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4 Long-term fate of organic matter in the geosphere

4.1 Diagenesis

4.1.1 Introduction

The preceding chapters have examined the main contributions to the organic matter reaching the upper
layers of sediment, the types of organic compounds involved, and the environments associated with the
large-scale production and degradation/preservation of this material. In Chapter 3 we considered the
biological processes involved in the recycling of organic matter, and now we review the transformations
that the organic matter undergoes during its long-term incorporation into sediments and subsequent
lithification (see Box 1.1). In organic geochemistry the term diagenesis is applied to the processes
affecting the products of primary production that take place prior to deposition and during the early
stages of burial under conditions of relatively low temperature and pressure (in contrast to the general
geological usage, which extends to somewhat higher temperatures and pressures). Biological agents
are mainly responsible for diagenetic transformations, although some chemical transformations are
possible, with the possibility of catalysis by mineral surfaces.

During diagenesis burial depth increases and the sediment undergoes compaction and consolidation.
There is an associated decrease in water content and an increase in temperature. The rising temperature
increasingly restricts biological activity but the thermal energy becomes sufficient to break chemical
bonds, and ultimately, as the phase of catagenesis is entered, thermally mediated alteration of organic
matter dominates. The boundary between diagenesis and catagenesis is generally not sharp; it is often
correlated with the onset of oil formation, which may correspond to temperatures as low as 60˚C but is
usually closer to 100˚C (see Section 4.5.2). As we have seen in earlier chapters, thermophilic and
hyperthermophilic bacteria are active at relatively high temperatures, and certainly within the early stages
of catagenesis. The evolution of sedimentary organic material with increasing burial and temperature is
generally termed maturation.

4.1.2 Microbial degradation of organic matter during diagenesis

The composition of the organic matter ultimately preserved in sediments is controlled by the diagenetic
transformations of primary production, particularly by heterotrophic microorganisms. Amino acids together
with low-molecular-weight (LMW) peptides and carbohydrates (sugars) are soluble and can be assimilated
directly by the decomposer community, so they are usually rapidly recycled. They are, consequently,
generally minor constituents in ancient sediments. Insoluble proteins and polysaccharides can be
hydrolysed by the extracellular enzymes of fungi and bacteria into their water-soluble constituent amino
acids and monosaccharides, respectively (Section 3.3.3). In this way, high-molecular-weight (HMW)
compounds forming storage (e.g. lipids and starch) or structural (e.g. exoskeleton and cell wall) materials
can be transformed into assimilable components. As a result, the initial input of biological macromolecules
(e.g. proteins, polysaccharides, lipids and lignin) often comprises no more than 20% of the total organics
in the upper layers of sediments.

The rates at which the various compound classes are degraded differ. Proteins generally appear to
degrade faster than the other major sedimentary organic compound classes, and the highest concentrations
of amino acids are found at the water/sediment interface. Within this general lability there is variation in
the relative stabilities of individual amino acids (e.g. Bada & Mann 1980). Highly cross-linked fibrous
proteins such as keratin resist microbial attack but can be degraded by some fungi and most actinomycetes.
Carbohydrates seem only slightly less readily degraded than proteins, and the predominant sugars formed
by their hydrolysis are hexoses and pentoses. Carbohydrates and proteins are not necessarily completely
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degraded; traces have been found in Precambrian sediments. Lipids can also be recycled (e.g. fatty
acids) but some appear more resistant towards degradation than proteins and carbohydrates, and can
survive diagenesis, undergoing only minor alteration. Lignin can be microbially degraded, even though it
is one of the more resistant biopolymers.

The general effect of microbial attack is, therefore, to reduce the concentrations of all compound
classes with increasing sediment depth. However, the preservation potential of even the most readily
degradable substances can be increased if they are intimately associated with resistant structures. For
example, the proteins that form the matrix for mineralization in invertebrate shells are relatively protected
against degradation by their mineral covering. Similarly, cellulose and hemicellulose from higher plants
can be protected by lignified layers. Lipids can also be protected where they are incorporated in resistant
coatings, such as in spores, pollen and leaf cuticles (e.g. Killops & Frewin 1994).

4.1.3 Geopolymer formation

The chemical residues from microbial degradation, if not rapidly assimilated, undergo condensation
reactions to form new polymeric material. For example, irreversible condensation reactions between
sugars and amino acids can occur readily, but via an exceedingly complex and incompletely understood
series of reactions (often termed Maillard reactions). The types and relative abundances of the precursor
amino acids and sugars and the environmental conditions all influence the condensation reactions, the
products of which are brown polymeric substances called melanoidins (Hedges 1978; Rubinsztain et al.
1984). From laboratory syntheses it appears that much of the ‘backbone’ of melanoidins is formed from
furanyl units, derived from modified (partially dehydrated) sugars, and there is cross-linking of chains via
condensation with amino acids (Fig. 4.1). Simple amide formation between amino acid units (see Box
2.5) does not seem an important reaction. The extent to which melanoidins actually contribute to
sedimentary organic matter has been questioned, given the rapid microbial recycling of sugars and
amino acids (Collins et al. 1992).

Lipid moieties and lignin degradation products (see Section 3.3.3c) can also be incorporated in the
formation of new macromolecular material by condensation reactions. The extent of condensation increases
during diagenesis, finally yielding large amounts of brown organic material which becomes increasingly
insoluble as hydrolysable components, such as carbohydrates and proteins, disappear. At the end of
diagenesis the polycondensed organic residue, or geopolymer, is called humin in soils, brown coal in
coal mires, and kerogen in marine and lacustrine sediments. These diagenetic products probably also
contain varying amounts of largely unaltered refractory organic material. Sometimes the term kerogen is
applied to all forms of insoluble organic geopolymers produced during diagenesis.
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As we have just seen, the classical model for the formation of kerogen involves the condensation of the
various products of microbial degradation that escape further degradation by the decomposer community.
It has been modified in the light of recent evidence suggesting that kerogen is formed at a relatively early
stage of diagenesis (earlier than previously suspected) and that a significant fraction of it may derive from
mixtures of selectively preserved, sometimes partly altered, resistant biomacromolecules, rather than
from random recondensation of the constituents of depolymerized biomacromolecules (Tegelaar et al.
1989). It is likely that kerogen is formed by a combination of geopolymer formation and the selective
preservation of biopolymers that are particularly resistant towards microbial degradation, as discussed in
more detail in Section 4.4.1a.

Structural determination of geopolymers is extremely difficult, owing to their low solubility and the
random assemblage of many different units. Bulk properties, such as molecular weight range, functional
group distributions and proportions of aliphatic and aromatic C atoms provide some information on the
types of units involved. Various degradative techniques (e.g. pyrolysis or chemical oxidation) can be used
to break up the macromolecules, providing more detail of the structural units, but determining how these
units were originally arranged is problematical (Rullkötter & Michaelis 1990; Kögel-Knabner 2000).
Modelling of geopolymer formation in the laboratory provides only a limited insight into the behaviour of
the complex substrate mixtures under natural conditions.

4.2 Humic material

4.2.1 Occurrence and classification

Humic substances are found in soils, brown coals, fresh water, seawater and both marine and lacustrine
sediments. The humics in soils are originally derived largely from plant matter. They can be leached,
particularly from acidic soils in cold wet upland regions of the UK (and similar environments elsewhere),
and account for almost all the organic carbon in fresh waters, imparting the characteristic brown colouration
to upland waters. In addition, most of the dissolved organic matter (DOM) in seawater is humic or humic-
like material (the Gelbstoff mentioned in Section 3.3.1a), as is the greater part of sedimentary organic
matter (Ishiwatari 1985).

The term humic substances describes three groups of material: fulvic acid, humic acid and humin.
This distinction is based on the traditional fractionation of soil humic material. Treatment of bulk humic
material with dilute alkali dissolves the fulvic and humic acids, leaving a residue of insoluble humin.
Acidification of the alkaline extract precipitates humic acid, leaving fulvic acid in solution. Fulvic acid
comprises smaller and more oxygenated units than humic acid, and so has been proposed as possibly
the oxidized degradation product of humic acid. Both humic and fulvic acids are thought to be intermediates
in the diagenetic formation of humin. Humic substances can occur in different physical states. For example,
humic acids are found in solution in fresh water, as solids or gels (colloids) in soil and as dry solids in coal.

4.2.2 Composition and structure

The complex polymeric nature and interaction between component chains of humic material make structural
analysis difficult; however, compositional information can be obtained from elemental and functional group
analysis. Elemental analysis of humic and fulvic acids from a range of soils is presented in Table 4.1. The
atomic H/C ratio is quite low, and is lower for humic acid (c. 0.8) than fulvic acid (c. 1.3), which is consistent
with a higher aromatic content for humic acid. The atomic O/C ratio is also lower for humic acid (c. 0.5)
than fulvic acid (c. 0.8), reflecting the higher content of polar groups in fulvic acid. There are comparable
differences between marine humic and fulvic acids. Although nitrogen and sulphur levels are relatively
low in humic substances in general, they can be higher in marine than terrestrial humics.
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Table 4.1 Typical elemental compositional ranges for soil

humic and fulvic acids (after Schnitzer 1978).

element humic acid (wt %) fulvic acid (wt %)

C 53.6–58.7 40.7–50.6

H 3.2–6.2 3.8–7.0

N 0.8–5.5 0.9–3.3

O 32.8–38.3 39.7–49.8

S 0.1–1.5 0.1–3.6

Oxygen is the major heteroatom in humic substances
and occurs predominantly in the following functional
groups: COOH, phenolic and alcoholic OH, ketonic and
quinoid C=O, and OCH3 (ether and ester). The estimated

Table 4.2 Estimated abundance of functional groups

(mequiv g−1)1 in soil humic and fulvic acids (after

Schnitzer 1978).

functional group humic acid fulvic acid

total acidic groups 5.6–8.9 6.4–14.2

carboxyl COOH 1.5–5.7 5.2–11.2

phenolic OH 2.1–5.7 0.3–5.7

alcoholic OH 0.2–4.9 2.6–9.5

quinoid/keto C=O 0.1–5.6 0.3–3.1

methoxy OCH3 0.3–0.8 0.3–1.2

1mequiv g−1 is equivalent to mmol of each group per g

humic substance.

abundances of these groups in soil humic and fulvic acids are given in Table 4.2. The greater water
solubility of fulvic acids compared to humic acids can be attributed to the higher content of polar groups,
particularly carboxyl groups. Among the other functional groups present in smaller quantities are ether,
aldehyde and amine.

The macromolecular structure of fulvic and humic acids probably consists of a flexible, extended chain
with only limited branching and cross-linking (Hayes et al. 1989). Attached to this backbone are smaller
compounds, particularly sugar and amino acid residues, which can be released by hydrolysis.
Concentrations of these sugars and amino acids are greater in humic than fulvic acids and are also
greater in soil humic acids than freshwater humic acids. Sugars, are usually more abundant than amino
acids but their combined abundance does not normally exceed 20% of humic substance weight.

There are significant differences between terrestrial and marine humics; for example, in contrast to
fluvial humics, only trace amounts of identifiable lignin derivatives are present in marine humics, so the
terrestrial contribution to marine DOM is either minor or has been altered beyond recognition (Lee &
Henrichs 1993). Units derived from lignin appear to be important in the backbone structure of terrestrial
humic substances, some being largely unaltered lignin components while others show signs of microbial
alteration. Some likely structural features of terrestrial fulvic acid, based on predominantly lignin-derived
polycarboxyl-phenol components, are shown in Fig. 4.2. Aromatic systems are dominated by single aromatic
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rings in both fulvic and humic acids, although there may also be small amounts of condensed (i.e. polycyclic)
aromatic rings and furan derivatives. Aromatic units can be joined by ether (–O–) links and also sometimes
by short-chain alkyl groups (particularly the C3 group of lignin components). There is evidence for the
involvement of polysaccharide-like material in the macromolecular backbone, suggesting that
carbohydrates are incorporated during diagenesis. A minor degree of amino acid incorporation into the
backbone may also occur.

Analysis of the degradation products obtained from pyrolysis and oxidative degradation studies suggest
that terrestrial humic substances are highly aromatic (c. 70% of total C). However, these techniques tend
to over-emphasize the importance of aromatic and phenolic units. Non-degradative techniques, such as
1H and 13C nuclear magnetic resonance, probably give more realistic aromatic carbon contents of 20–
50% for soil humics, 20–35% for peat humics and <15% for marine humics (Hatcher et al. 1980). These
data suggest that aromaticity can offer a means of discriminating terrestrial and marine sources of humic
material (Dereppe et al. 1980), and that although aliphatic structures are important in all humic material,
they are more abundant in marine than terrestrial humics (Hatcher et al. 1981). In addition, humic acids
contain a greater proportion of alkyl C atoms than their fulvic acid counterparts (Rasyid et al. 1992).
Important contributions to aliphatic structures are made by fatty acids, derived from microbial or higher
plant sources, which are bonded by ester linkages to the macromolecular backbone. As a result of their
greater ratio of aliphatic to aromatic structures, humic acids in marine sediments have higher H/C atomic
ratios (1.0–1.5) than their soil counterparts (0.5–1.0) and also contain less phenolic constituents but
often more sulphur.

Soil fulvic and humic acids are larger than their aquatic counterparts. Freshwater humic acids tend to
have molecular weights of ≤103, whereas soil humic acids generally have larger molecular weights,
sometimes in excess of 106 (Hayes et al. 1989). Hydrogen bonding appears to play a role in molecular
aggregation (see Fig. 4.2). An important factor influencing the shape of humic and fulvic acid molecules
in solution is pH (see Box 3.4). At low pH fulvic acids are fibrous, but as the pH rises the fibres tend to
mesh together to form a sponge-like structure by pH 7, whereas at higher pH the structure becomes
plate-like (Schnitzer 1978). Humic acids behave similarly but precipitate when the pH falls below c. 6.5.

The mesh structure formed by humic substances is capable of trapping smaller chemical species. For
example, minor amounts of acyclic alkanes are found in most samples of humic and fulvic acids, and
some of the fatty acids associated with humics may be similarly trapped components rather than bonded
to the macromolecular backbone. Humic substances also usually contain a variety of metals, which are
incorporated into the macromolecular structure. Metal ions can be surrounded by and bonded to suitable
chelating groups, chiefly carboxylic acids, on humic molecules that stabilize the ions and allow them to be
transported with the organic material. This important property of humic substances is examined again
later (Section 7.6.5) in relation to the environmental fate of heavy metals.

4.2.3 Formation of humic substances

The availability of different types of potential precursor substances in particular environments of humic
formation appears to affect the composition of humic substances. The abundance of polycarboxyl-
substituted phenols shows a positive correlation with terrestrial inputs, indicating that lignins and probably
also tannins are important in humic formation in terrestrial environments (Hayes et al. 1989). These
components are resistant towards biodegradation and so their dominance in aerobic environments is not
surprising. Refractory lignified plant tissue, altered to varying degrees by microbial degradation, is the
major substrate of soil humic material and contributes the bulk of the aromatic units. The by-products of
the decomposer organisms and their remains are also likely to contribute to humic substance formation
and may account for the major part of the aliphatic components (e.g. fatty acids and alkanes), supplementing
the aliphatic contribution from higher plants (e.g. waxes). The higher aliphatic content of marine humics
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may be the result of an increased contribution from microbial lipids, particularly algal.
As diagenesis proceeds in naturally occurring humic material the amount of hydrolysable components,

sugars and amino acids, decreases, suggesting either that they are lost from the humic structure or that
they are being permanently incorporated into the macromolecular backbone. While carbohydrates seem
to be incorporated into the humic backbone evidence for amino acid incorporation is less conclusive,
because the nitrogen content of humic material is low and mostly in the form of hydrolysable amino acids
superficial to the macromolecular backbone (Hayes et al. 1989). Synthetic melanoidins subjected to
artificial diagenesis develop some of the properties of naturally occurring humic substances (Rubinsztain
et al. 1984). However, there is little evidence to suggest that melanoidins make a significant contribution
to natural humic material.

Condensation of the various units present in humic material progresses during diagenesis, yielding
the insoluble humin residue in soils. Humic or humic-like substances are likely to make some contribution
to kerogen, just as they do to brown coals. Sulphur levels generally appear to increase as diagenesis
progresses, possibly involving incorporation of sulphide (from bacterial sulphate reduction) into the
macromolecules (Nissenbaum & Kaplan 1972). For example, in marine humic substances sulphur levels
increase with depth (Francois 1987) and in peat the humin fraction, which increases in relative abundance
with depth, contains the greatest amounts of sulphur.

4.3 Coal

4.3.1 Classification and composition

(a) Classification

Coals are usually classified as either humic or sapropelic. Humic coals are formed mainly from vascular
plant remains (e.g. Westphalian coals of northern Europe). They tend to be bright, exhibit stratification
and go through a peat stage involving humification (i.e. formation of humic material). The major organic
components derive from the humification of woody tissue and have a lustrous, black/dark-brown
appearance, although resin bodies are also sometimes present. In contrast, the less common sapropelic
coals are not stratified macroscopically and are dull. They are formed from fairly fine-grained organic
muds in quiet, oxygen-deficient, shallow waters. Normally they do not go through a peat stage but follow
the diagenetic path of hydrogen-rich kerogens (see Section 4.4.3a).

Sapropelic coals contain varying amounts of allochthonous organic and mineral matter, as do H-rich
kerogens. However, the organic fraction is dominated by autochthonous algal remains and varying amounts
of the degradation products of peat swamp plants. Sapropelic coals are subdivided into cannel and
boghead coals. Boghead coals (or torbanites) contain larger amounts of algal remains together with
some fungal material (e.g. the oil shale in the Midland Valley of Scotland). Cannel coals have a higher
concentration of spores.

