Noble 1994). Consequently,
a kerogen with plentiful relatively weak bonds, such as type II-S kerogen, appears more mature, in terms
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of kerogen transformation, than a type III kerogen that has experienced an identical burial/thermal history.
Often vitrinite reflectance is used as a maturity reference frame, and kinetic parameters have been derived
to enable the accuracy of burial histories to be assessed against measured values (Table 5.5; Burnham
& Sweeney 1989; Sweeney & Burnham 1990).

If a sedimentary horizon experiences uplift, its temperature decreases and maturation reactions slow
down and may be effectively frozen, because the dominant control is temperature (Huang 1996). The
importance of temperature, and particularly the maximum temperature experienced, can be seen from
the fact that most oil is generated from kerogen over a relatively narrow window of c. 100–150˚C (Mackenzie
& Quigley 1988). Because of this, the term thermal maturity is often used. The general relationship
between temperature and depth of burial is shown in Fig. 4.20, based on an average value for the
geothermal gradient of 30˚C km−1 (see Box 4.4). In basins where the temperature gradients are higher or
lower, the depths for the peak generation of oil would be correspondingly shallower or deeper. Geothermal
gradients can range from 10 to 80˚C km−1. The lowest values are found in convergent plate margins and

Table 5.4 Estimates of activation energies (Eact) and frequency factors (A) for some biomarker reactions (kf & kb = rate

constants of forward and backward reactions, respectively; after Mackenzie & McKenzie 1983; Abbott et al. 1985).

reaction Eact (kJ mol−1) A (s−1) kf/kb

20R to 20S sterane isomerization 91 6 x 10−3 1.174

22R to 22S hopane isomerization 91 1.6 x 10−2 1.564

6R,10S to 6R,10R+6S,10S pristane isomerization 120 2.1 x 107 1

C-ring monoaromatic steroid aromatization 200 1.8 x 1014 ∞

Table 5.5 Activation energy distribution for

kinetic modelling of vitrinite reflectance

(EASY%Ro; A = 1013 s−1; after Burnham &

Sweeney 1989; Sweeney & Burnham 1990).

Eact stoichiometric

 (kcal mol−1) fraction

34 0.0353

36 0.0353

38 0.0471

40 0.0471

42 0.0588

44 0.0588

46 0.0706

48 0.0471

50 0.0471

52 0.0824

54 0.0706

56 0.0706

58 0.0706

60 0.0588

62 0.0588

64 0.0471

66 0.0353

68 0.0235

70 0.0235

72 0.0118

cratons (Precambrian shields) where orogenic (mountain building)
events are of Palaeozoic or greater age (surface heat flow c. 20–
50 mW m−2). High geothermal gradients and surface heat flows
(c. 100–250 mW m−2) are typical along mid-ocean ridges and in
rifted intracratonic areas or where the crust is thin. Geothermal
gradients generally fall in the range 25–45˚C km−1, and given a
burial rate range of 10–500 m Myr−1, heating rates are 0.25–
22.5˚C Myr−1, although they mostly fall in the range 0.3–15˚C
Myr−1.

In reconstructing the thermal history of the kerogen in a
sedimentary rock it must be taken into account that geothermal
gradients can vary significantly with depth and time during the
life of a basin. Gradients increase when the basin is affected by
orogenic and/or magmatic events. For example, the Tertiary
Pannonian Basin (Central Europe) has been affected by the
Carpathes alpine orogeny; the associated high heat flow and
geothermal gradient (c. 50˚C km−1) have resulted in source rocks
of only Pliocene age reaching sufficiently high temperatures to
generate oil.

Stable continental margins are areas where the geothermal
gradient has decreased with time. Initially, sediments were
deposited in areas of very high heat flows, close to a spreading
ridge, as the margin developed upon rifting of the continent.
However, with continued sea-floor spreading the distance between
these marginal sediments and the spreading ridge increased and
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so heat flow and geothermal gradient decreased (Royden et al. 1980). Such conditions were prevalent
during the Cretaceous period, when a particularly active phase of sea-floor spreading was commencing
and continental land masses, providing copious sediments, were close to the spreading ridges (e.g. the
Cretaceous organic-rich deposits off the Atlantic coast of South America). Similarly, failed rifts, such as
the North Sea, experienced high heat flows initially, as extension brought hot asthenosphere to shallow
depth beneath the thinned crust (see Box 1.2), but as extension waned the heat flow and geothermal
gradient declined (Cornford 1998).

On stable platforms geothermal gradients have remained fairly constant because there has been little
or no tectonic or magmatic activity for a very long time. The geothermal gradient is usually in the range
25–35˚C km−1 for basins in such areas (e.g. Paris Basin, Palaeozoic basins on Precambrian basement in
Australia and Mesozoic basins on Palaeozoic or older basement in west Canada).

Temperature and, to a lesser extent, time control petroleum generation. The higher the temperature
experienced by kerogen the less time is required for oil generation. The amount of time needed increases
exponentially with decreasing temperature. For example, if c. 200 Myr are required at 60˚C, only c. 10 Myr
would be needed at 100˚C. The most dramatic evidence of petroleum generation from young sedimentary
organic matter at elevated temperatures is provided by oceanic hydrothermal systems (Simoneit 1990).
For example, petroleum-like hydrocarbons have been detected in hydrothermal vent mounds in the
Guaymas Basin (California) and appear to originate from sediments 14C-dated at <5 ka. The vent waters
have recorded temperatures of c. 200˚C, but are believed to be expelled at c. 315˚C and a pressure of c.
20 MPa (Simoneit et al. 1986b; Didyk & Simoneit 1989). Igneous intrusions can also cause rapid thermal
evolution of sedimentary organic matter (e.g. Murchison & Raymond 1989).

Box 5.10 Thermal history modelling

The maturity of a sedimentary horizon depends on its thermal history, a topic that is beyond the
scope of this book, but which has been reviewed in a number of texts (e.g. Barker 1996). The more
deeply the horizon is buried, the greater the temperature it experiences, although it is unlikely to
have experienced a uniform increase in temperature. Thermal history can be modelled using average
geothermal gradients, although a more accurate method is to estimate heat flow variations over
time. The heat input at the bottom of the crustal unit being modelled must be estimated; it represents
the heat flowing out from the Earth’s core (termed the reduced heat flow). Radiogenic heat production
in the upper crust (mainly from 238U, 235U, 232Th and 40K), which depends upon the lithologies
present, together with any igneous heat sources, must also be taken into consideration (Deming &
Chapman 1989; Armstrong & Chapman 1998). The upward flow of heat depends upon the thermal
conductivities of the various lithological units present, which in turn depend upon matrix conductivity
(i.e. the lithology without porosity), porosity and fluid conductivity (i.e. the brines in pores). In
typical rift basins (see Box 3.11), a higher heat flow is applied at the base of the crustal unit being
modelled during active extension, which is then allowed to decay over time to represent the
subsequent thermal relaxation (and subsidence). A change in heat flow takes time to propagate
through the stratigraphic column (i.e. transient heat flow), and depends upon the thermal conductivity
and heat capacity of each stratigraphic unit. Such disturbances of heat flow include an increase in
basal heat flow, the influence of an igneous intrusion, or the cold-blanket effect of the rapid deposition
of a thick layer of sediment.

