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Abstract

Kerogen, commonly defined as the insoluble macromolecular organic matter (OM) dispersed in sedimentary rocks, is
by far the most abundant form of OM on Earth. This fossil material is of prime importance as the source of oil and natural
gas; moreover, kerogen can provide essential information on major topics such as past environments, climates and biota.
This review reports the main advances in kerogen studies since the comprehensive synthesis edited by Durand [Durand, B.
(Ed.), Kerogen, Insoluble Organic Matter from Sedimentary Rocks. Editions Technip, Paris, 1980.]. It is organized into
eight sections. The first two are concerned with the successive definitions of kerogen and the definition used here, the dif-
ferent techniques used for kerogen isolation without loss or degradation and basic kerogen analysis. The third and fourth
focus on sedimentary OM sources and preservation processes in relation to depositional environment, including sedimen-
tation conditions favourable for kerogen accumulation, and extrapolation to past geological time. Great strides have been
made in the latter topics over the last 25 years, owing to a combination of classical studies in organic geochemistry and
studies in other domains such as biogeochemistry, oceanography, hydrology and soil science, along with the development
of powerful analytical tools. The next two sections deal with the different kerogen classifications by type and kerogen evo-
lution and maturation upon burial in sediments. Structural modelling of coal and kerogen, based on physical and/or chem-
ical structural analysis, is described in the following section. Although, only statistical, the models thus derived provide a
synthetic view of the main structural resemblances and differences among various samples in relation to source, maturity or
physicochemical properties. Finally, the last section explores some of the advances in kerogen understanding expected for
the near future. The review includes a list containing about 500 references.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Kerogen is the sedimentary organic matter (OM)
which generates petroleum and natural gas. In this
respect, many efforts have been devoted to its isola-
tion and to the characterization of its chemical
structure and evolution during sediment burial,
aiming at a better prediction of oil and gas pools.
Great advances have been achieved with respect to
the prediction of oil and gas potential and the sim-
ulation of petroleum systems. This conceptual defi-
nition implies that kerogen and petroleum have
complementary characteristics. Accordingly, petro-
leum (and more generally bitumen) is soluble in
the usual organic solvents, whereas kerogen is the
sedimentary OM insoluble in these solvents. With
kerogen being a complex mixture of organic materi-
als tightly mixed with minerals in sediments, pro-
gress in its study has not only been linked to the
development of oil exploration via geological sam-
ple availability, but also to the huge increase in ana-
lytical capabilities during the last 40 years.
However, despite the numerous advances made with
respect to kerogen knowledge, important points are
still far from being elucidated.

Kerogen is a major sink in the global carbon
cycle and represents by far the largest OM pool
on Earth – 1016 tons of C compared to ca. 1012 tons
in living biomass (Durand, 1980). Accordingly,
besides petroleum research, scientists from different
disciplines like biogeochemistry, oceanography,
hydrology and soil science have been interested in
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the processes of OM incorporation into sediments.
This has been the source of major advances in
kerogen knowledge, such as (i) understanding the
relationships between primary productivity, sedi-
mentary OM preservation and planetary driving
factors for climatology, (ii) analysis of transporta-
tion processes and biochemical alteration of dis-
solved vs. particulate OM, (iii) contribution of
selective preservation of protective tissues to kero-
gen and (iv) early evolution of OM composition in
sediments. The present review describes some of
these major advances, realised over the last
twenty-five years since the synthesis edited by
Durand (1980). Kerogen isolation and bulk charac-
terization are described first in order to define
precisely possible limitations in interpretation
resulting from various isolation procedures. Other
analytical methods are considered only through
their applications but are not specifically described.
The next section is focussed on kerogen sources and
composition, and their variation with geological
time and sedimentary environment. The evolution
of ideas on mechanisms of OM preservation and
the resulting kerogen precursors, which have largely
changed since the 1980s, are then discussed. The
resulting classifications of kerogen, and their advan-
tages and drawbacks, as well as kerogen transfor-
mation during sediment burial, are also presented.
Laboratory simulation of maturation using pyroly-
sis techniques is discussed briefly because laboratory
simulation and molecular analysis and quantifica-
tion of resulting petroleum products have been
developed mainly after 1980 (although geological
maturation was already largely described in publica-
tions from the 1970s). Kinetic modelling of kerogen
cracking is not discussed because it is not relevant to
the aims of the present review (for more information
concerning this topic, see Benson, 1960; Ungerer,
1993; Schenk et al., 1997; Behar et al., 1997, 2003;
Burnham and Braun, 1999, and references therein).
The last section is focussed on structural modelling
of kerogen, in comparison with earlier studies of
coal. Finally, future research and expected advances
are discussed, including new analytical techniques.

2. Definition of kerogen

2.1. History of successive definitions

2.1.1. Pioneering work

The word kerogen was first coined by Crum
Brown (1912; personal communication to Carru-
thers et al., 1912, p. 143) to describe the OM of a
Scottish oil shale that produced a waxy oil upon dis-
tillation (keros = wax) and was restricted to
organic-rich rocks of economic importance. Recog-
nizing that OM in sedimentary rocks, even at low
concentration, can generate oil via artificial pyroly-
sis or burial for long periods of time, White (1915),
then Trager (1924), extended this early definition to
all OM in rocks capable of oil generation. At this
stage kerogen was considered ‘‘a convenient name
for the OM from which oil is obtained when rocks
containing it are heated’’ (Down and Himus,
1941). However, some inherent problems arose, as
stressed by these latter authors, since OM in sedi-
mentary rocks can comprise both kerogen that has
yet to generate oil as well as oil already generated.
Later, Breger (1960) proposed a definition based
on the chemical composition of organic precursors
of kerogen regardless of sediment OM content. Rec-
ognizing the main constituents of living OM, he
defined those having the best probability of escaping
biodegradation to be preserved as kerogen (i.e., lig-
nin, pigments and lipids). He proposed mechanisms
by which these functionalized compounds could
generate oil. However, this concept still did not
address the problem mentioned above regarding
the co-occurrence of oil and insoluble compounds
in sedimentary rocks.

2.1.2. Present day definitions

The modern definition, by Forsman and Hunt
(1958), took this problem into account, and kerogen
was defined as the dispersed OM of ancient sedi-
ments insoluble in the usual organic solvents, in
contrast to extractable OM. This dispersed insolu-
ble material accounts by far for the largest pool of
sedimentary OM compared to other forms like coal
or gas and more or less soluble fractions such as oil
and asphalts (Fig. 1; Durand, 1980).

The definition was later extended by Durand
(1980) to all insoluble sedimentary organic material,
including not only that dispersed in sedimentary
rocks but also ‘‘pure’’ organic deposits such as
humic and algal coals, and various asphaltic sub-
stances, as well as the insoluble OM in recent sedi-
ments and even in soil. The rationale was that all
these substances represent various stages in the
same transformation process of sedimentary OM
upon burial. This definition aimed at accounting
for kerogen organic precursors and preservation
processes in relation to depositional environment,
as well as at highlighting the interrelationship
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Fig. 1. Comparison of amounts of dispersed kerogen and ultimate resources of fossil fuels. Adapted from Durand (1980).
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between kerogen, its precursors and its transforma-
tion products. Ambiguities resulting from the mod-
ern definition based on solubility are discussed
below.

2.1.3. Dependence of definition upon experimental
procedure

A major drawback of this pragmatic definition,
based on kerogen insolubility in ‘‘common organic
solvents’’, contrary to oil or bitumen, is that the
amount and chemical structure of both this fraction
and the associated soluble fraction differ according
to the extraction method used. In fact, there is no
established standard protocol regarding solvent
characteristics, extraction conditions and solvent
to rock proportion. This introduces great variability
among different laboratories. Furthermore, extrac-
tion is never ‘‘complete’’ and depends not only on
the polarity of the solvent but also on the analytical
procedure, including sample grinding, and tempera-
ture and duration of extraction and stirring. Polar
solvents like CHCl3 or C6H6/CH3OH mixtures,
used in early studies, have been almost completely
abandoned due to their toxicity. Slightly polar sol-
vents with rather low boiling point are generally
used, like CH2Cl2, sometimes mixed with CH3OH,
because the recovered bitumen contains mainly
hydrocarbons, most of which can be extracted effi-
ciently in this way for further analysis. Other more
polar compounds, such as resins and asphaltenes,
are also extracted, but their yield is highly depen-
dent on extraction conditions. This is also true with
solvents of greater polarity frequently used by coal
scientists, like pyridine. Pyridine can swell coal
structure and afford, in some cases, extraction yields
up to 50% by weight, whereas CH2Cl2 only extracts
a few % of the same coal sample (Van Krevelen,
1993, Chapter 19). The composition and chemical
features of kerogen are closely dependent on the sol-
vent used for its isolation and analytical data can be
compared only if the same solvent is used. Alterna-
tively, if a special need is perceived with respect to
extracting selectively fractions of interest, then sol-
vent choice will be dictated by such needs as, for
example, when pyridine is used to maximize extrac-
tion from humic coals.

Another problem related to this operational def-
inition is the sequence in the protocol used for the
isolation of kerogen. Isolation generally requires
chemical destruction of the associated minerals.
This is performed on the whole rock, prior to or
after organic solvent extraction. In both cases, an
additional extraction step is needed after mineral
destruction, since hydrogen bonds are broken, or
even hydrolysis occur to some extent. Furthermore,
the three dimensional structure of kerogen under-
goes some change during the removal of the mineral
matrix, liberating extractable trapped compounds.
Hence, the chemistry of the isolated kerogen will
be influenced by the sequence in the protocol used.
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2.1.4. Occurrence of other insoluble non-kerogen

sedimentary OM

While kerogen is often defined as the potential
source of oil and gas, the extended operational def-
inition of Durand (1980) includes other sedimentary
OM, isolated on the basis of insolubility, that may
or may not be able to contribute to oil or gas forma-
tion during its geological history. Two such situa-
tions can exist. The first involves mobile
allochthonous OM that migrates into a non-reser-
voir rock (a fracture, for example) and becomes
insoluble for some physicochemical reason. This
may occur with tars, asphaltites and pyrobitumens
that are part of the products generated via matura-
tion and alteration processes and are not themselves
the generating substances. These products may be
mixed with autochthonous sedimentary OM, con-
founding a clear unambiguous assignment. The sec-
ond situation involves the presence of insoluble OM
in immature materials. Due to the high content of
oxygenated functional groups, part of the OM in
recent sediments is only sparingly soluble in many
non-oxygenated organic solvents and is sensitive
to hydrolysis. Accordingly, the most common sol-
vent for rock extraction, CH2Cl2, is not suitable
for the separation of soluble and insoluble fractions
from such low maturity samples. The extraction
method set up by those working on soil OM was
thus applied to recent sediments. It is based on the
partial solubility of low molecular weight polar sub-
stances in acidic or alkaline aqueous solutions
(Kononova, 1966; Stevenson and Butler, 1969).
Three classes of compounds are usually separated:
fulvic acids (soluble in both base and acid solu-
tions), humic acids (base-soluble but acid-insoluble)
and finally humin (insoluble in both basic and acidic
solutions). Humin from recent sediments should
thus be closely related to kerogen in ancient sedi-
ments and, consequently, is often called ‘protokero-
gen’, but this relationship is not fully understood. In
fact, the use of the terms kerogen, humin or proto-
kerogen in the relevant literature, added to different
choices of solvent strength, results in ambiguity in
the definition and comparison of organic fractions.
Moreover, using the same isolation procedure does
not mean that humin from recent sediments is sim-
ilar to humin from soil. Even if soil weathering and
river transportation can carry soil OM into aquatic
sedimentary environments, the alteration processes
during transportation will strongly modify the ini-
tial soil OM before its final incorporation into the
sediment. Accordingly, whereas humin from recent
sediments can be considered as a major constituent
of the future kerogen, this is generally not the case
for humin from soils, although the extended defini-
tion of kerogen by Durand (1980) mentions explic-
itly the notion of insoluble OM from both recent
sediments and soils. An exception to transport
should, however, be made for massive humic and
algal coals, the sedimentation of which can occur
in situ within swamps and shallow lakes from
coastal settings, or slowly subsiding basins. In
immature coals, humin accounts for the major part
of the humic compounds, in sharp contrast to OM
from soils, where humic and fulvic acids often pre-
dominate. Therefore, we use in the present review
the extended definition of Durand (1980) for kero-
gen, but excluding soil humin.

2.1.5. Consequences of extended definition on

distinction between kerogen formation and evolution

The earlier definitions of kerogen, based on
petroleum production, did not allow distinction
between kerogen formation and kerogen evolution
in shallow sediments. In fact, these definitions did
not imply any hypothesis about kerogen precursors,
formation processes and incorporation into recent
sediments as they were related to a further stage in
the evolution of sedimentary OM, principally ther-
mal stress at depth. Such a distinction also cannot
be achieved using either the definition of Forsman
and Hunt (1958) or the extended definition of Dur-
and (1980) based on insolubility. The latter feature
is largely related to the macromolecular nature of
kerogens and to the solvent used for extraction.
However, there is a continuum between living bio-
mass and the fossil macromolecular OM finally pre-
served in ancient immature sediments as kerogen.
Indeed, from the death of photosynthetic organisms
to recycling in the water column, sedimentation and
finally burial, along with addition of materials from
successive populations of heterotrophs, the chemical
structure of the macromolecular insoluble OM con-
tinuously changes, due to both condensation and
degradation reactions. There is still a continuous
transformation upon burial between solvent-soluble
and solvent-insoluble molecular constituents of the
organic debris as soon as they are incorporated into
sediments. Therefore, we do not discuss kerogen
‘‘formation’’ per se, because kerogen formation is
a continuous process from organism death to the
end of metagenesis. Instead, we consider ‘‘kerogen
origin’’, i.e. the preservation mechanisms that allow
a small percentage of the OM to escape reminerali-
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zation and enter the sedimentary cycle, and their
consequences for kerogen composition. Kerogen
evolution will thus begin with early diagenesis, a
transition stage in the first few meters of sediment
where bacterial processes are still active. This stage
was referred by Tissot and Welte (1978, Chapter
2) as early transformation, but as a part of diagen-
esis as a whole. It has special importance for the
later composition and petroleum potential of kero-
gen because of changes, sometimes major, in sulfur
and oxygen contents. Such changes, largely studied
in relation to chemical structure (e.g. Sinninghe
Damsté et al., 1998a; Adam et al., 2000), are
referred to in the literature in two different ways,
either as kerogen ‘‘formation’’ or kerogen ‘‘early
diagenetic evolution’’, which has resulted in some
confusion. Hence, the reason why in the title of this
review we use ‘‘kerogen origin’’ and not ‘‘kerogen
formation’’.

2.2. Summary

• Kerogen was first defined by its (a) relationship
to petroleum, implying transformation from
one into the other, (b) insolubility in organic sol-
vents and (c) occurrence in ancient sedimentary
rocks.

• This early definition was extended to OM in
recent sediments to account for chemical specific-
ity of organic precursors and preservation mech-
anisms in relation to depositional environment.

• The operational definition of kerogen, based on
insolubility, results in the isolation of an organic
fraction that may contain not only genuine sedi-
mentary OM at any stage of its transformation
into oil and gas, but also various inert residues
unable to form oil or gas.

• With the extension of kerogen definition to recent
sediments, OM incorporation into sediments is
proposed as the limit between preservation mech-
anisms vs. evolution processes.

3. Kerogen isolation and bulk characterization

3.1. Isolation

As a result of the generally low concentration of
kerogen in sedimentary rocks, the isolation of this
dispersed macromolecular OM from associated
minerals is a prerequisite for applying many of the
analytical techniques first directly used for coal
characterization. Several isolation or concentration
procedures have been proposed, depending on the
desired type of organic isolate and the analysis to
be performed. These procedures can be subdivided
into physical and chemical methods; detailed
reviews can be found in Forsman (1963), Robinson
(1969a) and Durand and Nicaise (1980).

3.1.1. Kerogen concentration via physical methods

Physical separation aims at avoiding any chem-
ical alteration of OM during the concentration
step. Many physical methods, by analogy with
ore concentration techniques, are based either on
specific gravity difference between OM (0.9–1.3
for most kerogens) and most minerals (ca. 2.5 for
clay and silica, up to 5.0 for pyrite) or on differen-
tial wettability by water and hydrocarbons. These
methods are applied to finely ground samples,
but grinding can generate problems for subsequent
microscopic analysis or can promote OM oxida-
tion and loss. Sedimentary OM is tightly associated
with minerals via physicochemical interactions or is
embedded within mineral grains (Forsman, 1963).
When first tested in the 1960s, physical separation
appeared incomplete, with highly variable yields
depending on kerogen Type and initial concentra-
tion, even after repeated processing. Moreover,
the resulting kerogen concentrate exhibited a
higher aliphatic to aromatic ratio than the total
organic fraction, showing that chemical segrega-
tion occurred during density fractionation (Smith,
1961). Ultimately, such techniques proved to be
useful for separating various macerals for compar-
ing their geochemical features [see, for example,
Stankiewicz et al. (1994, 1996)]. As described
below, these authors also succeeded in efficiently
eliminating pyrite from kerogen by density separa-
tion, after chemical destruction of the main
minerals.

3.1.2. Kerogen concentration via chemical methods

These methods are based on the destruction of
major minerals by non-oxidant acid attack at tem-
peratures between 60 and 70 �C. Treatment is per-
formed under an inert atmosphere to avoid OM
oxidation. Reviews of the methods and their appli-
cation to various rock samples can be found in
Forsman and Hunt (1958), Saxby (1970) and Dur-
and and Nicaise (1980). The most common consists
in first destroying carbonate, sulfide, sulfate and
hydroxides with 6 N HCl. Then, clay minerals,
quartz and silicates are eliminated using a mixture
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of 40% HF and 6 N HCl (1/2 v/v). Some residual
minerals still remain after these treatments, includ-
ing pyrite and minor heavy oxides such as zircon,
rutile and anatase. In addition, newly formed fluo-
rides resulting from the HF treatment, such as
ralstonite NaxMgxAl2�x(FOH)6H2O and other
complex fluorides (Robinson, 1969a; Hitchon
et al., 1976; Durand and Nicaise, 1980) can be
found. These fluorides are difficult to redissolve
once precipitated and they interfere with further
analysis of kerogen. Therefore, it is important to
prevent their formation. According to Durand and
Nicaise (1980), the best way to do this is to perform
several thorough rinsings with hot deionized water
between the acid steps, without filtering the residue
to dryness. Moreover, a second 6 N HCl treatment
is performed, after the HF/HCl destruction of sili-
cates, in order to eliminate the ions able to form
these fluorides. The procedure used at IFP for the
preparation of kerogen concentrates and the cell
designed for the acid treatment are displayed in
Fig. 2. After this treatment, the material, including
that recovered on filters and reactor walls is rinsed
to neutrality and dried at 100 �C to eliminate resid-
nitro
in

Voltalef c
lower pa

Voltalef ce
upper pa

drai
regulati

DCM EXTRACTED ROCK

Day 1
HCl 6N FIRST ATTACK IN A BEAKER

MIXTURE POURING INTO THE KEROGENATRON

ACID SOLUTION PUMPING

SAME ATTACK OVERNIGHT

Day 2

ACID SOLUTION PUMPING - HOT H2O RINSING (4 times)

HCl 6N + HF 40% ATTACK (1/3 - 2/3 v/v)

SAME ATTACK OVERNIGHT

Day 3

ACID SOLUTION PUMPING - HOT H2O RINSING (1 time)

HCl 6N ATTACK (4 HOURS)

HOT H2O RINSING (6 times at least and up to neutrality)

KEROGENATRON OPENING AND KEROGEN RECOVERY WITH H2O

Day 4
DRYING AT 100 ˚C UNDER N2 FLOW

Day 5
RECOVERY OF DRY ORGANIC MATTER - GRINDING

EXTRACTION WITH DCM

KEROGEN

Fig. 2. Analytical flow chart and schematic cross section of a cell r
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to oxidation once minerals have been destroyed.
Accordingly, all the above operations are performed
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HCl hydrolysis during demineralization, the acid
treatments do not alter significantly the kerogen
structure and do not generate newly formed solvent
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alization on a series of coals, starting from lignite,
was tested by Larsen et al. (1989). Ion exchange,
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hydrogen bonding interactions, was observed. How-
ever, the pyridine extract before and after deminer-
alization showed similar yield and molecular weight,
indicating that no covalent bonds were created or
broken.
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proposed by Robl and Davis (1993). Considering
that HF is sufficiently strong to remove both car-
bonate and silicates, the authors did not use HCl.
It was replaced with boric acid in the mixture with
HF so as to form BF3 in situ and prevent insoluble
fluoride precipitation. Comparison of a set of kero-
gens prepared with this method and with the HF/
HCl treatment showed on elemental analysis a little
less ash for the former method, but no significant
difference in elemental atomic ratios or Fourier
transform infra red (FTIR) spectral distribution.
In fact, in the HCl/HF treatment used for compar-
ison, the last HCl step described above, needed to
avoid formation of insoluble fluorides, was not car-
ried out. This resulted in ralstonite precipitation
(Hitchon et al., 1976), thereby increasing the ash
content relative to the ‘‘IFP’’ HCl/HF procedure
following the ranking and number of acid steps as
recommended by Durand and Nicaise (1980).