(b) Petrology

The individual morphological constituents of coal, its petrological components, represent the preserved
remains of, primarily, plant material and are known as macerals. They are observed by transmitted or
reflected light microscopy and can be recognized by their differing optical properties (a study known as
petrography). There are three main groups of macerals, which are listed for the hard (or bituminous)
coals in Table 4.3 together with their likely origins.

The major maceral group in humic coals is vitrinite, the lustrous, black/dark-brown constituents from
the humification of woody tissue. Where the morphological structure of the woody tissue is preserved the
vitrinite is termed telinite, which is transparent and orange-red with a vitreous lustre, and any voids are
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generally filled with colloidal humic material or resins. Where the structure of the vitrinite is lost but it is still
a translucent brown it is termed collinite. The term vitrinite is usually applied to the higher maturation
stages, whereas huminite is the commonly used name for this maceral group during diagenesis (i.e.
peat, lignite and sub-bituminous coal stages in Table 4.6).

Among the inertinite macerals are opaque modifications of vitrinite, termed fusinite and semifusinite,
which retain the morphological structure of woody tissue and are dull brown/black and friable. They seem
to represent highly carbonized, non-fusible, vitrinitic material, of the sort that can be formed by charring.
Semifusinite appears to be intermediate in degree of charring between fusinite and vitrinite. Equivalent
‘charred’ forms of what appear to be exinitic material can also be recognized as micrinite and macrinite.
Fungal remains of moderate reflectance are also included among the inertinites, as sclerotinite.

Liptinite is composed of lipid-rich, translucent, yellow/red macerals. This group of macerals was originally
termed exinites, because it contained only material derived from the casings of spores and pollen (i.e.
exines). However, the group has subsequently been enlarged to include leaf cuticular material (cutinite),
resin bodies (resinite) and algal remains (alginite), and so the collective term liptinite is more appropriate.
More recently, new macerals within the liptinite group have been described, comprising three amorphous
bitumen-like bodies – fluorinite, bituminite and exudatinite – that can be distinguished by their fluorescence
properties (Teichmüller 1974).

The three maceral groups exhibit different optical properties under transmitted and reflected light, and
when subjected to UV-induced fluorescence (Table 4.4), which provides a basis for identification of the

Table 4.3 Hard (bituminous) coal maceral groups (modified Stopes-Heerlen system; after Bend 1992).

maceral group maceral origin

vitrinite telinite cellular structure of wood, leaf and root tissue

collinite structureless, infilling gel

vitrodetrinite unidentified cell fragments

liptinite sporinite spore and pollen cases

cutinite waxy coating of leaves and stems

suberinite cork tissues, e.g. bark and root walls

resinite resin bodies

alginite algal tests

liptodetrinite unidentified liptinite fragments

fluorinite lenses/layers, possibly plant essential oils

bituminite wisps or groundmass, from lipids

exudatinite veins of expelled bitumen-like material

inertinite fusinite charred wood and leaf tissue

semifusinite partially charred wood and leaf tissue

macrinite charred gel material

micrinite charred liptinitic material

sclerotinite fungal remains (e.g. sclerotia)

inertodetrinite unidentified intertinite fragments

Table 4.4 General optical properties of maceral groups.

maceral group transmittance reflectance fluorescence

liptinite high low intense (at low maturity)

vitrinite moderate intermediate usually absent

inertinite low (opaque) high absent



Killops & Killops
Introduction to Organic Geochemistry 135

Chapter 4
version 040801

various macerals. The maceral groups also behave differently when heated. Normally, vitrinites evolve
some gas and leave a fused carbon residue. Liptinites are generally transformed into gas and tar. Inertinites
are, as the name implies, inert; they do not generate any hydrocarbons or appear to change in form (they
are not fusible). With increasing maturity the recognition of macerals becomes more difficult as structural
features become less distinct. For example, the reflectances of all macerals increase and converge, while
fluorescence decreases.

Various combinations of maceral groups occur in humic coals but four main lithotypes are recognized
on the macroscopic scale: vitrain (comprising mainly vitrinite), durain (comprising liptinite and inertinite),
clarain (comprising vitrinite and liptinite) and fusain (mainly fusinite, with some semifusinite). On the
microscopic scale, macerals often occur in certain associations, recognized as microlithotypes (e.g. vitrite
= mainly vitrinite, clarite = vitrinite + liptinite, durite = liptinite + inertinite). Fusain bodies have the appearance
of charcoal and there is debate about whether fusain represents fossil charcoal from ancient vegetation
fires (Chaloner 1989; Scott 1989).

(c) Chemical composition

Various standardized analyses have been developed to determine the chemical composition of coals.
Among them are the proximate analyses, which quantify the volatile and non-volatile components, and
the ultimate analyses, which determine the elemental composition. These, and examples of other types
of analyses, are listed in Table 4.5. Data are often recorded on a dry and ash-free (daf) basis, because of
the variable amount of unbound water (particularly in brown coals) and inorganic minerals that may be
present. A mineral-matter-free (mmf) rather than simple ash-free basis is often used for elemental
composition in order to take account of the oxides, sulphides etc., and also the water of crystallization in
inorganic minerals, when calculating the composition of the organic matter.

The main elements in coal are carbon, hydrogen, oxygen, nitrogen and sulphur. Oxygen is present
mainly in carboxyl, ketone, hydroxyl (phenolic and alcoholic) and methoxy groups, but the distribution of
these functional groups varies with increasing burial, as described below. Nitrogen is found in amines
and in aromatic rings (e.g. pyridyl units). Sulphur is found in thiols, sulphides and aromatic rings (e.g.
thiophenic units). Sulphur is also a common constituent of coal in inorganic form, usually as pyrite. A
variety of metals can be present in coal; they were either present in the original biogenic material or
incorporated into the matrix of humic material during diagenesis.

Table 4.5 Coal analysis (ASTM procedures; after Ward 1984).

proximate analyses

moisture drying at 110˚C (avoiding oxidation and decomposition)

volatile matter volatiles liberated at 950˚C in absence of air, excluding moisture

ash inorganic residue from combustion

fixed carbon C remaining after volatiles determination (i.e. coking potential)

ultimate analyses

elemental analysis C, H, N and S content

oxygen determined by difference (i.e. total minus C, H, N, S content, and

correcting for inorganic mineral content); more rarely determined directly

examples of other analyses

forms of sulphur organic, sulphide, native S, sulphate

other elements e.g. trace elements, phosphorus, chlorine, carbonate CO2

relative density depends on ash content and maturity

specific energy energy liberated upon combustion
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Van Krevelen diagrams, of atomic O/C vs. H/C ratios, are frequently used to compare the compositions
of coals and their components. Typical initial (immature) positions of some of the major macerals and
plant tissues in such a plot are shown in Fig. 4.3. As can be seen in this figure, the tissues that comprise
the liptinite group of macerals have diverse compositions.The vitrinite group appears more uniform in
composition, although the amorphous material that constitutes some forms of collinite (e.g. desmocollinite)
can have varying atomic H/C ratio, the more hydrogen-rich material possibly reflecting a contribution
from cuticular waxes. If sufficiently abundant, this material can cause suppression of vitrinite reflectance
and will fluoresce under UV/blue light when immature (Price & Barker 1985; Wilkins et al. 1992). With
increasing maturity all the components in Fig. 4.3 become increasingly similar in chemical composition
and follow evolution paths leading towards the origin. The chemical changes lead to increasing vitrinite
reflectance and a rapid decrease in fluorescence of liptinites (Box 4.1).

4.3.2 Formation

There are two main phases in the formation of humic coals, peatification followed by coalification.
Coalification can be subdivided into a biochemical stage and a geochemical stage. The main agents
during peatification and early coalification (biochemical stage) are biological, and these stages are equated
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Box 4.1 Vitrinite reflectance and liptinite fluorescence

Vitrinite reflectance
Reflectance measurements are usually made on isolated macerals immersed in oil, to prevent
stray reflections, and illuminated with monochromatic light (546 nm, in the green region of the
visible spectrum). Vitrinite reflectance values are then expressed as a percentage by the term

(continued)
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Ro. The method was initially developed for measuring the rank of coals (McCartney & Teichmüller
1972), but can be generally applied in assessing thermal maturity in types II and III kerogen (see
Sections 4.4.3b,c).

Vitrinite reflectance increases with maturity, reflecting the increase of planar aromatic sheets in
the kerogen/coal structure, and so it provides a measure of the thermal stress experienced by the
organic matter. As a general guide, the main phase of oil generation usually occurs in the range
0.65–1.30% Ro, with peak generation occurring around 1.0% Ro. However, oil generation can
commence around 0.5% Ro, which is usually considered to be the diagenesis-catagenesis and
brown coal-bituminous coal boundaries. Wet gas generation from kerogen occurs in the range
1.3–2.0% Ro, giving way to dry gas at >2.0%. The latter value is close to the boundary between
bituminous coal and anthracite. Under advanced metagenesis, vitrinite reflectance values of c.
11% can be associated with graphite formation (see Table 4.6).

A range of reflectance values is usually observed for vitrinite in a kerogen sample, and it is
important to determine statistically the accuracy of the mean values used in maturity assessment
and the significance of depth trends based on such values. Data can be recorded in the form of a
plot of frequency (i.e. number of macerals exhibiting a given reflectance value) vs. reflectance
(Fig. 4.4). In such plots two reflectance maxima can sometimes be observed for vitrinite, as in Fig.
4.4. That at lower reflectance represents the real maturity of the kerogen, while that at higher
reflectance probably represents an input, during deposition of the sediment, of reworked vitrinite
from an eroded, older and more mature source. It can be difficult to identify all the finely disseminated
vitrinite macerals in a kerogen sample, particularly if there is a paucity of other maceral groups for
comparison of reflectance values. In addition, the reflectance values and morphology of vitrinite
and inertinite macerals form a continuum, making distinction between these two groups difficult on
occasion. It is, therefore, best to apply statistical evaluation to a large data set obtained from
isolated and concentrated kerogen macerals.

Liptinite fluorescence
Vitrinite reflectance cannot be used for type I kerogen (see Section 4.4.3a) because vitrinite is
absent. However, liptinite macerals fluoresce under blue/UV light and the fluorescence is
characterized by its intensity and wavelength. Fluorescence is intense in immature samples but
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Fig. 4.4 Example of reflectance distributions for various
maceral groups in a kerogen sample.

decreases during diagenesis and catagenesis,
and by the end of the oil window it has usually
disappeared. The intensity of fluorescence can,
therefore, be used as a maturity indicator. In
addition, the wavelength of fluorescence
progressively increases (i.e. moves to the red
end of the visible spectrum) with increasing
degree of catagenesis. Fluorescence
measurements are most accurate when vitrinite
reflectance measurements are least accurate
– i.e. the decrease in fluorescence is greatest
where vitrinite reflectance is lowest and changes
slowly – at the beginning of the oil window, so
the two sets of measurements are
complementary.
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with diagenesis. Late coalification (geochemical stage) is primarily the result of increasing temperature
and, to a lesser extent, pressure, and may be equated with catagenesis. As previously noted, there is
usually some overlap between the action of biological and physicochemical agents, so the boundary
between the two stages of coalification may be indistinct. The biochemical stage generally ends at depths
of the order of several hundred metres, at the limit of penetration of percolating waters supplying in situ
microorganisms with nutrients.

Although the term maturity can be used to describe how far a coal has progressed through peatification/
coalification, another term, rank, is routinely applied. In order of increasing rank, the main stages of

coal rank
(ASTM)1

fixed C
(% dmmf)2

volatiles
(% dmmf)2

moisture
(%)

vitrinite reflectance
(%Ro)3

calorific value
(kcal kg−1 mmf)4

peat

lignite

sub-bituminous coal

semi-anthracite

high-volatile
bituminous coal

low-volatile
bituminous coal

medium-volatile
bituminous coal

anthracite

meta-anthracite

1American Society for Testing and Materials; 2dry mineral-matter-free basis; 3see Box 4.1; 4mineral-matter-free basis.

Table 4.6 ASTM rank classification of coals (approximate boundary values after Stach et al. 1982; Ward 1984).
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humic coal formation can be termed: peat, lignite, sub-
bituminous coal, bituminous coal and anthracite
(Table 4.6). Variations do, however, exist in the use of
rank terminology, with brown coals being applied to
lignites and sub-bituminous coals, and hard coals being
substituted for bituminous coals (German DIN
classification). For our purposes, the boundary between
brown and hard coals is a convenient approximation to
the diagenetic-catagenetic boundary. Various
subclassifications of the main groups are also
recognized but are not be considered here (e.g. Stach
et al. 1982; Ward 1984).

The extent of peatification and coalification can be
examined using a van Krevelen diagram, as shown in
Fig. 4.5 for both sapropelic and humic coals. Loss of
oxygen-containing functional groups during diagenesis
can clearly be seen in the decreasing O/C ratios of the
humic coal band, which is primarily attributable to the
evolution of CO2 and H2O (Boudou et al. 1984), while
the H/C changes very little. In contrast, the sapropelic
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coals initially contain little oxygen but relatively large amounts of hydrogen in the dominant lipid-rich
macerals, and their evolution at all stages involves hydrogen loss and declining H/C ratios. For the main
sequence of humic coal transformation, the end of diagenesis corresponds to an O/C atomic ratio of c.
0.1. At this point the atomic ratios of different maceral groups begin to become similar, and subsequently
the main change is a decline in the H/C ratio. Comparison of Figs. 4.3 and 4.5 shows that alginite and
wood lie at the low maturity ends of the sapropelic and humic coal evolution paths, respectively, and that
the evolution path of humic coal passes through huminite (equivalent to the lignite rank) and vitrinite
(equivalent to sub-bituminous coal rank) towards inertinite.

(a) Peatification

Peat formation is an inefficient process: less than 10% of plant production in a typical peat-forming
environment accumulates as peat, the rest being recycled by the associated microbial community or lost
from the system (by mineralization and leaching). The products of peatification are humic substances:
brown hydrated gels with no internal structure. Oxidizing conditions generally prevail at the surface of
peat bogs but reducing conditions develop with increasing compaction and depth, and are favoured by
stagnant surface waters. At the surface, conditions are usually neutral or mildly acidic but with increasing
burial depth acidity increases, bacterial communities change and their activities decrease and eventually
cease. In this way, conditions favourable for large-scale preservation can develop just beneath the sediment
surface.

Peatification begins in the surface litter with the mechanical disintegration of plant material by
invertebrates. This comminution greatly aids microbial degradation, mainly by increasing the surface
area that can be attacked. Depolymerization of polysaccharides by decomposers occurs during early
peatification: hemicellulose constituents are rapidly removed, followed by conversion of cellulose into
glucose units (Stout et al. 1988). Lignin is more resistant, but a proportion is degraded, mostly under
aerobic conditions, yielding large amounts of aromatic, phenolic and carboxylic acid (COOH) units. In
addition to these residues, microbial metabolites and the decaying remains of fungi and bacteria invariably
contribute to the organic matter (e.g. fungal carbohydrates). A degree of condensation of the products of
the various biodegradation reactions occurs, with loss/modification of functional groups, resulting in peat
formation. During these biochemical changes gases are the main expelled products, such as CH4, NH3,
N2O, N2, H2S and CO2, together with H2O. A large proportion of the CO2 derives from the breakdown of
carbohydrates, and demethylation of the methoxy groups of lignin is probably a significant contributor of
methane. Much of the lignin in peatified wood may be only slightly altered and becomes the primary
precursor of vitrinite (Stout et al. 1988). However, the groundmass (matrix material) in low-rank coals
generally contains some macerated wood, which exhibits greater alteration, involving depolymerization
and defunctionalization (Stout & Boon 1994).

With increasing diagenesis the lignin and polysaccharide content of peat decreases but the content of
humic substances increases. Cellulose is still found in peat but is absent from brown coal, which is
formed at a more advanced phase of diagenesis, during the biochemical stage of coalification. Recognisable
lignin can constitute up to 35% of peat but decreases to <10% in brown coal. Lipid material is confined
largely to leaves, spores, pollen, fruits and resinous tissues (resins are particularly abundant in conifers).
Although these components are very minor in higher plants they are concentrated during peatification
because they are fairly resistant towards degradation. Peats have a high water content (c. 95%) and
usually contain 5–15% bitumen (see Box 4.2), which derives from lipid components and comprises a
mixture of waxes, paraffins (see Box 4.2) and resins.
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Box 4.2 Bitumen

The term bitumen is usually applied to naturally occurring solid or liquid hydrocarbon deposits that
are soluble in an organic solvent such as carbon disulphide, and the solid types are fusible. The
term petroleum is used to describe naturally occurring liquid (i.e. oil) and gaseous hydrocarbon
deposits. Oil can, therefore, be classified as a bitumen. In contrast,  pyrobitumen is an insoluble
and infusible solid that gives rise to petroleum-like products upon heating. Therefore, kerogen that
is not totally inert can be classified as a pyrobitumen, as can the altered residue of bitumen remaining
in a petroleum source rock that has passed beyond the maturity range associated with oil generation.

Bitumen is composed of three main fractions (see Fig. 4.11): asphaltenes, resins and
hydrocarbons. Asphaltenes and resins are heavy N,S,O-containing molecules (molecular weight
>500), whereas the hydrocarbons are usually of lower molecular weights. The resins fraction of
bitumen should not be confused with plant resins. When bitumen is mixed with a light hydrocarbon
(e.g. pentane) it separates into a soluble fraction, maltenes, and an insoluble fraction, asphaltenes.
The maltenes can then be separated chromatographically into hydrocarbons and resins on the
basis of the greater polarity of the resins.