(continued)
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Fig. 5.50 A simple example of thermal and kinetic modelling based on a Cretaceous petroleum source rock in an
exploration well (Tara-1, Great South Basin, New Zealand; after Killops et al. 2003). The thermal model (a) is constrained
by a present-day surface heat flow of 61 mW m−2 (a similar value being used for pre-sedimentation conditions), by
measured bottom-hole temperatures (b) and by measured vitrinite reflectance (c). Vitrinite reflectance for the top and
bottom of the kerogen-rich interval (d) is modelled using EASY%Ro (after Sweeney & Burnham 1990) and bulk kerogen
transformation (e) is modelled using a discrete-Eact distribution and single A value determined for a representative
kerogen sample. (Depths bsf = below sea floor.) The initial rise in isotherms is caused by the rise in hot asthenosphere
accompanying extension (c. 100–80 Ma, β factor = 1.7), which is modelled by a rise in basal lithospheric heat flow from
40 to 55 mW m−2, followed by a decline to 35 mW m−2 upon cessation of rifting. The resulting subsidence creates room
for the rapid accumulation of sediments in the basin, and over a period of c. 35 Myr the top of the source rock has been
buried to a depth of c. 3 km (corresponding to a heating rate of c. 3˚C Myr−1). Following a thermal lag period after the
end of rifting, isotherms gradually sink, sedimentation rates decline and the source rock experiences little change in
temperature. 
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 To build up an accurate thermal history requires the lithology and the age of the base of each
stratigraphic unit to be known, so a depth vs. age plot can be constructed, to which is subsequently
applied the thermal model. Compaction (porosity decrease) with increasing overburden and
episodes of uplift/erosion are important considerations. Allowances for any changes in the
sedimentation rate within a unit also help to refine the burial history. The physical characteristics
required for thermal modelling (e.g. thermal conductivity and porosity) can be measured or estimated
from published data. Water depth has little influence on thermal maturity, other than controlling the
temperature at the surface of the sedimentary pile.

Calibration of the thermal model is possible using present-day bottom-hole temperatures from
exploration wells (Deming & Chapman 1989) and by the comparison of modelled and measured
vitrinite reflectance (see Section 5.7.3), an example of which is shown in Fig. 5.50. There are other
measurements that can provide time-temperature constraints, such as fission-track analysis (Naeser
1993; Gleadow & Brown 1999), homogenization temperatures of fluid inclusions (Roedder 1984)
and clay transformations (Hoffman & Hower 1979).
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(b) Kerogen transformation kinetics

If the thermal history of a potential petroleum source rock can be pieced together (Box 5.10), the amount
and timing of petroleum generation can be modelled, provided appropriate kinetic parameters for the
kerogen are available. One of the earliest and simple pseudo-kinetic models is the time-temperature
index (TTI; Waples 1980). It was based on the observation that the rate of a chemical reaction, such as
bond cleavage during hydrocarbon formation from kerogen, approximately doubles for every 10˚C rise in
temperature (see Box 5.4). Numerical values reflecting the rate doubling for 10˚ intervals are simply
multiplied by the time spent in each of these intervals (Table 5.6), and oil generation is considered to
occur over a particular TTI range (15–160; see Fig 5.47). However, the TTI model tends to overestimate
the influence of time and underestimate the effects of temperature in petroleum formation (it is best
suited to average heat flow conditions) and fails to take into account compositional variations of kerogen
that significantly affect the temperature associated with the oil window. The TTI is little used today when
computer power can be applied to more sophisticated kinetic models (Wood 1988).

The simplest first order kinetics are derived from the rate at which the petroleum-forming component
of kerogen disappears in a series of experiments in which the kerogen is heated at different rates. Even
so, there is no exact solution of the resulting Arrhenius equations (see Box 5.4). Usually, a single frequency
factor (A value) is chosen and the equations solved (by regression analysis) for a distribution of activation
energies. A degree of optimization of the A value is possible in some computer programs; an increase in
the value of A speeds up a reaction, which can be roughly compensated by an increase in the mean
value of the Eact distribution. The distribution of activation energies represents the variety of bonds that
are broken during kerogen degradation, which ideally should be characterized by different pairs of A and
Eact values. The kinetic parameters for vitrinite maturation shown in Table 5.5 are an example of this type
of approximation. Examples for different kinds of kerogen (Tegelaar & Noble 1994) are compared in Fig.
5.51 and can be represented by Fig. 5.52a. The dominance of algaenan in the type I kerogen, comprising
long alkyl chains with a restricted range of C–C bond energies and hence a narrow Eact distribution, is

Table 5.6 Calculation of TTI values (after Waples

1980). TTI = Σ(δti)(rn
i), where t = time spent (Myr)

in 10˚C temperature interval i and rn = the

temperature factor associated with that interval,

as below.

temperature interval temperature factor

 i (˚C) rn

10–20 2−9

20–30 2−8

30–40 2−7

40–50 2−6

50–60 2−5

60–70 2−4

70–80 2−3

80–90 2−2

90–100 2−1

100–110 1

110–120 2

120–130 22

130–140 23

140–150 24

150–160 25

reflected in the rapid transformation of the kerogen once
sufficient thermal energy is available. Coal and type III
kerogens have a much wider range of Eact values. The
presence of weak C–S and S–S bonds in type II-S kerogen
accounts for the earlier onset of transformation compared with
standard type II kerogen. An example of the application of
simple bulk coal transformation kinetics is shown in Fig. 5.50.

Kinetic models can be further refined by incorporating
functions that describe in more detail the different types of
reactions involved in petroleum generation. For example, by
monitoring the products of kerogen transformation, separate
sets of kinetic parameters can be obtained for oil and gas
(Pepper & Corvi 1995a), and kinetics for the cracking of oil to
gas at higher temperatures can also be incorporated (Pepper
& Dodd 1995), as shown in the slightly more complicated
scheme in Fig. 5.52b. Yet more complexity can be introduced
by dividing the oil into various fractions (Espitalié et al. 1988).
One possible reaction network of this type is shown in Fig.
5.52c, each reaction having its own A value and Eact
distribution. Nevertheless, these refinements are still a long
way from accurately representing the chemical complexity of
kerogen.
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 Kinetic models can be incorporated into basin models which take into account expulsion efficiencies
and migration (see Section 4.5.5), and are best calibrated against available kerogen transformation data
obtained from exploration wells (e.g. Ungerer 1990, 1993; Pepper & Corvi 1995b). A problem in studying
the kinetics of kerogen transformation is whether laboratory simulations, which have to be carried out in
a reasonable time (i.e. c. 1010 times faster than in nature), accurately reflect in situ processes. There is
the potential for significant error when extrapolating laboratory-scale reactions over short time periods at
high heating rates to geological conditions (Snowdon 1979; Jarvie 1991; Espitalié et al. 1993; Pepper &
Corvi 1995a). The mineral matrix can also affect the derived kinetic parameters (Dembicki 1992; Huizinga
et al. 1987).

A major concern is which type of pyrolysis best represents natural maturation. Open-system pyrolysis,
based on the Rock-Eval method (Box 5.9) is frequently used for convenience and appears to be able to
predict natural petroleum systems (Burnham 1998). In this method kerogen samples, preferably of a
maturity immediately preceding oil generation, are heated at different rates and the petroleum-like products
escape from the system via a suitable detector. It is also possible to determine kinetic parameters using
closed-system pyrolysis, whereby kerogen samples are sealed into tubes and series of experiments are
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Fig. 5.51 Kerogen transformation at a constant heating rate of 3˚C Myr−1, based on single A plus discrete Eact
distributions (after Tegelaar & Noble 1994) for tasmanites (type I, Cretaceous, North Slope, Alaska), Monterey shale
(type II-S, Miocene, Ventura, California), Kimmeridge Clay (type II, Jurassic, North Sea) and Manville Formation (type
III, Cretaceous, Alberta). Modelled vitrinite reflectance based on EASY%Ro (after Sweeney & Burnham 1990; Table 5.5).
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carried out heating isothermally for varying periods of time. The products are confined until the end each
experiment. Open-system pyrolysis generates a range of n-alkenes as well as n-alkanes, due to the lack
of available hydrogen (cf. Fig. 4.27). Water can be added as a source of hydrogen during closed-system
pyrolysis (hydrous pyrolysis), resulting in a more natural distribution of hydrocarbons (Lewan 1997; Burnham
1998).