For recent sediments, whose OM is prone to acid
hydrolysis, a multi-step demineralization method
with recovery of the dissolved C was proposed by
Gélinas et al. (2001). Mineral destruction was per-
formed using dilute acid (1 N HCl and 1 N HCl/
HF 10% mixture) at room temperature. Acid solu-
tions and the rinsings from the acid treatment were
recovered by centrifugation. Hydrolyzed organic C
was recovered from the supernatants after elimina-
tion of inorganic ions and freeze drying, and com-
bined with the centrifuged material. Ralstonite was
often the major mineral found in the ash. The OM
concentrate obtained, with an enrichment factor
ranging generally from 2 to 10, and < 20% C loss
even for an initial TOC (total organic carbon) con-
tent as low as 0.3%, was suitable for obtaining good
quality solid state 13C NMR (nuclear magnetic res-
onance) spectra.

An additional extraction step with organic sol-
vent is always needed after acid treatment since
the recovered OM concentrate still contains residual
extractable compounds. The presence of these solu-
ble compounds can be due to one or several of the
following reasons: (i) incomplete initial extraction
of even finely ground rock because of the existence
of still closed or very small pores (Brukner and
Vetö, 1983), (ii) initial extraction hindered by phys-
icochemical interaction with minerals and (iii) steric
trapping of soluble compounds inside the kerogen
matrix. The amount of extract recovered after the
acid treatment can be greater in some cases than
that obtained directly from the crushed samples.
This is particularly true with recent sediments,
where oxygenated functional groups are abun-
dant, and with coals where the microporosity is par-
ticularly prone to retention (Van Krevelen, 1993,
Chapter 7) and where extractable material is tightly
trapped in the network of clusters extensively
hydrogen bonded to each other within the coal
structure (Larsen et al., 1985). The second extract
is generally richer in high molecular weight and/or
polar compounds than the rock extract (Table 1)
and it can be assumed that a major part originates
from compounds trapped within the kerogen struc-
ture, as shown by comparison of extracts from coal
and shale kerogens from the same well at similar
depth (Behar and Vandenbroucke, 1988). Such
compounds are partly liberated by the unfolding
of this structure due to hydrogen bond breaking
once minerals have been destroyed. In fact, for
kerogen, as for coal, the extraction will never be
‘‘complete’’. Indeed, some studies (Durand et al.,
1987; Behar and Vandenbroucke, 1988; Deniau
et al., 2004) showed that a number of compounds
remain trapped in kerogen macromolecular struc-
tures, even after the second extraction step, and
are only released by further extraction or thermo-
vaporization.

Pyrite can be a major constituent of kerogen con-
centrates, particularly from marine sedimentary
rocks, where it can amount to more than 40 wt%.
It frequently occurs as very small grains protected
from physical and chemical elimination by being
embedded in the OM. Pyrite elimination is required
for certain specific analyses and various methods
have been designed for this with greater or lesser
success. The use of common oxidative reagents
capable of destroying pyrite, such as HNO3 (often
used in palynological studies) is problematic due
to OM oxidation by the reagent. Pyrite elimination
with dilute HNO3 and LiAlH4 was used by Saxby
(1970), but oxidation of OM functional groups
was observed after the first treatment and reduction
after the second, as shown by changes in infrared
spectra. Durand and Nicaise (1980) used FeSO4

but, besides incomplete pyrite elimination, the
results also showed some oxidation of immature
OM, as well as sulfur incorporation. AlCl3 treat-
ment (three successive one day treatments at room
temperature under N2) also showed incomplete pyr-
ite elimination, strong OM oxidation and an
increase in chlorine content (Table 2).

A technique that seems efficient has been pro-
posed by Acholla and Orr (1993) using acidic CrCl2
under a N2 flow. Two treatments, with intermediate



Table 1
Composition of C14+ dichloromethane extracts (mg/g C and wt%) from rock (EXT-1) and kerogen (EXT-2) according to kerogen type and increasing maturitya

Kerogen
typeb

Sample
maturity

HI
(mg/g C)

SAT-EXT1
(mg/g C)

ARO-EXT1
(mg/g C)

NSO-EXT1
(mg/g C)

SAT-
EXT1
(%)

ARO-
EXT1
(%)

NSO-
EXT1
(%)

SAT-EXT2
(mg/g C)

ARO-EXT2
(mg/g C)

NSO-EXT2
(mg/g C)

SAT-
EXT2
(%)

ARO-
EXT2
(%)

NSO-
EXT2
(%)

I Onset of oil
window

728 62 13 33 57.4 12.0 30.6 6 2 28 16.7 5.6 77.8

I Top of oil
window

487 119 9 35 73.0 5.5 21.5 10 1 45 17.9 1.8 80.4

I Wet gas
window

52 21 5 15 51.2 12.2 36.6 8 1 14 34.8 4.3 60.9

II Onset of oil
window

503 22.2 27.8 68.3 18.8 23.5 57.7 4.1 2.5 32.0 10.6 6.5 82.9

II Top of oil
window

205 39.5 20.7 63.5 31.9 16.7 51.3 3.8 1.6 12.2 21.6 9.1 69.3

II Wet gas
window

30 1.2 2.0 1.7 24.5 40.8 34.7 0.7 1.4 4.0 11.5 23.0 65.6

III Onset of oil
window

337 5.7 15.6 30.5 11.0 30.1 58.9 0.7 4.2 9.7 4.8 28.8 66.4

III Top of oil
window

234 7.1 6.9 16.2 23.5 22.8 53.6 1.7 3.8 5.7 15.2 33.9 50.9

III Wet gas
window

106 0.5 1.1 2.7 11.6 25.6 62.8 0.6 1.0 2.0 16.7 27.8 55.6

a Data adapted from Penteado and Behar (2000) and Hill et al. (1999).
b Type I: Gomo Fm., Recôncavo Basin, Brasil; Type II: Duvernay Fm., Alta, Canada; Type III: Fruitland Fm. coals, CO, USA. NB: in contrast to different SAT and NSO

proportions observed for Types I and II extracts, compositions of Type III rock and kerogen extracts are quite similar due to efficient steric trapping of all types of chemical structure in
aromatic network of kerogen.
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Table 2
Influence of AlCl3 treatment after kerogen preparation on pyrite elimination and kerogen elemental analysis (wt%)a

Kerogen type/maturityb AlCl3 C H O N S tot Fe Cl Other elements Pyrite Atomic ratio

H/C O/C

I/M (GRS)c No 54.38 2.23 6.53 1.29 0.37 0.30 1.24 33.66 0.64 0.492 0.0901
Yes 39.81 2.54 8.94 0.98 0.55 0.23 3.62 43.33 0.49 0.766 0.1684

II/C (North Sea) No 23.76 1.99 10.83 0.49 25.08 15.83 0.38 21.64 33.92 1.005 0.3419
Yes 21.94 1.97 12.55 0.55 23.08 14.20 1.13 24.58 30.43 1.077 0.4290

III/D (North Sea) No 18.19 1.49 7.94 0.74 29.75 25.9 1.13 14.86 55.50 0.983 0.3274
Yes 12.98 2.23 13.87 0.49 21.90 17.26 6.52 24.75 36.99 2.062 0.8014

III/D (peat) No 56.50 4.44 35.80 0.72 0 0 0.55 1.99 0 0.943 0.4752
Yes 55.37 4.36 35.71 0.75 0 0 0.72 3.09 0 0.945 0.4837

a Data (IFP analyses) show for all samples, except peat, that pyrite is incompletely attacked, that Cl and other elements increase
(probably because AlCl3 is not totally removed during washing) and that there is a net reduction in C and increase in O, showing that OM
is oxidized.

b Maturity stage: D (diagenesis), C (catagenesis), M (metagenesis).
c GRS, Green River Shale.
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grinding, resulted in almost complete removal of
pyrite without noticeable alteration of the kerogen,
as shown by elemental analysis, infrared and solid
state 13C NMR spectra. Although preparation and
handling of the reagent is not so easy, this seems
by far the best chemical method to date for pyrite
removal with minimal kerogen alteration. Another
technique based on physical separation of pyrite
by density fractionation of kerogen concentrates,
has been proposed by Stankiewicz et al. (1994). It
is based on the observation that the close intercala-
tion of OM and pyrite requires very efficient grind-
ing before density fractionation. This is achieved by
cryogenic treatment of the sample in liquid N2

before grinding. The idea is that various compo-
nents of the kerogen concentrate have different
expansion rates, which initiates cracking at the
boundaries. Then, the sample is finely ground at
room temperature under N2. For density gradient
separation by centrifugation, the resulting concen-
trate is suspended in water with sonication, with a
cesium chloride solution having been added. The
kerogen and the pyrite are recovered in the aqueous
phase and heavy phase, respectively.
Table 3
Alteration as reflected in elemental analysis (atomic ratio) in a maturit

Date 1 Date 2 At H/C 1 At H/C 2

March 1992 February 2002 1.28 1.31
1.05 1.17
0.85 0.97
0.60 0.79
0.58 0.76

a Closed vials, in the dark without specific precautions regarding vial
b Data adapted from Behar et al. (2001).
3.1.3. Kerogen storage

Kerogen, being an ancient material that has sur-
vived extensive natural alteration, is implicitly con-
sidered to be highly stable. While this is true as
long as it is protected within its mineral matrix, it
is not the case for an isolated kerogen. Spontaneous
oxidative alteration of coal upon storage and natu-
ral weathering of kerogen at outcrops are well doc-
umented (e.g. Van Krevelen, 1993, Chapter 21;
Nicaise, 1977; see also Table 9 below). In contrast,
alteration of isolated kerogen upon laboratory stor-
age is generally underestimated. However such
alteration can be extensive even in closed vials, as
illustrated by changes in bulk parameters (Table 3)
and molecular composition.

Examination of the morphological and chemical
features of a Cenomanian black shale showed a
major role for the mineral matrix in OM preserva-
tion and kerogen stability. Indeed, this ca. 93 Myr
old kerogen exhibited extensive alteration in chemi-
cal structure, once separated from the mineral
matrix, after storage at room temperature in closed
vessels for one and two years (Salmon et al., 1997,
2000). Electron microscopy observations on whole
y suite of Type II kerogen during storage (10 years)a,b

Ratio 2/1 At O/C 1 At O/C 2 Ratio 2/1

1.02 0.084 0.181 2.15
1.11 0.065 0.248 3.82
1.14 0.057 0.190 3.33
1.32 0.070 0.412 5.89
1.31 0.075 0.302 4.03

atmosphere.
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samples of the shale showed that physical protection
resulted from alternation of ca. 100 nm thick
organic and clay nanolayers. The rapid oxidative
alteration during storage was probably due to oxy-
gen and moisture absorbed from the air before vial
filling and could be promoted by UV light. Conse-
quently, it is recommended that freshly isolated ker-
ogen samples be stored as follows: (i) drying and
grinding, (ii) removal of residual moisture under
vacuum, (iii) filling of the vial with N2 or Ar, (iv)
sealing with a Teflon/rubber septum and (v) storing
in the dark.

3.2. Bulk and atomic analyses

3.2.1. Specific gravity

Kerogen specific gravity increases when hydro-
gen content decreases and is therefore closely
related to kerogen Type and maturation. Accord-
ingly, this value is commonly measured for assessing
coal and kerogen maturity (Van Krevelen, 1993,
Chapter 12). Specific gravity is usually determined
with a pycnometer using a gas, generally He, or a
liquid like i-PrOH. Measurements are made by com-
paring the volume necessary to fill the calibrated
volume of the empty pycnometer and the pycnome-
ter containing the kerogen concentrate. Obtaining
kerogen specific gravity requires a correction to
account for the amount of pyrite (specific gravity
ca. 5) as determined from elemental analysis. This
correction is only an approximation because it
neglects the usually low amounts of other residual
minerals. Moreover, although pyrite is a non-stoi-
chiometric solid corresponding to FeSn, with n rang-
ing from 1.8 to 2, the approximate weight of pyrite
is calculated using n = 2 (Read and Watson, 1968).
Early data obtained by Forsman and Hunt (1958),
using the pycnometer method with i-PrOH, indi-
cated a kerogen specific gravity (after ash correc-
tion) ranging from 1.2 to 1.5, even for H-rich
kerogens. Specific gravity values greater than 1 were
Table 4
Examples of specific gravity of Types II and III kerogen measured wit

Kerogen type Sample maturity HI (

II End of diagenesis 532
II Onset of oil window 439
II Top of oil window 242
II Wet gas window 22

III Onset of oil window 250

a Pyrite contribution subtracted from measured specific gravity of ker
calculate pyrite wt%, assuming pyrite specific gravity of 5.
also determined by Stankiewicz et al. (1994) for low
maturity kerogen concentrates, using the density
gradient technique described above. Van Krevelen
(1993, p. 362) calculated the specific gravity for coal
macerals like exinite, using a group contribution
method. In agreement with experimental values,
all these calculated specific gravity values were
greater than one and, as expected, they varied
depending on maceral type and coal rank. In con-
trast to the above data, we measured kerogen spe-
cific gravity values varying from 0.8 to 1.5, using
He pycnometry (see Table 4 for selected data). In
agreement with the previously observed trends, the
values depended on kerogen Type and maturity
and showed inverse variation with H content. How-
ever, values less than 1 were systematically
observed, for all the series of Type II kerogens
examined, for samples exhibiting H/C atomic ratios
> 1.1. This apparent discrepancy in the range of
absolute values compared to the data in the above
papers may be due to differences in analytical proce-
dure (use of i-PrOH instead of He) and/or in uncer-
tainties related to ash presence and correction for
pyrite.

3.2.2. Elemental analysis

The major elements (wt%) in kerogen concen-
trates are C, H, N, O, S and possibly Fe from pyrite
(Himus, 1951). Elemental analysis is considered
reliable if the sum of these elements is > 90 wt%.
Durand and Monin (1980) cite an average balance
of 95% for 427 kerogens. Given this incomplete
mass balance due to some residual minerals, and
an average oxygen value at 11% on 324 kerogens,
it is very important that oxygen be measured
directly and not calculated by difference. All deter-
minations should be carried out in duplicate or trip-
licate according to preset reproducibility criteria,
because the amount of sample used for analysis is
low (< 1 mg) and kerogen concentrates are some-
times heterogeneous due, especially, to the occur-
h He pycnometer (IFP analyses)a

mg/gC) Tmax (�C) Specific gravity

414 0.814
438 0.995
443 1.115
479 1.518

435 1.295

ogen concentrate, using amount of Fe from elemental analysis to
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rence of pyrite. C, H and N are determined on one
aliquot of the concentrate using thermal conductiv-
ity detection of gases produced from combustion at
1000 �C. O is measured on another aliquot by pyro-
lysis of the kerogen under N2 flow, transformation
of O-containing gases to CO2, with CO2 being quan-
tified using coulometry. Total S, including pyritic
and organic S, is obtained by oxidation of a third
aliquot followed by quantitative coulometry of
SO2. Fe measurement is necessary to calculate the
approximate amount of pyrite FeS2, the organic S
being obtained by difference from the measured
total S. This analysis is performed on a fourth ali-
quot: mineralization with a mixture of HNO3 and
H2SO4, then quantitation of Fe using atomic
absorption. Other minerals resisting acid attack,
such as barite, rutile and anatase, can be estimated
by the difference between 100% and the sum of the
above elements. Ash, after combustion, can also
be weighed in order to approximately cross-check
the data obtained. However, if pyrite is present, this
cross-checking should account for pyrite oxidation
during combustion.

Elemental analysis data are used for classifying
kerogens in a van Krevelen diagram, as discussed
in detail below. The diagram is obtained by plotting
the main elements, C, H and O as atomic ratios of
H/C vs. O/C, the ratios being calculated by multi-
plying the weight ratio by the inverse atomic weight
ratio of the elements considered. The organic S/C
atomic ratio can also be calculated, provided that
either pyrite was destroyed during kerogen isola-
tion, or that Fe was analyzed in order to substract
pyritic S from total S.

3.2.3. Rock-Eval analysis
Rock-Eval pyrolysis is a well known technique

for the rapid geochemical characterization of kero-
gen in whole rocks, so the apparatus description
and its principles are not detailed here (see Espitalié
et al., 1985; Espitalié and Bordenave, 1993; Whelan
and Thompson-Rizer, 1993; Lafargue et al., 1998;
Behar et al., 2001). As indicated in papers by Espi-
talié and coauthors, Rock-Eval allows rapid and
cheap screening analyses to be performed on a large
number of samples, in order to select the most rep-
resentative for detailed geochemical analysis.
Briefly, the rock is heated at a programmed temper-
ature rate in a pyrolysis oven under N2 flow, and
hydrocarbonaceous effluents are quantified with a
flame ionization detector. A first peak (S1) is due
to thermovaporized free compounds and a second
peak (S2) to hydrocarbonaceous pyrolysis com-
pounds that mimic those still to be generated by
the kerogen upon source rock burial. The amount
of CO2 formed during OM pyrolysis up to 390 �C
is measured with a specific detector to provide the
S3 peak. If the apparatus is equipped with an oxida-
tion oven, the residual kerogen is then burned at
850 �C under a flow of air and the resulting CO2

(to provide the S4 peak) is measured. This allows
determination of TOC by summing the C content
of peaks S1–S4. The main parameters obtained with
this technique are the hydrogen index (HI = S2
peak area/TOC), oxygen index (OI = S3 peak
area/TOC) and Tmax (the pyrolysis temperature at
the S2 peak maximum). Application to ‘‘pure’’
OM, such as coal and kerogen, requires specific
adjustments of the analytical procedure, including
decrease in sample weight in order to avoid detector
saturation (5–10 mg of kerogen). Moreover the
shape of the S2 peak shows that pyrolysis of humic
coals and terrestrially-derived kerogens is not com-
plete if the final temperature is 600 �C, as initially
used, since the signal does not return to the baseline
at the end of pyrolysis. Under these conditions, the
HI (a measure of the remaining petroleum poten-
tial) is underestimated, as is the TOC content com-
pared to the value obtained using elemental
analysis. The final temperature was therefore raised
to 800 �C in the newer Rock-Eval 6 apparatus. A
very good agreement is thus obtained between
TOC values measured with the LECO SC-444 ana-
lyzer, the Rock-Eval 6 and elemental analysis (Laf-
argue et al., 1998; Behar et al., 2001).

Thermogravimetric analysis coupled with mass
spectrometry (MS) and applied to reference source
rock series (Souron et al., 1977) showed that similar
amounts of hydrocarbonaceous products and CO2

were generated from isolated kerogens or from kero-
gens still in their host rock. A good correlation was
also observed between HI and the H/C atomic ratio
of kerogens and coals on one hand, and OI and the
O/C atomic ratio on the other hand, as shown in
Fig. 3. These observations led Espitalié et al. (1977)
to propose the use of the HI vs. OI diagram, mea-
sured on whole rocks, instead of the H/C vs. O/C
atomic ratio diagram, to help determining kerogen
source and maturity. HI consideration alone does
not allow Type identification, because the evolution
path cannot be defined. The HI vs. OI diagram for
rocks takes advantage of the elimination of a specific
analytical procedure for isolating kerogen. However
it must be used with care because the so called



Fig. 3. Correlation between Rock Eval HI and H/C atomic ratio on the left, and Rock Eval OI and O/C atomic ratio on the right,
measured on kerogens and coals with TOC > 40 wt%. Adapted from Espitalié et al. (1985).
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‘‘matrix effect’’ (Monin et al., 1980; Espitalié et al.,
1984) can substantially lower the HI value, compared
to that from the isolated kerogen, for samples with
low TOC values (< 1%; Fig. 4). In fact, pyrolysing
a rock under a gas flow activates the acid catalytic
properties of clays by dehydration, a phenomenon
not occurring under geological conditions, and
decreases hydrocarbon production by forming coke
(Senga-Makadi, 1982). As a result, the correlation
using Rock-Eval parameters of whole rocks and ele-
mental atomic ratios of kerogens has a lower correla-
tion coefficient for organic-poor rocks. The diagram
plotting HI as a function of Tmax could bring some
information related to evolution paths but, due to
analytical uncertainties and restricted Tmax range
for petroleum generation by Types I and II, it is often
not reliable. It was observed that the Tmax of whole
rocks having low TOC can be increased compared
to that of kerogen by way of retention by minerals
of the heavy fraction, the first to be released (Espi-
talié et al., 1984). Rock-Eval should thus be used as
a screening tool, and careful examination of resulting
data in terms of non-significant values and possible
contamination is necessary before interpretation
(Espitalié and Bordenave, 1993, p. 257). It is only
after detailed geochemical analysis on samples
selected as a result of such screening, that one can
securely define the Type of OM and its maturity
stage.