The hydrocarbons fraction can be separated into aliphatic and aromatic hydrocarbon subfractions,
again on the basis of the greater polarity of the aromatics. Traditionally, the aliphatic hydrocarbons
(or saturates) are described in terms of their paraffinic (acyclic alkane) and naphthenic (cycloalkane)
content. Strictly, the term hydrocarbons should only be applied to compounds containing H and C
atoms, but there are usually other compounds present in the hydrocarbons fraction isolated by
simple chromatographic procedures that contain an atom of S, O or N (generally in the aromatics
subfraction).
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(b) Biochemical stage of coalification

Alteration and condensation of organic residues progress during the early stage of coalification with
further loss of oxygen-containing functional groups. Bacterial action continues to be an important factor.
With the loss of functional groups the residue becomes relatively concentrated in carbon and hydrogen.
The final preserved organic-rich product of diagenesis, brown coal, contains c. 50–70% C and c. 5–7% H.
Aromatic units are an important part of the coal structure, and initially they are mainly inherited from
lignin, but with increasing diagenesis the aromatic content of the macromolecular organic material increases
generally. Modified lignin is a major constituent of huminite macerals. Aliphatic chains are restricted in

abundance and in length, reflecting the initial paucity
of lipid-rich components. A generalized picture of
changes in the content of oxygen-containing functional
groups during coalification as a whole is shown in Fig.
4.6.

Because polysaccharides have largely been
degraded and so do not make a major contribution to
coalified woods (Hatcher et al. 1989a), the chemical
changes during lignite formation can be viewed in
terms of modification of the lignin structure by microbial
enzymatic attack. The sequence of reactions is quite
well understood (Hatcher 1990), and is summarized
in Fig. 4.7. The major early reactions involve the
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cleavage of aryl ether bonds: the hydrolysis of methoxy groups and cleavage of β–O–4 linkages, both
yielding phenolic OH groups. For vanillyl units this results in the formation of catechol-like (i.e.
dihydroxybenzene) structures. The β–O–4 cleavage leaves an OH group at C-4 in both angiospermous
and gymnospermous lignin (Bates & Hatcher 1989; Hatcher et al. 1989b), while generating a carbocation
on the βC atom on the propyl chain. The carbocation is a strong electrophile (see Box 2.10) and rapidly
attacks the adjacent aromatic ring of vanillyl units, predominantly at C-5 (Botto 1987). This alkylation
reaction preserves the general macromolecular structure (i.e. the order in which the units are joined
remains the same, only the site of linkage changes slightly), in contrast to a purely random recondensation
process. However, the electrophilic attack is blocked by a methoxy group in syringyl units (Hatcher et al.
1989b), so the water-soluble phenols produced by the β–O–4 cleavage of angiospermous lignin can
potentially be lost. This may explain why syringyl units decrease in relative abundance as lignin is
progressively degraded, and why angiosperm-derived wood is generally less well preserved than its
gymnospermous counterpart. The differences between lignins from angiosperms and gymnosperms
(Fig. 4.3) are virtually eliminated by the lignite rank stage (Killops et al. 1998). The hydrolytic loss of
methyl from methoxy groups can potentially convert syringyl to vanillyl units, but the process may not be
particularly important until after the β–O–4 cleavage and C-5 alkylation reactions are virtually complete
(Hatcher & Clifford 1997).

By the early part of the lignite stage (sometimes referred to as lignite B) about half the methoxy groups
have been altered to OH groups. In addition, the β–O–4 cleavage and subsequent C-5 alkylation reaction
have caused an increase in the degree of aromatic ring substitution, from three C atoms substituted on
average in gymnospermous lignin to four in the associated lignite B. Unlike the parent lignin, lignite B
contains small amounts of COOH and CO groups (c. 2–4% of total C), probably resulting from oxidation
of the αC in the propyl chain. The gain in COOH and CO groups is probably counterbalanced by loss of
OH from the γC of the propyl chain, because overall oxygen content is fairly constant (Hatcher 1990). The
carboxyl content subsequently decreases with increasing rank (McKinney & Hatcher 1996). By the end
of the lignite stage (sometimes termed lignite A) removal of methoxy groups has progressed (c. 75%
removed) and catechol units dominate in the modified lignin residue, reaching their maximum abundance
at this stage (Hatcher 1990). The number of OH groups on the propyl chains seems to decrease, apparently
via reduction because the increase in aromaticity that would be expected from elimination reactions is
not observed (Hatcher 1990).

Formation of sub-bituminous coal seems to involve O loss through conversion of dihydroxy phenolic
units (catechols) to monohydroxy units (phenols and alkylphenols), as shown in Fig. 4.7, based on the

Fig. 4.7 Major reactions affecting the vanillyl units of lignin during coalification (after Hatcher & Clifford 1997).
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simple distribution of pyrolysis products, which are dominated by phenol, ortho-cresol (i.e. 2-methylphenol)
and 2,4-dimethylphenol (Hatcher 1990). Oxygenated aliphatic structures (alkyl hydroxyls and ethers)
seem to be absent. Figure 4.8 shows the types of units present at various stages of biochemical coalification,
based on a random lignin polymer.

At the end of diagenesis the resulting brown coal contains no carbohydrates, and the amount of relatively
unaltered lignin has decreased to <10%. As well as the macromolecular material, brown coals also
contain small amounts of LMW volatile substances (e.g. resin and wax constituents), encapsulation within
resistant structures aiding their preservation during diagenesis. Metal ions inherited from humic substances
seem to be largely retained in the macromolecular structure during peatification and coalification. The
original morphology of wood is largely retained at the lignite stage, and is still recognisable at the sub-
bituminous coal rank, suggesting that the chemical structure of lignin, although modified, has not been
greatly altered (Faulon et al. 1994; Hatcher & Clifford 1997). This observation is consistent with the
proposed proximal C-5 alkylation following β–O–4 cleavage, which tends to retain the overall
macromolecular shape. Similarly, the demethylation reaction and subsequent reduction of hydroxy groups
would not be anticipated to affect the gross macromolecular structure. A more ordered polymeric structure
for lignin than shown in Fig. 4.8, as suggested in Section 2.5.1, would seem to be required to permit the
retention of morphology, which must be based on preservation of gross chemical structure (Hatcher &
Clifford 1997).

(c) Geochemical stage of coalification

With the termination of biologically mediated transformations the diagenetic stage of coal formation ends.
As temperature and pressure become the dominant agents in the transformation of coal the geochemical
stage of coalification begins. The transition from sub-bituminous to high-volatile bituminous coal rank is
marked by a further decline in O content, but the aryl-O content remains approximately constant or may
even increase slightly (Fig. 4.6), suggesting the condensation of phenols to aryl ethers or dibenzofuran-
like structures (Fig. 4.7; Hatcher et al. 1992). Aromaticity also increases, which would be consistent with
the cyclization and aromatization of alkyl side chains (Hatcher 1988). Aromatization, together with the
influence of rising temperature and pressure, increasingly disrupts the chemical and morphological
structure of wood. Carboxylic acid and hydroxy groups are important in brown coals, but during the sub-
bituminous and high-volatile bituminous stages significant decarboxylation occurs, which is probably
mainly thermally mediated owing to the relatively low energy demands of this reaction (Alexander et al.
1992). By the medium-low-volatile bituminous coal stage only ether and phenolic groups remain, and
when the anthracite stage is entered generally only a few phenolic OH groups are left (Fig. 4.6).

 Throughout the geochemical stage carbon content increases and there is a concomitant decrease in
oxygen content. Hydrogen levels remain fairly constant for most of the geochemical stage but begin to
decrease at an increasing rate at the highest levels of maturity. Nitrogen content remains low and fairly
constant at c. 1–2% throughout, while levels of sulphur are variable but generally <1%. At the beginning
of this stage the aromatic nuclei appear to bear peripheral functional groups (e.g. methyl, hydroxyl, carboxyl,
carbonyl, amino) and to be partly linked together by aliphatic rings and CH2 (methylene) units. The
changes in elemental composition during the geochemical stage reflect both the continued elimination of
functional groups and the growth of aromatic nuclei that results from increasing aromatization of cycloalkyl
structures and condensation between individual aromatic nuclei. The aromatic carbon content of vitrinite
increases from c. 70% in bituminous coals to c. 90% in anthracite.

Although liptinite macerals initially have a much lower aromatic content than vitrinite, by the later
stages of coalification their aromatic content parallels that of vitrinite. In inertinites the amount of carbon
involved in aromatic structures is >90% at all ranks. Methane, carbon dioxide and water are regarded as
the main volatile products of coalification, and bitumen is also generated during the bituminous coal
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stage. Compaction continues with increasing burial depth, resulting in decreased porosity and increased
density. Water content decreases with increasing rank; from up to 95% in peat to as little as 1% in
anthracites. The production of methane and carbon dioxide increases but that of other volatile components
decreases during coalification. Some of these bulk changes with increasing rank are shown in Table 4.6.

Although bitumen is evolved during the high-volatile bituminous stage, there is only a slight decrease
in the atomic H/C ratio (Fig. 4.5), suggesting that the bitumen is mostly retained within the coal matrix.
The H/C ratio decreases at an increasingly rapid rate from the medium-volatile bituminous stage onward,
reflecting the loss of hydrogen-rich material, mainly as gas dominated by methane (from the methyl and
propyl units on lignin residues) together with some bitumen (from the more hydrogen-rich coals). Much of
the hydrogen needed to form the saturated hydrocarbons that are released (e.g. conversion of methyl
groups to methane) is provided by the aromatization of cycloalkyl structures and progressive condensation
of aromatic clusters. Dehydration, decarboxylation and demethylation are, therefore, the principal reactions

Fig. 4.8 Partial model structures showing the evolution of gymnospermous lignin up to the sub-bitminous rank stage,
and the catcheol units that dominate during early diagenesis (the filled circles represent an intramolecular linkage;
after Adler 1977; Hatcher 1990).
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during early coalification, associated with some aromatization, while during late coalification aromatization
becomes the dominant reaction.

The complex polymeric nature of vitrinite, the major maceral of humic coals, imposes difficulties in the
determination of its chemical structure. However, Fig. 4.9 presents a possible partial structure for vitrinite
containing 83–84% C, corresponding to the start of the medium-volatile bituminous coal stage, based on
general elemental composition and functional group analysis and bearing in mind the likely precursor
molecules. At the macromolecular level, the change in structure of vitrinite during the geochemical stage
of coalification begins with the aggregation of aromatic nuclei into clusters by the processes of aromatization
and condensation. These clusters form flat lenses (due to the inherently flat benzenoid ring systems
involved), which are initially randomly orientated but gradually become more ordered, tending towards a
parallel arrangement as pressure increases. Further condensation occurs between laterally adjacent
lenses so that, by the anthracite stage, a generally parallel sheet arrangement has been attained. Ultimately,
amorphous carbon can be produced that is part way towards the idealized structure of graphite (the most
stable form of carbon under surface conditions, although it is generally associated with metamorphic
shear zones).

4.4 Kerogen

4.4.1 Formation

(a) Geopolymer formation during diagenesis

Kerogen is the polymeric organic material from which hydrocarbons are produced with increasing burial
and heating. It occurs in sedimentary rocks mostly in the form of finely disseminated organic macerals
and it is by far the most abundant form of organic carbon in the crust. As mentioned in Section 4.1.3, it is
likely that kerogen is formed by a combination of the selective preservation of biopolymers and the
formation of new geopolymers.

In the classical theory of geopolymer formation, kerogen was believed to derive from humic substances
similar to the humic and fulvic acids found in soils (Durand 1980; Tissot & Welte 1984). During early
diagenesis in aquatic environments the organic material from primary production is broken down by
microbial action into smaller constituents, which then undergo condensation reactions, giving rise to
humic substances. Microbial degradation and condensation follow in immediate succession, leading to a
zone in the top few metres of sediment (and possibly also in the water immediately overlying it) where
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Fig. 4.9 A partial structure for vitrinite (83-84% C; after Heredy & Wender 1980).
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both processes are active at the same time. With
increasing time and burial depth most of this humic
material becomes progressively insoluble due to
increasing polycondensation, which is associated with
the loss of superficial hydrophilic functional groups (e.g.
OH and COOH). Insolubilization can begin quite early
and apparently continues to significant depths, on the
basis that humic acids can still be found at several
hundred metres depth in sediments that contain
abundant terrestrial detrital material. The humin-like
material that is formed continues to undergo
condensation and defunctionalization, resulting in
kerogen. Lipid components are also incorporated into
the kerogen structure. In this model of kerogen formation,

Table 4.7 Some resistant biomacromolecules and their

related kerogen macerals (after Tegelaar et al. 1989).

resistant

biomacromolecule maceral

algaenan alginite

cutan cutinite

lignin vitrinite/semifusinite

polyterpenoids1 resinite

sporopollenin sporinite

suberan suberinite

tannin vitrinite

1Mainly from sesqui- and diterpenoids.

fulvic acids are viewed as the precursors of humic acids, in contrast to some theories of the evolution of
soil humic substances (see Section 4.2.1).

The selective preservation of resistant biomacromolecules (with the possibility of minor microbial
alteration) is likely to be an important process in the formation of most kerogens, and particularly those
formed at very early stages of diagenesis (Tegelaar et al. 1989). Some possible resistant biomacromolecular
precursors of kerogen and their related macerals are given in Table 4.7. Highly aliphatic, insoluble and
non-hydrolysable biopolymers that resist biodegradation have been detected in the protective outer layers
of some extant higher plants and algae as well as in the corresponding fossil remains (see Section
2.4.2b). These materials are termed cutan (Nip et al. 1986a,b; Fig. 4.10a) and suberan (Tegelaar et al.
1995) in terrestrial plant cuticles, and are believed to make significant contributions to kerogen (Hatcher
et al. 1983; Tegelaar et al. 1991). Equivalent materials, termed algaenans, are found in the cell walls of
eustigmatophytes (an order of the Xanthophyceae; Table 3.6) and many chlorophytes, but have yet to be
detected in diatoms and haptophytes, and may be rare in dinoflagellates (Gelin et al. 1999). Comparable
material derived from heterotrophic bacterial cell walls has proven elusive so far (Allard et al. 1997).

The algaenans from most algae contain long n-alkyl chains, such as that from the chlorophyte Tetraedron,
which appears to make a major contribution to the Messel oil shale (Goth et al. 1988). Initial studies
suggested that these algaenans were polyesters with n-alkyl chains of up to C33 (Fig. 4.10b; Blokker et al.
1998), but more recently it has been suggested that the alkyl chains may be extremely long, up to C120
(Allard et al. 2002). In contrast, the characteristic algaenans from Botryococcus braunii contain long
isoprenoidal alkane chains, as found in several torbanites (Largeau et al. 1986; Derenne et al. 1994), and
seem to involve aldehyde linkages (Berthéas et al. 1999). Highly aliphatic macromolecules have also
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been identified in the cell walls of cyanobacteria and may make an important contribution to amorphous
kerogen (Chalansonnet et al. 1988). Algae can also contribute aromatic material to kerogen, such as
polyalkylphenolic macromolecules, which may be related to the phlorotannins (polymers of phloroglucinol,
which can also be called 1,3,5-trihydroxybenzene; van Heemst et al. 1996).

Although they are relatively minor components in organisms, the resistant biomacromolecular structures
discussed above are likely to become concentrated as more abundant and readily hydrolysable
biopolymers, such as proteins and carbohydrates, are degraded. There is also the possibility for less
resistant material to be protected against biodegradation within coatings of resistant material (e.g.
polysaccharides within higher plant cuticular membranes and lipids within microbial cell walls). Selective
preservation seems a reasonable proposition because preserved parts of organisms – such as cuticles,
spores and pollen – can be recognized in both coal and kerogen. However, cutan is difficult to find in most
extant terrestrial plants, apart from Agave americana (which is an unlikely candidate for coalification).
Although the cuticles of various Cretaceous conifers and Ginkgo contain cutan, their counterparts in
Recent sediments do not. There appears to be no evidence for the amorphous cutan originating elsewhere
and being forced into vacant cuticular structures, which has led to the suggestion that it is probably a
diagenetic product of cutin and waxes (Mösle et al 1998). This proposition is supported by the fact that
arthropod cuticles contain a chitin-protein complex and no aliphatic macromolecules, but diagenetic
transformation leads to the development of the latter, presumably from in situ polymerization of cuticular
lipids (Stankiewicz et al. 2000). A similar diagenetic origin is possible for sporopollenin (Briggs 1999).

The potential pathways to kerogen formation are combined in the scheme shown in Fig. 4.11, in which
kerogen is seen to be the combination of resistant biomacromolecules, geomacromolecules, sulphur-
rich macromolecules and incorporated LMW biomolecules. The extent to which humic material contributes
to kerogen is uncertain. Partial alteration of biomacromolecules (e.g. the possible cross-linking of soluble
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Fig. 4.11 Simplified model of kerogen formation incorporating classical and selective preservation models. Kerogen is
represented by the combined four boxes at the bottom, whereas the preserved lipid components box represents a
constituent of bitumen.



Killops & Killops
Introduction to Organic Geochemistry 147

Chapter 4
version 040801

components) is represented in Fig. 4.11 by the arrows
via humic substances or directly to geomacromolecules.
The relatively minor amount of bitumen present at the
end of diagenesis derives predominantly from preserved
lipid components, shown on the lower right-hand side of
Fig. 4.11. The classical and selective preservation models
can be considered extremes (i.e. end members) of the
scale of alteration that may be undergone by the
biomacromolecular precursors of kerogen. Quantitatively,
the major pathway of the classical model is the route to
geomacromolecules (via LMW biomolecules and humic
substances) and for selective preservation it is the route
to resistant biomacromolecules. Both these models share
the quantitatively less significant pathways to
incorporated, LMW biomolecules and preserved lipid
components. The importance of the vulcanization pathway
to sulphur-rich macromolecules in kerogen varies,
depending on diagenetic conditions, and is discussed
below.

At the end of diagenesis, sedimentary organic matter
is mainly composed of kerogen (Fig. 4.12), which is
insoluble in organic solvents. There are also smaller
amounts of organic material that is soluble in organic
solvents and is termed bitumen (see Box 4.2). This
bitumen comprises some fragments of polymeric material
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Fig. 4.12 Composition of disseminated organic matter
in sedimentary rocks (after Tissot & Welte 1984). The
aliphatic and aromatic fractions of bitumen comprise
mainly hydrocarbons (c. C5–C40; see Box 4.2).