Comparison with natural systems suggests that kinetic parameters from open and closed pyrolysis
can predict natural maturation of type II kerogens with similar accuracy, but coal and type III kerogens are
not well modelled by data from open-system pyrolysis (Burnham et al. 1995; Schenk & Horsfield 1993,
1997, 1998). The discrepancy has been attributed to solid-state aromatization reactions that occur under
slow, natural, heating rates in coaly material, primarily during the high- to medium-volatile bituminous
rank range (vitrinite reflectance c. 0.6–1.5%). This aromatization competes with petroleum-generating
reactions in natural systems, giving rise to new bonds with higher activation energies, but does not occur
to a significant extent during rapid, artificial pyrolysis (Schenk & Horsfield 1998). Open-system kinetic
parameters for coaly material may, therefore, lead to inaccurate predictions of the timing and extent of
petroleum generation (Schenk & Horsfield 1997; Killops et al. 2002). Coals seem to undergo structural
rearrangement from relatively low maturities, because pyrolytic measurements of oil potential give values
that increase right up to the apparent onset of oil generation (Killops et al. 1998). Source rocks initially
behave as closed systems, providing ample opportunity for maturation products to undergo secondary
reactions (Ungerer 1990; Ritter et al. 1995), but once petroleum expulsion occurs a source rock may be
better represented by open-system kinetics. The relatively late expulsion threshold observed for coals is
likely to be a significant factor.

(c) Effect of geothermal gradient on molecular maturity parameters

The relationships between the various maturity indicators in Fig. 5.47 is intended as a guide only, because
the greater temperature dependence of some processes will alter their relative operational range in
basins with higher than average heat flows, as shown for sterane isomerization at C-20 and steroid
aromatization in Fig. 5.53. Similarly, vitrinite reflectance values may underestimate maturity, in terms of
the onset of catagenesis, in rapidly subsiding basins with high geothermal gradients such as the Mahakam
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Fig. 5.53 Plots vs. depth of
isomerization of steranes at C-20
and aromatization of C-ring
monoaromatic steroids in the
Pannonian Basin (Pliocene deposits,
geothermal gradient ≥50˚C km−1)
and East Shetland Basin (Jurassic,
geothermal gradient c. 30˚C km−1).
The broken line represents the
approxiate depth of onset of oil
generation. (Data after Mackenzie &
McKenzie 1983; Mackenzie 1984.)



Killops & Killops
Introduction to Organic Geochemistry 251

Chapter 5
version 040801

Delta, Indonesia (Radke 1987).
The kinetic data in Table 5.4 show that steroidal aromatization is much more sensitive to temperature

than the isomerization reactions (i.e. it has larger Eact and A values). This is more obvious from the plot
of loge(k) vs. 1/T (i.e. a log plot of the Arrhenius equation) for these steroid and hopane reactions in Fig.
5.54a. Hopane isomerization is faster than sterane isomerization at all temperatures. In most oils the
level of maturity is such that equilibrium has been reached in the isomerization at C-22 in hopanes, while
isomerization at C-20 in steranes may not quite have reached equilibrium.

At temperatures above c. 100˚C steroidal aromatization occurs at an increasingly faster rate than
sterane isomerization. As a result, in young extensional basins in which there is a high heat flow, such as
the Pannonian Basin in Hungary, aromatization can be virtually complete while sterane isomerization is
at an early stage (Fig. 5.53a). In older basins with more moderate heat flows, such as the East Shetland
Basin (northern North Sea; Fig. 5.53b), the steroid isomerization and aromatization reactions may proceed
at approximately equivalent rates (Mackenzie & McKenzie 1983). This behaviour is useful in assessing
the maximum temperatures experienced by sedimentary material in different types of basins and the
time periods over which these temperatures persisted (e.g. Beaumont et al. 1985). One approach is
shown in Fig. 5.54b for extensional basins in which the β factor is 1.5 (see Box 3.11), and is based on the
assumption that crustal stretching typically leads to higher temperatures and is followed by uplift, usually
resulting in a decrease in temperature. It can be considered that the uplift effectively freezes the steroidal
isomerization and aromatization reactions. Therefore, the position at which the steroidal isomerization
and aromatization values for a particular sedimentary rock sample plots in Fig. 5.54b gives the maximum
temperature experienced prior to uplift and the time spent at that temperature (i.e. the time between
extension and uplift). For example, a sterane isomerization value of 30% and an aromatization value of
50% suggest that a maximum temperature of 90˚C was experienced for c. 130 Myr.
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Fig. 5.54 (a) Arrhenius plots for isomerization of steranes at C-20, isomerization of hopanes at C-22 and aromatization
of C-ring monoaromatic steroids, showing the greater temperature dependence of the aromatization reaction. (b) Plot
of the extent of aromatization of C-ring monoaromatic steroids vs. sterane isomerization at C-20 (as given in ratios in
Fig. 5.47) for a basin undergoing 50% extension (i.e. β factor = 1.5). The point plotted gives the elapsed time between
extension and subsequent uplift (broken lines), and the maximum temperature (˚C) prior to uplift (solid lines), assuming
that the cooling upon uplift freezes both reactions. (After Mackenzie et al. 1984.)
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5.8 Isotopic palaeontology

5.8.1 Isotopic fractionation

In Chapter 1 it was noted that the most common pathway for photosynthesis, the C3 path (Box 1.10),
results in a comparatively low value for the 13C:12C ratio of the fixed carbon (conventionally represented
by the δ13C notation; Box 1.3). This preference for light isotopes is a characteristic of life processes, and
the extent of the depletion of the heavier isotope (or isotopic fractionation; see Boxes 1.3, 5.11) in
sedimentary organic matter can provide clues about the source organisms, their trophic relationships
and the environments in which they lived. However, simply considering the δ13C value of a material can
be misleading, because it depends upon several factors (Hayes 1993):

(a) the isotopic composition of the primary C source used;
(b) the isotopic effect associated with C assimilation by a particular organism;
(c) the isotopic effect associated with the organism’s metabolic and biosynthetic processes;
(d) cellular C budgets involved in competing reaction pathways.

It is important to consider these factors when interpreting isotopic fractionation, which apply to all elements
exhibiting fractionation, not just carbon.

Subareal plants use atmospheric (gaseous) CO2 [CO2(g)] as their photosynthetic carbon source, which
has a mean δ13C value of c. −7‰. Subaquatic plants use the dissolved (aqueous) CO2 [CO2(aq)], which
is at one end of the series of equilibria shown in Eqn 3.8. Both these assimilatory processes are
accompanied by isotopic fractionations, as discussed in Section 5.8.2. In marine environments there are
also C isotopic fractionations associated with the formation of calcium carbonate tests (using bicarbonate)
by some organisms, that for formation of calcite is different from aragonite. The overall fractionation,
εcalcite−CO2(aq), is large and temperature dependent (Fig. 5.55; Mook et al. 1974; Morse & Mackenzie
1990), primarily because of the equilibrium between dissolved CO2 and bicarbonate (Freeman & Hayes
1992). The fractionation in Fig. 5.55 assumes that equilibrium is attained between dissolved CO2 and
calcite, but that does not necessarily occur because of various metabolic processes, and the calcite
preserved in sediments can have a slightly different δ13C value from that predicted by the equilibrium
fractionation relationship (Spero et al. 1991, 1997). Post-depositional diagenetic alteration of carbonates
can alter the δ13C value significantly by exchange with the CO2 produced from oxidation of organic
matter (Irwin et al. 1977).