3.3. Summary

• Based upon the now largely accepted operational
definition of kerogen, various procedures can be
used for the isolation of kerogen concentrates.
These may introduce differences in kerogen com-
position as characterized by bulk and molecular
methods. It should be noted that, once isolated
from its host rock, kerogen is prone to oxidation
and should be stored in the dark under an inert
gas atmosphere.

• As developed in a later section, bulk analytical
techniques such as elemental analysis or Rock-
Eval pyrolysis are at the origin of separation of
kerogens into main Types characterized by evolu-
tion paths. Although spectroscopic methods for
kerogen analysis have not been detailed in this
section, they are also of primary importance for
understanding and quantifying kerogen source
and composition in more detail, and are pre-
sented through their numerous applications in
the following sections.
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n-alkane amount and distribution; pyrolysis effluent quantified
with pyrolysis-GC in the C1–C35 range; amount is 437 mg/g C for
kerogen alone and is reduced to 318.5 mg/g C for the 1/5
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distribution shifted to shorter chains. Adapted from Senga-
Makadi (1982).
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4. Biological sources and depositional environment,

present and past

In this section, we discuss the processes that lead
to OM incorporation into sediments, in order to
decipher the relationships between living organisms
and kerogens. This requires a multidisciplinary
approach, taking into account production in the
biosphere, sedimentation processes controlling OM
deposition and its amount, microbial effects on
OM preservation, and physical and chemical inter-
actions between mineral and organic constituents
(Tyson, 1995). Information about past geological
times, concerning once-living organisms and envi-
ronmental conditions, even if it is often incomplete
or uncertain, is also required for understanding
the observed worldwide occurrence of discrete geo-
logical periods with OM-rich sediments, the type
of organisms involved in their formation, and the
associated environmental conditions. We do not
intend to provide a comprehensive synthesis of all
these topics. Rather, we will focus on the points that
can help to clarify aspects of kerogen incorporation
into present day sediments in relation to deposi-
tional environment, and in extending this informa-
tion to the past, especially to the Phanerozoic.

4.1. Biological sources

Because kerogen is the insoluble OM buried in sed-
iments, thus being tightly related to the sedimentary
environment, its chemical structure exhibits signifi-
cant variation depending on sources and depositional
conditions. Early studies by Down and Himus (1941)
and by Forsman and Hunt (1958) recognized that
close correspondence exists between two main kero-
gen Types and the related end member organic rocks,
namely humic coals and bogheads. These materials
represent the end points of sedimentary OM deposi-
tion when transportation, mineral precipitation and
detritic mineral input, alone or combined, are very
low.

4.1.1. Primary producers and the carbon cycle

As shown by microscopic studies and extensive
chemical analysis including biomarker typing (e.g.
Peters and Moldowan, 1993; Peters et al., 2004
and references therein), two main primary produc-
ers contributed to sedimentary OM during the
Phanerozoic: first, algae and then, terrestrial higher
plants that emerged around the Silurian. The
organic fraction deposited in lacustrine or marine
environments corresponds to residues from these
primary producers and from various heterotrophic
organisms, including fungi and bacteria that
escaped complete mineralization through the whole
C cycle. Bacteria are the last living organisms to
rework this OM. However, although their input
can be traced via specific biomarkers, it is difficult
at this time to quantify accurately the bacterial con-
tribution to the final organic content of sediments.
The mechanisms of the successive series of transfor-
mations from living to sedimentary OM in Quater-
nary sediments have been described in detail
(Heinrichs, 1993 and references therein) and are
only mentioned briefly below. Globally, it is gener-
ally considered that, most of the time, the OM
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incorporated into sediments corresponds to only
0.1% to <1% of the whole living biomass of source
organisms (Tissot and Welte, 1978).

The first part of the C cycle (Fig. 5) involves the
primary producers that are photoautotrophic
organisms which transform atmospheric CO2 or
inorganic C (CO2 and associated CO2�

3 ) dissolved
in water into their own metabolites using solar
energy for photosynthesis. Life is thus restricted
for these organisms to the photic zone, i.e. the land
surface and the upper hundred meters of the water
column. Accordingly, the major contributors are
phytoplankton in water and higher plants on earth.
Table 5
Present day distribution of primary production in terrestrial and marin

Environment Total production
(tons C/year)

Production

Terrestrial 4.8 · 1010 Desert
Grass land
Forest
Agriculture

Marine 3.5 · 1010 Estuary
Continental
Deep ocean
Primary productivity assessment as a function of the
different production sites and their area (Table 5)
indicates that continental ecosystems are today
more productive than marine ones (Huc, 1980;
Summons, 1993).

The second part of the cycle (Fig. 5), which
occurs after the death of autotrophs, corresponds
to their mineralization through the whole food
chain by heterotrophic organisms, that use the
energy provided by oxidation reactions to synthe-
size their own metabolites. The major pathways of
C oxidation are oxygen consumption, sulfate reduc-
tion, fermentation and methanogenesis (Heinrichs,
e environments (after Huc, 1980; Summons, 1993)

zone Total area
(106 km2)

Organic productivity
(% total production)

68 4
26 13
41 65
14 18

2 8
shelf 84 47

276 46
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1993), while denitrification would generally play a
minor role for OM remineralization. A consortium
of different bacterial types is necessary to achieve
OM degradation, among which hydrolytic and fer-
mentative bacteria are of primary importance.
Being the only ones capable of degrading initial bio-
macromolecules into small units available to other
bacteria, they are consequently the first actors in
the overall microbial degradation process (Tyson,
1995, p. 50). The OM is thus decomposed by more
or less restricted classes of heterotrophs, depending
on the environmental conditions and related elec-
tron acceptors. These organisms sometimes show
great adaptive capacity to survive in aggressive envi-
ronments, which may be reflected by way of specific
biomolecules. For example, gammacerane, often
used to correlate crude oils and source rocks, and
a biomarker commonly associated with hypersaline
environments (de Leeuw and Sinninghe Damsté,
1990), has probably a precursor playing a key role
in the regulation of membrane exchanges in halo-
philic bacteria.

The organic debris settling on surficial sediments
is thus the sum of all residues escaping the biological
cycle, and incorporates residues of complex bacte-
rial populations, depending on sequential redox
horizons in the lacustrine or marine environment
(Froelich et al., 1979; Deming and Baross, 1993).
Further degradation occurs in the upper sedimen-
tary layers. However, according to Heinrichs
(1993), it seems that most of the OM that is buried
below 1 m will be preserved. For marine settings,
about 70% of the sedimented material would corre-
spond to the detrital rain of particulate OM and
about 30% to remains of benthic heterotrophs
(including macrofauna, meiofauna and microbial
populations) living near the sediment–water inter-
face (Mayer, 1993). The proportion of remains of
benthic precursors might be less than 30% when
the organic input is predominantly terrestrial
because, as discussed below, the presedimentary
alteration should be high, and the resulting refrac-
tory organic matter is not available for further bio-
degradation at the sediment–water interface.
Moreover, high sedimentation rates, correlated with
enhanced OM preservation (Heinrichs, 1993), are
frequently observed in depositional environments
with a large terrestrial organic input. However, the
relationship between high sedimentation rate and
high TOC is not straightforward, because it depends
on the respective rates of mineral sedimentation and
oxic/suboxic bacterial degradation, the balance
being in favour of TOC dilution for very high sedi-
mentation rates (Tyson, 1995, pp. 99–118).

4.1.2. Microscopic features of sedimentary OM from
millimetre to nanometre scale

A precise description of the morphological fea-
tures of sedimentary OM can be obtained by micro-
scopic observations at various scales and can afford
important information on sources and preservation
pathways. This petrographic approach has been
used for a long time in coal studies (Hutton, around
1830, as cited by Van Krevelen, 1993, p. 108) and
has been proven successful in identifying remains
of source organisms in coals. It should be applied
systematically to sedimentary OM along with geo-
chemical analysis. Unfortunately, light microscopy
(reflectance or transmittance, natural light or UV
fluorescence) is often made difficult on polished
blocks and thin sections of untreated rocks because
of OM dissemination and interference from miner-
als. With kerogen concentrates, difficulties arise
from the presence of sometimes abundant, unrecog-
nizable ‘‘amorphous’’ fractions. However, in addi-
tion to these amorphous materials, a number of
organic remains such as algal bodies, faecal pellets,
spores, pollen and plant debris have been identified
via light microscopy (Plate a).

A petrological classification of petroleum source
rocks based on two main organic sources, aquatic
(algae and bacteria) and terrestrial (mainly lignin-
related components) was proposed by Combaz
(1980). Terrestrial constituents such as spores, pol-
len and cuticles, when concentrated into cannel
coals, were considered in this classification as a spe-
cial class named liptobioliths. Other classifications
based on the organic fraction alone, analogous to
the maceral nomenclature established for coals by
Stopes (1935), were proposed by Robert (1979),
Alpern (1980), Hutton (1987), Teichmüller (1989)
and revised by Taylor et al. (1998, Chapters 4 and
5). Table 6 is a simplified classification of kerogen
constituents based on these studies.

Important advances resulted from the use of
transmission electron microscopy (TEM) for kero-
gen examination. Owing to the much higher resolu-
tion obtained relative to light microscopy, it appears
that a number of kerogens, previously considered as
amorphous on the basis of light microscopy obser-
vation, contain organic remains with well-defined
morphology. Indeed, TEM studies on 60% of a
large set of ‘‘amorphous’’ kerogens isolated from
source rock and oil shales, ranging in age from



Plate a. Examples of kerogen diversity as revealed by light microscopy. (A) Ermelo Torbanite (Permian-Carboniferous, South Africa); the
bulk of this extremely organic-rich deposit is composed of fossil colonies of Botryococcus with well preserved morphology. (B) Autun
Torbanite (Permian, France) showing yellow (Y) and orange (O) colonies interbedded with an abundant organo-mineral matrix (M).
These two types of colonies exhibit substantial differences in chemical composition as revealed by micro-FTIR spectroscopy probably due
to differences in colony microenvironment after deposition. (C) Sporinite-rich cannel-coal (Westphalian, UK) dominated by megaspores
(M). (D) Woody debris (Maestrichtian, Sahara). (E) Gel-like particles accounting for the bulk of the extremely sulfur-rich kerogen of
Orbagnoux (Kimmeridgian, France). (F) Weakly mature (left) and highly mature (right) granular organic matter (Kimmeridgian, North
Sea). Scale bars: A (10 lm), B (50 lm), C and D (25 lm), E and F (75 lm). Reprinted with permission from Landais et al. (1993, p. 2532),
Copyright (1993) Geochemical Society for B; with permission from Combaz (1980, p. 93), for C, 97 for D, 105 for F, Copyright (1980)
Editions Technip for C, D, and F; with permission from Mongenot et al. (1997, p. 335).
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éo

lo
gi

q
u

e
d

e
F

ra
n

ce
fo

r
E

19
97

736 M. Vandenbroucke, C. Largeau / Organic Geochemistry 38 (2007) 719–833
Infra-Cambrian to Miocene, revealed the presence
of very thin lamellar structures (Largeau et al.,
1990a,b). Such very thin structures, termed ultra-
laminae, are usually 10–60 nm thick and are tightly
associated into bundles (Plate b, C and D). These
structures, whose origin is discussed below, gener-
ally co-occur with a truly amorphous fraction. The
relative amounts of ultralaminae and of nanoscopi-
cally amorphous OM in kerogen can vary greatly.
Thus, some kerogens, like the Rundle Oil Shale



Table 6
Simplified petrographic classification of kerogen constituents
(after Robert, 1979; Alpern, 1980)

Maceral Organoclast (organic
microconstituent)
(Alpern, 1980)

Source of
constituents
(Robert, 1979)

Vitrinite Woody tissues Primary
Inertinite Burned organic tissues Primary
Exinite Higher plant protective

tissues, spores, pollen, resins
Primary

Alginite Phytoplankton Primary
Bituminite Migrated bitumen Secondary
Faunal relics Zoobenthos Primary
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(Eocene, Australia) and the Göynük Oil Shale (Oli-
gocene, Turkey), are composed mostly of ultralam-
inae. In contrast, the kerogen of the Green River
Shale contains only a low contribution of such
structures and is dominated by amorphous OM
(Largeau et al., 1990a; Derenne et al., 1991; Gillai-
zeau et al., 1996). A combination of morphological
and chemical studies showed the occurrence of two
main types of nanoscopically amorphous OM in
kerogens with different origins (see section on pres-
ervation processes). Homogeneous, gel-like kerogen
fractions were shown to be related to natural sulfu-
rization (Boussafir et al., 1995; Mongenot et al.,
1997, 1999, 2000), whereas degradation–reconden-
sation yields heterogeneous, diffuse and sometimes
granular fractions (Zegouagh et al., 1999; Deniau
et al., 2001) as shown in Plate b (E and F).

Direct TEM examination of kerogen in rock
samples has only been performed on a few samples.
Such in situ observations, on a series of rock frag-
ments from the Kimmeridge Clay Formation
(Upper Jurassic, UK) selected using light micros-
copy, provided information on: (i) the correlation
of the ultrastructures identified with TEM of the
isolated kerogens and the macerals identified with
light microscopy on polished rock sections and (ii)
the association of these different macerals with min-
erals at a nanoscopic level (Boussafir et al., 1995).

Parallel TEM and scanning electron microscopy
(SEM) observations (secondary electron mode)
were performed on some kerogens, chiefly com-
posed of organic microfossils and isolated from
organic-rich deposits. These observations revealed
that fine morphological features, like the multilay-
ered nature of cell walls, can be retained in ancient
kerogen, as observed for the colonies of Gloeocaps-

omorpha prisca that form Kukersite Oil Shale
(Ordovician, Estonia; Derenne et al., 1992a), and
for Neoproterozoic acritarchs (Ediacarian, Austra-
lia; Arouri et al., 1999). Such combined studies also
showed large differences in the level of morphologi-
cal preservation of Botryococcus colonies, related to
differences in depositional conditions, in various
Maar-type oil shales (Pliocene, Hungary; Derenne
et al., 1997, 2000). Well preserved Botryococcus col-
onies were also examined with confocal laser scan-
ning fluorescence microscopy in a Paleogene oil
shale (Ukraine) and three-dimensional information
on colony organization was thus obtained with this
new method (Stasiuk, 1999).

A wealth of information can be derived from
microscopic observations coupled to spectroscopic
pin-point analysis. Thus, transmission micro-FTIR
spectroscopy on thin sections allowed identification
and characterization of different types of heteroge-
neity (Fig. 6), both in Botryococcus colonies and
in the organic matrix, in Permian to Carboniferous
Torbanites (organic-rich deposits in which kerogen
is chiefly composed of accumulations of Botryococ-

cus). Comparison of the FTIR spectra obtained
through these pin-point in situ analyses and of the
spectra classically obtained on bulk samples showed
that the latter afforded significantly biased informa-
tion on the composition of Botryococcus colonies,
their oil potential and kerogen maturity (Rochdi
et al., 1991; Landais et al., 1993). Transmission
micro-FTIR spectroscopy was also used to examine
vitrinite and liptinite alteration in a cannel coal
under UV irradiation and its relationships with tem-
poral alteration in fluorescence emission spectra of
kerogen macerals (Pradier et al., 1992). micro-FTIR
examination of macerals in kerogens was also per-
formed using reflectance mode (Lin and Ritz,
1993; Mastalerz and Hower, 1996; Mastalerz
et al., 1998; Arouri et al., 1999). Micro-FTIR exam-
ination of Botryococcus colonies in a series of cannel
coals, along with pin-point elemental analysis using
an electron microprobe, thus revealed large varia-
tions in composition, related to differences in matu-
ration and depositional conditions (Mastalerz and
Hower, 1996). Combined Micro-FTIR and X-ray
absorption near edge spectroscopy (XANES) were
used for observations at the lm scale on various
prokaryotic microfossils, including the spatial distri-
bution of alkyl groups and sulfur oxidation state
(Foriel et al., 2004).

Elemental mapping with electron dispersive
spectrometry (EDS), along with SEM in backscat-
tered electron mode (BSEM), was performed on
polished sections of a few rock samples, including



Plate b. A and E scanning electron microscopy, B–D and F transmission electron microscopy. A–D: Observations on the extant green
microalga Scenedesmus quadricauda and relationship with fossil ultralaminae. (A) Four-celled typical colony of S. quadricauda. (B)
Ultrathin section showing a partial view of two adjacent cells from a colony, the cells are surrounded by a classical polysaccharidic wall (I)
and a very thin algaenan-comprised trilaminar outer wall (O). (C) Typical trilaminar organization of the very thin outer walls is well
preserved in the isolated algaenan, however these walls are now somewhat distorted due to the complete elimination of the cell contents
and of the thick polysaccharidic inner wall following the drastic hydrolysis aimed at removing all the cell components but the algaenan.
(D) Fossil ultralaminae from an ultralaminae-rich deposit (upper Kimmeridgian, Gabon); morphological and chemical similarities
indicate that such structures originate from the selective preservation of very thin, algaenan-comprised, microalgal outer walls. (E,F)
Kerogen isolated from marine sediments of the North-West African upwelling system showing the granular morphology generally
observed in kerogens formed via the degradation–recondensation pathway. Scale bars: A (10 lm), B–D (2 lm), E (100 lm) and F (1 lm).
Reprinted with permission from Derenne et al. (1991, p. 1043), for B, 1044 for C, Copyright (1991) Geochemical Society for B and C; with
permission from Largeau et al. (1990), p. 892, Copyright (1990) Pergamon Press for D; with permission from Zegouagh et al. (1999, p.
105).

�
P

er
ga

m
o

n
P

re
ss

fo
r

E
an

d
F

19
99

738 M. Vandenbroucke, C. Largeau / Organic Geochemistry 38 (2007) 719–833



Fig. 6. Transmission micro-FTIR spectra from thin section of a Botryococcus-rich oil shale (Carboniferous, Russia) similar to shale
illustrated in Plate a (B). The spectra reveal sharp differences in composition between fossil colonies of Botryococcus (mostly originating
from selective preservation of cell walls made up of algaenan) and organic matrix (mostly originating from degradation–recondensation).
Reprinted with permission from Landais et al. (1993, p. 2532).
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Kimmeridgian Shales (Dorset, UK; Lallier-Vergès
et al., 1993) and extremely sulfur-rich, bitumi-
nous laminites (Upper Kimmeridgian, Orbagnoux,
France; Mongenot et al., 1997). Elemental mapp-
ping of C, Ca and S on the Orbagnoux samples thus
showed that the S corresponds almost exclusively to
organic S and is homogeneously distributed within
the OM (Plate c).

4.2. Changes associated with sedimentation processes

4.2.1. Depositional environment

Sedimentation occurs only in aquatic environ-
ments with either fresh or saline water, for example
oceanic platforms or inland basins, under variable
water depth. Given the relative global areas of pres-
ent day lacustrine and coastal marine zones, it
appears that the major depositional environment
for OM is presently coastal marine settings. The
emerged land surface, being eroded by meteoric
processes, temperature changes, and wind and rain,
often makes a major contribution to mineral sedi-
mentary input.