(polar N,S,O-containing compounds termed asphaltenes and resins) that may have been thermally cleaved
from the main kerogen structure (or may have failed to be incorporated into the original kerogen
macromolecule), together with some free (i.e. not chemically bound to kerogen), relatively small molecules
(molecular weights c. <600), that are mainly hydrocarbons of lipid origin (Fig. 4.12). Kerogen formation
involves mild temperature and pressure conditions, and so the composition of the original organic input
has an important influence on the chemical nature of the resulting kerogen. As in coal formation, microbial
metabolism and the elimination of functional groups during condensation are accompanied by the evolution
of volatiles such as methane, carbon dioxide and water.

(b) Biomarkers

The preserved lipid components in Fig. 4.11, which are found within the bitumen in coals as well as
kerogens, have also been called biomarkers (other pseudonyms being geochemical fossils and
biological marker compounds) because they can be unambiguously linked with biological precursor
compounds, owing to the preservation of their basic skeletons in recognisable form throughout diagenesis
and much of catagenesis. Many biomarkers originally possess oxygen-containing functional groups and
undergo the same defunctionalization processes as the bulk of the organic matter. Diagenetic products
are, therefore, generally hydrocarbons, although lesser amounts of functionalized components (e.g. fatty
acids) can survive diagenesis. In addition, unsaturated compounds (i.e. containing C=C bonds) tend
either to become reduced (hydrogenated), resulting in the formation of aliphatic hydrocarbons (e.g. steranes
and hopanes), or to undergo aromatization (if they are part of a ring system). A proportion of the biomarkers
may become a chemically bound part of the kerogen structure (incorporated LMW biomolecules in Fig.
4.11), but otherwise these compounds remain relatively unaltered, encapsulation within resistant
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macromolecular structures being an important factor in their preservation. The use of biomarkers in
molecular palaeontology is discussed in Chapter 5.

(c) Sulphur incorporation

Incorporation of sulphur into macromolecules that are an integral part of kerogen (Fig. 4.11) can be
important, depending on the sedimentary environment. Conditions favouring the activity of sulphate-
reducing bacteria result in the production of sulphide, which is usually taken up rapidly by iron(II) ions
(Hartgers et al. 1997), especially in some types of clastic and argillaceous sediments. Where there is a
limited supply of iron(II) ions, free hydrogen sulphide and polysulphides are produced (HS4

−, HS5
−, S4

2−

and S5
2− are the most common naturally occurring types of polysulphide ions in aqueous environments),

which can react with organic matter during diagenesis (Kohnen et al. 1989, 1991b). The formation of
sulphur-rich kerogens is, therefore, more likely in non-clastic sediments (e.g. carbonates, siliceous oozes
and evaporites) where only very small amounts of iron are available. Inclusion of sulphide (or perhaps
even native sulphur) into LMW unsaturated compounds appears to occur during early diagenesis and
these compounds can then go on to become incorporated into the macromolecular structure of kerogen
(Sinninghe Damsté et al. 1989).

A summary of the possible mechanisms of sulphur incorporation is given in Fig. 4.13. There is a wide
range of unsaturated precursor compounds that are potentially capable of incorporating sulphur, including
isoprenoidal alkenes from archaebacteria, bacterial hopanoids, long-chain (C37 and C38) unsaturated
ketones from coccolithophores (e.g. Emiliania huxleyi) and phytadienes from chlorophyll diagenesis
(Sinninghe Damsté & de Leeuw 1990). Addition of hydrogen sulphide across a C=C bond yields a thiol.
Reaction of this compound with another unsaturated compound (i.e. intermolecular addition) can lead to
the formation of sulphur-rich, HMW substances (left-hand side of Fig. 4.13). Where there is more than
one double bond present in the precursor molecule, addition and then loss of H2S can lead to movement
of double bonds along the chain (isomerization). In addition, a thiol group formed from one C=C bond can
react with an adjacent double bond in the molecule (intramolecular addition) to yield cyclic structures

R R'CH CH

R R'CH CH2

SH

R

R R

CH CH2 (CH2)n

SH

R'

(CH2)n

CH CH

R'CH CHR CH CH

+H2S

+2H2S
−2H

−H2S

-3S (x = 5)
or

-2S (x = 4)

−2S (x = 5) or
−S (x = 4)

−S

−S

−4H

H2S

HSx
−

S

S

S
S

S
S

S R'

R

R

R

Sx
R'

R'

R'

R R'S

R'

thiols thiols

intermolecular addition

intramolecular
addition

dialkylthiacyclohexanes

?

?

dialkylthiacyclopentanes

dialkylthiophenes
(R and R' = various alkyl chains)

n = 3 n = 1 or 2 n = 0
S-rich high molecular

substances

Fig. 4.13 Possible mechanisms for sulphide incorporation into unsaturated substrates during diagenesis
(after Sinninghe Damsté et al. 1989; Kohnen et al. 1991c).

(x = 4 or 5
n = 0-2)

(n = 0-2)



Killops & Killops
Introduction to Organic Geochemistry 149

Chapter 4
version 040801

containing sulphur (central column of Fig. 4.13). The size of the ring will depend on the relative positions
of the double bonds. Initially, the cyclic centres are aliphatic, but undergo aromatization with increasing
maturity. Polysulphide addition leads to similar products, upon loss of surplus sulphur. Incorporation of
sulphur into individual biomarkers can also occur.

4.4.2 Kerogen composition

Because kerogen is finely dispersed in sedimentary rock it is often isolated prior to microscopic
examinations of the kind used in coal petrography. However, it is quite difficult to isolate kerogen
quantitatively without alteration. The inorganic matrix is usually removed by successive treatment with
hydrochloric and hydrofluoric acids. While microscopic examination reveals the presence of defined organic
remains, such as algae, spores, pollen and vegetative tissue, these are usually only a minor part of
kerogen and are fairly well dispersed. A large proportion of the kerogen is often amorphous. The same
three maceral groups recognized in coals are found in kerogen: liptinite, vitrinite and inertinite.

Carbon and hydrogen are the main elements of kerogen, but oxygen is also important in the structure
of kerogen and comprises 10–25% by wt in shallow immature sediments. For every 1000 C atoms there
are c. 500–1800 H, c. 25–300 O, c. 5–30 S and c. 10–35 N atoms (Table 4.8). The oxygen-containing
functional groups include carboxylic acid, alcohol, carbonyl, ester, ether and amide. The aliphatic content
of kerogen is generally higher than that of coal, reflecting the input of highly aliphatic planktonic and
microbial lipids to the original sedimentary organic material.

The potential precursors of kerogen are more numerous than for coal, so not surprisingly the structural
analysis of kerogen is difficult and various destructive (e.g. oxidative and pyrolytic degradation) and non-
destructive (e.g. solid-state infrared spectroscopy and 13C nuclear magnetic resonance) techniques have
been employed to identify the main units present. Kerogen is a three-dimensional macromolecule formed
from nuclei, in which clusters of aromatic sheets are an important part, that are cross-linked by chain-like
bridges, which comprise aliphatic chains as well as various functional groups containing O or S. The
aromatic rings can contain nitrogen, sulphur and oxygen. Lipids can be trapped within the kerogen matrix,
a property that is shared with coal.

The composition of shallow, immature kerogen depends upon the nature of the original organic matter
incorporated into the sediments from which it is formed and also upon the extent of microbial degradation.
For example, humic kerogen is formed from organic matter with a large allochthonous higher plant

Table 4.8 Bulk compositional changes in the three main kerogen types with increasing maturity (after Béhar &

Vandenbroucke 1987). Maturity levels are shown by positions of samples in Fig. 4.15. Type I kerogen is based on the

Eocene, upper Green River Formation shale from the Uinta Basin; type II is based on the Toarcian shales of the Paris

Basin (France) and Liassic α shales from Germany; and type III on the deltaic sequences from the Upper Cretaceous

of the Douala Basin (Cameroon) and from the Tertiary of the Mahakam Delta (Borneo).

type I type II type III

maturity low medium high low medium high low medium high

C (% wt) 81.5 85.3 91.0 70.0 77.6 85.9 66.2 76.9 86.0

H (% wt) 11.1 11.1 6.3 7.8 8.1 5.2 5.8 6.3 4.8

O (% wt) 6.5 2.8 1.6 18.3 9.2 3.0 24.8 14.2 6.8

N (% wt) 0.3 0.3 0.3 3.3 1.1 1.4 1.2 1.4 0.9

S (% wt) 0.2 0.5 0.7 0.6 3.7 4.4 0.2 0.8 1.4

% initial C lost 0 19 79 0 15 62 0 16 34

% paraffinic C 74 - 36 51 45 28 38 34 19

% naphthenic C 12 - 0 19 14 0 13 6 0

% aromatic C 14 - 64 30 41 72 49 60 81
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contribution and has a lower aliphatic content than sapropelic kerogen formed largely from phytoplanktonic
remains.

4.4.3 Kerogen classification

Traditionally, three general types of kerogen are distinguished, types I, II and III (Tissot et al. 1974; Tissot
& Welte 1984). Type I kerogen comprises mostly liptinite and so follows an evolution path similar to the
sapropelic coals in Fig. 4.5. Type III kerogen is the equivalent of humic coal in Fig. 4.5, although the
terrestrial-plant material is finely dispersed within an inorganic mineral matrix. Type II kerogen has
intermediate properties between types I and III kerogens, and plots between the sapropelic and humic
coals in Fig. 4.5 (see also Fig. 4.14). Occasionally a type IV kerogen is recognized, with extremely low H
content and low O content. Types II and III kerogen have higher oxygen content than type I, and the
distribution of oxygen within the various functional groups differs for each type of kerogen (Fig. 4.14).
There are also S-rich sub-types of the three main kerogens types.

(a) Type I kerogen

Type I kerogen is relatively rare, and initially has a high H/C ratio (≥1.5) and a low O/C ratio (<0.1). It
contains a significant contribution from lipid material, especially long-chain aliphatics. These lipids are
predominantly derived from alginites, and particularly algaenan, although amorphous bacterial matter
may contribute to a degree. Compared with the other kerogen types it contains low amounts of aromatic
units and heteroatoms (see Box 2.1). The limited amount of oxygen present is mainly in ester and ether
groups (Fig. 4.14).

Type I kerogen is dark, dull and either finely laminated or structureless. It is usually formed in relatively
fine-grained, organic-rich, anoxic muds deposited in quiet, oxygen-deficient, shallow-water environments
(e.g. lagoons and lakes). For example, tasmanite oil shales were formed from predominantly algal
(Tasmanites) remains in low-energy marine/brackish water environments (Revil et al. 1994). The freshwater
alga Botryococcus braunii appears to be a major contributor to some type I kerogens, and its Carboniferous

type III kerogentype II kerogentype I kerogen

Fig. 4.14 Distribution of oxygen-
containing functional groups in
the three main types of kerogen
with increasing maturity (after
Béhar & Vandenbroucke 1987).
See Fig. 4.15 for positions of
samples on a van Krevelen
diagram and Table 4.8 for
additional compositional data.
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equivalent formed the torbanites of Scottish oil shales. The kerogen in the Eocene Green River oil shale
of Colorado, Utah and Wyoming is a further example of type I kerogen, although it is not homogeneous,
due to varying environmental conditions, and its organic content varies from <1% up to 40%. Although
type I kerogens are mostly associated with lacustrine deposition (Talbot 1988), the type of kerogen
deposited in a lake can vary with the evolution of the lake and its immediate environs.

Simulation of natural maturation by rapid pyrolysis of type I kerogen yields more LMW material than
other types (up to 80% by wt from shallow, immature samples), indicating that type I kerogen has the
highest oil potential. The main pyrolysis products are straight and branched acyclic alkanes (isoprenoids
from Botryococcus algaenan and probably also from the phytol unit of chlorophylls). Sulphur-rich type I
kerogens (type I-S) exist, examples being the Tertiary Ribesalbes and Campins kerogens (from Catalonia,
Spain; Sinninghe Damsté et al. 1993a). The Ribesalbes kerogen appears to be derived from Botryococcus,
which required a freshwater environment, so the incorporation of significant amounts of S during kerogen
formation would have necessitated a much greater supply of sulphate than found in the ambient growth
environment of the alga (possibly by later infiltration of saline waters) to fuel the necessarily high levels of
sulphate reduction.

(b) Type II kerogen

Type II kerogen is more common than type I, and has relatively high H/C and low O/C ratios. Polyaromatic
nuclei and ketone and carboxylic acid groups are more important than in type I but less so than in type Ill,
while ester bonds are abundant (Fig. 4.14). Aliphatic structures are important and comprise abundant
chains, mostly of moderate length (up to c. C25), and ring systems (naphthenes). Sulphur is often found
in substantial amounts; in cyclic systems and probably also in sulphide bonds. Associated bitumens
contain abundant cyclic structures – aliphatic and aromatic hydrocarbons, and thiophenes – and have a
higher sulphur content than other types. A further classification of type II-S can be used for sulphur-rich
type II kerogens (8–14% organic S by wt) in which the atomic S/C ratio is >0.04 (Orr 1986).

Type II kerogen can potentially be formed in any environment, but in marine settings a major source is
the mixture of autochthonous organic matter from phytoplankton (and possibly also zooplankton and
bacteria) together with an allochthonous contribution of higher plant material. The pyrolysis products
from this blend of organic matter reflect the combined characteristics of types I and III kerogens. Type II
kerogen has a lower yield of hydrocarbons upon pyrolysis than type I, but is nevertheless the source of
hydrocarbons in many oil and gas fields.

(c) Type III kerogen

Type Ill kerogen is common, and has a low H/C (<1.0) and a high O/C (up to 0.3) ratio initially. Polyaromatic
nuclei and ketone and carboxylic acid groups are important but there are few, if any, ester groups. A
significant proportion of oxygen is in non-carbonyl groups (possibly heterocycles, quinones, ethers and
methoxy groups; Fig. 4.14). Only minor amounts of aliphatic groups are present, dominated by methyl
and other short chains, and often bound to oxygen-containing groups. A few long alkyl chains are present,
originating from cuticular coatings (cutan and suberan).

Type III kerogen is essentially formed from vascular plants and contains much identifiable plant debris,
so vitrinite macerals predominate. Sulphur-rich brown coals can be formed, which have been described
as type III-S kerogen (Sinninghe Damsté et al. 1992).

Type Ill kerogen is less productive upon pyrolysis and is much less likely to generate oil than types I
and II, but it may be a source of gas (primarily methane) if buried deeply enough (i.e. sufficiently high
maturity is reached). Pyrolysis products are characterized by phenols and simple aromatic hydrocarbons
of lignin origin. Straight-chain aliphatic hydrocarbons (n-alkanes) are also present, dominated by the
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carbon number range characteristic of higher plant leaf waxes (c. C23 to C35).

(d) Type IV kerogen

Type IV kerogen comprises primarily black opaque debris, largely composed of inertinite, with minor
amounts of vitrinite. As this has no hydrocarbon-generating potential it is sometimes not considered as a
true kerogen. It is probably formed from higher plant matter that has been severely oxidized on land and
then transported to its deposition site.

(e) Improved kerogen typing

The main kerogen types and their evolution paths are shown in the van Krevelen diagram in Fig. 4.15.
Coals are also shown, which occupy a large area of the plot and can be divided into high- and low-H
content groups. The high-H coals overlap with type III kerogen, but also extend towards the higher H/C
values of type II kerogen, whereas the low-H coals lie mostly below type III kerogen. European
Carboniferous coals tend to plot within the low-H band and Late Cretaceous to Tertiary New Zealand
coals in the high-H band (Killops et al. 1996). The classical petroleum source rock is formed from marine
organic matter deposited in a reducing environment and broadly corresponds to type II kerogen, with a
high petroleum-generation potential. However, most kerogens fall between types II and Ill in the van
Krevelen diagram.

It is apparent that this kerogen classification system is an over-simplification of the variety of sedimentary
organic material and its degree of diagenetic alteration leading to kerogen formation. In terms of
understanding the types of compounds likely to be evolved as maturation progresses, it is better to
consider the types of submacerals or, better still, the macromolecules that contribute to the kerogen
matrix. Detailed analysis of pyrolysis products by gas chromatography (see Box 4.3) enables the major
petroleum-generating components in a kerogen to be determined – such as long-chain n-alkanes from
algaenan and cutan, and phenols and simple aromatics from lignin residues – and permits more accurate
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Box 4.3 Chromatography

Chromatography is concerned with separating a mixture of components during passage over the
surface of an immobile material (a solid or liquid stationary phase) that has varying affinity for the
different compound types in the mixture. The mixture is moved over the surface of the stationary
phase (the process of elution) in a suitable fluid (a gas or liquid), which is termed the mobile
phase, and separation of components results from their differing degrees of retention on the
stationary phase.

The fractionation of bitumen (see Box 4.2) can be achieved by liquid chromatography, using a
simple column containing suitably activated alumina (the stationary phase) and various solvents
as mobile phase, moving under gravity. By increasing the polarity of the solvent it is possible to
elute sequentially from the column the saturates (with hexane), aromatics (with toluene) and resins
(with methanol).

Gas chromatography
In gas chromatography, the stationary phase is in the form of a thin film lining the interior wall of a
long, open tubular, capillary column. Coiled columns are typically made of vitreous silica, c. 25 m
long with an internal diameter of c. 0.25 mm. The stationary phase is often a methylsilicone liquid
film of c. 0.25 µm thickness, which can be immobilized by direct chemical bonding to the column
wall. The mobile phase is an inert gas (e.g. helium), passed through the column under pressure.
This separation technique is strictly called gas-liquid chromatography because it involves a gaseous
mobile phase (also termed the carrier gas) and a liquid stationary phase (McNair & Miller 1997).