Fig. 5.55 Influence of temperature on the equilibrium
isotopic fractionation between calcite and dissolved
CO2 (after Mook et al. 1974; Morse & Mackenzie 1990).
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For heterotrophes, significant isotopic effects during
assimilation appear to be restricted to the smallest
molecules (Hayes 1993). The δ13C value of acetate, from
which lipids are derived, is clearly important. So too are
branch points in the flow of carbon through cells,
because there must be a mass balance in the cellular
carbon budget. This can be examined by considering
the simple system in Fig. 5.56, in which a substrate (s)
enters a cell at a rate of φr mol s−1, providing an
instantaneous internal source of reactant (r), some of
which is used to form a product (p) and the remainder
is unused (u, which can pass to other reaction sites to
make other products). Because the product is enriched
in the lighter isotope, the residual reactant must be
depleted relative to the external substrate (i.e. δ13Cr >
δ13Cs). This can be seen from the fact that the total
number of C atoms of each isotope entering and leaving
the cell must be conserved, so:
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Box 5.11 Isotopic fractionation

The isotopic fractionation factor (α) between two compounds (A and B) is defined as (Hoefs 1997):

where R = isotope ratio (e.g. 13C/12C). However, by analogy with the δ notation for isotopic ratio,
isotopic fractionations are often given in terms of ∆ values, which have units of permil:

which can also be written as:

and in terms of δ values this becomes:

To avoid any possible confusion with the use of ∆ to denote differences in δ values, isotopic
fractionation is often given the symbol ε and, as an example, the C isotopic fractionation associated
with phytoplanktonic photosynthesis can be represented by (Hayes 1993):

This expression, perhaps counter-intuitively, has the product in the numerator and the precursor
in the denominator, but by convention it provides a positive value. Values of εA−B are approximately
equal to δA−δB, although δB values widely different from zero can potentially lead to significant
error in the estimation of ε using this approximation. For example, if δ13CA = −27‰ and δ13CB = −
59‰, εA−B = 34‰, but δ13CA−δ13CB = 32‰. Transposing the values of A and B produces a
different value for ε (εB−A = −32.9‰ in this example), so εphotosynthesis in Eqn 5.28 is more clearly
written as εCO2−biomass.

The isotopic fractionation (ε) between reactant and product is a kinetic isotope effect, and can
be represented by the rate constants for the two isotopes:

RA

RB
αA−B = [Eqn 5.26]

RA − RB

RB
∆A−B (‰) = x 103 [Eqn 5.27a]

RA

RB
∆A−B (‰) = − 1 x 103 [Eqn 5.27b]

(δA + 1000)
(δB + 1000)

∆A−B (‰) = − 1  x 103 [Eqn 5.27c]

(δ13CCO2
 + 1000)

(δ13Cbiomass + 1000)
εphotosynthesis (‰) = − 1  x 103 [Eqn 5.28]

k12C

k13C

ε = − 1  x 103 [Eqn 5.29]

φr(δ13Cs) = φu(δ13Cu) + φp(δ13Cp) [Eqn 5.30]

If the fractional flow of carbon at the branch point to product p is represented by f (i.e. φp/φs):

δ13Cu = δ13Cs + fε [Eqn 5.31a]
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and
δ13Cp = δ13Cs − (1−f)ε [Eqn 5.31b]

Equations 5.31a,b give the effect of the carbon flow at a branch point on the δ13C values of the products,
as shown in Fig. 5.57.

A summary of the isotopic fractionations associated with important processes involved in assimilation
and dissimilation of carbon is presented in Table 5.7, and the various processes are considered in the
following sections.

Our knowledge of the fractionation of hydrogen isotopes is at a relatively early stage, although it
appears that δD values depend upon hydrogenation reactions as well as the isotopic composition of
precursors and the biosynthetic fractionation and exchange of hydrogen (Sessions et al. 1999, 2002).
Fractionations with respect to water in the growth medium are of the order of 100–250‰ for n-alkyl lipids,
but can be higher for polyisoprenoidal lipids (c. 150–350‰; Sessions et al. 1999). The δD of phytol is
generally 50‰ lower than that of other isoprenoids, which may reflect different biosynthetic pathways (i.e.
mevalonate and alternative pathways; Section 2.4.3). These fractionations are much higher for hydrogen
than isotopes of other atoms because the mass ratio of 2H:1H is so large.

Fig. 5.57 The effect of variation in C flow at a branch
point (fractional yield, f) on isotopic composition of
products (after Hayes 1993). δ13Cp = δ13Cu − ε.
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Fig. 5.56 A representation of cellular carbon budget
involving a simple branch point, in which φ represents
carbon flow (mol s−1) and ε is the kinetic isotope effect
(after Hayes 1993).
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Table 5.7 Typical carbon isotopic fractionations associated with

major C-cycling processes (equilibria are represented by =; data

after de Leeuw et al. 1995).

maximum

process fractionation (‰)

aqueous equilibria

atmospheric CO2 = dissolved CO2 0.7

dissolved CO2 = bicarbonate 9

bicarbonate = calcite 2

terrestrial autotrophy

CO2(g) assimilation by C3 plants 22

CO2(g) assimilation by C4 plants 4

CO2(g) assimilation by CAM plants 15

aquatic autotrophy

CO2(aq) assimilation by C3 plants 25

CO2(aq) assimilation by Chlorobiaceae1 12.5

HCO3
−(aq) assimilation by phytoplankton 12

CO2(aq) assimilation by chemotrophes2 25

heterotrophy

herbivore biomass (cf. phytoplankton)3 1

methanogen biomass (cf. CO2) 40

CH4 from methanogenesis4 70

methanotrophe biomass (cf. CH4) 20

CO2 from methanotrophy 25

1Chlorobiaceae photosynthesis is via reversal of the citric acid

cycle; 2chemotrophes include sulphur and ammonium oxidizing

bacteria (see Box 1.10); 3each additional heterotrophic step

involves a similar fractionation; 4methanogenesis generally leads

to a fractionation of c. 40‰ in freshwater environments but c.

70‰ under marine conditions.
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5.8.2 Autotrophic pathways

In subaerial C3 plants substrate and reactant (s and r, respectively, in Fig. 5.56) for photosynthesis are
both gaseous (atmospheric) CO2, which flows through the Calvin cycle (the dark reactions of
photosynthesis; see Box 1.10) to yield simple carbohydrates (p), which are in turn the source of various
metabolic intermediates. The source of the intracellular (kinetic) isotopic fractionation during C fixation is
the enzyme rubisco (D-ribulose 1,5-diphosphate carboxylase/oxygenase). There is also an isotopic
fractionation resulting from the passage of CO2 into the cell. Passive diffusion of CO2, at a rate φr, favours
12C, but the fractionation is small (εr = 4.4‰ for CO2 diffusion into stomata of subaerial C3 plants, and
0.7‰ for CO2 diffusion in water at 25˚C) in comparison to that involving rubisco (εp = c. 27‰; Farquhar et
al. 1982).

εphotosynthesis = εr + (concnr/concns).(εp−εr) ≈ δ13Cs − δ13Cp [Eqn 5.32]

From Eqn 5.32 it can be seen that εphotosynthesis potentially varies over a wide range, between εr and εp.
The bulk δ13C value for C3 plants therefore reflects εphotosynthesis, and the typical range for extant organisms
is shown in Table 5.8, together with ranges for other types of autotrophes.