Except for coal beds that are mostly, and in the
case of massive veins exclusively, deposited in situ,
terrestrial higher plant debris accumulates after
transport to aquatic sedimentary systems. These res-
idues have already suffered strong biotic as well as
abiotic degradation under oxic conditions in soils,
before being transported, first by surface runoff
and erosion and then by rivers. During this trans-
port, relatively inert substances like waxes and ligni-
fied tissue, or biopolymers such as cutan and
suberan, can partly escape oxic degradation (de
Leeuw and Largeau, 1993; Hedges and Oades,
1997). Given their strong alteration upon transpor-
tation, terrestrial organic remains probably do not
suffer major changes through bacterial alteration
during further settling and incorporation into the
sediment. This is supported by elemental analy-
sis data showing that, even when sedimented in mar-
ine environments where sulfate-reducing bacteria
thrive, terrestrial OM generally contains very low
amounts of sulfur. This is not always the case for
humic coals, which may, however, incorporate sul-
fur into their organic network if a marine transgres-
sion occurs during early diagenesis (Chou, 1990;
White et al., 1990). This incorporation is possible
because immature coals, being deposited in place,
have not been submitted to the oxic degradation



Plate c. BSEM observation (A,D) and elemental mapping of calcium (B,E) and sulfur (C,F) by EDS of polished sections of a typical
sulfur-rich sample from the Orbagnoux deposit (upper Kimmeridgian, France) showing that sulfur almost exclusively corresponds to
organic sulfur and is homogeneously distributed in the lamellar and diffuse organic matter (maps C and F). ca, pure carbonate; ls, lamellar
organic matter; ne, diffuse organic network. Scale bars: (25 lm). Reprinted with permission from Mongenot et al. (1997, p. 336).
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é

G
éo
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associated with pre-depositional transport. There-
fore, their chemical structure is probably more labile
than that of coal debris transported during land ero-
sion, so that they can incorporate reduced S species
from bacterial metabolism. Bacterial alteration in
the resulting sulfur-rich coals is clearly indicated
by the light isotopic composition of this organic sul-
fur (Chou, 1990).

In opposition to weak biochemical alteration of
terrestrial organic debris once it has arrived at the
site of sedimentation, intense reworking of phyto-
planktonic OM takes place in aquatic sedimentary
systems and bacterial material is added to the
organic debris provided by primary producers.
The duration of the transportation step in the water
column down to the sediment and the water salinity
and oxicity thus exert great influence on the amount
and composition of the sedimented OM by selecting
the various potential consumers, particularly in
deep settings in the marine environment. Oxicity
may be determinant in lacustrine systems often sub-
ject to seasonal or periodic (climate-driven) water
stratification (Hollander et al., 1990; Huc et al.,
1990). Given its greater density, it appears that par-
ticulate OM, among which faecal pellets might
bring a major, although disputed, contribution
(Tyson, 1995, pp. 42–45), will be much less altered
by bacteria than dissolved OM. Moreover, biodeg-
radation of particulate OM by exoenzymes is
required before use by bacteria (Deming and Bar-
oss, 1993). The main source of sedimented OM is
thus the particulate fraction of the total organic
input (Tissot and Pelet, 1981; Wakeham and Lee,
1993; Hay, 1995). It was considered that the amount
of organic matter settling on the sea floor would
depend roughly on the balance between organic
productivity, which is limited by nutrient availabil-
ity, and degradation efficiency, which is thought to
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be controlled by the thickness of the oxic zone
(Demaison and Moore, 1980). However this inter-
pretation is now disputed in studies showing that
variations in OM productivity, associated with cli-
matic changes, might be the main factor controlling
the amount finally preserved in sediments (Calvert
and Pedersen, 1992). As discussed below, this rela-
tionship between increased productivity and
increased preservation is also supported by the
observation of high atmospheric CO2 concentra-
tions at given stratigraphic intervals corresponding
to major source rock deposition (Berner, 1994;
Huc et al., 2005). Moreover, many studies showed
that, in environments globally oxygenated at the
metre scale, microenvironments hosting active
anaerobic bacterial consortia exist at the micron
scale (Alldredge and Cohen, 1987). It should be
noted that the productivity vs. preservation dispute
has not settled down, and most workers (e.g.,
Tyson, 2005; Huc et al., 2005; van Buchem et al.,
2005) now consider productivity, preservation and
dilution to be mutually interdependent with respect
to the accumulation of organic matter in marine
sediments. It has also been hypothetised that the
Fig. 7. Influence of transportation on final distribution of sedimen
Comparison between primary production (top, left), grain size distrib
organic C distribution in bottom sediment (bottom right). Reprinted w
preservation conditions for a given redox state
may have changed along geological time and life
evolution, due to increased efficiency of the biolog-
ical degradative mechanisms of consumers (Klemme
and Ulmishek, 1991).

A last step in organic-rich sediment formation is
related to transport and remobilization of surficial
materials. Particle sieving and density fractionation
by hydrodynamic currents, or gravity transport
mechanisms, redistribute both mineral matter and
OM according to the topographic features of the
final sedimentation site, as shown in Fig. 7 for Black
Sea recent sediments (Huc, 1988). In this example,
the maps for primary production in surficial water
and bottom water anoxic zone clearly do not reflect
the distribution of sedimented OM. In contrast,
there is a direct relationship between mineral grain
size distribution, associated with centripetal current
systems, and OM content that is higher in the least
mobile zones. However, it is not clear whether this
relationship is due to a similar density sieving effect
on smaller and lighter clay and OM particles, or
whether there is a physical association between clay
minerals and OM resulting in, besides sieving of
ted organic matter. Example from Black Sea recent sediment.
ution (top, right), anoxic bottom conditions (bottom, left), and
ith permission from Huc (1988, p. 265).
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light particles, a better preservation efficiency.
Whatever the exact mechanism associating light
clay and OM concentration, this hydrodynamic
zonation effect, and more generally the influence
of the topography of the sediment floor on OM dis-
tribution, has been observed in many other exam-
ples both for recent and ancient sediments (Huc,
1988; Huc et al., 1990).

Measurements using sediment traps and primary
productivity estimates in marine environments have
shown that a very low amount (around 0.3%) of the
initial living biomass is incorporated into sediments
(Summons, 1993). Bacterial OM has thus been con-
sidered to represent in some cases a substantial, and
even major, contribution to kerogen (Ourisson
et al., 1984). However, given the low bacterial bio-
mass in sediments and their highly metabolizable
composition, it seems that the bacterial contribution
to sedimented OM should represent (most of the
time) only a few % of the TOC in surficial sediments
(Tyson, 1995, p. 72; Hartgers et al., 1994).

4.2.2. Relationship between organic and mineral

sedimentation

As shown below, the distinction between aquatic
and terrestrial kerogen is quite closely related to the
mineralogical environment of the deposited OM.
Aquatic and terrestrial kerogens can thus often be
recognized by the composition of the associated
minerals. Thus, taking mineralogy into account
can be of great help in reconstructing the origin or
Type of the sedimented OM in ancient sediments
for mature source rocks (Huc, 1990). This recon-
struction can be extended at least over the Mesozoic
and Cenozoic eras; however, beyond these times,
knowledge about ocean position and resulting cli-
mates, atmosphere composition and ecosystems
becomes much more imprecise. Some examples of
this major role of the global environmental selection
of related mineral and organic facies are given
below (see Tyson, 1995, for a detailed survey).

Aquatic environments are rich in planktonic
organisms, among which algae with biologically
constructed mineral shells can be abundant. The
development of these organisms depends directly
on the availability of mineral substances dissolved
in water. An example of such algae are diatoms,
found in both lacustrine and marine communities
since the end of Cretaceous and whose shells are
made of silica. A characteristic of the open marine
environment is the frequent occurrence among phy-
toplanktonic organisms of coccolithophoridae with
carbonate shells. The detrital input of minerals into
marine environments will be limited offshore by
transport capacities of winds and streams and only
the lightest fraction of detrital minerals, mainly
made up of clays, will reach deep sedimentation
sites. The sediment mineralogy associated with mar-
ine kerogens will thus often vary from almost pure
carbonate of biochemical origin (Williams and
Barghoorn, 1963) to marls (carbonate plus clays).
In marine settings, the association of marine plank-
tonic algae as primary producers with sulfate-
containing seawater leads to their biodegradation
by sulfate-reducing bacteria (Summons, 1993). Mar-
ine kerogens are thus also associated with pyrite if
clay minerals are present to release Fe ions (Berner,
1987). In many open marine environments, mineral
input to sediments chiefly originates from biological
sources and from precipitation reactions triggered
by the physicochemical changes occurring in the
mixing zone between freshwater and seawater.
Under these conditions, the total sedimentation rate
will generally be low and the organic to mineral
ratio may thus become fairly high. Marine source
rocks with TOC > 10% are not exceptional in the
sedimentary record.

Except for coal beds deposited in swamps as mas-
sive peats, i.e. under good preservation conditions
due to low surface/volume ratio, terrestrial higher
plant residues will suffer strong degradation under
oxic conditions in soils before being transported
by meteoric waters into rivers. However lignin-
containing OM and aliphatic protective tissues can
partly escape degradation owing to their specific
resistance. Weathering phenomena will generally
associate these organic residues with detritic miner-
als such as clays and silts. In view of the continu-
ously oxic conditions prevailing during riverine
transport, only terrestrial particulate OM has a
chance of arriving at the sea, where it flocculates
together with detritic minerals in deltaic systems,
due to physicochemical processes induced by the
change in salinity. The already strong degradation
of terrestrial OM by the time it arrives at its settling
place, along with the generally high burial rate in
deltaic systems, prevents further extensive bacterial
reworking in many cases (Hedges and Oades,
1997). Consequently, even though deposited in a
marine environment, terrestrial kerogens are often
almost devoid of organic S and are rich in aromatic
structures derived from lignin, contain some resis-
tant aliphatic moieties, sometimes mixed with coal
debris, and are associated with clay minerals and



Table 7
Organic vs. carbonate C distribution in sedimentary rocks, in
1012 tons C (after Hunt, 1996)

Carbon
form

Sediment
type

Amount in
continent, shelf
and slope

Amount in
oceanic
domain

Total

Kerogen
C

Clay/shale 8200 700 12,015
Carbonate 800 1000
Sandstone/
siliceous

900 400

Coal 15

Soluble
C

Dispersed
petroleuma

550 556.7

Reservoired
petroleum

6.7

Mineral
C

Shale 9300 64,300
Carbonate 51,100
Sandstone 3900

a Petroleum is taken here to mean all solvent soluble organic C
including gas, heavy oil and asphaltic deposits.
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silts. The high mineral sedimentation rate due to
precipitation resulting from salinity change would
normally dilute the OM and lower the organic con-
tent of deltaic deposits. However, given the high
energy of such environments, an abundant input
of large sized organic particles is often observed,
and the organic content of these sediments may vary
over a short distance from low (around 1%) to very
high (almost pure OM) concentrations. In deltaic
systems, the source rocks formed in tidal channels
are deposited together with organic-lean sands
transported as bedloads on the bottom of distribu-
tary channels. The seaward progradation of the
delta during geological times changes the lateral
position or the activity of such channels, making
an excellent connection between potential source
rocks and reservoirs. Sedimentological study of the
Mahakam delta (Allen et al., 1979) showed clearly
how such a petroleum system is formed in time
and space.

Hypersaline systems exert very specific con-
straints on the selection of organisms able to survive
these particularly aggressive chemical environments.
Such evaporitic systems can exist in marine as well
as lacustrine environments. Many lacustrine source
rocks such as the Eocene Green River shales were
characterized at the time of deposition by alkaline
waters, often associated with tectonic and volcanic
activity, as reflected in the predominance of dolo-
mite over calcite (Kelts, 1988). However, the ionic
balance of lake waters varied quickly, depending
on geodynamic and climatic changes. It was
observed both for ancient and modern lacustrine
settings that some blue green algae such as Spirulina

are specific to alkaline hypersaline lakes. Kelts
(1988) also mentions the presence of dense cyano-
bacterial mats in such environments, where no
organisms above unicellular protozoae can survive,
but where alkalinity promotes better solubility of
CO2, P and other nutrients, there by supporting
high organic productivity.

4.3. Present and past OM accumulation in sediments

4.3.1. Quantitative distribution of kerogen in

sedimentary rocks

Kerogen is generally by far the major component
of total OM in sedimentary rocks, the remaining
part being soluble or volatile products that have
not, or not yet, been squeezed out of the rock by
compaction. Kerogen amount is conveniently esti-
mated by measuring the organic carbon (OC) con-
tent (wt%) of the extracted whole rock, after acid
destruction of carbonate and quantification of the
CO2 generated by OM combustion. However,
because C is not the only constituent of kerogen
and since the C content of kerogen increases with
maturity due to sediment burial, kerogen amount
is underestimated by OC content, all the more so
if sample maturity is low. Kerogen concentration
in any sedimentary rock depends on the relative
fluxes of organic and mineral constituents. Hence,
this concentration not only reflects the organic pro-
ductivity vs. alteration conditions, but also the gen-
eral sedimentation pattern at a given geological
period.

Global estimates summing, for all known sedi-
mentary rocks, the quantities of the various forms
of organic and carbonate carbon were obtained in
the 1970s and are reported in Table 7, from the cal-
culated mass of rocks in the Earth’s crust and OC
data from the literature (Hunt, 1972, 1996). Atmo-
spheric and water dissolved CO2 are not included
in the Table, because it refers only to sedimentary
rocks.

It has long been recognized that minerals can sig-
nificantly influence OM preservation in sedimentary
rocks. Table 8A (Hunt, 1972) shows the dependence
of OC content on mineralogy. It appears not only
that the average OC content of sediments is low,
but also that the major part of sedimentary OM is
preserved in fine-grained clays and shales. Table
8B illustrates the increase in TOC observed by



Table 8
A: Average organic C content of sedimentary rocks. B: variation
in average organic C content with sediment type and grain size
(after Hunt, 1996)

Location Sediment type Average C
(wt%)

A
Continent, shelf and

slope
Clays and shale 0.99
Carbonate 0.33
Sandstone 0.28

Oceanic domain Clays and shale 0.22
Carbonate 0.28
Siliceous 0.26

Sediment Sediment type, grain
size

Average C
(wt%)

B
Viking Siltstone 1.47
Shale Clay 2–4 lm 1.70
Canada Clay < 2 lm 5.32

Recent Sand 0.70
Clastic Silt 1.0
Sediments Clay mud 1.6

California Shelf >100 lm < 0.2
Sediments Offshore, 3–9 lm 5–9

y = 0,5327x+ 6,0267

R2 = 0,8557
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Fig. 8. TOC vs. surface area for sediment sampled in the Gulf of
Maine at sediment–water interface, for water depth >75 m.
Surface area determined using BET method on N2 gas adsorption
isotherms. Linear regression slope is 0.53 mg TOC m�2. Modified
from Mayer (1994a).
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several authors for the same mineralogy when grain
size decreases (Hunt, 1996). Studies of recent sedi-
ments also clearly indicated that a textural control
on OM concentration and a TOC increase were sys-
tematically observed when the mean particle size of
sediments decreased (Suess, 1973; Tanoue and
Handa, 1979; Mayer et al., 1985). Further studies
illustrated the tight dependence of OM preservation
on mineral particle size and surface area and on sed-
iment mineralogy (Mayer, 1994a,b). Results from
SPLITT fractionation (split flow, thin cell, lateral
transport) of marine sediments, which allows hydro-
dynamic sorting of particles by size and density
(Keil et al., 1994), indicated that the total amount
of associated OM depends only on the size class,
whereas the mineralogy influences the composition
of the adsorbed OM. A major role for minerals in
OM protection has also been recognized for soil
(e.g. Oades, 1995; Kaiser and Guggenberger, 2000;
Schmidt and Noack, 2000; Baldock and Skjemstad,
2000; Kiem and Kögel-Knabner, 2002; Eusterhues
et al., 2003). Observations by Poirier et al. (2001)
showed conspicuous differences between survival
under natural conditions and resistance to labora-
tory hydrolysis, for the deep layers of a tropical
soil. In these layers the OM exhibited a mean 14C
age above 8000 years but the bulk was labile when
submitted to laboratory hydrolysis after elimination
of minerals. Such uncoupling reflects a major role
of the mineral matrix for long term OM protection
in this soil. In addition, long term protection of
proteinaceous materials in biominerals is well
documented.

The occurrence of ‘‘sorptive protection’’ in sedi-
mentary OM preservation was inferred from obser-
vations on various recent marine sediments. These
observations showed positive correlations between
TOC and mineral grain surface area (Fig. 8) and
sharp increases in mineralization rates, in labora-
tory degradation experiments with bacteria, after
OM desorption from sediments (Mayer, 1994a; Keil
et al., 1994; Hedges and Keil, 1995). Furthermore,
the observations also revealed preferential associa-
tion of OM with Ca-rich (smectite, specific surface
area >100 m2/g) rather than with Ca-poor (kaoli-
nite, specific surface area ca. 30–40 m2/g) clay min-
erals (see also Ransom et al., 1998). Adsorption of
organic compounds as molecular monolayers on
to minerals should provide an efficient protection
against diagenetic degradation. Potentially labile
compounds could thus survive and contribute to
kerogen. Over 80% of the surface area of marine
sediment grains is accounted for by a few nm wide
pores and it was considered that most of the
adsorbed OM is concentrated in these mesopores
(Mayer, 1994b). Such a location would afford
efficient physical protection against microbial degra-
dation due to the very small size of the pores
excluding hydrolytic enzymes. Moreover, high OM
concentration in the pores should favour subse-



Plate d. Main types of organic matter sedimentology as
observed with SEM used in backscattered electron mode.
The organic matter appears black due to the low atomic
number. (A) Laminated morphology: example of the Toarcian
paper Shales from the Paris basin. TOC = 5.3 wt%. The
organic matter is made both of elongated algal bodies (a)
arranged in laminae, several tens of lm in length, less than
5 lm thick, parallel to bedding, and of small organic particles
often less than 2 lm, associated with clay minerals (b). The
organic network can be considered as almost continuous. Note
the presence of pyrite framboids. The arrow (h) is perpendic-
ular to the bedding. (B) Particulate morphology: example of
the Noto formation of the Ragusa basin, Sicily, TOC
17.1 wt%. The organic particles (a) have a more or less round
shape, 2–5 lm in diameter; they could originate from faecal
pellets or from mechanical erosion of larger organic particles,
either algal mats or plant debris. They are dispersed within
minerals, clays (b) and quartz (c), the granulometry of which
is similar to that of organic matter, indicating that the same
depositional mechanism controls both organic and mineral
sediment deposition. Reprinted with permission from Belin
(1992b).
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quent condensation reactions and hence contribu-
tion to protokerogen of low molecular weight,
intrinsically labile compounds (Collins et al.,
1995). Intimate association between OM and clay
minerals was observed in estuarine sediments via
high resolution TEM observations and high resolu-
tion element mapping using energy filtering TEM
(Furukawa, 2000). Further laboratory experiments
on OM adsorption/desorption using mesoporous
and nonporous minerals supported protection in
mesopores (Zimmerman et al., 2004). On the con-
trary, other observations pointed to preferential
association of OM with clay particle edges rather
than with mesopores (Mayer et al., 2004). Physical
protection by clay minerals can also result, as men-
tioned in the section on kerogen storage, from the
alternation of organic and clay nanolayers (Salmon
et al., 2000). Efficient protection of intracrystalline
OM, occluded in CaCO3 minerals, was also
observed for carbonate sediments (Ingalls et al.,
2004). Whatever the implicated process(es), mineral
protection should be reflected in the presence of
amorphous kerogens intimately associated with
the mineral matrix.

OM sedimentology and its interaction with min-
erals was also clearly evidenced by Belin (1992a,b)
via BSEM observations. This technique takes
advantage of the spatial resolution of SEM and
of the influence of the atomic number contrast
between light OM and heavier minerals on the
amount of backscattered electrons. The study of
more or less carbon-rich samples from twelve well
known source rocks varying in age, source and
depositional conditions showed two main types
of OM distribution in the mineral matrix: as par-
ticles or as laminites parallel to the stratification.
Beside the pure organic particles of different mor-
phology and size appearing in black on the BSEM
micrographs, an organic shapeless intermediate
form disseminated within the matrix could also
be observed (Belin, 1992b). Micrographs of source
rocks displaying these two main types of OM dis-
tribution and their relationship with minerals,
highlighting the close association of organic parti-
cles with pyrite, are shown in Plate d. The influ-
ence of the depositional environment on OM
morphology (particulate in coastal high energy set-
tings and laminated or structureless in basinal con-
fined low energy settings) has been shown clearly
by these studies. Observations on the variability
of organo-mineral textures for a given TOC and
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its consequences in terms of OM adsorption on
mineral surfaces or continuity of organic networks,
a key factor for oil migration (Durand, 1988;
Stainforth and Reinders, 1990), are also important
outcomes of this work.