Ideally, the individual compounds present in a mixture emerge from the end of the column at
varying intervals, with no two compounds eluting at the same time. Because a compound can
move along the column only when in the gaseous phase, the time it takes to elute (its retention
time) depends on its vapour pressure (i.e. boiling point) and its chemical affinity for the stationary
phase (i.e. partition coefficient). The lower a component’s vapour pressure (i.e. the higher the
boiling point) and/or the higher its affinity for the stationary phase, the longer it will take to elute.
For an homologous series like the n-alkanes, each member has a similar affinity for the stationary
phase, so the elution order is effectively governed by volatility, which decreases with increasing
carbon number. The structure of a hydrocarbon can influence its interaction with the stationary
phase and so diastereomers can potentially be resolved. Increasing the column temperature
uniformly throughout the analysis enables the compounds of lower volatility to elute within a
reasonable time, limiting the extent to which diffusion (see Box 3.8) can spread them out on the
column, causing peak broadening and low signal:noise ratios in the detection system.

 For the more abundant and readily identifiable hydrocarbon components in oil, a flame ionization
detector (FID) is suitable (which is sensitive to c. 100 pg). Using this detector, components such as
n-alkanes are identified from their recognizable elution patterns. Terpenoidal and steroidal
hydrocarbons are generally present only in trace quantities, at concentrations of around two orders
of magnitude lower than the more abundant components, and require a more specific and sensitive
detector, a mass spectrometer. The technique is then referred to as gas chromatography-mass
spectrometry (GCMS). In the simplest form of GCMS, compounds emerging from the column are
bombarded by high-energy electrons, which expel an electron from each molecule, producing
positively charged molecular ions, which tend to fragment into smaller, more stable ions,
characteristic of the particular structural units present in the parent molecule. All steranes yield an

(continued)
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estimation of the types of hydrocarbons likely to be generated under natural conditions (Horsfield 1989).
A wider range of kerogens than the basic three on van Krevelen diagrams can be identified on the basis
of dominant maceral and major pyrolysis products (Table 4.9).

abundant fragment ion with a mass:charge (m/z) ratio of 217, monitoring of which provides the
necessary sensitivity and specificity to examine sterane distributions. Other biomarker families
have different characteristic fragment ions. The plot of time vs. intensity obtained from whatever
detector is used is termed a chromatogram. An example of a whole-oil FID chromatogram is
shown in Fig. 4.16.
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Fig. 4.16 Example of a whole-oil gas chromatogram (numbers = n-alkanes by carbon number, Pr = pristane).

Table 4.9 Kerogen classification according to pyrolysis products (after Larter & Senftle 1985).

kerogen type major pyrolysis products major macerals

I paraffins alginite (Botryococcus torbanite)

I paraffins/naphthenes alginite (tasmanite)

I naphthenes resinite

II paraffins/naphthenes amorphinite (amorphous matter, marine origin)

II/III paraffins vitrinite/liptinite

II/III phenols/paraffins sporinite

III phenols/paraffins vitrinite (marine/deltaic shales)

III aromatics/phenols vitrinite (coal swamps)

IV aromatics fusinite (inertinite)

4.4.4 Structural and compositional changes

(a) Structural changes

As in coal formation, with increasing compaction and burial depth bacterial activity
declines and temperature increases, so that the low-temperature, biologically mediated processes
characteristic of diagenesis are replaced by mainly thermally mediated changes to the kerogen structure
during catagenesis. However, again as in coal formation, there is some overlap between the zones of
diagenesis and catagenesis. As temperature and pressure rise with increasing burial the structure of
immature kerogen rearranges to reduce the increasing molecular strain by the formation of a more ordered
and compact structure, again very much along the lines described for coal. This is brought about by the
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elimination of units that prevent the close packing of nuclei. Peripheral bulky groups on nuclei (such as
non-planar cycloalkyl systems) and bridging units between nuclei (which include aliphatic chains) are
ejected. Functional groups are chiefly associated with peripheral units and so they are progressively
eliminated from the kerogen structure with increasing maturity, and the nuclei become increasingly cross-
linked (Larsen et al. 2002).

It is difficult to represent the complex structure of kerogen, but Fig. 4.17 attempts to show the various
units present in type II kerogen at the start and towards the end of catagenesis. The elimination of bulky
peripheral substituents and the increasingly compact and aromatic nature of the residual kerogen with
increasing maturity are apparent. The increase in aromaticity can be seen in Table 4.8.
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Ultimately, it is possible for a graphite stage to be reached if sufficiently extreme conditions associated
with high-grade metamorphism are attained. The changes associated with this stage are termed
metagenesis. However, the initial kerogen structure will remain relatively unchanged, even in ancient
sediments, unless the temperatures associated with catagenesis and metagenesis, usually related to
deep burial, are attained. Although changes do occur at lower temperatures, they are much slower (see
Chapter 7).

(b) Changes in chemical composition

A wide range of compounds is eliminated from the kerogen structure, although the main elements are C,
H and O, so the evolution of the different kerogen types with increasing maturity can be represented by
the changes in atomic H/C and O/C ratios in a van Krevelen diagram (Durand 1985). Figure 4.15 shows
examples of the trends resulting from the expulsion of the main products of diagenesis (CO2 and H2O),
catagenesis (oil and some gaseous hydrocarbons, which can be represented by CH2) and metagenesis
(CH4) from the macromolecular structure of kerogen. Although type III kerogen is shown yielding oil
during the first part of catagenesis, the amounts may be very low, because the lignin-derived material on
its own has only gas potential, which is attributable to the methyl and propyl units. High-H coals appear to
have some limited oil potential, but low-H coals are generally only gas prone. The position of a kerogen
on a van Krevelen diagram can sometimes be misleading. For example, a high contribution of inertinite
will make an otherwise liptinite-rich kerogen plot at a relatively low H/C value. This will suggest an lower
potential for oil generation than actually exists, and the kerogen will also appear to be more mature than
it really is (given the low H/C and O/C ratios of inertinite and the slope of the isorank lines in Fig. 4.15).

As for humic coals, type III kerogens follow a pathway virtually parallel to the atomic O/C axis during
diagenesis, which is consistent with the trend predicted by combined evolution of CO2 and H2O (Fig.
4.15). Infrared spectroscopy suggests that there is a major reduction in the carbonyl and carboxyl content
(Fig. 4.14; Robin et al. 1977). Type I kerogens follow a diagenetic path like that of sapropelic coals, in
which there are small declines in O/C and H/C ratios, while type II kerogens follow an intermediate trend.
Some thermally induced bond-breaking occurs in all the main kerogen types towards the end of diagenesis,
such as decarboxylation reactions like those noted for brown coals (Section 4.3.2c). Evolution of significant
amounts of CO2 also occurs at high maturities (Seewald et al. 1998).

During catagenesis the compositional changes of types I and II kerogen are chiefly related to the
decrease in hydrogen content due to the generation and release of hydrocarbons (acyclic and cyclic),
involving the breaking of C–C bonds and most of the remaining C–O bonds. Consequently, H/C ratios
decrease significantly (from c. 1.25–1.5 to 0.5). The aromaticity of kerogen increases as a result of both
the expulsion of aliphatic hydrocarbons and the increasing aromatization of naphthenic rings (i.e. aliphatic
cyclohexyl groups are converted into benzene ring systems by dehydrogenation reactions). The expulsion
of alkanes probably accounts for the abrupt increase in apparent rate of aromatization generally observed
in kerogens and most coals during catagenesis (Fig. 4.18; Patience et al. 1992). There is a relative
increase in the amount of methyl (CH3) groups as long-chain aliphatic components are preferentially
removed. The abundance of residual oxygen-containing groups decreases at a higher rate during
catagenesis (Fig. 4.18). The O/C ratio eventually reaches a low level (c. 0.05) and remains constant,
indicating that the remaining oxygen is difficult to eliminate, and is probably mostly confined to ethers and
aromatic units, such as pyrans (Fig. 4.14).

The fall in the H/C ratio during catagenesis is lower for type III kerogens, reflecting their smaller potential
for oil generation, although quite large amounts of gaseous hydrocarbons (mainly methane) can be
generated. However, oxygen-containing groups continue to be eliminated from type III kerogen, resulting
in a further decrease in its O/C ratio. As catagenesis becomes more advanced, the structures of all three
kerogen types become increasingly alike, as shown by the simple distribution of oxygen-containing groups
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Fig. 4.18 Typical changes in oxygen-containing functional group content with increasing maturity
(represented by burial depth) of type II kerogen from the Kimmeridge Clay Formation in the UK sector of
the North Sea (after Patience et al. 1992). Data obtained from 13C NMR analysis, so the functional groups
are represented by the signal of the C atom(s) directly bonded to each O atom (N.B. two O atoms are
associated with each carboxyl C, but two C atoms with each ester O).

in Fig. 4.14 and the van Krevelen diagram in Fig. 4.15.
Metagenesis is experienced by very deep samples or those near high geothermal gradients (see Box

4.4). By this stage hydrogen elimination has slowed (H/C ≤0.5) in all types of kerogen and  30–80% of the
original carbon content has been lost; type I kerogen losing the most and type III the least (Table 4.8).
Methane is practically the only remaining hydrocarbon to be generated and during its evolution virtually
all the remaining sulphur in the kerogen structure is lost, mainly as H2S. In extreme conditions the carbon
content exceeds 90% (by wt), the H/C ratio is ≤0.4 and there are effectively no other elements in the
kerogen structure. The remaining carbon atoms are confined to aromatic systems, and a major
rearrangement of the kerogen occurs in which formerly random layers of aromatic nuclei cluster together
and assume an orientation permitting maximum compactness.

4.5 Catagenesis and metagenesis

4.5.1 Petroleum generation

If a body of rock experiences uplift, exposure and erosion, the kerogen it contains is weathered, ultimately
to carbon dioxide and water. However, if the rock experiences continued burial, eventually thermal alteration
of the kerogen occurs. The hydrocarbon-rich fluids (liquids and gases) evolved from kerogen during
catagenesis and metagenesis are collectively termed petroleum (see Box 4.2). Petroleum generation is,
therefore, a consequence of the kerogen structure attempting to attain thermodynamic equilibrium as
temperature and pressure increase during burial. As might be expected, the amount and composition of
the petroleum generated depend on the amount and composition of the organic matter incorporated into
the kerogen. In Section 4.4.3a it was seen that type I kerogens are rich in acyclic, medium- to long-chain,
aliphatic structures of the type generally abundant in oil. Type II kerogens contain relatively fewer acyclic
aliphatic units than type I, but they are still capable of generating large quantities of oil.

The predominant aliphatic units in type III kerogen are small chains (mostly methyl and propyl), primarily
derived from lignin residues in vitrinite macerals, and so hydrocarbon gases, particularly methane, are
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Box 4.4 Subsurface temperature and pressure gradients

Geothermal gradient, heat flow and thermal conductivity
As a general rule temperature increases with increasing burial depth because heat flows from the
Earth’s interior towards the surface. The temperature profile, or geothermal gradient, is related
to the thermal conductivity of a body of rock and the heat flow through it by:

heat flow = (geothermal gradient) x (thermal conductivity of lithology) [Eqn. 4.1]

Surface heat flow can be considered as the sum of two components: heat flowing up from the
mantle and lower crust; and heat generated within the upper crust by radioactive isotopes (40K,
232Th, 235U, 238U). Regional tectonism usually causes a significant increase in heat flows and
associated geothermal gradients. Geothermal gradients are not necessarily uniform because of
the varying thermal conductivities of different rock types. An average geothermal gradient is c.
30˚C km−1.

Thermal conductivity is dependent upon the mineralogical composition of the rock, its porosity
and the presence of water or gas. Minerals have higher thermal conductivities than water and so
non-porous rocks with a low water content are more conductive than porous rocks with a high
water content. If the pores within the rock contain gas the conductivity is further reduced. Many
evaporitic deposits have high thermal conductivities (halite and anhydrite c. 5.5 W m−1 ̊ C−1) whereas
the values for shales with a high water content (and therefore high porosity) may be very low (c.
1.5 W m−1 ˚C−1).

Differences in conductivity between adjacent lithologies can result in locally high temperatures
and more mature kerogens. For example, where a salt dome is capped by organic-rich shale, the
salt transports heat rapidly upwards through its structure until the cap rock is reached. The shale,
being of lower thermal conductivity, is unable to dissipate this heat as quickly as the salt and its
temperature rises, resulting in the kerogen in the shale reaching a higher level of maturity than if
no salt dome were present. The difference in temperature between the top and bottom of a shale
of low conductivity is relatively great and so the temperature gradient is large. For rocks with high
conductivities the temperature range is reduced and the thermal gradient is low. Generally,
conductivity increases with increasing depth as rocks become more compacted, resulting in a
corresponding decrease in the geothermal gradient.

Hydrostatic and lithostatic pressure gradients
With increasing depth, pressure increases owing to the burden of the overlying sediments and
rocks. Where permeability is sufficient for pore water to move freely, the water will experience a
pressure equivalent to the weight of water above it. The resulting pressure gradient is the hydrostatic
pressure gradient, which is c. 10 MPa km−1 (although it rises slightly as salinity increases). When
permeability reduces and pore waters can no longer move, pressure can increase above the
hydrostatic pressure, resulting in over-pressure. The maximum over-pressure that can be reached
is the lithostatic pressure, which corresponds to the weight of the rock burden. Assuming an
average rock density of 2.65 t m−3, the lithostatic gradient is c. 26.5 MPa km−1.

the main petroleum products. There may be some potential for oil production if cutan and/or suberan has
been incorporated into the kerogen. Similarly, there is now consensus that some coals can have oil
potential (Law & Rice 1993; Scott & Fleet 1994), the highly paraffinic and waxy nature of such oils
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(examples of which are found in SE Asia, Australia and
New Zealand) again suggesting a cutan/suberan origin
(e.g. Killops et al. 1998; Powell et al. 1991).

The influence of the distribution of acyclic aliphatic,
cyclic aliphatic and aromatic units in the parent kerogens
on the hydrocarbons generated at the peak of oil
formation can be seen for examples of types I-III kerogen
in Fig. 4.19. However, the distribution and amount of
hydrocarbons generated vary throughout catagenesis
(see Section 4.5.2).

Although it is widely considered that petroleum is
generated from kerogen, this view is not universally held.
There are proponents of a deep (mantle) source of
hydrocarbons, based on thermodynamic considerations
(e.g. Kenney et al. 2002). Under the temperature and
pressure conditions that pertain in the upper regions of
the crust, the hydrocarbons of petroleum are
thermodynamically unstable, and so generation should

n -alkanes

branched alkanes

cycloalkanes

aromatics

type I kerogen
(Uinta Basin)

type II kerogen
(Paris Basin)

type III kerogen
(Douala Basin)

Fig. 4.19 Distribution of hydrocarbons generated from
different kerogen types at the peak of oil formation.
Areas are proportional to amount of hydrocarbons per
unit mass of organic carbon (after Tissot & Welte 1984).

be driven towards formation of the two most thermodynamically stable end members of the C-H system,
methane and carbon (as graphite). Pressures in excess of c. 30 kbar are theoretically required for n-
alkanes to be stable, which corresponds to a depth of at least 100 km (and a temperature of c. 1200˚C).
Under such conditions the C-H system can spontaneously evolve hydrocarbons (Kenney et al. 2002).
Although thermodynamics dictate whether a hydrocarbon is stable, how long it may exist in a shallow
crustal environment is determined by the rate at which a suitable reaction mechanism proceeds to bring
about rearrangement to stable products (e.g. diamonds are not forever, but their transformation at the
crust’s surface into graphite is gratifyingly slow). There is extensive evidence for a relatively shallow
crustal origin of petroleum, such as compositional similarities of oils and specific kerogenous sources
(including carbon isotopic ratios, presence of biomarkers and distributions of stereoisomers). The uniform
isotopic composition among, for example, light n-alkanes that would be expected for a deep origin under
thermodynamic control is not observed (e.g. Whiticar & Snowdon 1999). It is likely that the bulk of petroleum
originates from kerogen, but relatively minor contributions from deep sources cannot be discounted.

A summary of the evolution of carbon-rich fluids with increasing depth/temperature within the upper
crust is shown in Fig. 4.20. Temperature appears to have the greatest effect on the breakdown of kerogen
(which is considered further in Section 5.7.3a), with pressure playing a subordinate role. There is laboratory
and field evidence that elevated pressure slows down fluid evolution from kerogen (Price & Wenger 1992;
Fang et al. 1995), which is to be expected from the application of Le Chatelier’s Principle (Box 4.5). The
temperature scale in Fig. 4.20 has been equated with depth using a typical value of geothermal gradient
of 30˚C km−1. At temperatures >160˚C the distribution of carbon between CO2 and CH4 begins to approach
equilibrium under the control of interactions with iron minerals in rocks, and at >180˚C CO2 becomes the
dominant component (Giggenbach 1997).

4.5.2 Kerogen maturity and hydrocarbon composition

The amount and composition of hydrocarbons generated from a particular kerogen varies progressively
with increasing maturity. These changes are summarized for a typical type II kerogen in the right-hand
panel of Fig. 4.20. During diagenesis the only hydrocarbons present are those inherited directly from
living organisms, together with the methane produced by methanogens. With increasing burial depth
during diagenesis the gaseous end products of the anaerobic degradation of organic detritus, CH4 and
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Box 4.5 Le Chatelier’s Principle

This principle states that if a system at equilibrium is subjected to a change in conditions, it will
respond in a way that counteracts the change. It can demonstrated by changing the pressure
applied to a fixed volume of the following system of gases at equilibrium:

Increasing the pressure will drive the equilibrium to the right, in favour of N2O4, because for every
two molecules of NO2 that combine, only one of N2O4 is formed, which reduces the total number
of molecules of gas present and hence the pressure (see Box 1.11). As a result, the mixture
becomes paler, as the amount of brown NO2 decreases. Decreasing the pressure drives the
equilibrium reaction in the opposite direction, generating more NO2.