Some subaerial plants use a different pathway, involving carboxylation of phosphoenol pyruvic acid
(PEP) instead of ribulose diphosphate (the CO2 is actually transformed into bicarbonate before
incorporation), which subsequently forms a C4 compound, oxaloacetic acid, instead of PGA (Fig. 1.7).
Consequently such plants are termed C4 plants. The C4 path is a relatively recent evolutionary development
of particular advantage in hot dry climates (see Box 1.10). The PEP cycle effectively transfers CO2 to the
Calvin cycle, and each cycle confers an isotopic fractionation. Some plants, the CAM plants (see Box
1.10), can use the combined PEP-Calvin cycle path (with some leakage of CO2 out of the cell between
the cycles) or just the Calvin cycle. The effects of these pathways on the overall isotopic fraction are
reflected in the δ13C values in Table 5.8.

In subaqueous plants and chemoautotrophes the substrate (s, Fig. 5.56) and reactant (r) for carbon
fixation is normally dissolved CO2. However, when aqueous concentrations of CO2 are low (e.g. during
blooms), phytoplankton can actively pump bicarbonate across the cell membrane (Burns & Beardall
1987; Pancost et al. 1997), which can lead to εphotosynthesis values <0‰ (Deuser 1970; Raven et al. 1987).
The bicarbonate is transformed back into CO2 (the reactant, r) before incorporation into the Calvin cycle.
The bicarbonate pump places a greater energy drain on cells, so ideally no bicarbonate should be lost in
producing the reactant (i.e. δ13Cp = δ13Cr). However, inevitably there is some leakage from the cell, which
controls the isotopic variation observed among products. The overall photosynthetic fractionation can be
represented by:

εphotosynthesis = δ13Cs − δ13Cp = εCO2(aq)−bicarbonate + εbicarbonate pump + L(εp−εr) [Eqn 5.33]

where L = fraction of bicarbonate that leaks away.
In acetogens, methanogens and Chlorobiaceae (green photosynthetic bacteria) the substrate is CO2,

but C fixation can occur at three different enzymatic sites, at least, involving CO2 or HCO3
− as the

reactant (House et al. 2003). This can lead to very large isotopic contrasts between molecules from the
same cell. These organisms can fix C using acetyl coenzyme A or by reversing the citric acid cycle (Fig.
2.10; Sirevag et al. 1977; Wood et al. 1986). Among the largest fractionations are those associated with
methanogenic bacteria (Table 5.7), so the resulting methane exhibits very low δ13C values and
methanogenic biomass can also be isotopically light (Table 5.8). The use of the reverse citric acid cycle
by the Chlorobiaceae causes the δ13C of isorenieratene to be >10‰ higher than corresponding algal
lipids in some Mediterranean sapropels (Passier et al. 1999).

All the above discussion of isotopic fractionation during carbon fixation is much simplified; there are
many potential complications, such as variants of rubisco (Raven & Johnston 1991; Guy et al. 1993).
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Table 5.8 Isotopic composition of major autotrophes

and methanogens (data after Schidlowski 1988).

organism δ13C (‰)

higher plants

C3 −23 to −34

C4 −6 to −23

CAM −11 to −33

algae −8 to −35

cyanobacteria −3 to −27

photosynthetic bacteria

green −9 to −21

purple −26 to −36

red −19 to −28

methanogenic bacteria +6 to −41

Stomatal activity, and hence CO2 uptake, can vary between
terrestrial plant species and with changing environmental
conditions, which can produce significant shifts in δ13C
values (Lockheart et al. 1997). The partial pressure of
atmospheric CO2 (see Box 1.11) may affect phytoplanktonic
εphotosynthesis, through its control on surface-water CO2
concentrations (Rau et al. 1992; Pancost et al. 1997). Under
conditions of abundant CO2, mass transport into cells is
unlikely to limit the rate of photosynthesis, so the large
isotopic fractionation of rubisco should dominate the overall
fractionation. There are many other factors that can
influence εphotosynthesis (Goericke et al. 1994; Laws et al.
1997; Pancost et al. 1997; Rau et al. 1997). For modern
phytoplankton εphotosynthesis ≤25‰ (Popp et al. 1998b) and
is generally 8–18‰ (Bidigare et al. 1997). The influence of
specific growth rate (µ day−1), cell volume:surface area ratio
(V/S µm) and dissolved CO2 concentration (c µmol kg−1)

can be represented by the following relationship (Popp et al. 1998b):

εphotosynthesis = 25.3 − 182(µ/c)(V/S) [Eqn 5.34]

5.8.3 Biosynthetic pathways

Nearly all sedimentary biomarkers are derived from lipids, the most obvious exceptions being porphyrins.
In prokaryotes the substrate derived from the Calvin cycle for all subsequent biosynthesis is a simple C6
carbohydrate (Fig. 1.7), each C atom of which generally has the same δ13C value (although there may be
exceptions in eukaryotes; Rossmann et al. 1991; Hayes 1993). However, the acetyl-CoA system and
reverse citric acid cycle produce C2 monomers in which one C atom is derived from the methyl group and
the other from the carboxyl group of the acetyl unit, which are produced at different reaction sites. There
is an isotopic effect which appears to arise from the reaction between pyruvate and acetyl-CoA (catalysed
by pyruvate dehydrogenase; Melzer & Schmidt 1987), and results in a depletion of 13C at the carbonyl
group of acetate relative to the unaltered isotopic composition of the methyl group. This has implications
for the bulk isotopic composition of compounds derived from acetate units, which contain one of each
type of C atom, and those derived from isoprenes units, which comprise three methyl-derived C and two
carboxyl-derived C atoms. For heterotrophes utilizing carbohydrates or autotrophes producing
carbohydrates via the Calvin cycle (from which acetate is generated in via acetyl-CoA or the reverse citric
acid cycle):

where
δ13Cmethyl = δ13Ccarbohydrate [Eqn 5.35c]
δ13Ccarboxyl = δ13Ccarbohydrate − (1−f)εpyruvate dehydrogenase [Eqn 5.35d]

and f = fraction of carbon flowing to acetyl-CoA.

δ13Cacetogenic lipids = δ13Cmethyl + δ13Ccarboxyl

2

δ13Cisoprenoidal lipids = 3(δ13Cmethyl) + 2(δ13Ccarboxyl)
5

[Eqn 5.35a]

[Eqn 5.35b]
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The pathways of carbon flow in eukaryotes are more complex than in prokaryotes, mainly because the
C2 units produced within mitochondria can be exported (e.g. for lipid biosynthesis) only as part of a citrate
unit produced in the citric acid cycle. The branch point in carbon flow to either isoprene or acetate can
lead to additional isotopic fractionation. In general, it seems that n-alkyl lipids in a particular organism are
depleted in 13C by c. 1.5‰ relative to isoprenoids produced from the same substrate (Hayes 1993). In
higher plants, the phenolic precursors of lignin derive from glucose (Fig. 2.29), so it is not surprising that
the carbon isotopic composition of lignin reflects the major photosynthetic pathway involved (C3 or C4;
Benner et al. 1987).

5.8.4 Heterotrophy

The bulk carbon isotopic signature of heterotrophes reflects the signature of their main substrates, modified
by the signature of carbon outputs. The main outputs are respired CO2, faecal carbon and CH4. The CO2
is mainly from the citric acid cycle (involving decarboxylation of organic acids), which results in the evolved
CO2 having a light signature, so the δ13C value of the organism is increased. Typically, then, animals
have δ13C values c. 1‰ greater than their food source (DeNiro & Epstein 1978; Hayes 1993).

Bacterial heterotrophy may yield greater isotopic shifts than eukaryotic heterotrophy (Coffin et al. 1990;
Pancost & Sinninghe Damsté 2003). Methanogens in the digestive systems of zooplankton generate
isotopically light CH4, which probably accounts for zooplanktonic faecal pellets being enriched in 13C by
larger amounts that are consistent with aerobic respiration (Fischer 1991). Methane-oxidizing bacteria
(methanotrophes; see Section 3.3.2b) utilize methanogenic methane that is already isotopically very
light, and they impose additional fractionation during carbon assimilation (Table 5.7; Whiticar 1999).