4.3.2. Evolution of OM production and preservation

over geological time

Sedimentary cycles were recognized early and
attributed to the combined effect of tectonics and
sea level variation (Graubau, 1936). It was later
observed by petroleum geologists that the abun-
dance of sedimented OM, including coal, depends
on sea level change, and that the highest sea level
positions correspond to the highest estimated phy-
toplankton production (Vail et al., 1977; Tissot,
1979). Stratigraphic control on OM production
and preservation occurs at different timescales cor-
responding to four main eustatic cycles (Duval
et al., 1998) ranging from first order (duration
> 50 Ma) to fourth order (duration between 0.01
and 0.5 Ma). In each of these sequences, sea level
rise increases the surface area of shallow epiconti-
nental seas, where OM preservation is higher than
in the deep ocean. Moreover, increased volcanic
activity during continental drifting is responsible
Fig. 9. Continental encroachment cycles and first order eustatic cycles d
with permission from Duval et al. (1998, p. 45).
for CO2 release into the atmosphere, which in turn
changes the climate and oceanic circulation, pro-
moting primary production (Huc et al., 2005).

On a first order scale (Fig. 9), two periods, from
the Silurian to the lower Permian and from the upper
Jurassic to the middle Cretaceous, contain more than
80% of the known source rocks. On a second-order
scale (duration 3–30 Ma), six stratigraphic inter-
vals, from the early Silurian to the middle Miocene/
upper Oligocene (Fig. 10), are characterized world-
wide by organic-rich sedimentary rocks accounting
for around 90% of the world’s initial petroleum
resources. However, effective source rocks in terms
of petroleum potential only occur in minor zones in
these stratigraphic intervals, often not over a few
tens of meters thick. The third and fourth order
cycles have a local influence at the basin scale, as
exemplified by the lower Jurassic and Kimmerid-
gian organic-rich sedimentary rocks in England
(van Buchem and Knox, 1998; van Buchem et al.,
2005).

The main factors controlling source rock deposi-
tion and kerogen composition through geological
time are assumed to be the evolution of climatic
conditions associated with atmosphere composition
and continent rifting, and the balance between OM
uring Phanerozoic: transgressive and regressive phases. Reprinted
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Fig. 10. Continental encroachment subcycles and second order eustatic cycles: major organic-rich intervals. Reprinted with permission
from Duval et al. (1998, p. 46).
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primary production and degradation (Klemme and
Ulmishek, 1991). The total vs. presently destroyed
(i.e. removed by orogenesis) geographical areas in
the six major organic-rich stratigraphic intervals
and their OM Type are presented respectively in
Fig. 11a and b according to the data compiled by
these authors. Source rocks containing aquatic
lacustrine or marine OM (Types I and II as defined
in the section on kerogen Types) have been grouped
together because Type I kerogens have provided
only ca. 3% of the original reserves of the world’s
petroleum (Klemme and Ulmishek, 1991). If the
age of the source rock has a strong influence on
its partial destruction by geological events, it is clear
that the total depositional area for C-rich sedimen-
tary rocks is not increasing with the evolution of
life. Indeed the areal extension of younger source
rocks containing terrestrial deposits (Type III as



748 M. Vandenbroucke, C. Largeau / Organic Geochemistry 38 (2007) 719–833
defined in the section on kerogen Types) is paral-
leled by a relative decrease in aquatic OM deposits.
It is also clear from Fig. 11b that the climate, using
palaeolatitude as a proxy, influences both the bio-
productivity and the preservation of sedimented
OM, particularly for aquatic remains for which
water stratification and resulting anoxia under
warm climates favour increased preservation. For
terrestrial OM, this is not observed except for the
last stratigraphic interval, during which the most
prolific sedimentary environments are large tropical
and equatorial deltas.

The amount of sedimented OM depends on the
balance between primary production by photosyn-
thetic organisms and mineralization by hetero-
trophs. Therefore, the biological evolution of
primary producers cannot be the only factor con-
trolling the organic content of source rocks. Bacte-
ria seem to have reached a high level of
diversification very early because many fossil bac-
teria from lower Proterozoic rocks have their
extant morphological analogues. However, this
does not mean that their enzymatic set has not
changed. The composition of the atmosphere
regarding O2 and CO2 proportions has changed
over geological time. However, it seems that depo-
sition of rich source rocks was possible during the
late Proterozoic-early Paleozoic times under dys-
oxic, or even oxic, conditions, as deduced from
the presence of benthic fossils. This observation
led Klemme and Ulmishek (1991) to hypothesize
that heterotroph evolution towards a better degra-
dative efficiency for OM, associated with diversifi-
cation of the nature and geographical distribution
of primary producers, changed progressively over
geological time from environments favourable for
marine source rocks to environments favourable
for terrestrial source rocks. Indeed, the evolution
of terrestrial plants after the Silurian brought a
new OM source. However, until the Permian,
plants were located on seashores, whereas during
the Mesozoic and Tertiary there was a large land
expansion and progressive adaptation of plants to
more arid or swampy environments owing to a lar-
ger development of wax-rich protective tissue
(Thomas, 1981; Klemme and Ulmishek, 1991). In
contrast, in the marine realm, black shale facies –
the dominant marine source rocks in the Cambrian
and Ordovician – even when deposited in more or
less oxic conditions, became more and more
restricted to dysoxic environments in the Silurian,
Devonian and early Carboniferous. A parallel
increase in benthic fossil number and diversifica-
tion is observed with increasing water depth. These
features suggest better efficiency for marine OM
consumption because there is no reason why mar-
ine primary productivity should have decreased
through geological time. This is reflected in the
change observed in the structural forms where
major OM accumulations are observed, from open
platforms in the Paleozoic to half sags (asymmetric
sedimentary bodies composed of the seaward pro-
grading wedges of clastic rocks and carbonate
bank sediments) and deltas in the Tertiary.

4.4. Summary

• Kerogens are mainly sourced from plant materi-
als, algae and terrestrial higher plants, and con-
tain an unknown but probably minor amount
of bacterial input. From 0.1% to < 1% of the
organic primary productivity from autotrophic
organisms is incorporated into sediments, leading
to a chemical composition for kerogen strongly
different from that of living organisms.

• Kerogen composition depends not only on bio-
logical precursors, but also on the chemical and
biochemical alteration processes occurring dur-
ing OM transport to the site of sedimentation,
thus leading to a clear-cut difference between
marine and terrestrial kerogens. This difference
is also observed in the chemical composition
and granulometry of associated minerals.

• At the Phanerozoic geological timescale, six
stratigraphic intervals, associated with warm cli-
mate and high stand water levels, contain 90%
of the world’s petroleum source rocks.

5. Preservation processes

At the beginning of the 1960s, Forsman (1963, p.
177) had already noted that ‘‘It seems fairly safe to
assume that kerogen represents the resistant por-
tions of organisms that were deposited with the sed-
iment’’. It was considered for a long time, in
agreement with the insolubility and highly complex
chemical structure of kerogen, that seemingly ran-
dom polycondensation reactions played a major
role in the genesis of this fossil macromolecular
material. Thus, according to the so-called ‘‘degrada-
tion–recondensation’’ pathway, some biodegrada-
tion products of biopolymers would recondense
progressively, thus escaping mineralization, and
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the resulting insoluble product would consist of geo-
polymers (or more precisely geomacromolecules)
that are the direct precursors of kerogen. It was only
in the 1980s that the contribution of another process
was demonstrated. The so-called ‘‘selective preser-
vation’’ pathway does not require any intermediate
condensation step. It also allows for better corre-
spondence with coal formation mechanisms, where
selective preservation was an obvious pathway on
the basis of microscopic studies. Although selective
preservation may account in some cases for the
major part of the constituents of a kerogen, its
implication strictly depends on the occurrence of
organisms containing resistant biomacromolecules
in the initial biomass. In contrast to selective preser-
vation, the classical mechanism via degradation–
recondensation is expected to occur in any situation
and to account for a highly variable proportion of
the total kerogen.

5.1. Degradation–recondensation mechanisms

Dead organisms and various excretion prod-
ucts undergo biochemical and physicochemical
decomposition during deposition. Among their con-
stituents, the most prone to biodegradation are pro-
teins and carbohydrates that can be broken into
water-soluble amino acids and sugars by ubiquitous
enzymes and then used very rapidly in the biological
cycle. Biodegradation of phenol-containing biomol-
ecules also generates large amounts of water-soluble
phenolic compounds. Abiotic recondensation reac-
tions between such degradation products occur
spontaneously under conditions similar to those in
natural environments. These reactions would form
complex (randomized) chemical structures that can-
not be biodegraded further since they are no longer
recognizable by degradative enzymes. These recom-
bined compounds can thus escape the biological
cycle. With humic-like compounds being formed
by this type of recondensation reaction, the whole
process was thought to be similar to natural humifi-
cation and so kerogen was supposed to originate, at
least in part, from condensation reactions similar to
those occurring in humic substance formation (Huc
and Durand, 1974). Given their supposed common
precursors, therefore, the relationship between kero-
gen and humic substances in waters, soils and sedi-
ments was studied extensively.

Like the definition of kerogen, the definition of
humic substances in recent sediments is operational.
As mentioned above, the latter are derived from soil
science (Kononova, 1966) where humic acids are
oxygen-rich, acidic water-soluble compounds
extractable with alkali, with the difference between
humic and fulvic acids being that the latter are not
reprecipitated at pH 2. Humin is the insoluble
organic residue from this extraction. Humin can
also be isolated using the same method as for kero-
gen, i.e. acid destruction of the associated minerals,
although a few % loss of hydrolysable OC occurs
for very immature sediments, and therefore it can
be considered as protokerogen (Stuermer et al.,
1978).

5.1.1. Basic mechanisms considered for humification

5.1.1.1. Maillard reactions. Spontaneous random
condensation of glycine (amino acid formerly named
glycocolle) and glucose (reducing sugar), along with
CO2 formation, was observed by Maillard in air-free
water at temperatures from ca. 30 to 100 �C for times
from minutes to a few days (Maillard, 1912a,b, 1916).
The elemental balance of these experiments showed
that water was also formed and that condensa-
tion increased continuously with time, producing
water-insoluble, humic-like yellow, then brown, com-
pounds termed melanoidins. Condensation was
observed using different amino acids and reducing
(aldehyde- or ketone-containing) sugars, and also
starting with hydrolysis products of polypeptides
and non-reducing sugars. The reaction mechanism
would be as shown in Fig. 12. This reaction was sup-
posed by Maillard to be the origin of soil humus.
However, chemical degradation studies (Burges
et al., 1964) showed that phenols were very abundant,
whereas proteins are minor components among the
degradation products of soil humic substances. Nev-
ertheless, this type of condensation could easily occur
in humic substances from marine environments,
because algal OM generally has a higher protein
content than land plants, as shown in Fig. 13 (Huc,
1980).

5.1.1.2. Oxidative condensation of phenols. As phe-
nols can be abundant constituents (up to 30%) of
soil humic acids (Burges et al., 1964), condensation
of some of their oxidation products, quinones, was
proposed as one of the major humification mecha-
nisms in soils, following the reaction scheme
described in Fig. 14 (Kononova, 1966; Flaig,
1966). Condensation between oxidation products
of various phenols was simulated in the laboratory
using H2O2 and peroxidase (Schnitzer et al., 1984)
or mineral oxides, but substitution position



Fig. 12. Reaction mechanism assumed for Maillard reaction: formation of melanoidins via sugar–amine condensation. Reprinted with
permission from Huc (1980, p. 457).
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appeared to control quinone formation and subse-
quent condensation (Flaig, 1988).

Nitrogenous compounds, for example amino
acids from protein biodegradation, can easily be
incorporated during oxidative polymerisation of
phenols, accounting for nitrogen occurrence in
humic substances. A reaction scheme showing the
possible condensation reaction between amino acids
and phenols was proposed by Stevenson and Butler
(1969); Fig. 15. Amino sugars from bacterial cell
walls can also condense with phenols in a similar
way (Martin and Haider, 1971). In soils, phenolic
compounds can originate from tannins or from lig-
nin degradation by fungi. The microbial biomass -
bacteria, yeasts and fungi - can also be a source of
phenols, then quinones from aliphatic precursors,
as demonstrated by Haider and Martin (1967) and
Martin and Haider (1971). This condensation mech-
anism based on phenols could thus be implicated for
humic substances in both soils and sediments. In
fact, phenol reactions and the Maillard reaction
might be linked into an integrated abiotic humifica-
tion process catalysed by minerals (Jokic et al.,
2004).

5.1.1.3. Oxidative crosslinking of polyunsaturated
fatty acids. Paraffinic structures are abundant in dis-
solved humic substances in open ocean water
(mainly fulvic acids), as evidenced by NMR and ele-
mental analysis, whereas organic molecules able to
undergo condensation, according to the above
mechanisms, occur only in very low concentration.
These two features led Harvey et al. (1983) to pro-
pose a new condensation pathway, starting from
polyunsaturated triglyceryl lipids abundant in mar-
ine organisms. The reaction would be initiated by
sunlight-mediated autoxidation producing, by way
of oxygen cross-linking, oxygen-rich humic prod-
ucts with some aromatic structures and aliphatic
chains ending with free terminal carboxyl groups,
as shown in Fig. 16.

Synthetic fulvic acids were successfully obtained
by Harvey and Boran (1985), using various unsatu-
rated triglycerides in OM-free seawater under sun-



Fig. 13. Composition (dry wt%) of main organic constituents (proteins, carbohydrates, lipids and lignin) from various living organisms.
Reprinted with permission from Huc (1980, p. 448).
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light. However, several inconsistencies in elemental
analysis, nitrogen incorporation and 13C fraction-
ation were observed between these synthetic humic
products and natural ones. The main question
remains the demonstration of this model for fulvic
acid formation in marine environments.



Fig. 14. Possible formation of humic compounds by phenol–phenol oxidative condensation. Reprinted with permission from Huc (1980,
p. 456).
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Fig. 15. Reaction mechanism assumed for condensation between amino acids and phenols. Reprinted with permission from Huc (1980,
p. 456).
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Fig. 16. Cross-linking oxidative reaction mechanism in unsatu-
rated triglyceryl lipids assumed to be at the origin of marine fulvic
and humic acids. Reprinted with permission from Harvey and
Boran (1985, p. 237).
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Fig. 17. Hypothetical structure of condensation products of fatty
acids with phenols in humic (HA) and fulvic (FA) acids.
R1 = OH or COOH or COCH3; R2 = H or OH or COOH;
R3 = H or OH or COOH or OCH3; R4 = OH esterified to fatty
acid; R5 = H or OH or OCH3; R6 = H or COOCH3; n = mainly
14 and 16 for HA and 14, 15, 16 and 18 for FA. Esters could form
via any free OH group on the aromatic ring. Reprinted with
permission from Schnitzer (1978, p. 45).
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5.1.1.4. Esterification between fatty acids and phe-

nols. Even for land derived OM, a substantial
amount of paraffinic structures is observed in humin
from recent sediments, as shown by solid state 13C
NMR (Hatcher et al., 1985). The incorporation of
fatty acids, present among other lipids in cuticular
waxes and cork saponification products (Van Krev-
elen, 1993, p. 152), may occur by condensation
between fatty acids and phenols. The general struc-
ture of the resulting compounds, able to undergo
further condensation by other reactions, is shown
in Fig. 17 (Schnitzer and Neyroud, 1975). Saponifi-
cation of humic and fulvic acids releases high
amounts of both fatty and phenolic acids. The phe-
nolic to fatty acid molar ratio of 0.76 observed for
various humic acids suggests that ester bonds are
the main covalent bonds responsible for paraffinic
structure incorporation into humic terrestrial mate-
rials (Schnitzer, 1978).

As already discussed in Section 2.1.5, we have
restricted OM preservation mechanisms to chemical
reactions allowing a small part of the OM to escape
remineralization during its transport and falling
down to the sedimentation site. Accordingly, sulfu-
rization is described for the early diagenesis stage of
OM evolution (Section 7.1.2).

5.1.2. Implication of these condensation reactions for

sedimentary OM

The prevalent view for OM preservation in sedi-
ments in the 1970s was based on biopolymer degra-
dation, followed by random polycondensation,
ending with non-biodegradable geopolymers (Nis-
senbaum and Kaplan, 1972; Welte, 1974) according
to Fig. 18.

After the death of primary producers, biopoly-
mers are biodegraded and a small part of these deg-
radation products escape the biological cycle by
undergoing increasing polycondensation via the
above mechanisms, with successive formation of ini-
tially water-soluble, then insoluble compounds. In
this scheme, there is a direct relationship between
fulvic acids, then humic acids and finally humin
and kerogen, as suggested for humin formation in
soils (Swain, 1963) and for coals (van Krevelen,
1961; Stach, 1975). This mechanism was also pro-
posed to explain the observed decrease in the
amounts of fulvic, then humic acids relative to
humin, with increasing burial depth in marine sedi-
ments (Huc and Durand, 1977). However, the con-
densation reactions, although possible under
environmental conditions, proceed slowly at natural
temperatures. Moreover, the starting biodegrada-
tion products, probably in low concentration in
the environment, are likely to be mineralized before
recondensation (François, 1990).

Polycondensation was not the unique mechanism
considered by Tissot and Welte (1978): they explic-
itely indicated (p. 87) that ‘‘a certain part of the
organic matter, mostly made of lipids ... never passed
through the fulvic or humic acid stage’’, as shown
in Fig. 19. ‘‘Lipids’’ was taken by these authors in
the sense of aliphatic insoluble compounds and not
in the sense of the common definition implying



evolution stability degradative agent organic products reaction mechanism physical status
stage

dead OM highly organized
unstable biopolymers

D microbial and
I non biological depolymerization
A degradation
G unstable monomers and chemically dissolved OM
E soluble defined substances and colloids
N oxygen random polymerization
E losses and condensation
S increasing entropy, fulvic and humic colloids
I chelates, adsorption acids and gels
S soluble oxygen random polymerization

losses and condensation
C insoluble humin and kerogen amorphous
A sedimentary OM heterogeneous geopolymers solids
T
A temperature condensation and
G thermal cracking
E evolution of increasing
N geopolymers subcrystalline
E order
S
I
S

inert residue

Fig. 18. Schematic pathway of successive transformation of OM from biopolymers to sedimentary OM. Adapted from Welte (1974).
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solubility in organic solvent. This has led to a fre-
quent misunderstanding of Fig. 19. Moreover, no
information on the nature of these ‘‘lipids’’ and no
quantitative estimate of respective contributions of
such kerogen precursors was available at that time.
It is worth noting that in his definition of sedimen-
tary OM and kerogen, Durand (1980) also men-
tioned (p. 14) that ‘‘sedimentary organic matter
was in part comprised of substances of low chemical
reactivity which had a protective role against the
external medium, among which are for example spo-
ropollenin or chitin’’.

Pyrolysis gas chromatography (Fig. 20) clearly
shows that paraffinic structures occur in substantial
amounts in humins and humic acids, whereas this is
not the case for fulvic acids, in terrestrial as well as
in marine sourced sediments (Vandenbroucke et al.,
1985). The same observation was also reported by
Ishiwatari (1985) for the alkaline permanganate
degradation products from a lacustrine sediment.
The author concluded that it is impossible to
explain the formation of humic acids and humin
by polymerization of fulvic acids. In fact, fulvic
acids might be derived from humic acid oxidation
and, as proof, fulvic acids were experimentally
obtained from humic acids stored in air-containing
water (Flaig et al., 1975). Similarly, humic acids
could be derived partly from humin oxidation.
Indeed, it is a general observation that, in a homo-
geneous set of samples from a given environment,
the humin to humic acid ratio increases with organic
carbon (OC) amount. This could be due to better
preservation of humin from bacterial reworking,
due either to physical inaccessibility or to OM
hydrophobicity. An example of this relationship is
given in Table 9 for three coaly surficial samples
from the Mahakam delta (Vandenbroucke et al.,
1987). Increasing transport distance, and hence
duration, for the same initial OM, also decreases
the amount of OM deposited in surficial sediments
and increases the fulvic acid and hydrolysable
fraction, reducing the corresponding amount of
non-hydrolysable humin, as shown in Table 10
(Vandenbroucke et al., 1985).

Based on the above observations, it was sug-
gested that oxidative degradation reactions, proba-
bly mainly due to bacterial reworking, could form
fulvic acids from humic acids, and humic acids from
humin. In such a process, part of the originally sed-
imented OC would be progressively eliminated with



Fig. 19. Fate of organic material during sedimentation and diagenesis, assuming two different paths for incorporation of biopolymer
residues into kerogen. Reprinted with permission from Tissot and Welte (1978, p. 90).
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increasing burial by mineralization and water solu-
bilization, as shown by direct measurements on
resuspended material from sediment traps (Suess,
1980; Weser et al., 1982). Since efficient bacterial
oxidation is no longer possible once the sediment
is buried more than a few meters, fulvic and humic
acid amounts should decrease progressively (Van-
denbroucke et al., 1985). Similar conclusions, con-
cerning oxidative degradation from humin to
humic compounds, rather than a reverse condensa-
tion, were also put forward by Hatcher et al. (1982)
to account for the solid state 13C NMR analysis of a
series of coalified woods and, by analogy with these
observations, for the transformation of humin in
aquatic sediments (Hatcher et al., 1985). However,
some similarities between analysis of humic acids
and humin, together with their parallel defunction-
alization with increasing burial, suggest that a pres-
ently poorly quantified part of the humic acids
might undergo insolubilization and be incorporated
into humin. It can thus be expected that the related
kerogen fraction would originate essentially from
condensation reactions.