There is generally at least a small increase in volume associated with the generation of petroleum,
and particularly methane, from kerogen. So pressures significantly higher than normally associated
with the depth at which petroleum generation occurs in the subsurface will have the effect of
suppressing the formation of hydrocarbon fluids.

2NO2 N2O4
brown colourless

[Eqn 4.2]
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CO2 (see Section 3.3.2b), become less able to escape as water is expelled from the sediment and
permeability is reduced with increasing overburden. Methanogenesis is the last truly biological process
to operate at depth (at temperatures up to c. 75˚C).

Temperature steadily increases with burial depth until, during catagenesis, thermal energy is sufficient
to cause certain hydrocarbon fragments to break off and be expelled from the kerogen (and possibly also
from asphaltenes, given the similar distributions of compounds that can be produced during pyrolysis;
e.g. Cassani & Eglinton 1986). As can be seen from Fig. 4.20, the size of hydrocarbons evolved decreases
with increasing maturity, and on this basis hydrocarbon generation during catagenesis can be divided
into two zones: the main zone of oil formation and the wet gas zone (see also Fig. 4.15).

During the main zone of oil generation (or ‘oil window’) there is significant production of liquid
hydrocarbons of low to medium molecular weight. The bitumen inherited during diagenesis and previously
trapped within the kerogen matrix (see Section 4.4.1a), is progressively diluted by the thermally generated
hydrocarbons, the bulk of which exhibit random structural and C-number distribution patterns. The first
liquid hydrocarbons to be evolved have relatively high molecular weights (mean composition c. C34H54),
but as temperature increases hydrocarbons of successively lower molecular weight are produced, as
indicated by the mean compositions in Fig. 4.20. The major phase of oil generation is usually limited to a
window of c. 100–150˚C (c. 2.5–4.5 km depth in Fig. 4.20; Mackenzie & Quigley 1988). Lower temperatures
have been proposed for the onset of oil generation (c. 60˚C), but such temperatures do not appear to be
typical and may, in part, result from underestimation of maximum burial depths. Most extensional basins
(see Box 3.11) experience compression at some stage of their evolution, sometimes resulting in uplifted
regions which can suffer erosion. Under such circumstances it is possible to underestimate maximum
burial depths and related temperatures (e.g. Paris Basin; Mackenzie & McKenzie 1983).

Gas is produced at all depths down to the limit of hydrocarbon generation at c. 230˚C. Near the surface
it comprises methane from methanogenesis, while at greater depths methane and other hydrocarbon
gases are produced from the thermal alteration of kerogen. Gaseous hydrocarbons are considered to
comprise C1 to C4 compounds, and liquid hydrocarbons ≥C6. The C5 members can be either liquids or
gases at the surface (the boiling point of isopentane is 28°C and of n-pentane is 36°C). Oils contain
varying amounts of dissolved gases and, similarly, gases can contain varying amounts of dissolved
hydrocarbons which would normally be liquids. The term condensate (or gas condensate) is applied to
the liquid hydrocarbons that condense from the gaseous phase at the surface during commercial recovery.
The proportion of gaseous hydrocarbons generated increases in the later part of catagenesis, the wet
gas zone, because the remaining alkyl chains in the kerogen structure are relatively short and yield light
hydrocarbons that are mostly gases under surface conditions.

Towards the end of catagenesis the proportion of methane in the gaseous products rises rapidly with
increasing temperature and kerogen evolution. During metagenesis, methane is the only hydrocarbon
released, and is often referred to as the dry gas zone (because no condensate is produced). The whole
zone of gas generation (wet and dry) is sometimes called the cracking zone, due to the presumed thermal
cracking of previously evolved hydrocarbons into smaller, gaseous products.

A simple model of petroleum formation has been proposed that treats kerogen as being formed from
labile, refractory and inert components (Mackenzie & Quigley 1988). Labile kerogen (i.e. the
polymethylenic part of liptinite) yields mainly oil, refractory kerogen (the main lignin-derived component
of vitrinite) yields gas and inert kerogen (inertinite) produces no hydrocarbons. Labile and refractory
kerogen, therefore, generate petroleum and may be termed reactive kerogens, while only H, O, S and N
are eliminated from inert kerogen (e.g. as H2O, H2S, SO2, N2), yielding a residue of carbon. Based on
this model, it appears that:

(a) most oil is formed in the range 100–150˚C;
(b) most gas is formed in the range 150–230˚C;
(c) any oil left in the source rock undergoes cracking to gas at elevated temperatures.
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These guidelines are summarized in Fig. 4.21. It was thought that cracking of oil to gas occurred over the
range 150–180˚C (e.g. Dieckmann et al. 1998), suggesting that oil does not survive for geological time
periods at >160˚C (e.g. Mackenzie & Quigley 1988). However, in recent years several examples have
been found of light oils dominated by n-alkanes existing in reservoirs at temperatures up to c. 200˚C
(McNeil & BeMent 1996; Vandenbroucke et. al. 1999), and it has been argued from a consideration of
free-radical mechanisms that oil could be stable up to 240–260˚C (Dominé et al. 2002). The stability of n-
alkanes towards cracking is significantly influenced by the composition of the oil (Burnham et al. 1997;
McKinney et al. 1998). Although n-alkanes in oil that has migrated away from the source rock may be
more stable than previously supposed towards thermal cracking, it is has yet to be established that liquid
hydrocarbons retained within the kerogen do not undergo thermally induced cracking of C–C bonds in
the wet-gas zone (over the temperature range of c. 150–180˚C in Fig. 4.21) to yield light, dominantly
gaseous hydrocarbons.

4.5.3 Petroleum composition

Crude oils, like their associated bitumens in source rocks, contain hydrocarbons (aliphatic and aromatic),
resins and asphaltenes (Box 4.2). Table 4.10 presents the typical range of elemental composition for
crude oils. In terms of atomic ratios, for every 1000 C atoms there are around
1600–2200 H atoms and up to c. 25 S atoms, 40 O atoms and 15 N atoms. Much of the nitrogen, oxygen
and sulphur is associated with the resins and asphaltenes, and hence they are often collectively termed
polar NSO compounds. However, a significant amount of sulphur can be present in compounds of medium
molecular weight that are isolated in the hydrocarbons fraction when using simple chromatographic
fractionation procedures. Important members of this group of compounds are aromatic thiophenes, deriving
from sulphide incorporation into unsaturated compounds during diagenesis (see Fig. 4.13). Other elements
in oil include various metals, particularly nickel and vanadium, which are generally present in trace amounts
and are mostly associated with the polar NSO compounds. The average oil contains c. 57% aliphatic
hydrocarbons, 29% aromatic hydrocarbons and 14% resins and asphaltenes; while sulphur, incorporated
into thiophenic compounds, accounts for c. 2% (by wt) of the aromatic hydrocarbon fraction. There is, of

graphite inert

refactory

labile

oil

gas
kerogen

150–230˚C

15
0–

18
0˚

C
or

 g
re

at
er

?

100–150˚C

~80%
~20%very high

T + P

Fig. 4.21 Summary of temperature ranges
for petroleum generation from kerogen
(after Mackenzie & Quigley 1988).

Table 4.10 Elemental composition range

typical of crude oils (after Levorsen 1967).

element abundance (wt %)

C 82.2–87.1

H 11.8–14.7

S 0.1–5.5

O 0.1–4.5

N 0.1–1.5

others ≤0.1

course, a wide range of oil compositions, and hence properties
and commercial uses (Box 4.6).

Although the composition of natural gas accumulations can
vary significantly, methane is generally by far the most abundant
component (e.g. see Tissot & Welte 1984). Lesser amounts of
other hydrocarbon gases are usually present, chiefly ethane
(CH3CH3), propane (CH3CH2CH3), n-butane (CH3CH2CH2CH3),
isobutane [CH3CH(CH3)CH3], n-pentane (CH3CH2CH2CH2CH3)
and isopentane [CH3CH(CH3)CH2CH3]. Natural gas can also
contain carbon dioxide, hydrogen sulphide, nitrogen and traces
of helium.
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Box 4.6 Oil composition and uses

Crude oils can be classified according to the relative amounts of acyclic alkanes, cycloalkanes
and combined aromatic hydrocarbons plus NSO compounds present. This classification is
represented by the ternary (triangular) plot in Fig. 4.22, and can be seen to distinguish between
the main fields of marine and terrestrially sourced oils. The main classes of normal crudes resulting
from this classification are:

(a) paraffinic oils, containing mainly acyclic alkanes and with <1% S;
(b) paraffinic-naphthenic oils, containing mainly acyclic alkanes and cycloalkanes, and with

<1% S;
(c) aromatic-intermediate oils, containing >50% aromatic hydrocarbons and usually >1% S.

The density of an oil is one of its most frequently specified properties, and generally falls within
the range 0.7–0.9 g cm−3. Another commonly used measurement is specific gravity (more commonly
termed relative density), which compares the mass of a substance with that of an equal volume of
pure water at 4˚C and 1 atm pressure. Most oils are lighter than water and so have specific gravities
<1. An alternative measurement of oil density is often used, which is expressed as degrees of API
(American Petroleum Institute) gravity:

where s.g. 60/60F = specific gravity of oil at 60˚F relative to water at the same temperature. By
definition, the API scale is inversely proportional to density: API gravities for conventional (or
normal) oils are  ≥20˚, for light oils (and condensates) are >40˚ and for heavy oils are <20˚.

The gross composition of any fossil fuel is important in terms of its uses and the resulting
environmental impact. The most efficient fuels are capable of liberating the most energy from a
given mass of fuel, i.e. they have the highest calorific values. Sulphur and nitrogen contents are
also important considerations because the SO2 and nitrogen oxides (NOx) produced during
combustion can lead to acid rain. In other applications of oil, e.g. as lubricants, pour point and
specific gravity are important. Some of the basic uses of oil can be seen from the names given to
the various fractions obtained upon distillation: gasoline (C4–C10), kerosine (C11–C13), diesel fuel
(C14–C18), heavy gas oil (C19–C25) and lubricating oil (C26–C40). Although coal, oil and gas are all

141.5
s.g. 60/60F

˚API = − 131.5 [Eqn 4.3]
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(a) Major hydrocarbons in oils

The aliphatic hydrocarbons (also known as saturates or paraffins) are divided into acyclic alkanes
(normal and branched) and cycloalkanes (or naphthenes). Normal (i.e. straight-chain) alkanes (Fig.
4.23a) usually predominate in oils, with abundance often peaking around C6–C8. Usually found among
the branched alkanes are isoalkanes (2-methylalkanes) and possibly lesser amounts of anteisoalkanes
(3-methylalkanes); both groups exhibit similar carbon number ranges to the n-alkanes (Fig. 4.23a). Waxy
oils have been found to contain alkanes up to about C120 (Carlson et al. 1993; Philp 1994), with the C40+
range dominated by n-alkanes in oils from coaly sources and by branched or cyclic alkanes in typical
marine- and lacustrine-sourced oils (Killops et al. 2000a). Such long-chain components are consistent
with an origin from cutan, suberan or algaenan.

Acyclic isoprenoidal alkanes may be important constituents, particularly pristane (2,6,10,14-
tetramethylpentadecane) and phytane (2,6,10,14-tetramethylhexadecane) (Fig. 4.23a). Unfortunately, the
term isoalkane is sometimes used to describe all the branched alkanes and not just the 2-methylalkanes.
Acyclic alkanes <C5 are gases under normal surface conditions, while those up to C15 are liquids. The n-
alkanes with >15 C atoms tend to be viscous liquids grading into solid waxes (the transition depending
upon the ambient temperature).

primary energy sources, oil is more valuable in terms of the uses to which many of its constituents
can be put by the petrochemicals industry. There is increasing interest in coal as a source of
similar compounds.
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Major cycloalkanes (Fig. 4.23b) include cyclohexane and cyclopentane series with alkyl chains of
similar carbon number range to the n-alkanes. Further series possessing additional ring-methyl groups
are sometimes found. All these cycloalkanes are liquids, grading into solids with increasing alkyl chain
length. Cycloalkanes with more than one ring system, such as the alkylperhydronaphthalenes in Fig.
4.23b, are generally present but their abundance tends to decrease as the number of rings increases.

LMW alkylbenzenes are generally the most abundant aromatic hydrocarbons and, again, alkyl chains
often have similar carbon number ranges to the n-alkanes. As for the cycloalkanes, series of alkylbenzenes
are sometimes observed with additional ring-methyl groups. AlkyInaphthalenes and alkylphenanthrenes
(Fig. 4.23c) are also usually present but larger polycyclic aromatic hydrocarbons, such as chrysene (see
Fig. 7.3 for structure), are less abundant. Alkyl substituents on these polycyclic aromatic hydrocarbons
take the form of methyl and ethyl groups, in contrast to the long alkyl chains present in alkylbenzenes.
Aromatic compounds with fused cycloalkyl rings (naphthenoaromatics) may also be present. The short-
chain alkylbenzenes are liquids, but the longer-chain members and also polycyclic aromatic hydrocarbons
are generally solids under normal surface conditions.

Nitrogen, oxygen and sulphur compounds can be found in varying amounts in the aromatic hydrocarbon
fractions of oils isolated using simple chromatographic procedures, but they are usually less abundant
than the major true hydrocarbons (benzene, naphthalene, phenanthrene and their alkylated derivatives).
Sulphur-containing compounds such as benzothiophene, dibenzothiophene, naphthobenzothiophene
and their alkyl derivatives (Fig. 4.23d) are usually present in oils. Sulphur-rich kerogens can give rise to
significant quantities of thiophenic compounds (see Fig. 4.13). Compounds containing oxygen and nitrogen
are usually less significant components. Oxygen forms analogous compounds to sulphur, in which the
furan unit (Table 2.2) replaces the thiophene unit (e.g. dibenzofuran). Nitrogen-containing compounds
are usually the least abundant and, when present, include pyrrole and pyridine derivatives (Table 2.2)
with additional benzene rings analogous to the sulphur aromatics.

The average hydrocarbon composition of crude oils is: acyclic (normal and branched) alkanes 33%;
cycloalkanes 32%; aromatic hydrocarbons 35%; although, as noted earlier, the distribution of hydrocarbons
expelled during catagenesis depends on the chemical composition of the source rock kerogen and its
thermal maturity. The range of hydrocarbons generated during catagenesis is truly immense: the 17 C7
structures identified in oils are shown in Fig. 4.24, and the number of possible compounds increases
dramatically with C-number. In addition to the identified hydrocarbons (Fig. 4.23), oil also contains a
complex mixture of hydrocarbons that is not resolved during gas chromatographic analysis and appears
as a hump in the chromatogram (see Fig. 7.8). This unresolved complex mixture (UCM) becomes more
apparent when oils are biodegraded and the n-alkanes are depleted (see Sections 4.5.6c, 7.3.2b), but
the UCM is a component of the original oil (i.e. it is generated from kerogen during catagenesis), and
appears to comprise mostly aliphatic and monoaromatic compounds (Killops & Al-Juboori 1990). It can
be more abundant than the total n-alkanes and so accounts for a significant proportion of the hydrocarbons
fraction of non-biodegraded oils.

The relatively minor hydrocarbon liquids that are generated by most humic coals are characteristic of
higher plant material. Coal-sourced oils are generally dominated by cuticular-wax derived n-alkanes,
although benzene, naphthalene and phenanthrene and their alkyl derivatives are usually important. Small
amounts of larger aromatic hydrocarbons formed from extensively fused benzenoid systems may also be
present (e.g. White & Lee 1980). Such polycyclic aromatic hydrocarbons are also produced during
combustion of oil and coal (see Section 7.3.1a).

(b) Biomarkers

Also present among the hydrocarbons of oils are relatively small amounts (usually <1% by wt) of biomarkers,
generally of lipid origin (see Section 4.4.1b). By the end of diagenesis their functionalized precursor
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compounds have been transformed into hydrocarbons (e.g. hopanes, steranes and aromatic steroids),
as shown in Fig. 4.25. While the bulk of hydrocarbons generated during catagenesis cannot readily be
linked to specific precursors, biomarkers can. Pristane and phytane (Fig. 4.23a) are, therefore, included
among the biomarkers and are often the most abundant of these compounds. At the end of diagenesis a
significant proportion of the biomarkers is present as discrete molecules trapped within the kerogen
matrix. However, some biomarkers may also be incorporated into the kerogen structure and are released
during catagenesis. Trapped compounds may provide a diagenetic source of hydrocarbons, but during
catagenesis they are progressively diluted by new hydrocarbons. The transformations undergone by
biomarkers and the information that can be obtained from them are considered in Chapter 5.
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4.5.4 Reactions involved in hydrocarbon generation

Free-radical reactions probably account for most of the thermally induced fragmentation of kerogen
(Ungerer 1990). The formation of n-alkanes with a random carbon-number distribution can be accounted
for by such a mechanism, although isoalkanes are more likely produced by ionic reactions involving acid-
catalysis, possibly involving clay-mineral rearrangement of carbocations (Box 4.7). An essential feature
of hydrocarbon generation is the transfer of hydrogen from the residual kerogen, which becomes richer in
condensed aromatic structures, to the expelled hydrocarbon fragments, thereby forming alkanes.
Laboratory pyrolysis under dry conditions results in a deficiency of hydrogen and the production of alkenes
as well as alkanes (Ishiwatari & Fukushima 1979), whereas hydrous pyrolysis yields predominantly alkanes,
the water providing a supply of hydrogen (Leif & Simoneit 2000).

Examples of the types of reaction that can lead to the redistribution of hydrogen between the parent
kerogen and thermally cleaved fragments (disproportionation reactions) under geological maturation
conditions are shown in Fig. 4.27. Cyclization and aromatization of residual kerogen structures liberate
hydrogen for the reduction of the alkyl chains cleaved from kerogen at C–O and C–C bonds. Ring-
opening reactions can also occur and require the addition of hydrogen. The evolution of CO2 at high
maturity may be a result of water providing hydrogen for hydrocarbon formation and oxygen for C elimination
(Seewald et al. 1998).