Combined carbon and nitrogen isotopic compositions can be useful in assessing the diets of ancient
peoples, particularly where conventional archaeological evidence is sparse. The most suitable materials
for δ15N measurements are those in which the proteins are most resistant towards alteration. The reliability
of data from bone collagen has been questioned (Sillen et al. 1989; Macko & Engel 1991), but human hair
appears to be suitable, because the hydrophobic proteins in α-keratins are not easily degraded over
thousands of years (see Section 3.3.3a; Lubec et al. 1987). The extent of amino-acid degradation can be
assessed by hydrolysing the proteins and examining the degree of loss of the less stable amino acids
such as serine and threonine. Whereas bone collagen reflects diet over a period of c. 10 yr, human hair
represents a much shorter time period, although there is good correlation of isotopic data between the
two substrates (DeNiro & Epstein 1978, 1981).

Carbon isotopic composition reflects the major C-fixation pathway of plants (average δ13C value for C3
plants = c. −26.5‰, and for C4 = c. −12.5‰) and other sources (e.g. terrestrial herbivores and marine
animals; δ13C = c. −20‰ for the latter). Nitrogen isotopic compositions show similar trends between
average δ15N values of 0‰ for terrestrial plants and +6‰ for marine organisms. Animals exhibit an
enrichment of 15N relative to their food source of c. 3‰ (DeNiro & Epstein 1981; Macko & Engel 1991),
compared to the +1‰ shift observed for δ13C values (Ostrom & Fry 1993). The isotopic values obtained
from hair can be compared with those for modern food sources from the hinterland of the archaeological
site to obtain indications of ancient diets (Chisholm et al. 1982). Modern populations show little variation
in δ13C values, and it is not possible to distinguish vegans from ovo-lacto vegetarians and omnivores. The
variable availability of C4 plants – as both primary foods and animal feeds – also hampers the identification
of such dietary distinctions. However, nitrogen isotopic data are more useful, with vegans (δ15N c. 7‰)
being readily distinguished from ovo-lacto vegetarians and omnivores (which share similar δ15N values
of c. 3‰).

The Neolithic Ice Man from Oetztaler in the Alps (5200 yr old) appears to have been a vegan, when the
isotopic composition of his hair is compared with that of the goat hair found with him and local grass, and
applying the expected degree of isotopic fractionation (Fig. 5.58a; Macko et al. 1999a,b). Teeth wear is
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Fig. 5.58 Carbon and nitrogen isotopic evaluation of ancient human diets relative to authentic foodstuffs (after Macko
et al. 1999a,b). (a) Ice Man from Oetztaler Alps (5200 yr old) compared to modern vegans, ovo-lacto vegetarians
and omnivores. (b) Chinchorro mummies from Arica region of Chile (5000 to 800 yr old); the triangle represents end-
member contributions after allowing for assimilatory fractionations.
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consistent with this proposition, and the δ13C value suggests C3 plants were the main food source. A
further example of this application is shown in Fig. 5.58b, based on data for Chinchorro mummies from
Arica, Chile (5000 to 800 yr old) together with authentic dried foods (Macko et al. 1999b). The food
comprises C3 plants, C4 plants (maize) and fish, and the mixing lines shown between these end members
are shifted by the appropriate assimilatory fractionation effect. The hair samples lie on the mixing line
between terrestrial plants and marine sources, with mummies from a coastal site plotting closest to the
marine end member. Sulphur isotopic composition (which appears not to exhibit significant dietary
fractionation; MacAvoy et al. 1998) supports these indications, with the marine samples showing the
highest δ34S values (similar to the authentic fish food at c. 15‰).

5.8.5 Sedimentary isotopic record

Estimates of εphotosynthesis can be obtained from estimates of δ13Cphotosynthesis (i.e. the bulk value for
phytoplankton), which in turn can be derived from measured δ13Cporphyrins and the known difference
between δ13Cporphyrins and δ13Cphotosynthesis in modern ecosystems. This approach can provide information
on the main types of primary producers and their environments. Comparison of δ13Cphotosynthesis with
δ13C values for total sedimentary organic carbon can then enable an assessment of the degree of reworking
of primary production and the overall trophic structure of the ecosystem (Hayes 1993). There are many
approximations involved in such models, so considerable caution is required in their application.

The major fractionations influencing the isotopic signatures of marine sediments are summarized in
Fig. 5.59 for the most common scenario, in which C3 photosynthesis dominates autotrophy. The value of
δ13C for dissolved inorganic C (DIC) varies with depth, but surface-water rather than average values are
most important when evaluating εbicarbonate−calcite for planktonic tests (Shackleton 1987b; Kroopnick 1985).
The fractionation between calcite and bicarbonate is small and little affected by temperature (c. 0.01‰
decrease per ˚C rise), and is generally c. 1.2‰. Consequently, the fractionation between dissolved CO2
and calcite is mainly controlled by εbicarbonate−CO2(aq) (c. 0.12‰ decrease per ̊ C rise), with εcalcite−CO2(aq)
being c. 7‰ in warm waters and c. 10‰ in cold (Hayes et al. 1999). Under aerobic conditions, herbivory
and biodegradation (i.e. respiration processes) impose an isotopic fractionation (εhet) of c. 1.5‰ on the
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Fig. 5.59 Summary of factors affecting the observed
fractionation between marine carbonate and kerogen
(εsedimentary), assuming autotrophy is dominated by C3
photosynthesis (after Hayes et al. 1999). Calcite test
precipitation is represented by εppt (εbicarbonate(aq)−calcite);
heterotrophic reworking of primary production is
represented by εhet (εkerogen−phytoplankton); N.B. the effect of
thermal alteration on kerogen δ13C is not included here.

proportion of primary production that survives to form kerogen.
 In ancient sediments, only the δ13C values of calcitic tests and kerogen can be measured, but the

difference between which (εsedimentary) bears the signature of the prevailing environmental conditions
and primary production:

εsedimentary = εphotosynthesis + εcalcite−CO2(aq) − εhet [Eqn 5.36]

The application of εsedimentary in assessing palaeoenvironments is examined further in Section 6.2.1.
Comparison of the isotopic compositions of kerogen samples can be made using plots of δ13C vs. δD,

which can show organofacies variation (Schoell 1984a,b; Whiticar 1990; see Box 1.1). With increasing
maturity and the onset of hydrocarbon generation, δ13C and δD values increase. This is because 12C–
12C bonds are more easily broken than 12C–13C bonds (see Section 4.5.4a). The expelled hydrocarbons
are isotopically light relative to the kerogen, and so the latter becomes increasingly heavier with advancing
maturity (Galimov 1980).

Differences in δ15N values for the various reservoirs of nitrogen used for assimilation are generally
preserved in plant material. For example, a δ15N value of 7–10‰ is typical for dissolved nitrate and
phytoplankton, whereas c. 0‰ is characteristic of atmospheric N2 and C3 land plants (Meyers 1997).
These values are subsequently conserved in sedimentary organic matter (Peters et al. 1978). However,
the δ15N of phytoplankton increases as nitrate concentration decreases, as a result of both decreasing
discrimination and denitrification of NO3

−(aq) in O2-depleted waters; the latter releases isotopically light
N2 into the atmosphere and leaves the residual nitrate enriched in 15N (Cline & Kaplan 1975; see Box
3.9).