5.1.3. The relationship between kerogen and humic

substances
The mechanism leading via successive condensa-

tion from fulvic acid to humic acid and then humin
and kerogen is now strongly disputed, although it is
generally agreed that the main precursor of kerogen
is humin. Two opposite generic models (Fig. 21) are
presently proposed to explain humic substance for-
mation, as discussed by Hedges (1988).

The abiotic condensation model (Fig. 21) is the
classical pathway proposed in the 1970s for kerogen
formation (Huc and Durand, 1977). In such a
model, after the first biodegradation step, producing
simple building blocks from biopolymers, these
blocks recombine by abiotic reactions that prevent
further biodegradation. In parallel, some high



Fig. 20. Pyrolysis-GC of fulvic acids, humic acids and humins (stable residues) isolated from recent sediments with Types II (Black Sea)
and III (Mahakam delta) organic precursors. Reprinted from Vandenbroucke et al. (1985, p. 261).
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Table 9
Relationship between TOC and humic compound distribution in OM of coals and coaly shales from surficial sediments in Mahakam delta
(Indonesia)a

TOC (%) 2 N HCl hydrolysate Fulvic acid (% of TOC) Humic acid (% of TOC) Humin (% of TOC)

27.3 1.3 4.9 12.7 81.1
12.4 1.6 6.8 28.6 63.0
2.7 6.3 19.9 25.8 48.0

a After Vandenbroucke et al. (1987).

Table 10
Influence of pre-sedimentary alteration on OM composition in surficial samples collected under increasing water depth a,b

Water depth (m) TOC (%) 2 N HCl
hydrolysate

Humin
hydrolysate

Fulvic acid
(% TOC)

Humic acid
(% of TOC)

Humin
(% of TOC)

1900 2.28 14 25 8 18 35
2500 2.08 11 20 10 39 20
3250 0.91 16 29 16 23 15
3750 0.43 28 23 19 23 7

a After Vandenbroucke et al. (1985).
b Sampling performed at four stations along Cape Blanc transect, offshore Mauritania.
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molecular weight degradation products of biopoly-
mers, showing enough chemical resistance to further
biodegradation, would be incorporated as such into
humin. Humic substances generated by such a path-
way increase in size and complexity, by going from
fulvic to humic acids and then via insolubilization to
humin. Only one part of humin would thus be con-
cerned with the whole process, the other being
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Fig. 21. Schematic representation of biopolymer degradation
and abiotic condensation pathways assumed for humic substance
formation. Adapted from Hedges (1988, p. 47).
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directly inherited from resistant biopolymer-derived
macromolecules (Durand, 1980). In this pathway,
fulvic and humic acids are, at least in part, interme-
diates for humin formation, and there is a net gain
in humin (protokerogen) with natural evolution
upon burial.

The second generic model is the biopolymer deg-
radation model (Fig. 21). Since biopolymer degra-
dation is the initial step in any of the previously
discussed schemes, it is assumed to be the main
mechanism for humic substance formation. In this
pathway, increasing degradation of biopolymers
produces humic and then fulvic acids. However,
these water-soluble acids would not be the only
products generated. On one hand, fulvic acids can
be degraded up to the ultimate formation of simple
acids in a further step. On the other hand, as for the
abiotic condensation model, high molecular weight
resistant molecules are incorporated without further
degradation into humin. In such a model, humic
acid formation is the first stage in the degradation
process, fulvic acids derive from further degradation
of humic acids and only one part of the humin is
concerned with the whole degradation path.
Accordingly, fulvic and humic acids do not partici-
pate in humin formation and there is a net loss of
humin (protokerogen) with natural evolution upon
burial.

Humic and fulvic acids are proportionally more
abundant than humin and the total amount of sed-
imented OC decreases when depositional conditions
become more degradative. Accordingly, humic acid
formation by this ‘‘degradative’’ model could also
be a major pathway for marine (Vandenbroucke
et al., 1985) as well as terrestrial OM (Hatcher
and Spiker, 1988). However, recombination reac-
tions, i.e. the first ‘‘condensation’’ model, could
occur when the concentration of reactive chemical
species is high enough, for example during the bio-
polymer degradation step. It can also be hypothe-
sized that during diagenesis the loss of oxygenated
functional groups in humic acids promotes their
insolubility in water, and thus their incorporation
as constituents into the future kerogen.

5.2. Selective preservation pathway

This pathway is based on the production by some
living organisms of insoluble biomacromolecules
that exhibit a high resistance to chemical and bacte-
rial degradation. These biomacromolecules are gen-
erally highly aliphatic and remain almost unaffected
by drastic basic and acid laboratory hydrolysis.
Such macromolecular components also show a
high resistance to attack by microbial hydrolytic
enzymes. Thus, they can remain virtually unaffected
during deposition while most of the other constitu-
ents of the initial biomass are heavily degraded and
remineralized. As a result, selective preservation,
and hence selective enrichment, of such biomacro-
molecules takes place during diagenesis.

5.2.1. Selective preservation of materials from algal
cell walls

It has been recognized for a long time that differ-
ent types of biomolecules exhibit large differences in
their intrinsic resistance to diagenetic alteration and
remineralization. For example, it is well documented
that lipids and lignins are less degraded during early
diagenesis than proteins and carbohydrates (e.g.
Van Krevelen, 1993, Chapter 5). In addition, early
studies showed some similarities between the prod-
ucts obtained from alkaline permanganate oxida-
tion of the ‘‘kerogen-like’’ material, isolated from
some extant microalgae and bacteria through
extraction and acid hydrolysis, and the oxidation
products of ancient kerogens of algal origin (Philp
and Calvin, 1976). Such similarities were considered
as possibly reflecting the contribution of polymeric
debris from microalgal and bacterial cell walls as
the source of the main building blocks of these ker-
ogens. However, condensation reactions between
polymeric debris were still considered as an impor-
tant part of the whole process leading to kerogen.

A further step towards the recognition of a new
pathway resulted from comparison of the solid state
13C NMR spectra of ‘‘kerogen-like’’ substances
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(insoluble and resistant to acid hydrolysis) isolated
from extant microalgae and from recent sapropelic
sediments (Mangrove Lake, Bermuda; Hatcher
et al., 1983). Based on the spectral similarities
observed and on the predominance of paraffinic car-
Plate e. Observations of Botryococcus by scanning (A, D–F) and transm
B. braunii. Colony exhibiting the ‘‘cauliflower’’ organization typical of t
algaenan-based, outer walls as illustrated by ultrathin section of a part
the outer walls is well retained whereas the cell contents appear as ‘‘ghos
constituents (C). Colony from a lacustrine sediment (East Africa, ca. 40
the first stages of fossilization the cell contents were fully eliminated by d
walls were selectively preserved (D,E); diagenesis thus resulted in cha
extant B. braunii through drastic laboratory treatment. Such walls and
in ancient sedimentary rocks, for example in Botryococcus-rich Pliocene
Scale bars: A, D and F (25 lm), B (10 lm), C (2 lm) and E (6 lm). Repr
Elsevier for A and D; with permission from Derenne et al. (1989), Cop
Derenne et al. (1997, p. 1881).
bons, it was considered that ‘‘probable kerogen pre-
cursors exist in living algae’’ and suggested that
‘‘these materials might survive microbial and chem-
ical decomposition to constitute the source of insol-
uble kerogen’’ and that such material is probably
ission (B,C) electron microscopy. A and B: extant green microalga
he species (A), with the individual cells tightly embedded in thick,
of a colony (B). Following algaenan isolation the morphology of
ts’’ due to complete elimination of all the soluble and hydrolysable
,000 yr) (D) and partial view at higher magnification (E). During
iagenetic degradation; in contrast, the algaenan-based thick outer

nges similar to those encountered upon algaenan isolation from
the typical organization of Botryococcus are still well recognizable
oil shales of Hungary (F) and Permian Torbanites (Plate 1A, 1B).

inted with permission from Largeau et al. (1990), Copyright (1990)
yright (1989) Pergamon Press for B and C; with permission from
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Fig. 22. GC trace of medium polarity fraction (toluene-elution)
isolated from off-line pyrolysate at 400 �C of algaenan of
Scenedesmus quadricauda (microalgal species exhibiting very thin
cell walls composed of algaenan), showing abundant presence of
C12–C32 n-alkyl nitriles. Production of nitriles upon pyrolysis is a
typical feature of this type of algaenan and of the fossil
counterparts formed by selective preservation (ultralaminae
illustrated in Plate b). Reprinted with permission from Derenne
et al. (1991, p. 1046).
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‘‘an original component of algae and possibly asso-
ciated bacteria and is differentially concentrated by
selective preservation during diagenesis’’.

Finally, straightforward evidence of the occur-
rence of the selective preservation pathway stemmed
from parallel morphological and chemical studies of
low maturity lacustrine kerogens (Torbanites, Perm-
ian) and of the cell walls of the extant, ubiquitous,
freshwater green microalga Botryococcus braunii

(Berkaloff et al., 1983; Largeau et al., 1984, 1986).
Extensive extraction of cultured algae, followed by
drastic basic and acid hydrolysis, showed a specific
composition for the outer walls that build up the
matrix of B. braunii colonies and are responsible
for their typical ‘‘cauliflower’’ organization [Plate
e(A)]. Such outer walls were thus shown to (i) con-
tain insoluble, highly aliphatic, non-hydrolysable
biomacromolecules and (ii) perfectly retain their
morphological features after the above treatment
that results in the elimination of all the components
of the algal biomass, except this aliphatic resistant
material [Plate e(C)]. In addition, comparative stud-
ies showed very close chemical composition for the
resistant biomacromolecules isolated from extant
B. braunii and for the kerogen of immature Torban-
ites, as reflected in FTIR and solid state 13C NMR
spectra and pyrolysis products (Largeau et al.,
1984, 1986).

Such morphological and chemical similarities
demonstrated that the bulk of these kerogens is
comprised of virtually unaltered aliphatic insoluble
biomacromolecules from B. braunii outer walls.
Selective preservation was also illustrated by SEM
observations of B. braunii colonies from recent
(ca. 40,000 yr) sediments from Lake Zuquala [Ethi-
opia; Plate e(D and E)], where cell contents and
polysaccharidic inner walls are entirely eliminated,
whereas the outer walls are perfectly retained. It
thus appeared that diagenetic microbial degradation
of B. braunii biomass resulted in the same conspicu-
ous changes as the drastic laboratory treatment used
for isolation of the resistant material, i.e. total
elimination of all components but the aliphatic mac-
romolecular material of outer walls. Kerogen for-
mation in Torbanites mostly results from the
selective preservation of the latter material – hence
(i) the remarkable preservation of the specific mor-
phology of the colonies, (ii) the highly aliphatic nat-
ure of these Type I kerogens and (iii) the extremely
high kerogen content of Torbanites, the resistant
material being a major component of B. braunii.
Similar studies showed the occurrence of highly ali-
phatic, non-hydrolysable, macromolecular material
in the outer walls of the extant green microalga Tet-

raedron minimum and formation of the kerogen of
the Messel Oil Shale (Eocene, Germany) through
the same type of pathway as for Torbanites (Goth
et al., 1988).

Subsequent examination of a number of other
extant microalgae revealed the presence of non-
hydrolysable, highly aliphatic, macromolecular
components in the outer walls of vegetative cells
(reviewed in Derenne et al., 1992b; Gelin et al.,
1999) of a relatively large number of freshwater
and marine species. The general term algaenan
was coined for this new family of lipid-like biomac-
romolecules (Tegelaar et al., 1989a) so as to recall
their origin and highly aliphatic nature. The term
‘‘lipid-like’’ is used here to emphasize that algaenan
is biosynthetically related to lipids, being composed
of lipid sub-units, but cannot be considered as lipid
due to the insolubility in organic solvents.

In B. braunii and T. minimum, the algaenan
builds up relatively thick outer walls so that the typ-
ical morphology of the two organisms is well
retained both in the isolated algaenan and the
resulting kerogen. In contrast, the other algaenan-
containing species generally exhibit much thinner
outer walls (ca. 10–30 nm thick). When examined
with TEM, these very thin outer walls show a typi-
cal trilaminar structure [Plate b(B)], which is gener-
ally retained following algaenan isolation. However,
the algaenan-containing outer walls are now highly
distorted and the initial shape of the cells is no
longer recognizable [Plate b(C)]. Comparative mor-
phological and chemical studies with the ultralami-
nae identified using TEM for a number of
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lacustrine and marine kerogens [Plate b(D)] demon-
strated that the corresponding kerogen fractions
were formed via the selective preservation of such
algaenan (Largeau et al., 1990a,b; Derenne et al.,
1991, 1992c,d; Gillaizeau et al., 1996). The chemical
correlation between these extant and fossil materials
was based, in particular, on the presence of long
chain n-alkylnitriles in the pyrolysates (Fig. 22),
whereas such nitrogen-containing pyrolysis prod-
ucts were not detected in the case of the ‘‘thick’’
algaenans of B. braunii and T. minimum and of
derived kerogens. The major role of the selective
preservation of algaenan in the formation of ultra-
laminae-rich kerogen was also supported, in the
case of the Göynük oil shale, by compound-specific
stable carbon isotope measurements of the aliphatic
hydrocarbons generated via catalytic hydropyroly-
sis of the kerogen (Love et al., 1998).

5.2.2. Selective preservation of materials in protective
layers of higher plants

Insoluble, non-hydrolysable, highly aliphatic
macromolecular components were also observed in
the protective layers of some higher plants. Such
materials were first identified in cuticles, i.e. in the
thin extracellular layers that cover the aerial part
of plants where no secondary growth occurs (Nip
et al., 1986) and were subsequently termed cutan
(Tegelaar et al., 1989a). It had been documented
for a long time (Kolattukudy et al., 1976; Kol-
attukudy, 1980) that cuticles comprise a soluble
lipid fraction (epicuticular waxes) and an insoluble
matrix containing hydrolysable macromolecular
material with a polyester structure (cutin). In addi-
tion, drastic treatment similar to that used for algae-
nan isolation revealed the presence of an insoluble
non-hydrolysable macromolecular material in the
cuticle of various species, including gymnosperms
and angiosperms (Nip et al., 1986; Tegelaar et al.,
1991; de Leeuw and Largeau, 1993). Furthermore,
close morphological and chemical similarities were
observed between these resistant biomacromole-
cules isolated from extant higher plants and ancient
materials. The latter included Pliocene to Permian
fossil cuticles and the cutinite maceral isolated from
Carboniferous samples (IN, USA; Nip et al., 1986,
1989; Tegelaar et al., 1991, 1993; van Bergen
et al., 1994a, 1995). It thus appeared that the selec-
tive preservation of cutan also contributed to
kerogen.

Analysis of periderm layers (outer bark and root
tissues) in several angiosperms (Tegelaar et al.,
1995) also showed the occurrence of a non-hydroly-
sable, highly aliphatic macromolecular material,
termed suberan (Tegelaar et al., 1989a). The suber-
inite maceral in kerogen probably originates from
the selective preservation of such resistant biomac-
romolecules (Tegelaar et al., 1995). The inner layers
of numerous fossil Eocene seed coats of water plants
exhibit a well-preserved morphology and are com-
posed of a ‘‘cutan-like’’ highly aliphatic macromo-
lecular material (van Bergen et al., 1994b; Plate
f(a–f)). Thus, fossilization via the selective preserva-
tion pathway probably also occurs for such layers.

5.2.3. Chemical structure of algaenan, cutan and

suberan

Numerous studies were carried out on the chem-
ical structure of these biomacromolecules, especially
algaenan, so as to carry out precise comparison with
fossil materials and to understand the origin of their
conspicuous resistance to chemical and microbial
attack. Extensive examination was performed on
the algaenan isolated from the three chemical races
of B. braunii (reviewed in Metzger and Largeau,
1999) using a combination of methods, along with
analysis of the high molecular weight lipids involved
as precursors in algaenan biosynthesis. The algae-
nan of B. braunii contain functional groups, like
unsaturations, aldehydes, esters and ether bridges,
that should be sensitive to chemical and microbial
attack. The conspicuous resistance of these poten-
tially labile groups, unaffected by drastic laboratory
hydrolysis and diagenesis, reflects the efficient steric
protection provided by the aliphatic macromolecu-
lar network.

The algaenan of a number of other freshwater
and marine microalgae were also examined with
respect to chemical structure (reviews by Derenne
et al., 1992b; de Leeuw and Largeau, 1993; Largeau
and de Leeuw, 1995; Gelin et al., 1999; see also
Blokker et al., 1998, 1999; Allard et al., 2002). These
studies were generally based on a combination of
spectroscopic and pyrolytic methods. Chemical deg-
radation was also carried out for elucidating the
structure of some algaenan examples (Gelin et al.,
1996, 1997; Schouten et al., 1998; Blokker et al.,
1998, 1999, 2000). For example, HI and RuO4 oxi-
dation was used to examine the algaenan of two
marine microalgae, Nannochloropsis salina and Nan-

nochloropsis sp., whose macromolecular structure is
thought to be based on polyether-linked, long chain
alkyl units (Gelin et al., 1996, 1997). All the above
examples of algaenan exhibit a highly aliphatic



Plate f. A and B: light microscopy observation of resting cysts of the marine Dinoflagellate Lingulodinium polyedrum. (A) Living
specimens from laboratory cultures, (B) fossil cyst (lower Miocene, France). The cell walls of the extant cysts are composed of an insoluble
non-hydrolysable macromolecular material, probably selectively preserved in the fossil cysts. SEM observations of well preserved fossil
seed coats and modern counterparts (a–f). Fossil testae of Stratiotes headonensis: whole testa (a) and cross-section of testa wall (b). Fossil
testae of Brasenia spinosa: whole testa (c) and detail of tubercules and micropapillae on testa surface (d). Testae of extant B. schreberi:
cross-section of testa wall (e) and detail of testa surface (f). Scale bars: A (30 lm), B (15 lm), a (2000 lm), b (120 lm), c (400 lm), d
(50 lm), e (35 lm) and f (50 lm). Reprinted with permission from Kokinos et al. (1998, p. 266), Copyright (1998) Pergamon Press for A
and B; with permission from van Bergen et al. (1994), p. 3826.
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structure, as for B. braunii algaenan, and the macro-
molecular network is based on long to very long (up
to C80–C120) alkyl chains (Allard et al., 2002). These
chains are usually unbranched. However, a substan-
tial contribution of long isoprenoid chains was
observed for the algaenan of the L race of B. braunii

(review by Metzger and Largeau, 1999) and its fossil
counterparts (Derenne et al., 1989, 1997). Phenolic
groups, associated with long alkyl chains, occur in
the algaenan of the A race of B. braunii and their
abundance increases with the salinity of the growth
medium (Derenne et al., 1992a; Sabelle et al., 1993).
Nevertheless, even for the algaenan isolated from
‘‘saline’’ B. braunii, long alkyl chains remain by
far the main elements of the macromolecular
structure.

Among the non-hydrolysable materials isolated
from a number of extant microalgae belonging to
various classes, a large contribution of aromatic
moieties was observed in only two cases: the walls
of the vegetative cells of the marine green microalga
Chlorella marina (Derenne et al., 1996) and the walls
of resting cysts of the dinoflagellate L. polyedrum

(Kokinos et al., 1998) [Plate f(A)]. In agreement
with spectroscopic observations, the pyrolysate of
the ‘‘algaenan’’ from C. marina is dominated by
compounds containing a large variety of aromatic
groups. The lack of a macromolecular network
based on long alkyl chains was also noted for L.

polyedrum ‘‘algaenan’’ where relatively condensed,
mostly aromatic, structures dominate.

Analysis of the cutan of extant plants, via flash
pyrolysis and solid state 13C NMR, indicated a
highly aliphatic nature (Nip et al., 1986, 1987). A
substantial contribution of polysaccharidic moieties
was suggested from FTIR spectroscopy (Tegelaar
et al., 1989b) but this was not supported by subse-
quent studies (de Leeuw et al., 1991; McKinney
et al., 1996). Further pyrolytic studies of the cutan
isolated from Agave americana suggested that moie-
ties containing functionalized aromatic rings may
also occur (Tegelaar et al., 1989b; McKinney
et al., 1996). However, such moieties were no longer
observed after extensive purification (Villena et al.,
1999). The highly aliphatic nature considered for
suberan was mostly based on flash pyrolysis exper-
iments (Tegelaar et al., 1995).