Because the composition of kerogen varies according to the differing original inputs of organic matter,
there is variation in the types of bonds that have to be broken during hydrocarbon evolution from types I,
II and III kerogens. The predominant C–C bonds of type I kerogen are the strongest and so peak oil
generation from this type of kerogen occurs at a higher relative maturity level than for types II and III,
which contain larger amounts of the weaker C–O, C–N and C–S bonds (Tissot & Espitalié 1975; Waples
1984; see Section 5.7.3b and Fig. 5.51). In particular, sulphur-rich kerogens (type II-S) contain a large
proportion of alkyl chains attached to the kerogen nuclei by C–S and S–S bonds. These bonds are
significantly weaker than the C–C and C–O bonds which are abundant in other kerogen types. As a
result, oil can be generated from type II-S (and other S-rich) kerogens at considerably lower temperatures
(c. 80˚C) than the normal type II (Orr 1986). In addition to abundant sulphur-containing aromatics, the
sulphur-rich oils produced contain large quantities of asphaltenes and resins, because breaking of the
weaker S-containing bonds also results in relatively larger fragments than usual. The composition of the
asphaltenes parallels that of the remaining kerogen with increasing maturity.

The cracking of aliphatic chains in oil retained within kerogen towards the end of catagenesis requires
hydrogen (as can be seen from Fig. 4.27), which may again be supplied by increasing cyclization and
aromatization of the residual kerogen structure. Water may also make a contribution, reducing the degree
of aromatization of kerogen (Seewald 1994; Michels et al. 1995). The production of small aliphatic chains
depends on both the breaking of particular C–C bonds and the statistical likelihood of a particular fragment
being formed. For example, C–C bonds towards the centre of a relatively long chain are generally slightly
weaker than those towards the end. However, as the chain gets shorter, proportionally more energy is
required to break the central C–C bond (although this energy difference does not change greatly for
components >C8). Moreover, the more ways there are of forming a fragment of a particular size, the more
likely it is to be produced. Consequently, with increasing temperature, progressively smaller molecules
are produced by cracking. The rate of cracking of n-alkanes is affected by the overall composition of an
oil, as a result of influences on the radical initiation and propagation reactions similar to those involved in
the primary cracking of kerogen (Fig. 4.26; Burnham et al. 1997).

(a) Isotopic fractionation

Because the organic matter from which kerogen is formed is relatively enriched in 12C and depleted in
13C (Box 1.3), so too is the kerogen in sedimentary rocks. As might be expected, the hydrocarbons
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Box 4.7 Hydrocarbon-generating reactions during catagenesis

Two types of reactions have been postulated for the formation of the major groups of paraffins
during catagenesis, based on their random distribution of chain-lengths and methyl-substitution
positions. The distribution pattern for n-alkanes suggests a free-radical mechanism (see Box 2.10).
Free-radical reactions are chain reactions, which comprise chain initiation, propagation and
termination processes. Chain initiation during hydrocarbon generation produces an unpaired
electron, which is extremely reactive. Thereafter, a range of chain propagation reactions is possible
until the free radical is quenched (chain termination) by interaction with another radical, resulting
in pairing of the electrons (Fig. 4.26a).

Oils contain series of alkanes with a randomly positioned single methyl branch. The origin of
these compounds is best explained by rearrangement of carbocations formed from alkenes. The
hydrogen transfer that results from cleavage of an alkyl chain produces an alkane and an α-
alkene (i.e. the double bond is at the end of the alkyl chain). The α-alkenes are known to produce
a range of methyl-substituted alkanes by acid catalysis, upon addition of a proton to yield a
carbocation. The rearrangements involved are shown in Fig. 4.26b.
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recombination:

disproportionation:

evolved from kerogen reflect this source-related isotopic signature. Methane generally exhibits an even
lighter signature than the kerogen from which it is generated. This is because methane is generated by
cleavage of C–C bonds in kerogen or during hydrocarbon cracking, and it requires less energy to break
a 12C–12C bond than a 13C–12C bond. Hence, isotopically light methane is preferentially formed. Other
hydrocarbons generated from kerogen are similarly relatively light, and so with increasing maturity the
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residual kerogen becomes isotopically heavier (Galimov 1980; see Section 5.8.6).

4.5.5 Movement of hydrocarbons from kerogen and coal

Petroleum is generally found in reservoirs at some distance from its source rock. The whole of the journey
from source to reservoir is termed migration, but it is usually divided into primary and secondary stages.
The expulsion of petroleum from the source rock into suitable adjacent carrier strata is often referred to
as primary migration, and the subsequent transport through the carrier rock to the reservoir as secondary
migration. Important rock properties are porosity (a measure of the total volume of pores able to
accommodate generated hydrocarbons) within potential reservoirs and permeability (the degree to which
pores are interconnected, allowing flow) within the carrier rocks.

(a) Mechanisms of expulsion

As burial increases so does compaction of the generally fine-grained source deposits and much of the
water originally associated with the sediments during deposition is expelled. By the time of the main
phase of petroleum generation the source rock is relatively dense, with low porosity and permeability.
The remaining pores may even be smaller than some of the petroleum molecules. Some pore water is
still present, largely bound to mineral surfaces by hydrogen bonding, which further restricts the size of
pore throats and severely hinders movement of hydrocarbon fluids out of the source rock. Oil globules or
gas bubbles must undergo distortion to pass through narrow pore throats, and this distortion is resisted
by the interfacial tension between the hydrocarbon phase and the water lining the pore. This surface
tension effect results in a capillary pressure that retards the flow of petroleum.

The precise mechanisms by which expulsion of petroleum occurs are not fully understood, although
pressure and to some extent temperature are of importance (England et al. 1987). Different mechanisms
may operate in different types of source rock (Stainforth & Reinders 1990). One possibility is that
hydrocarbons move through microfractures in the source rock under the influence of over-pressure (Tissot
& Welte 1984), and compaction plays a part (Braun & Burnham 1992). An increase in volume during the
liberation of hydrocarbon fluids from the solid kerogen matrix would contribute to over-pressure
development, but evidence for it is equivocal (Osborne & Swarbrick 1997). Microfracturing will reduce
capillary pressure and so relieve over-pressure by allowing the escape of hydrocarbons. Pressuring and
fracturing processes may recur in a cyclical manner. Upon entering larger pores, oil particles tend to
coalesce as globules, forming stringers (elongated globules) upon expulsion through narrow pore throats.
The general lack of solubility of petroleum components in water and the small amounts of unbound water
remaining in the source rock suggest that a pressure-driven expulsion of this kind would occur as a
discrete hydrocarbon phase (England & Fleet 1991). Methane and carbon dioxide are supercritical fluids
rather than gases at depths c. >1 km (Box 4.8) and so may significantly influence oil migration (Killops et
al. 1996).
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Expelled oil is generally enriched in paraffins, and to a lesser extent aromatic hydrocarbons, compared
to the bitumen remaining in the source rock. It would appear that adsorption is important, and can occur
within both the kerogen network and the water-coated inorganic mineral matrix (Sandvik et al. 1992;
Killops et al. 1998; Ritter 2003). In the laboratory, solvent extraction does not recover all the bitumen
present in a coal or kerogen; subsequent thermally induced desorption can liberate significant additional
quantities (Killops et al. 2001). Expulsion of oil may not occur until adsorption sites have been effectively
saturated, and a general guideline of 100 mg of hydrocarbons per gram of organic matter has been
suggested (Pepper & Corvi 1995b). In effect, the adsorption by kerogen can be considered as dissolution
of individual oil components in the kerogen. The predicted solubility of various compound classes in solid
kerogen decreases with decreasing polarity in the order: asphaltenes < resins < aromatic hydrocarbons
< cyclic and branched alkanes < n-alkanes; which reflects the observed compositional differences between
expelled and retained petroleum (Ritter 2003).

Another possible mechanism for primary migration is the thermally activated diffusion of hydrocarbons
through the kerogen network of the source rock (Stainforth & Reinders 1990). The rate at which the
hydrocarbons diffuse away from their site of origin within the source rock (i.e. the region in which they
occur at highest concentration; Box 3.8) has been estimated to be of the same order of magnitude as
their rate of thermal generation. Such a mechanism would, at least during the early phases of expulsion,
result in the preferential loss of smaller hydrocarbons. Evidence for diffusion and pressure-driven expulsion

Box 4.8 Gas density and supercritical fluids

The density of a gas is profoundly influenced by temperature and pressure (see Box 1.11).
Sometimes gas densities are expressed in term of gravity relative to air at STP (standard temperature
and pressure, which corresponds to 0°C and 1 atmosphere), and because the density of a gas is
proportional to the average molecular weight, natural gases have gravities of mostly <1, and that
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effects have been reported for the Kimmeridge Clay (Upper Jurassic) shales in the North Sea, in the form
of variations in C-number distributions in hydrocarbons across the interface between the shale units and
adjacent sandstone carrier beds (Mackenzie et al. 1988). Both diffusion and pressure-driven expulsion
mechanisms enable hydrocarbons to be expelled from the bottom as well as the top of a source unit.

Only if sufficient hydrocarbons are generated in the source rock will expulsion of hydrocarbons occur,
and there is a lag between the onset of hydrocarbon generation and expulsion, whether diffusion- or
pressure-driven mechanisms operate. The proportion of generated hydrocarbons that is expelled from
the source rock during the main stage of oil formation is strongly dependent upon the type and initial
amount of kerogen present. Nearly all of the oil generated by rich source rocks (containing >10 kg of
labile kerogen per tonne of rock; e.g. Kimmeridge Clay, North Sea and Bakken Shale, Williston Basin,
North Dakota) may be expelled (60–90% between 120 and 150˚C). The oil contains minor amounts of
dissolved gas. Below a minimum initial concentration of labile kerogen (c. <5 kg t−1; Mackenzie & Quigley
1988) most or all of the oil generated may remain in the source rock and is cracked to gas at higher
temperatures (c. 150–180˚C). Expulsion of gas may be aided by microfracturing due to the increasing
fluid pressure within the pore spaces as cracking proceeds. Cracking may be the fate of most of the oil
generated by humic coals. A summary of generation and expulsion of hydrocarbons for different
concentrations of labile kerogen is shown in Fig. 4.29.

(b) Secondary migration

If suitably porous and permeable strata lie adjacent to the source rock, either above or below, the expelled
oil may coalesce into larger stringers or globules within the carrier rock and may travel large distances,
until it escapes to the surface or is trapped by a suitably impermeable barrier (Tissot & Welte 1984). The
three important factors controlling secondary migration are buoyancy, capillary pressure and hydrodynamic
flow (England & Fleet 1991). Oil and gas have specific gravities of 0.7–1.0 and <0.0001, respectively,
compared with 1.0–1.2 for the aqueous pore fluids (Tissot & Welte 1984). Petroleum compounds, therefore,
undergo buoyant rise in water-saturated porous rocks. Upward migration is usually retarded by layers of
less permeable rock, so secondary migration generally occurs along permeable strata in the direction of
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decreasing pressure. Extensive vertical migration generally requires suitable pathways produced by large-
scale faulting.

Petroleum flow stops when capillary pressure exceeds buoyancy, due to a decrease in porosity and
permeability. There is often hydrodynamic flow in sedimentary rocks, which can modify the buoyant flow
of petroleum through carrier strata, depending on the relative directions of the two flows. Secondary
migration can involve distances of 10–100 km and occasionally more. The size of an oil accumulation is
related to the area of source rock from which it was generated (the drainage area) and hence to migration
distance. Secondary migration distances are generally short in lacustrine sequences due to the limited
scale of stratigraphic relationships between source rocks and reservoirs.

With decreasing depth during vertical migration, temperature and pressure fall, and at some stage the
single supercritical hydrocarbon phase generally associated with expulsion may separate into liquid and
gaseous phases, after the critical point has been passed (Box 4.8). Such changes can significantly affect
the ability of the main hydrocarbon phase to carry the least soluble components in solution, and asphaltene
precipitation may occur. Understanding the phase behaviour of petroleum in the subsurface is important
if, for example, gas:oil ratios in reservoirs are to be predicted with accuracy. Such predictions can be
obtained from approximations of fluid composition and the application of equations of state, assuming
ideal behaviour of PVT (pressure, volume, temperature) characteristics (Meulbroek 2002; see Box 1.11).

Petroleum migration ends with either escape to the surface or entrapment owing to the inability of
buoyancy to overcome capillary pressure (Box 4.9). Temperature and pressure conditions within a reservoir
can be important in determining the hydrocarbon phases present (see Box 4.8). The solubility of gas in oil
increases with increasing pressure, but decreases with increasing temperature. If the amount of gas
generated exceeds the capacity of the oil to dissolve it, a separate gas phase will result that occupies the
top part of the reservoir, due to its substantially lower density. A light oil can dissolve more gas than a
heavy oil.

4.5.6 Post-generation alteration of petroleum

A number of factors can affect the composition of oil encountered in a reservoir compared with the
bitumen generated within the source rock, and those of most importance are considered in this section.
Ratios of pairs of hydrocarbons can be used to investigate the extent of the various processes, although
it is difficult to select compounds that are influenced by just one process. Among the most useful group of
compounds are the gasoline-range hydrocarbons (e.g. Halpern 1995; see Box 4.6).

(a) Migration

The minerals of the pore walls and their associated bound pore waters present a polar surface to the
compounds generated from kerogen. The more polar oil constituents, the asphaltenes and resins and to
a lesser extent the aromatic hydrocarbons, are attracted to this polar surface, become relatively
concentrated in the interfacial layer and are less readily expelled from the source rock. Adsorption of the
more polar constituents can continue throughout secondary migration, leading to a relative increase in
concentrations of apolar hydrocarbons, a process often termed geochromatography (e.g. Mackenzie
1984). Compared with the source rock bitumen, the oil that reaches the reservoir contains slightly less
aromatics and significantly less resins and asphaltenes relative to the aliphatic hydrocarbons.

(b) De-asphalting

Because asphaltenes are insoluble in light hydrocarbons (C1–C8), the infiltration of gas or light oil into a
fairly heavy oil, either in the reservoir or during migration, can result in precipitation of asphaltenes.
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(c) Biodegradation

Aerobic bacteria may degrade petroleum if the temperature is not too high (c. <80˚C). There is evidence
of anaerobic biodegradation in anoxic oil reservoirs (Connan et al. 1996) and sulphate reducers have
been implicated (Wilkes et al. 2000). It is possible that the anaerobes utilize metabolites from prior aerobic
degradation (Jobson et al. 1979). Thermophilic sulphate reducers preferentially remove C8–C11 from
crude oil (Rueter et al. 1994), and hyperthermophilic sulphate reducers recovered from oil reservoirs
have been found to grow using oil as the sole source of carbon and energy (Stetter et al. 1993) so it is
possible that biodegradation can occur at higher temperatures than previously supposed.

The various components of oil are not utilized at the same rate and there appears to be a general order
of preference of removal. First to be degraded appear to be the n-alkanes, but long-chain alkylbenzenes
are also affected at an early stage (Jones et al. 1983). However, the C45+ n-alkanes are relatively resistant
(Heath et al. 1997), probably reflecting their highly hydrophobic nature, which limits accessibility of bacterial
extracellular enzymes. The effects of biodegradation on the appearance of the gas chromatograms of
saturates is most obvious when n-alkanes have been attacked significantly. As biodegradation progresses
and the major resolved components are removed, the characteristic broad hump of the UCM becomes
apparent in chromatograms (see Sections 4.5.3a, 7.3.2b and Fig. 7.8). The isotopically light components

Box 4.9 Reservoirs and traps

The rocks in which large volumes of petroleum are able to accumulate are termed reservoir
rocks. They require suitable porosity (typically 10–25%) and permeability (typically 1–1000 mD; 1
mD or milliDarcy = c. 10−9 m2), with reasonably sized pores and an impermeable cap rock or seal
to prevent escape of petroleum over geological time periods. They must also be in place before
the onset of oil generation. Sandstones often provide suitable reservoir characteristics. More than
60% of all oil occurrences are in clastic rocks, while carbonate reservoirs account for c. 30%. The
smaller molecules present in gases can escape through narrower pores than oil components, and
seals are often slightly leaky with respect to gas.

A trap is a 3-D geological feature that obstructs the flow of petroleum, forming an accumulation.
Traps can be of a variety of types, and a full discussion is beyond the scope of this book. The
reader is referred to any general text on petroleum geology (e.g. Selley 1997; Gluyas & Swarbrick
2004). By way of a simple summary, traps are usually divided into two classes: structural and
stratigraphic. Structural traps are the commonest and are caused directly by tectonism (e.g.
anticlines, faults and folds). Petroleum is trapped below impervious strata because outward flow
would require movement opposed to the direction of buoyant forces, although if sufficient petroleum
is generated it can fill an anticlinal or similar trap and spill out. In fault traps, flow is opposed by
large capillary forces in structures of very low porosity and permeability that cut across the carrier
rock at the fault face. A variety of structural traps can be associated with salt domes (structures
formed by plastic deformation of salt deposits under high pressure resulting in the formation of a
dome that pierces the immediately overlying sediments). Stratigraphic traps are depositional
features in which a reservoir unit is surrounded by less porous and permeable rocks, such as
dense shales or limestones, preventing the outflow of petroleum. Typical reservoir units include
barrier sand bars and islands (formed by wave and tidal action), channel sands (deposited in
deltaic distributary systems), submarine fans (deep-water deposits from sediment density flows)
and carbonate reefs.
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are preferentially biodegraded, resulting in the δ13C value of the residual petroleum becoming heavier
(Connan 1984; Wilkes et al. 2000; George et al. 2002).