Although bulk carbon-isotopic measurements can give information on sources of sedimentary organic
matter, potentially more information can be gained from the isotopic signatures of individual biomarkers
(Freeman et al. 1990). For instance, it should be possible to identify the source of a particular compound
with more certainty and to evaluate its metabolic pathways. Isolating sufficient amounts of single compounds

has been an obstacle to such measurements in the
past, but with the advent of improved technology these
measurements are possible from relatively small
amounts of components, extending the application of
this technique to biomarkers. Among the first
compounds to be studied were n-alkanes, which are
generally abundant in sedimentary organic matter. For
example, in one study of Recent sediments from a
freshwater lake (Ellesmere, UK) C25–C33 n-alkanes
were found to have δ13C values of <−30‰, consistent
with an origin from tree-leaf waxes, whereas shorter-
chain components were isotopically heavier (−20 to
−2‰) and probably attributable to an algal source
(Rieley et al. 1991). It is sometimes possible to
distinguish a variety of sources of n-alkanes from their
C-number ranges and isotopic signatures, including
cyanobacteria and chemosynthetic bacteria (Collister
et al. 1994). The δ13C record of higher-plant derived
C25–C33 n-alkanes has been used to examine the rise
of C4 grasses, which have significantly higher δ13C
values than C3 vegetation (see Table 5.7), at c. 6 Ma
(Cerling et al. 1993; Freeman & Colarusso 2001), and
the climatic (particularly aridity) induced variation in
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dominance between the two plant groups during glacial-interglacial cycles (Huang et al. 2001). Similarly,
individual lignin-derived phenols have been used to follow Quaternary vegetational changes (Huang et
al. 1999), the relative contributions of C3 and C4 plants being determined from the average isotopic
composition of their phenols (−34 and −14‰, respectively; Goñi & Eglinton 1996):

δ13C lignin phenol = (−34)(proportion of C3 plants) + (−14)(proportion of C4 plants) [Eqn 5.37]

Such molecular studies offer some advantages over the pollen record when reconstructing local climate,
because pollen distributions are strongly influenced by aeolian transport and the amount of pollen produced
by different species, whereas leaf and wood components are more likely to be deposited in situ (although
some aquatic transport is possible).

Compound-specific δ13C analysis can be applied to the whole range of compound classes found in
sediments; some examples from the Eocene Messel Shale (Germany) are presented in Table 5.9. The
δ13C value for the total kerogen in this shale is −28.21‰, while that for the solvent-extractable organic
matter (bitumen) is −29.72‰, the latter value reflecting the general relative lightness of lipid-derived
components. The differing values of δ13C for pristane and phytane indicate that they do not share the
same source. The value for pristane is compatible with an algal origin, but the considerably lighter isotopic
signature of phytane probably reflects a phytanyl ether input from methanogenic bacteria. The value of
δ13C for 17β-hopane is characteristic of the hopanoids in general in Messel Shale, which probably originate
from chemosynthetic bacteria. The intense depletion in 13C of 30-nor-17β-hopane suggests that it does
not share the same source as the other hopanoids but derives from a precursor already exhibiting a light
isotopic signature, probably originating from methylotrophic bacteria. The hopanoids of methylotrophes,
such as Methylomonas, are dominated by a C35 pentahydroxyamine which may degrade to the norhopane
(Freeman et al. 1990). Isotopic analysis of individual porphyrins in the Messel Shale has permitted
assessment of the relative contributions from algal and bacterial chlorophylls (Hayes et al. 1987).

The analysis of isotopic signatures of individual biomarkers can be a powerful tool in examining the
composition of microbial communities and their influence on carbon cycling, and it is the only tool available
for ancient sediments, because bacteria leave no other evidence (Pancost & Sinninghe Damsté 2003).
For example, it appears that a consortium of anaerobic bacteria – eubacteria as well as archaebacteria
– are involved in the oxidation of methane (i.e. methanotrophy) in marine sediments (Boetius et al. 2000).
Some non-isoprenoidal lipids (e.g. sn-1-alkylglycerolmonoethers), which cannot be attributed to
archaebacteria, share similar low δ13C values of c. −100‰ with phytyl-containing lipids (e.g. archaeol,
sn-2-hydroxyarchaeol and dihydrophytol; see Section 2.4.1b) that are unambiguously derived from
methanogens (Hinrichs et al. 1999, 2000). The similar and extreme isotopic fractionation of the two
compound groups suggests a trophic relationship, with the non-isoprenoids deriving from eubacteria,
possibly related to thermophilic sulphate reducers.

As noted in Secton 5.8.1, the δD values of individual biomarkers reflect the δD value of the growth
water and so can provide useful climatic information, if the fractionation processes can be evaluated. For

Table 5.9 Carbon isotopic composition of

some compounds in the Eocene Messel

Shale (data after Freeman et al. 1990).

compound δ13C (‰)

pristane −25.4

phytane −31.8

17β-30-norhopane −65.3

17β-hopane −35.2

example, δD for precipitation in the tropics is c. 0‰, whereas over
mountains at high latitude it is <−150‰. High positive values
correspond to intense evaporation, which increases the abundance
of 2H in the residual water. However, 2H enrichment decreases as
humidity increases, so values approaching +100‰ are found only in
modern deserts (where relative humidity is low; Confiantini 1986).
There are complications in terrestrial plants arising from
evapotranspiration from leaves, which enriches 2H in leaf water and
hence photosynthetic products. However, algal sterols appear to be
consistently depleted in 2H by c. 201‰ compared to growth water
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(whether marine or fresh) – i.e. εwater − algal sterol = 201‰ – and so their δD values are potentially useful
indicators of climatic conditions and the balance between precipitation and evaporation (Sauer et al.
2001).

5.8.6 Isotopic distributions in petroleum

(a) Oils

There are various problems associated with correlating oils and their parent kerogens from bulk isotopic
data: an oil is only isotopically related to the oil-generating fraction of kerogen; there are maturity-related
changes in isotopic composition; and migrated oil often comprises only a proportion of the generated
bitumen and is comparatively depleted in the heavier and more polar components. For a given maturity,
a bitumen is often c. 0.5–1.5‰ lighter than its source kerogen, and the related oil is c. 0.0–1.5‰ lighter
again (Peters & Moldowan 1993). Oils of similar maturity that differ by >2‰ are usually not genetically
related.

The carbon isotopic compositions of the main fractions of petroleum – saturates, aromatics, resins and
asphaltenes (Box 4.2) – behave reasonably conservatively (Galimov 1973), although all fractions usually
become slightly isotopically heavier as maturity increases (Chung et al. 1981). Consequently, oils and
source-rock bitumens can be correlated using plots of two or more components (Fuex 1977; Stahl 1978;
Peters & Moldowan 1993). For example, δ13C vs. δD plots for aromatic fractions of oils can be useful
because the aromatics appear least affected by thermal processes and biodegradation (Schoell 1984a;
Peters et al. 1986). Biodegradation is likely to result in the saturates fraction becoming isotopically heavier
as the relatively light n-alkanes are removed. Cross plots of δ13C values from saturates and aromatics
are frequently used for correlation of oils and bitumens (Fuex 1977), and it has been suggested that
marine and terrestrial origins can be distinguished by such plots (Fig. 5.60; Sofer 1984, 1988), although
the differentiation is not always reliable (Peters et al. 1986). As noted for sediments (Section 5.8.5),
compound-specific isotopic ratios provide a more reliable means of correlating oils, and branched, cyclic
and aromatic members of the gasoline range appear particularly useful (Whiticar & Snowdon 1999).