5.2.4. Problems related to algaenan, cutan and

suberan isolation

Drastic hydrolysis is required for algaenan, cutan
and suberan isolation so as to eliminate all the other
insoluble macromolecular components. However, it
is well documented that hydrolysis of proteins and/
or polysaccharides under drastic laboratory condi-
tions can result in the partial condensation of their
degradation products into complex insoluble mac-
romolecules that can withstand subsequent hydroly-
sis. These insoluble macromolecules, termed
melanoidins, are formed by Maillard reactions and
show some similarities in chemical structure when
compared to humic substances naturally formed
from proteins and polysaccharides by degrada-
tion–recondensation processes. A detailed study of
algaenan isolation from B. braunii (Allard et al.,
1998) showed that (i) substantial formation of arti-
factual melanoidin-like material occurred under the
classically used hydrolysis conditions and (ii) arti-
fact-free algaenan can be obtained provided that
stepwise trifluoroacetic acid (TFA) hydrolysis, with
progressive increase in duration and acid concentra-
tion, is performed before the usual drastic base and
acid hydrolysis (Fig. 23). Accordingly, the abun-
dance of algaenan obtained in previous studies,
using the classical treatment, is probably somewhat
overestimated due to the formation of melanoidin-
type artifacts. Moreover, the presence of these arti-
facts could hardly be revealed when pyrolysis and
solid state 13C NMR were used to characterize the
isolated material. Indeed, as shown by the examina-
tion of mixtures of reference compounds (Poirier
et al., 2000), melanoidin is poorly detected with
both methods, in contrast with aliphatic constitu-
ents like algaenan.

Stepwise hydrolysis of bacterial biomass with
TFA (Allard et al., 1997) showed that the bulk of
the so-called bacteran, previously obtained from
three species of mycobacteria via classical hydrolysis
(Flaviano et al., 1994), in fact corresponded to mel-
anoidin-type artifactual material. Indeed, no signif-
icant amount of insoluble non-hydrolyzable
constituents was isolated when stepwise hydrolysis
was used and, at the moment, there is no clear indi-
cation for the presence of non-hydrolysable macro-
molecular components in bacteria.

5.2.5. Estimate of algaenan, cutan and suberan

contribution to kerogen

5.2.5.1. Algaenan. The presence of algaenan has been
reported so far in over 30 species of microalgae,
chiefly in vegetative cells with very thin trilaminar
outer walls (reviewed by Derenne et al., 1992b; Gelin
et al., 1999). These algaenan-producing species are
found in a large array of genera and in several classes,



Fig. 23. Algaenan isolation S. Communis (a) B. braunii (b). FTIR spectra, from top to bottom: material obtained after the first TFA
hydrolysis: material obtained after the successive TFA hydrolyses: artifact-free algaenan isolated via the new process and contaminated
algaenen obtained through direct drastic saponification and acid hydrolysis. Reprinted with permission from Allard et al. (1998, p.
546).
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although most belong to the same class, the Chloro-
phyceae, i.e. the green microalgae. However, several
other types of phytoplanktonic organisms were also
tested for the presence of algaenan, including numer-
ous marine species. Algaenan occurrence was thus
observed, along with the presence of a very thin
trilaminar outer wall, in the four species of Eustig-
matophyceae examined by Gelin et al. (1999).
Accordingly, algaenan formation is probably a com-
mon feature in this class as in the Chlorophyceae.
Nevertheless, unlike the diatoms, prymnesiophytes
and dinoflagellates, these above classes are not con-
sidered as ubiquitous in marine environments and
would rarely be a major constituent of marine
phytoplankton.

No algaenan was detected in two ubiquitous pry-
mnesiophytes, Emiliana huxleyi and Phaeocystis sp.
or in any of the diatoms tested (Gelin et al., 1999).
The diatoms and prymnesiophytes are characterized
by the production of mineral exoskeletons and some
observations point to an important protective role for
algaenan-containing outer walls in living microalgae
(Corre et al., 1996). Accordingly, the presence of a
protective mineral exoskeleton may account for the
lack of algaenan in these two classes. The general lack
of algaenan in diatoms is supported by observations
on marine sediments underlying upwelling areas off
Peru and Mauritania (Eglinton et al., 1994; Zegouagh
et al., 1999), where the large primary production is
mostly due to diatoms, and the sedimentary OM is
thought to be predominantly of diatom origin.
Indeed, no significant role was observed for the selec-
tive preservation pathway in sediments from these
two areas. A non-hydrolysable, highly aliphatic
material was identified in the vegetative cells of one
dinoflagellate, Gymnodinium catenatum, out of three
tested (Gelin et al., 1999). However, the location
and the morphological features of this macromolecu-
lar material and its possible relationship to kerogen
components are still to be examined.



764 M. Vandenbroucke, C. Largeau / Organic Geochemistry 38 (2007) 719–833
Only one case has been reported where the iso-
lated algaenan did not retain the morphology of
the cell wall. The algaenan of the Eustigmatophyte
Nannochloropsis salina appears as an amorphous
material with a granular texture when observed with
TEM (Gelin et al., 1999). An amorphous nature can
therefore be anticipated for the kerogen fraction
derived from the selective preservation of this algae-
Plate g. SEM observations of Gloeocapsomorpha prisca from Kuker
Botryococcus braunii grown on ‘‘saline’’ media. A and B: G. prisca colonie
(not shown, Derenne et al., 1992a) indicated that the cells, appearing n
selectively preserved, hence pointing to an algaenan-based compositio
media (C–F) instead of the NaCl-devoid medium generally used for lab
usually thrives in freshwater). Large morphological changes occur for th
are still thicker and exhibit a conspicuous multilayered organizatio
morphological changes are observed (F). The cells are now complet
morphology of the colonies strongly recalls that of G. prisca colonies
algaenan composition on ‘‘saline’’ media, point to affinity between Ord
(10 lm), C (25 lm), D and E (5 lm). Reprinted with permission from D
nan or of similar examples. Recognition of such a
contribution is, however, difficult because kerogen
fractions derived from the classical degradation–
recondensation pathway are also amorphous with
a granular texture (e.g. Zegouagh et al., 1999).
Clear-cut chemical differentiation is also difficult
because the incorporation of various long chain lip-
ids into kerogen structure occurs via the classical
site oil shale (Ordovician marine deposit, Estonia) and extant
s exhibit a perfectly preserved morphology and TEM observations
ow as ghosts, were surrounded by thick walls. These walls were

n. Observations on extant B. braunii grown on NaCl-containing
oratory cultures of B. braunii (in modern environments the species
e medium with a NaCl concentration of only 1 g/l: the outer walls

n (C–E). When NaCl concentration is raised to 10 g/l further
ely surrounded by the thick multilayered walls and the general
. Such morphological features, along with associated changes in
ovician G. prisca and modern B. braunii. Scale bars: A, B and F
erenne et al. (1992) p. 301, for A and B, p. 307 for C–F.
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pathway (Tissot and Welte, 1978). Such incorpora-
tion would generate moieties whose chemical com-
position, including pyrolysis products, may mimic
the composition of N. salina (and related) algaenan.
Thus, a contribution from selectively preserved
algaenan to some amorphous kerogen fractions can-
not at the moment either be completely ruled out or
firmly established.

As stressed above, algaenan selective preserva-
tion played a prominent role in the formation of
some organic-rich deposits composed of accumula-
tions of well recognizable microfossils like Torban-
ites [Plate a(A and B)] and Messel Oil Shale.
Indeed, kerogen in the above samples corresponds
mostly to accumulations of algaenan-comprised
outer walls of B. braunii and T. minimum, respec-
tively. The conspicuous role of the selective preser-
vation pathway in the formation of such kerogens
reflects the significant amount of algaenan in the
source organisms, > 10% of total biomass for B.
braunii (Allard et al., 1998), in relation to the thick-
ness of the algaenan-comprised outer walls in these
two species.

The kerogen of many Ordovician marine source
rocks and oil shales is also chiefly composed of the
well-preserved remains of a single species of a colo-
nial microorganism, termed Gloeocapsomorpha pri-

sca [Plate g(A and B)]. The morphology of these
fossil colonies, as revealed using TEM, strongly sug-
gested that the cell walls of G. prisca were composed
of a highly resistant material and that this Ordovi-
cian kerogen was also chiefly formed by selective
preservation. Further studies confirmed such an ori-
gin and indicated that G. prisca was possibly a mar-
ine microalga related to B. braunii (Derenne et al.,
1990, 1992a). Indeed, the latter exhibits large
changes in colony morphology (Plate g(C–F)) and
in algaenan composition when grown in a saline
medium, especially an increasing content of pheno-
lic moieties (particularly of alkyl-1,3-benzenediols)
in the algaenan. Due to such changes, close mor-
phological and chemical resemblance to G. prisca

is observed. The major contribution of G. prisca

remains to Ordovician source rocks is reflected in
the unusual distribution of alkanes observed for
both Ordovician oils (e.g. Douglas et al., 1991)
and G. prisca pyrolysates. The nature and composi-
tion of G. prisca account for such features: (i) a huge
growth of this photosynthetic species in Ordovician
seas was favoured, since the major phytoplanktonic
groups now dominating marine environments (like
diatoms and dinoflagellates) did not exist in the
Ordovician and (ii) owing to the presence of thick
outer walls composed of aliphatic algaenan, a large
part of the total biomass of G. prisca was selectively
preserved upon fossilization and afforded kerogen
with a high oil potential.

Tasmanites are also organic-rich oil prone depos-
its, Carboniferous to Permian in age, chiefly formed
by accumulations of organic microfossils (Revill
et al., 1994) termed Tasmanites punctatus, and com-
posed of very well preserved thick cell walls. These
microfossils show the same morphology as cell walls
in the phycoma of modern marine microalgae like
Pachysphaera sp. and Halosphaera sp. (Prasinophy-
ceae). Phycoma, i.e. non-motile stages implicated in
the asexual reproduction of Prasinophytes, are
sometimes observed in nature but are very difficult
to obtain in laboratory cultures. As a result, the
assumed relationship between phycoma walls in
extant Prasinophytes and T. punctatus microfossils
in Tasmanites, and hence the formation of these
kerogens by selective preservation, has not been
ascertained by carrying out comparative studies on
their chemical composition.

As expected, the level of resistant material is
rather low in all the microalgae that exhibit very
thin trilaminar outer walls. Algaenan contents of a
few % of the total biomass are observed for these
species (Derenne et al., 1992b; Allard et al., 1998).
However, contrary to B. braunii, each cell division
leads to the release of the outer wall of the mother
cell. This wall bursts to release the daughter cells
that produce their own trilaminar wall. Thus,
actively growing populations of such microalgae
can produce rather large amounts of algaenan. Fos-
sil ultralaminae derived from the selective preserva-
tion of these very thin outer walls are thus abundant
in some kerogens [Plate b(D)], as observed for the
Rundle and Göynük Oil Shales; however, they often
account for only a minor part of the total kerogen
(Largeau et al., 1990a).

Fossil dinoflagellates commonly contribute to
marine kerogens, as resting cysts with well preserved
morphology, back to at least the Trias (Evitt, 1961),
and over 400 genera have been identified (Dale,
1983). However, such cysts usually only account
for a relatively small fraction of the whole kerogen.
The morphology of these ubiquitous microfossils
suggests that they originate from the selective pres-
ervation of the resistant outermost layer of dinofla-
gellate cysts. This is supported by microscopic and
chemical observations of the presence of an insolu-
ble and non-hydrolysable macromolecular material
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in the cell walls of resting cysts, obtained by labora-
tory culture of the extant dinoflagellate Lingulodi-

nium polyedrum [Kokinos et al., 1998; Plate f(A
and B)]. However, comparative studies of the chem-
ical composition of this resistant material and of
fossil cysts, along with the examination of other
extant species, are required to ascertain the implica-
tion of the selective preservation pathway in the for-
mation of the dinoflagellate cysts commonly
observed in the fossil record. Similarly, the presence
of algaenan was observed in the cell walls of the
zygospores of the green microalga Chlamydomonas
monoica (Blokker et al., 1999). However, compara-
tive chemical and/or morphological studies of such
spore walls with fossil materials have not been
reported.

Taken together, the above results therefore indi-
cate that large variations can be found in (i) the level
of resistant macromolecular material of microalgal
cell walls depending on the class or species in ques-
tion and also on the cell type in question (vegetative
cells vs. resting cysts or reproductive cells) and (ii)
the contribution of the selective preservation path-
way to kerogen formation. The resulting implica-
tions, on a global scale, are considered in a section
below.
Table 11
Modern higher plants where presence of cutan has been reporteda

Taxon (affinity)

Gymnosperms
Ginkgo biloba (Ginkgoaceae)
Sciadopytis verticillata (Taxodiaceae)
Amentotataxus argotaenia (Taxaceae)

Monocotyledonous angiosperms
Agave americana (Agavaceae)
Clivia miniata (Amaryllidaceae)
Zostera marina (Zosteraceae)

Dicotyledonous angiosperms
Lycopersicon esculentum (Solonaceae)
Citrus limon (Rutaceae)
Salicornia europaea (Chenopodiaceae)
Erica carnea (Ericaceae)
Symplocos paniculata (Symplocaceae)
Hydrangea macrophylla (Saxifragaceae)
Gossypium sp. (Malvaceae)
Prunus laurocerasus (Rosaceae)
Quercus robur (Fagaceae)
Acer platanoides (Aceraceae)
Malus pumila (Rosaceae)
Limonium vulgare (Plumbaginaceae)
Beta vulgaris (Chenopodiaceae)

a Reprinted with permission from de Leeuw and Largeau
(1993); Copyright (1993) Plenum Press.
5.2.5.2. Cutan and suberan. Previous studies pointed
to the presence of cutan in 19 species of higher
plants, including both gymnosperms and angio-
perms, out of 23 tested (Nip et al., 1986; Tegelaar
et al., 1991; de Leeuw and Largeau, 1993; Table
11) and cutan was detected in several drought-
adapted plants (Boom et al., 2005). Examination
of the outer bark tissues of five angiosperms
showed the presence of suberan in all these species
(Tegelaar et al., 1995). Therefore, cutan and sub-
eran might be rather common constituents of
higher plants. These resistant aliphatic, macromol-
ecules are found, however, in specific tissues, cuti-
cles and suberized layers, respectively, that only
account for a very small fraction of the total bio-
mass. In agreement with this low abundance, large
accumulations of well recognized remains of such
tissues formed by the selective preservation of
cutan and suberan, i.e. the cutinite and suberinite
macerals, respectively, are seldom observed in ker-
ogen fractions derived from higher plants. A sub-
stantial contribution of cutinite was observed in
a limited number of samples, like the Upper Car-
boniferous ‘‘paper coals’’ (IN, USA) where petro-
graphical observations indicated a cutinite content
of ca. 7% of total OM (Nip et al., 1989).

5.2.6. Respective contributions of selective
preservation and degradation–recondensation

pathways to algal kerogen constituents

The importance of the selective preservation
pathway on a global scale is still a matter of debate.
Estimates of the contribution of algaenan to Types I
and II kerogens, largely sourced from microalgal
components, has been discussed (Largeau and Der-
enne, 1993). For a given algal kerogen, the relative
importance of the selective preservation and degra-
dation–recondensation pathways will be controlled
by (i) the content of algaenan in the primary bio-
mass and (ii) the depositional conditions and the
resulting level of mineralization of the non-resistant
constituents of this biomass.

Based on studies of extant microalgae, a scale
from 0% to 10% was used for the algaenan content,
with the zone around 1% corresponding to the level
of algaenan expected in a number of algal popula-
tions. Species with very high algaenan contents, like
B. braunii, can be considered as relatively uncom-
mon and are not considered in this global estimate.
According to Tissot and Welte (1978), the level of
mineralization of the non-resistant constituents is
usually extremely high and, on a global scale, only



Fig. 24. Phenolic moieties identified via 1H NMR spectroscopy
in the purified sporopollenin isolated from Typha angustifolia

pollen. Reprinted with permission from Ahlers et al. (1999, p.
1096).
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a tiny fraction (average ca. 0.1%) of the biomass of
primary producers is finally transformed into kero-
gen via the degradation–recondensation pathway.
Values up to 4% can be observed in environments
where degradation is limited, as in the Black Sea,
and larger values would only occur in unusual envi-
ronments. Accordingly, a scale from 0.1% to 4%,
encompassing most depositional conditions, was
considered. Using the above two sets of values, a
three-dimensional diagram was obtained whose
surface represents the contribution of the selective
preservation pathway to kerogen formation as a
function of the composition of the source organ-
isms and of depositional conditions (Largeau and
Derenne, 1993). The zone of this diagram repre-
senting the values that are likely to generally prevail
for these two parameters corresponds to a contri-
bution of the selective preservation pathway of at
least 20%. It therefore appears that selective preser-
vation probably afforded, on a global scale, a sub-
stantial contribution to a number of algal kerogens.
Such a contribution was also inferred, through
compound-specific stable carbon isotopic analysis
of aliphatic hydrocarbons in flash pyrolysates, for
a set of kerogens corresponding to various deposi-
tional conditions and age (Eglinton, 1994). Further-
more, owing to the highly aliphatic nature of
algaenan, the kerogen fraction thus formed would
largely contribute to the oil potential of the whole
kerogen, even if the relative abundance was rather
low. This is illustrated by the relationship between
the large variation in Rock-Eval HI values and
the relative abundance of fossil B. braunii vs. terres-
trial materials in a large set of samples from an
otherwise lithologically homogeneous, maar-type
oil shale deposit (Gérce, Pliocene, Hungary; Der-
enne et al., 2000).

Although algaenan is usually characterized by a
highly aliphatic nature, the aforementioned studies
on C. marina showed that ‘‘aromatic algaenan’’
might also exist. No chemical correlation has been
established between this type of ‘‘algaenan’’ and ker-
ogen. However, the observations support results for
the Alum Shale (Cambrian, Scandinavia; Horsfield
et al., 1992) and the Cerdanya oil shale (Tertiary,
Spain; Sinninghe Damsté et al., 1993a) suggesting a
large contribution of ‘‘aromatic algaenan’’. They
may also account for the occurrence of highly aro-
matic, although apparently non-biodegraded, crude
oils (Tissot and Welte, 1978). Accordingly, we can-
not exclude the posssibility that the selective preser-
vation pathway was also significantly responsible,
on a global scale, for the aromatic fractions of some
kerogens.

5.2.7. Selective preservation of other types of
biomacromolecule

The inventory of the main groups of biomacro-
molecule and their resistance to diagenesis (review
in de Leeuw and Largeau, 1993) indicates huge dif-
ferences in preservation potential. Indeed, a contin-
uum probably exists between highly sensitive,
rapidly mineralized components, like storage poly-
saccharides, and highly resistant biomacromolecules
like algaenan. Below we consider some macromolec-
ular components (sporopollenin and lignin) that can
exhibit a high resistance to diagenetic degradation
under numerous depositional conditions. Proteins
are thought to exhibit a high sensitivity to diagenetic
degradation and should not be preserved in sedi-
mentary organic matter; further studies have led,
however, to reconsideration of the general character
of such a feature as discussed below.

5.2.7.1. Sporopollenin. The macromolecular compo-
nents of the outer walls (exines) of lower plant
spores and higher plant pollen exhibit a high resis-
tance to drastic hydrolysis (review by Brooks and
Shaw, 1978). The chemical structure of these non-
hydrolysable biomacromolecules, termed sporopol-
lenin, is still a matter of debate (e.g. Guilford
et al., 1988; Wehling et al., 1989; Hemsley et al.,
1993; Gubatz et al., 1993). Unbranched alkyl chains
and phenyl propanoid units would be expected to be
the main building blocks of sporopollenin (Wier-
mann et al., 2001, and references therein). In addi-
tion, the occurrence of tri- and tetra-substituted
phenolic units (Fig. 24) with alkyl, carbonyl, acid
or ester groups was reported (Ahlers et al., 1999).
The great resistance of sporopollenin to laboratory
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hydrolysis is generally paralled by great resistance
to diagenetic degradation under natural conditions.
A high level of anatomical preservation, including
specific ornamentation of the outer part of the
exine, is commonly observed in fossil samples, so
that the corresponding species can be identified
unambiguously, so exines are largely used for pala-
eoflora reconstruction. Light microscopy showed,
however, that the exines of some species can be rap-
idly degraded during incubation experiments with
soils (e.g. Havinga, 1971; Faegri, 1971). The cause(s)
of such a low preservation potential, like differences
in sporopollenin content and/or composition, have
not been determined. The palaeo record of spores
and pollen will therefore be biased due to this pref-
erential degradation of some exines.