The susceptibility of petroleum hydrocarbons towards biodegradation generally decreases in the order:
n-alkanes; alkylcyclohexanes; alkylbenzenes; iso- and anteiso-alkanes; acyclic isoprenoids;
alkylnaphthalenes; bicyclic alkanes; C27–C29 regular steranes; C30–C35 hopanes; diasteranes;  C27–C29
hopanes; C21–C22 regular steranes; tricyclic terpanes (Connan 1984; Volkman et al. 1984; Fisher et al.
1998; George et al. 2002). One of the several suggested scales for assessing the degree of biodegradation
of oil is shown in Table 4.11.

It is possible for complete removal of hydrocarbon classes to occur. Although steranes and terpanes
are less affected than other alkanes, they can also be totally removed under severe biodegradation. In
general, aromatic components tend to be more resistant towards biodegradation than alkanes, their
resistance increasing with number of aromatic rings and degree of alkyl substitution. Aromatic steroids
appear only to be affected under the most severe conditions (Wardroper et al. 1984). Clearly, the properties
of an oil can change significantly upon biodegradation, generally to the detriment of its commercial worth.

Table 4.11 Oil biodegradation scale (after Peters & Moldowan 1993).

biodegradation rank biodegradation stage biomarker changes

light 1 short-chain n-alkanes depleted

2 general depletion of n-alkanes

3 only traces of n-alkanes remain

moderate 4 no n-alkanes remain, acyclic isoprenoids intact

5 acyclic isoprenoids absent

heavy 6 steranes partly degraded

7 steranes degraded, diasteranes intact

very heavy 8 hopanes partly degraded

9 hopanes absent, diasteranes attacked

severe 10 long-chain aromatic steroids attacked

adamantane

diamantane

Fig. 4.30 Diamondoid hydrocarbons adamantane and
diamantane (N.B. chair conformation of rings; variation
in line thickness to emphasise 3-D structure).

1 4

1

2 3

Diamondoids are hydrocarbons with a carbon
skeleton approaching that of diamond, and include
adamantane and diamantane (Fig. 4.30). They are
particularly resistant towards biodegradation and may be
used to monitor more extreme levels of biodegradation
(Grice et al. 2000). The ratio of methyladamantanes (1-
and 2-methyl isomers) to adamantane appears
particularly useful as an indicator of biodegradation,
increasing by a significant amount over biodegradation
stages 4–8 (Table 4.11). The ratio of methyldiamantanes
(1-, 3- and 4-methyl isomers) to diamantane does not

exhibit such a range of values over the same biodegradation stages, but may be more useful at higher
levels of biodegradation.

(d) Water washing

Water washing can occur in the reservoir when there is infiltration of meteoric waters. It can also occur
during secondary migration, particularly where counter-current hydrodynamic flow is encountered. The
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effect is the removal of the more water-soluble components from oil. The most susceptible components
include the polar compounds preferentially adsorbed by pore water and mineral interactions during
migration, but small hydrocarbons are also relatively soluble in water. Water washing and biodegradation
can occur together in reservoirs, and have opposing effects, with washing tending to remove aromatics
and biodegradation the saturates.

(e) Thermal alteration

Oil accumulations can continue to undergo thermal evolution, depending on the depth of the reservoir
and subsequent geothermal history. As noted in Section 4.5.2, oil becomes susceptible to thermal cracking
at temperatures above 160–200˚C. For example, paraffinic-naphthenic oils (Fig. 4.22) are degraded to
aromatic-naphthenic oils (with moderate S content, <1%), and aromatic-intermediate oils degrade to
aromatic-asphaltic oils (with high S content, >1%).

(f) Thermochemical sulphate reduction

The main source of H2S below c. 100°C is bacterial sulphate reduction (BSR; Section 3.3.2b), which is
most efficient below 60°C and virtually ceases by 100°C or where H2S levels reach 5–10%. Some H2S is
produced by the thermal breakdown of kerogen, particularly S-rich varieties, but it usually does not
exceed 3% (by vol.) of gas. Most natural gases contain negligible H2S, and H2S-rich (or sour) gas fields
are mainly associated with carbonates, because clastic reservoirs generally contain sufficient iron(II) to
remove the highly reactive H2S as pyrite. Where H2S levels exceed 10% and reservoir temperatures are
>100°C, the source is invariably thermochemical sulphate reduction (TSR). TSR involves the reduction of
sulphate in aqueous solution by petroleum hydrocarbons (Machel et al. 1995). This results in the oxidation
of the hydrocarbons to organic acids and organic-S compounds, and the formation of solid bitumens –
except where methane is the only substrate – together with H2S and bicarbonate/CO2.

TSR appears to be associated with temperatures in the range 100–140˚C, and the saturated
hydrocarbons seem the most reactive fraction. Anhydrite is the major source of the required sulphate,
and during its consumption by TSR it is replaced by calcite with a characteristic δ13C signature. Among
the liquid hydrocarbons, TSR causes a decrease in the saturated:aromatic hydrocarbon ratio, an increase
in abundance of organic-S compounds and a slight decrease in API gravity; all trends opposite to those
usually associated with increasing thermal maturity (Manzano et al. 1997).

Kinetic isotope effects are involved in TSR (see Box 1.3), and the δ13C values of methane, ethane and
propane become a few permil heavier (Krouse et al. 1988). The conversion of sulphate to sulphide might
also be expected to exhibit an isotopic fractionation, lowering δ34S values by up to −20‰, but often zero
fractionation is observed, and the δ34S values for H2S (and organic-S) approach those of the pore-water
sulphate (and anhydrite). This is because the slowest (rate-determining) step for the overall reaction is
dissolution of sulphate, and once in solution the sulphate is effectively completely reduced, so the sulphide
has the same isotopic signature as the sulphate from which it originated (Manzano et al. 1997). The net
TSR reaction can be described by the following sequential steps, involving native S as an intermediate
and the recycling of CO2:

CaSO4 + 3H2S + CO2

4S + 2H2O + CH4

CaSO4 + CH4

[Eqn 4.4a]

[Eqn 4.4b]

[Eqn 4.4c]
anhydrite calcite

CaCO3 + 4S + 3H2O

4H2S + CO2

CaCO3 + H2S + H2O
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(g) Gas diffusion

Light hydrocarbons, particularly methane, can diffuse relatively rapidly through imperfect seals. Because
reservoir seals are usually not perfect the gases are likely to become depleted over geological time
periods. Because diffusion is related to molecular mass, methane containing the 12C isotope diffuses
more rapidly than that containing 13C, so there is an isotopic fractionation effect, with the residual gas
becoming isotopically heavier (see Section 5.8.6b).

(h) Evaporative fractionation

Where oil and gas phases occur in a reservoir, each compound will distribute itself between the two
phases according to its vapour-liquid equilibrium constant. For a particular hydrocarbon, this constant is
affected by all of the components present in each phase, as well as the hydrocarbon’s vapour pressure.
If the oil and gas phases become separated through leakage of the gas out of the cap or spillage of the
oil out of the bottom of the reservoir, the compounds remaining will attempt to reach a new partitioning
equilibrium between the two phases, resulting in evaporative fractionation. Such a process has been
suggested to occur in certain Tertiary reservoirs in the US Gulf Coast (Thompson 1987), and can lead to
significantly different distributions from that present in the original oil. One major effect is the enrichment
in aromatic hydrocarbons relative to n-alkanes containing the same number of C atoms.

(i) Tertiary migration

Petroleum may not remain in the first trap it encounters and spillage can occur: the most dense fluids can
be displaced past the spill point if less dense fluids, especially gas, continue to reach the trap. This
process of displacement – tertiary migration – can significantly affect the composition of hydrocarbons
encountered in a sequence of stacked reservoirs, possibly leading to the presence of oil in the most
shallow units and gas in the deeper units.

(j) Carbon dioxide

Although not usually considered a component of petroleum, it is worth considering the fate of the carbon
dioxide generated during the diagenetic and earliest catagenetic phases of kerogen and coal maturation.
Because of its high aqueous solubility, CO2 is quickly transported away from kerogen in the presence of
hydrodynamic flow. As a CO2-rich aqueous solution migrates upward and both temperature and pressure
fall, carbonate is likely to precipitate, and degassing may also occur, resulting in a rise in pH (Irwin &
Hurst 1983). These processes are likely to cause a reduction in the porosity of secondary migration
carrier beds and reservoirs, although the interactions are complex, and organic acids can create secondary
porosity by dissolving feldspars and carbonates (Gautier 1986; Bjørlykke 1994; Killops et al. 1996). Acetate
is by far the most important acid, and does not appear to be generated in sufficient quantity by kerogen
to account for the observed concentrations in reservoir fluids (Barth 1988), so it may originate from redox
processes involving mineral surfaces within the reservoir initiated when the first charge of oil enters
(Borgund & Barth 1994), or possibly even from anaerobic bacterial degradation of oil (Killops et al. 1996).

4.6 Temporal and geographical distribution of fossil organic carbon

4.6.1 Coal and kerogen

Throughout the Earth’s history there have been periods when conditions have been particularly suitable
for the deposition of coal and kerogen-rich deposits (suitable for petroleum generation), which are shown
in Fig. 4.31. As discussed in Sections 3.4.2 and 3.4.3, these episodes correlate with rising sea level. The
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long-period (c. 400 Myr) trend in eustatic sea level is related to the dispersal of continents and the relative
volume of oceanic basins occupied by constructive ridges (continental glaciation has a subordinate effect;
Box 3.11). Superimposed on this general sea-level trend are shorter period cycles of rises and falls,
which appear to govern the deposition of major coal deposits and oil source rocks. These second-order
sea-level rises, with periods of tens of Myr, are also caused by tectonic processes.

Major coal deposits coincided with periods following regression, which is consistent with the most
suitable conditions for deposition – a steady increases in accommodation space – being predominantly
found in lowland coastal swamps (Section 3.4.2a). Two main episodes of coal formation can be
distinguished: the first during the Carboniferous-Permian and a second smaller episode spanning the
Jurassic to early Tertiary. The majority of coals formed in the earlier episode are now bituminous coals or
anthracites, whereas those from the Tertiary are mainly brown coals.

The major prolific oil source rocks were deposited during global marine transgressions. As for coals,
there appear to have been two main episodes of oil source-rock deposition: one during the Palaeozoic,
peaking around the Devonian, and another during the Mesozoic, peaking around the Cretaceous. Such
periods were characterized by marine transgressions on to continental margins, creating suitable conditions
for the production (e.g. high nutrient supply) and preservation (e.g. anoxic basins) of sedimentary organic
matter (Klemme & Ulmishek 1991; Section 3.4.3a). This is reflected in the correlation of phytoplanktonic
abundance with organic-rich sediments in Fig. 4.31. The Palaeozoic peak in phytoplanktonic production
can be attributed to the dominant, organic-walled organisms of the era (acritarchs, green algae and
cyanobacteria). The latter productivity peak was characterized by major contributions from, initially,
calcareous (coccolithophores) and, subsequently, siliceous phytoplankton (silicoflagellates and diatoms;
see also Fig. 1.12).

age
(Ma)
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Fig. 4.31 Relationship between eustatic sea-level and major depositional periods of coals and petroleum-source rocks
(after Tissot 1979; Vail et al. 1978; FSU = Former Soviet Union).
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4.6.2 Oil and gas

The estimated total reserves of coal, conventional oil (produced as a liquid; see Box 4.6), and gas at the
end of 1999 are shown in Table 4.12 (World Energy Council 2002). These values clearly change over
time as consumption and exploration continues (oil generally diminishing, but coal sometimes increasing),
and the potentially vast reserves of coal in Antarctica are omitted from Table 4.12. More useful figures in
terms of understanding the amounts of carbon residing in the crust under steady-state conditions are the
sizes of the various reservoirs of fossil carbon that existed prior to Man’s large-scale exploitation of them,
which are estimated in Table 4.13. There is significantly less oil than coal and it is less evenly distributed
on a global basis. About 40% of the total estimated coal reserves are likely to be recoverable.

As well as conventional oil, Table 4.12 also includes heavy oils from tar-sand deposits (see Box 4.6)
and the oil that can be recovered by pyrolysing oil shales (the majority of which are located in North and
South America and the former Soviet Union). Oil shales are often not true shales, but they are kerogen-
rich rocks, and so are classified under kerogen in Table 4.13. As a proportion of proven conventional oil
reserves (c. 105 x 109 m3 or c. 660 x 109 barrels), c. 50% is accounted for by just 33 supergiant fields,
>60% is located in the Arabian-Iranian province (Middle East), and c. 25% is recoverable using currently
available technology. In contrast, much of the heavy oil reserves (mostly in Canada and Venezuela) may
not be recoverable, although substantial amounts of bitumen have been recovered from the Athabasca
oil sands. Heavy oils derive from degradation of conventional oils, and so are usually aromatic-naphthenic
or aromatic-asphaltic (Fig. 4.22).

Of the two main episodes of oil source-rock deposition, the Palaeozoic accounts for only 10–15% of
the total reserves of conventional oils (Bois et al. 1982). The smaller size of the Paleozoic oil reserves
compared with those of the Mesozoic is probably mainly attributable to escape of the older oils from
reservoirs due to later tectonic events and to various degradation processes (as described in Section
4.5.6). The surviving Palaeozoic oils are found in stable continental platforms that have escaped significant
tectonic activity. The relationship of relative sea level to the occurrence of oil source rocks is reflected in
the fact that most oil is derived from marine sources. In comparison, lacustrine source rocks are usually
of much more restricted extent; the largest lacustrine-sourced province, Songliao (China), accounts for
<1% of global recoverable resources (c. 1.36 x 109 m3).

Table 4.12 Estimated total reserves of fossil fuels (after

World Energy Council 2002). Approximate conversion to

tonnes of oil equivalent based on energy equivalence

factors of 1.07 for natural gas liquids (condensate), 0.9

for heavy oils, 0.7 for hard coals, 0.47 for brown coals,

0.23 for peat and 0.86 t per 103 m3 for gas (1 tonne

crude oil = c. 7.3 barrels = c. 1.16 m3).

coal Gt Gt oil equiv.

bituminous + anthracite 1441 1010

sub-bituminous 699 330

lignite 839 390

peat 461 110

oil Gt Gt oil equiv.

conventional 287 287

gas liquids 16 17

heavy oils/bitumens 99 90

shale oil 3604 3604

gas 1012 m3 Gt oil equiv.

natural gas 152 130

Table 4.13 Estimated amounts of fossil carbon in the crust

(after Kempe 1979; Tissot & Welte 1984; Ward 1984;

Kvenvolden 1998; Falkowski et al. 2000). Approximate

conversions to carbon basis assume: densities of 0.8 t m−3

for conventional oils, 0.9 t m−3 for heavy oils, 0.65 kg m−3

for gas, and corresponding C contents of 85, 80 and 75%;

coal content of 80% C (dmmf) 10% ash and 5% moisture.

mineral carbon Gt Gt C

carbonate - 60 x 106

kerogen - 15 x 106

coal Gt Gt C

coal 10000 7000

peat - 250

oil 109 m3 Gt C

conventional 500 350

heavy 600 400

gas 1012 m3 Gt C

coal + kerogen related 250 120

methane hydrates 21000 10000
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Gas reserves are less easy to associate with their source rocks because gas is able to migrate more
easily and over greater distances than oil. Consequently, conventional reserves (existing as gas in
reservoirs) are dominated by contributions from coal and kerogen sources of Cretaceous-Tertiary age
(Bois et al. 1982). The largest proven gas reserves are in the Middle East and the former Soviet Union,
each of which accounts for c. 35% of the total. There are also large amounts of methane in coal beds,
some of which may be exploitable, as in the USA (Kaiser et al. 1994).

(a) Methane hydrates

There is another, very important and large repository of methane: methane hydrates (also known as
gas hydrates or clathrates; Kvenvolden 1988). They comprise ice in which the interstices of the lattice
house small molecules, such as methane, ethane, carbon dioxide and hydrogen sulphide. In fact, enough
gas needs to be present to fill 90% of the interstices in order for the hydrate to form, and it has a different
crystal structure from normal ice (Sloan 1990). If fully saturated, the most common crystalline structure
can hold one molecule of methane for every 5.75 molecules of water, so 1 m3 of hydrate can contain 164
m3 of methane at STP (see Box 4.8). The solubility of methane in water is insufficient to account for
hydrate formation, and a major nearby source is required, typically methanogenesis, based on the
dominance of methane (99%) and its very light isotopic composition (δ13C generally <−60‰; see Section

5.8.2).
Methane hydrates are mostly found in permafrost

(onshore and offshore shelf sediments) in polar regions
and in deep oceanic settings (sediments on continental
slopes and rises), where cold bottom water is present
(e.g. Gulf of Mexico). The stability field for methane
hydrate formation in pure water is shown in Fig. 4.32;
addition of NaCl or N2 shifts the hydrate-gas boundary
to lower temperature, decreasing the stability range,
whereas CO2, H2S, C2H6 or C3H8 shifts it towards
higher temperature, increasing the stability range. Under
typical hydrostatic pressure gradients (Box 4.4),
methane hydrate formation in polar regions requires a
surface temperature <0˚C and a minimum burial depth
of c. 150 m (see representative permafrost geotherm in
Fig. 4.32), whereas in oceanic sediments with a bottom
water temperature approaching 0˚C the water depth
needs to be at least 300 m. The base of the stability
field is controlled by the geothermal gradient (Box 4.4);
it is unlikely to be >2000 m below the sediment surface,
and is typically much shallower (as shown for the
representative shelf margin hydro/geotherm in Fig. 4.32).
The base of the stability zone can be recognized by
seismic stratigraphy, and such surveys suggest that
methane hydrates are widely distributed around the
globe in continental margin sediments (Kvenvolden
1998). Current estimates of the amount of carbon
present in methane hydrates exceed that in all other
fossil fuels, at c. 104 Gt (Table 4.13), although they are
poorly constrained.