Sulphur isotopic ratios have been successfully used to correlate crude oils (Orr 1974; Gaffney et al.
1980; Thode 1981). In general δ34S values do not appear to be much affected by processes like migration,
biodegradation or water washing (Hirner & Robinson 1989), although they can be affected by S incorporated
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Fig. 5.60 Oil correlation and source-related plot based on
δ13C values for saturated and aromatic hydrocarbon
fractions (after Sofer 1984).
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into oils in reservoirs at high temperatures (Orr 1974).
With respect to organic-S, genetically related oils and
source rocks should exhibit δ34S values within 2‰ (Orr
1986). In the absence of biodegradation there may be
a general increase in δ34S values with increasing
polarity of oil and bitumen fractions, similar to that
noted for δ13C values above (Hirner et al. 1984).

Although the isotopic fractionation between pyritic,
native and organically-bound sulphur are complex
(Krouse 1977), the δ34S values of organically-bound
S in kerogen and oils can provide some useful
information about depositional environments. The
relative abundance of the sulphate supply available
for bacterial sulphate reduction appears to be the key
factor (Chambers 1982). In an open system, with
plentiful sulphate, a high degree of isotopic
fractionation is possible and kerogen tends to have
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low δ34S values. In open marine environments, seawater provides a plentiful supply of sulphate, presently
with a δ34S range of +19 to +20‰, and isotopic fractionation can give rise to values in the region of −10‰
for kerogens (and their associated oils). In comparison, the δ34S value of fresh water is +1 to +7‰. It
might be expected that bitumens and oils from coals would reflect the freshwater range of δ34S, but
values close to that of ambient seawater can be observed (Hirner & Robinson 1989). The reason is that,
in closed systems with a restricted supply of sulphate, sulphate-reducer activity is limited by the rate of
bacterial sulphide oxidation, so there may be little or no isotopic fraction relative to the substrate. Fresh
water contains little sulphate, so only a small amount of seawater, with its high sulphate content, needs to
infiltrate peats during early diagenesis to overwhelm the freshwater δ34S signature. Coal deposition is
generally terminated by marine transgression, and if only a limited supply of sulphate is able to enter the
peat, sulphate reducers effectively utilize the entire supply, conferring a δ34S signature on the sulphide
incorporated into the kerogen structure that is similar to the ambient marine value (Killops et al. 1994).

(b) Gases

There is only a limited number of different components present in petroleum gases, so isotopic composition
is an important tool for identifying the origins of various accumulations. Sources of methane can be
discriminated by use of a plot of δ13C vs. δD (Schoell 1984a,b, 1988; Whiticar 1990), as shown in Fig.
5.61a. Atmospheric methane and the main field for oils are included for comparison. The methane formed
by thermal breakdown of kerogen is termed thermogenic, and there is some overlap at the lightest isotopic
extremes with bacterial sources (methanogenesis via acetate fermentation or CO2 reduction) and at the
heavier extremes with geothermal sources (i.e. gas generated by pyrolysis of organic matter during
magmatism). Conditions within a sediment can cycle (e.g. on a seasonal basis) between those favouring
fermentation (warm) and those favouring reduction (cold and acetate-depleted), producing biogenic
methane of a mixed signature (Schoell 1988). Bacterial oxidation can significantly alter the isotopic
composition of biogenic methane because the isotopically lighter molecules are preferentially used, and
the residual methane can become isotopically indistinguishable from thermogenic methane (Coleman et
al. 1981). Mantle-derived CO2 can be converted by abiogenic processes into CH4 (there is really no such
thing as mantle methane because the gas is not thermodynamically stable and only CO2 exists under the
prevailing conditions in the mantle; Giggenbach et al. 1993), which is labelled abiogenic in Fig. 5.61a.
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Fig. 5.61 Methane sources based on isotopic composition and relative abundance (abiogenic = derived from mantle
CO2; after Schoell 1984a,b, 1988; Whiticar 1990).
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abundance and isotopic composition of methane (after
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and of refractory kerogen by vitrinite reflectance.

Examples of this type of methane have been obtained from sediment-free, mid-ocean ridge, hydrothermal
systems.

Plots of δ13Cmethane vs. methane/(ethane+propane) (Fig. 5.61b), have been used successfully for
correlation purposes and to distinguish between thermogenic and biogenic sources of gas seeps in the
Gulf of Mexico and the Po valley (Claypool & Kvendvolden 1983; Schoell 1984a). The molecular composition
parameter in these plots makes use of the fact that biogenic gas is almost entirely methane (i.e. dry gas),
whereas the gas produced by thermogenic decomposition of kerogen contains significantly greater amounts
of hydrocarbons >C1 (i.e. wet gas; see Section 4.5.2). The effects of mixing thermogenic and biogenic
gases are shown in Fig. 5.61b, together with the depletion in >C1 hydrocarbons that occurs during migration
of thermogenic gas, and the depletion in 12CH4 that occurs as a biogenic gas accumulation ages and the
isotopically lighter molecules are preferential lost by diffusion. Migration does not appear to affect the
isotopic signature of gaseous hydrocarbons (Schoell 1984a,b).

If the δ13C value of a source kerogen can be measured or estimated, more detailed information about
the maturity of thermogenic gases from that source and their migration history can be obtained, as
demonstrated in Fig. 5.62 (Clayton 1991). Two sources of methane are considered: refractory kerogen,
which is a source of methane only; and labile kerogen, which yields mainly oil (see Section 4.5.2). The
maturity trends for gas from labile kerogen and oil cracking in Fig. 5.62 merge because some of the
former gas is present in solution in oil during the initial phase of oil cracking.

The δ13C values of gaseous hydrocarbons generated from a common source increase with increasing
C number, although the difference between successive n-alkanes decreases because the influence of
the kinetic isotope effect diminishes with increasing C number (Fig. 5.63a; Clayton 1991). As the maturity
of the source increases, its δ13C value increases (because it evolves isotopically light hydrocarbons), the
δ13C values of thermogenic gases increase, but the C-number-related difference in δ13C values decreases
(Fig. 5.63a; James 1983; Clayton 1991). Cross plots of differences in δ13C values between pairs of
gaseous alkanes can potentially reveal maturity-related trends where the δ13C value of the source kerogen

is unknown and cannot be estimated, as shown in Fig.
5.63b. The trends in Fig. 5.63b are based on a number
of models, which show some differences between
related kerogens (although both type II and III kerogens
may contain mixtures of labile and refractory kerogens;
see Section 4.5.2), but reasonable agreement with
regard to the differentiation labile and refractory
sources. The trend based on thermodynamic
equilibration of isotopic distributions between all the
gaseous alkanes (after James 1983; Schoell 1984a)
appears to correlate most closely with type II kerogen,
although full thermodynamic equilibration (involving
exchange of C isotopes between molecules) is thought
unlikely (Clayton 1991). Contributions from biogenic
methane should be discernible because of the
influence of the isotopically light methanogenic
signature (arrow, Fig. 5.63b), but oil-cracking will tend
to blur the distinction between the primary kerogen
sources of gas, although the plot can still be a useful
correlation tool.
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Fig. 5.63 Maturity-related variations in isotopic compositions of gaseous hydrocarbons (a) relative to source kerogen
(after Clayton 1991), (b) relative to one another. In (a) trends for gases from oil cracking lie between those for labile
(polymethylenic) and refractory (lignin-derived) kerogen. Trends in (b) are based on various models: kinetic isotope
effect applied to labile and refractory kerogens [derived from (a); after Clayton 1991], thermodynamic equilibration of
isotopic distributions (after James 1983, Schoell 1984a), empirical fractionation from pyrolysis studies of types II and
III kerogen (after Berner & Faber 1996). The influence of contributions from methanogens is shown by an arrow; VR =
vitrinite reflectance. Inferred source maturities are given as vitrinite reflectance values except for labile kerogen, for
which degree of gas generation is used.
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