Spore and pollen exines are widely distributed in
fossil OM [Plate a(C)] and the corresponding mac-
Fig. 25. Structure of monolignols (bottom, right): R1 = R2 = H, p-coum
sinapyl alcohol. Schematic structure of lignin showing the commonly occu
5 to hemicellulose and esterification of unit 12 to ferulic acid, modified
permission from de Leeuw and Largeau (1993, p. 44).
eral, sporinite, is ubiquitous in kerogen fractions
derived from terrestrial materials. Fossil exines can
account for up to half of the total mass in the so-
called cannel coals (e.g. Phillips et al., 1985). This
abundance reflects the predominance of spore-
bearing arborescent lycophytes in Upper Carbonif-
erous coal floras (review in Collinson et al., 1994).
Pyrolytic study of fossil exines showed, in agree-
ment with the composition of modern counterparts,
the presence of oxygenated aromatic and aliphatic
moieties (van Bergen et al., 1993), indicating that
such moieties are probably selectively retained upon
fossilization.

5.2.7.2. Lignin. After polysaccharides, lignin is the
most abundant constituent of vascular plants. This
high molecular weight polymer (ca. 600 · 103 kDa)
generally accounts for 10–25% of the total mass of
aryl; R1 = H and R2 = OCH3, coniferyl alcohol; R1 = R2 = OCH3,
rring b-O-4 type linkage (e.g. between units 1 and 2), linkage of unit
after Adler (1977) and Kirk and Farrell (1987). Reprinted with
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Fig. 26. Solid-state CP/MAS 13C NMR spectrum of a Douglas fir
wood ‘‘peatified’’ to the point where most of the cellulose material
has been eliminated. Peaks correspond to nearly intact lignin
except a small peak (at 72 ppm) reflecting very low contribution
from cellulose carbon. Reprinted with permission from Hatcher
and Clifford (1997, p. 254).
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vascular plants and amounts up to 35% are
observed in woody tissue (Higuchi, 1981; Stafford,
1988) The polymeric structure of lignin is based
on three phenylpropanoid units, termed ‘‘monolig-
nols’’, that differ in the substitution pattern of the
phenyl ring (Fig. 25, Adler, 1977). The monolignols
are transformed to phenoxy radicals through
enzyme-initiated reactions. Copolymerization of
these radicals, via random coupling reactions,
finally produces the complex polymeric structure
of lignin. Over 10 different types of linkages between
the phenylpropanoid units can thus be formed.
Among these, aryl–alkyl ether bonds generally
dominate and a relatively large contribution from
aryl–aryl and aryl–alkyl carbon–carbon bonds is
commonly observed. As a result of this formation
through random radical copolymerization, lignins
are highly heterogeneous cross-linked macromole-
cules and a number of the condensed units contain
several linkages to adjoining units. These features
account for the great resistance of lignins to labora-
tory hydrolysis and the relatively high preservation
potential under natural conditions.

The structure of lignin in a given plant is deter-
mined by the relative contribution of the monolig-
nol units (Hedges and Mann, 1979; Stafford,
1988). Gymnosperm lignin is generally derived from
coniferyl units, whereas coniferyl and sinapyl moie-
ties are implicated in lignin from dicotyledonous
angiosperms. In both cases a small contribution
from p-coumaryl units is usually observed. Conife-
ryl and p-coumaryl units commonly predominate
in monocotyledonous angiosperms. The nature
and relative abundances of terrigenous sources in
marine sediments can therefore be determined via
the distribution of the typical phenolic compounds
released from these three types of basic units upon
lignin cleavage (Hedges et al., 1997). This cleavage
is commonly achieved with CuO oxidation (Hedges
and Ertel, 1982) or pyrolysis (Saiz-Jimenez and de
Leeuw, 1986). Tetramethylammonium hydroxide
(TMAH) thermochemolysis affords efficient cleav-
age of lignin linkages and makes easier the identifi-
cation of the polar products thus generated (Clifford
et al., 1995; Filley et al., 1999, 2000; Mannino and
Harvey, 2000). Comparison of conventional pyroly-
sis and TMAH thermochemolysis of the macromo-
lecular material isolated from a surface sediment off
the Danube River Delta (Black Sea) illustrated the
usefulness of the latter method and showed a large
contribution of lignin from non-woody herbaceous
land plants (Garcette-Lepecq et al., 2000, 2001).
Lignin and altered (but recognizable) lignin are
widely distributed in sedimentary rocks and have
been extensively used as markers of terrestrial
inputs to marine environments (Hedges et al.,
1997). In the fossil record, the abundant contribu-
tion of lignin-derived material is reflected in the level
of vitrinite that predominates in a number of coals
(Hatcher et al., 1982). Under aerobic conditions,
extensive degradation by white rot fungi and brown
rot fungi takes place and lignin can be rapidly min-
eralized (Haider, 1992). However, such rapid
destruction requires both depolymerase and oxidase
activity and a high partial pressure of oxygen (Szk-
larz and Leonowicz, 1986). As a result, lignin exhib-
its a high resistance to mineralization under
anaerobic conditions (e.g. Kirk and Farrell, 1987)
– hence its accumulation in peat and coal (Fig. 26;
e.g. Hatcher and Clifford, 1997).

Intact lignin, or parts of lignin macromolecular
structure, can be incorporated into fossil OM, as
observed via chemical degradation of the kerogen
from the Messel Oil Shale and of a Miocene coal
(Mycke and Michaelis, 1986). However, in contrast
to highly aliphatic macromolecules, like algaenan,
the initial structure of lignin commonly undergoes
pronounced changes upon diagenesis. The main
structural changes associated with the first steps in
lignin diagenesis are the elimination of hydroxy
groups, the cleavage of some ether linkages and the
demethylation of methoxy groups (Hatcher and Clif-
ford, 1997). This alteration is reflected in changes in
the relative abundance of some of the products
released through CuO oxidation or pyrolysis. From
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the variations in relative abundance, several ratios
can be calculated, like the syringic to vanillic unit
ratio and the aldehyde to acid ratio, that reflect the
extent of lignin alteration in modern and fossil mate-
rials (e.g. Goñi et al., 1993; van Bergen et al., 1994c;
Hatcher et al., 1995).

5.2.7.3. Proteinaceous material. Proteins are the
most abundant cellular constituents. However,
most are very rapidly degraded during early dia-
genesis by exoenzymes that cleave peptide bonds,
and the released amino acids are then used for
microbial metabolism. Accordingly, it was consid-
ered for a long time that proteins or weakly altered
protein-derived materials did not make a signifi-
cant contribution to kerogen, and that only
water-insoluble structural proteins would exhibit
a limited preservation potential (e.g. de Leeuw
and Largeau, 1993). In contrast, it is well docu-
mented that proteinaceous components can survive
on a geological time scale in biominerals like bones
and mollusc shells (e.g. Abelson, 1954; Robbins
and Brew, 1990; Macko et al., 1993 and references
therein; Poinar and Stankiewicz, 1999). During the
formation of such materials the mineral phase
nucleates on the protein matrix, thus isolating the
proteinaceous components from microbial attack,
unlike proteins in soft tissue.
Fig. 27. Solid-state 15N NMR spectrum of ca. 4000 year old algal
sapropel (Mangrove Lake, Bermuda). No significant signals were
observed in the pyrrolic N (�145 to �240 ppm) and pyridinic N
(�40 to �90 ppm) regions. The dominance of the signal at
�256 ppm (amide groups) and the peak at �347 ppm (free amino
groups) indicates that most of the N occurs in peptide-like
structures that survived diagenesis. The 13C NMR spectrum shows
a strong signal at 32 ppm reflecting the contribution of selectively
preserved algaenan. The peaks at 72 and 106 ppm probably reflect
the survival of some carbohydrate and a substantial signal is
observed at 176 ppm for carboxylic/amide groups. Reprinted with
permission from Knicker et al. (1996, p. 665).
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Substantial amounts of nitrogen are found in
sedimentary OM (Tissot and Welte, 1984), and it
was considered for some time that this nitrogen
mostly occurred in heterocyclic aromatic structures
(pyrroles and pyridines). This was supported by (i)
the low fraction of total nitrogen that could be iden-
tified as amino acids after hydrolysis and (ii) exam-
ination of recent sediments from the Peru upwelling
with X-ray photoelectron spectroscopy (XPS),
which showed that heterocyclic nitrogen occurred
in a higher proportion than amino nitrogen
(Patience et al., 1992). However, further studies
led investigators to question the general character
of the extensive degradation of proteins during
diagenesis. Thus, solid state 15N NMR showed
(Fig. 27) that nitrogen occurred in amide groups
in a 4000 year old organic-rich sapropelic sediment
from Mangrove Lake, Bermuda (Knicker et al.,
1996; Knicker and Hatcher, 1997, 2001), and amino
acids were identified in the TMAH thermochemoly-
sate of the sediment (Knicker et al., 1996, 2001;
Knicker and Hatcher, 1997). Moreover, the produc-
tion of amino acids, originating from the cleavage of
proteinaceous moieties, was also observed upon
TMAH thermochemolysis of: (i) kerogen-like OM
isolated (by solvent extraction and mineral removal
by HF/HCl) from a surface sediment collected off
the Danube Delta (Garcette-Lepecq et al., 2001)
and (ii) sulfur-rich kerogens from a 140 million year
old organic-rich deposit, Kashpir Oil Shale, Vol-
gian, Russia (Mongenot et al., 2001; Riboulleau
et al., 2002) and from Tertiary Spanish shales (del
Rio et al., 2004).

Hydrophobic and other non-covalent associa-
tions would promote preservation of peptide link-
ages and of proteins in organic matrices (Nguyen
and Harvey, 2001). Indeed, studies of Mangrove
Lake sediment (Knicker et al., 1996; Knicker and
Hatcher, 1997, 2001) and laboratory experiments
involving hydrolysis of encapsulated proteins and
microbial degradation of B. braunii (Zang et al.,
2000, 2001) indicated that efficient protection of
the proteinaceous moieties resulted from encapsula-
tion in highly aliphatic hydrophobic zones of the
organic matrix (Fig. 28), including algaenan compo-
nents (Nguyen and Harvey, 2003; Nguyen et al.,
2003). The same protection process would be impli-
cated with respect to the kerogen from the Kashpir
Oil Shale. Moreover, reticulation of the aliphatic
units by sulfur possibly afforded further protection
to proteinaceous moieties in this sulfur-rich kerogen
(Mongenot et al., 2001; Riboulleau et al., 2002) –



Fig. 28. Scheme proposed to explain the protection of proteinaceous material against diagenetic degradation, through encapsulation into
paraffinic network of algaenan. Reprinted with permission from Knicker and Hatcher (2001, p. 742).
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hence the conspicuous survival of such moieties in
this ancient material. A continuum probably exists
in natural samples between proteins (or weakly
altered proteinaceous materials), on one hand, and
melanoidin-like moieties originating from the ran-
dom condensation of the degradation products of
proteins via degradation–recondensation, on the
other. Generally speaking, it seems that protection
resulting from OM folding and aggregation, due
to its hydrophobicity, has been strongly underesti-
mated (Hedges et al., 2000). Natural materials
formed by complexation of potentially labile bio-
macromolecules can also exhibit a relatively high
resistance to diagenesis. Survival of chitin, a poly-
saccharide which is highly labile on its own, was
thus observed in invertebrate cuticles over geologi-
cal timescales, probably due to complexation with
proteins in such cuticles (Baas et al., 1995; Stan-
kiewicz et al., 1997; Flannery et al., 2001).

5.3. Summary

• Two main pathways allow, on the whole, less
than 1% of the OM from the initial biomass to
escape the biological carbon cycle and enter the
sedimentary carbon cycle: (i) the ‘‘degradation–
recondensation’’ pathway, where biodegradation
products of organic constituents from living
organisms recondense randomly into protokero-
gen, (ii) the ‘‘selective preservation’’ pathway,
where protective macromolecules biosynthesized
by some organisms and resistant to microbial
enzymes are selectively enriched relative to other,
assimilable, constituents.
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• Degradation–recondensation is always involved
in kerogen preservation, in contrast to selective
preservation.

• Selective preservation can afford highly aliphatic
kerogen fractions, thereby providing a very high
oil potential.

• The respective contribution of these processes to
kerogen preservation is probably controlled by
environmental conditions, but detailed quantita-
tive information on this point is not presently
available.

6. Classification of kerogen by type

Pioneering studies by Down and Himus (1941)
initially drew a parallel between some kerogen
examples and coal, concluding that there were sim-
ilarities in their organic precursors on the basis of
both light microscopy and the presence of an aro-
matic core. They attributed kerogen compositional
differences to variation in plant sources, deposi-
tional environment and bacterial reworking. They
tried to describe the chemical structure of various
kerogen samples by using controlled oxidation with
potassium permanganate and observed large differ-
ences in susceptibility to oxidation among the differ-
ent examples. Later, after concentrating kerogen
from marine sedimentary rocks, Forsman and Hunt
(1958) performed analysis using different techniques
and arrived at conclusions very similar to those of
Down and Himus (1941). They recognized the exis-
tence of two main types of kerogen, one indistin-
guishable from coal and the other being more
aliphatic. They also showed that changes in elemen-
tal composition occur with increasing maturity
upon burial.

The modern classification of kerogen stemmed
progressively in the 1970s from studies of petroleum
provinces and aimed at reconstituting petroleum
formation and evolution via analysis of source rock
extracts and their related kerogen and generated/
expelled oils. Source rocks belonging to the same
stratigraphic formation but buried to different
depths in various petroleum systems, together with
their corresponding crude oils, were made available
by oil companies for research. These source rocks
were often sampled as cores, thereby enabling work
on good quality samples from accurately known
depths. Work on cuttings was and is hampered by
problems due to poor depth assessment, contamina-
tion by drilling mud and the possibility of caving.
The first analyses were restricted mainly to the com-
parison of qualitative and quantitative chemical
characteristics of extracts and crude oils, the so-
called ‘oil-source rock correlation’. However, in
the same period, developments in efficient kerogen
isolation, pyrolysis methods (including Rock-Eval)
and IR spectroscopy made it possible to generate
for each source rock a much larger set of analytical
parameters for the assessment of maturity, and the
comparison of source rock origin and evolution in
different petroleum systems. The notions of OM
type and maturity are thus inseparable and issue
directly from petroleum research.

6.1. Widely accepted classification

Classification of source rock kerogen into three
main types and their evolution with maturation
under geological conditions were first proposed by
Durand and Espitalié (1973). The study was based
on elemental analysis of kerogen samples from the
Paris Basin and related literature data on various
kerogen samples of different age and location (McI-
ver, 1967). The analyses were reported in an atomic
H/C vs. O/C diagram, similar to one used earlier
(van Krevelen, 1961) for comparing coalification
paths of coal macerals (Fig. 29). The elemental anal-
ysis of maturity series of kerogen samples from well-
characterized petroleum systems studied at the time
was also reported in this diagram, allowing defini-
tion of ‘‘evolution paths’’ (Durand and Espitalié,
1973; Tissot et al., 1974). Three kerogen types were
defined in this ‘van Krevelen diagram’ (Fig. 29) and
associated with the specific depositional environ-
ments of these petroleum systems. Elemental analy-
sis of the samples thus defined both kerogen source
and evolution with increasing burial. Other source
rock examples, although available for only a limited
range of maturity, were generally shown to fit well
in the diagram with a position related to the pre-
dicted depositional environment.

6.1.1. Reference types of kerogen

The source rocks and reference petroleum sys-
tems corresponding to the initial definition of Types
I–III, ranged in the order of decreasing petroleum
potential, and thus of H/C ratio, are described
briefly as follows:

(a) The Green River Shale (GRS), the source rock
of the primary petroleum system in the Uinta
Basin (UT, USA), contains the reference Type
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I kerogen, although some levels in the forma-
tion contain classical coal (Tissot et al., 1978).
Except for these latter levels, the kerogen of
immature samples is highly aliphatic, with an
H/C atomic ratio frequently >1.5. The oxygen
content is often low, although the O/C atomic
ratio for immature samples varies from 0.03 to
0.1. Analysis of oxygen functional groups in
immature Mahogany Zone kerogen (Fester
and Robinson, 1966) showed a major partici-
pation of unreactive oxygen assumed to be
located in aliphatic ether bonds. In accordance
with the high initial H/C ratio, the extracts,
oils or pyrolysis products are rich in long
chain n-alkanes, extending to > 40 carbon
atoms, without a marked odd or even predom-
inance. The abundance of iso- and anteiso-
alkanes and other microbial biomarkers, such
as carotane, led Tissot et al. (1978) to conclude
that the initial OM input (probably Cyanophy-

cea) had been strongly reworked by bacteria
that could have sourced the major part of
the finally sedimented OM. It is worth noting
that the lacustrine environment associated
with most Green River Shale deposition is
not freshwater, as it contains unusual alkaline
minerals (Smith, 1983), in particular spe-
cific carbonates, such as dawsonite [NaAl-
(OH)2CO3], nahcolite (NaHCO3) and trona
(NaHCO3–Na2CO3–H2O). Robinson (1976),
estimated that the mountain streams feeding
the shallow lake basins may have contained
a total of 460 ppm of dissolved salts, of which
> 200 ppm were bicarbonate. It should also be
recalled that Tissot et al. (1978) studied only
the Uinta Basin part of the Green River For-
mation oil shale; however, the unit also occurs
in the Piceance Creek Basin (Colorado) and in
the Green River and Washakie Basins of
Wyoming. Other Type I kerogen examples
such as Autun boghead coal (France), Tor-
banite (Scotland) or recent materials such as
Coorongite (Australia), principally derived
from Botryococcus remains, were also depos-
ited in a lacustrine setting, although in these
cases it was freshwater. The marine kerogen
of the organic-rich Tasmanite from Tasmania
was also classified as Type I by Tissot and
Welte (1978). They explicitly related the ali-
phatic character of all these kerogen examples
to ‘‘either a selective accumulation of algal
material’’ for the algal kerogen, ‘‘or a severe
biodegradation of the OM other than lipids
and microbial waxes’’ for the Green River
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examples (Tissot and Welte, 1978, p. 142). The
severe biodegradation observed for the GRS
was assumed to occur only in lacustrine envi-
ronments – hence the frequent association of
Type I with ‘‘lacustrine’’ OM.
Tissot and Welte (1978) had already pointed
out the relatively low occurrence of Type I
OM compared to the other types. Numerous
geochemical studies of Type I deposits have
been performed, not only ancient sedimentary
rocks but also recent deposits and relevant
cultured source organisms. This is due to the
interest in this specific kerogen type for under-
standing, inter alia, the selective preservation
mechanism described above. The geographical
and geological extensions of such organic
deposits are, however, generally very restricted.
Although, they have the highest oil potential
among OM types, it was estimated by Klemme
and Ulmishek (1991) that they are the source of
only 2.7% of the world’s original reserves of
petroleum and gas. The examples used by Tis-
sot and Welte (1978) for defining this type
clearly show that the kerogen from very differ-
ent organic sources, characterized by a com-
mon high aliphaticity, is classified as Type I.
Thus, this is not a separate type sensu stricto,
since different biological precursors, sedimen-
tary environments and preservation conditions
can be implicated.

(b) Type II is based on the lower Toarcian shales of
the petroleum system from the Paris Basin
(France) and the equivalent Posidonienschiefer
(Liassic e) Formation in Germany. The H/C
and O/C atomic ratios of immature kerogen
are ca. 1.3 and 0.15, respectively. As shown
by group type analysis of kerogen pyroly-
sates and natural extracts (Tissot and Van-
denbroucke, 1983), this OM contains many
more cyclic aliphatic moieties than Type I, as
well as a large amount of aromatics, whose
structure often contains several aliphatic rings
that become aromatized with progressive matu-
ration. The n-alkane distribution in extracts or
pyrolysates is nearly restricted to a range
< C25, even at low maturity. Sulfur is always
associated with this type of OM, either as
pyrite and free sulfur, or in the kerogen as ali-
phatic and thiophenic sulfur. The depositional
environment associated with these Toarcian
shales, as well as with their analogues in
Germany, was a moderately deep marine envi-
ronment with planktonic input as the primary
source. More or less intense reworking by vari-
ous bacterial communities occurred, depending
on the location of the oxic/anoxic bound-
ary. Seawater sulfate provided the oxidant nec-
essary for OM biodegradation via sulfate
reducing bacteria. These bacteria released poly-
sulfide, H2S and native sulfur capable of com-
bining both with Fe from clays, ultimately to
form pyrite, and with the OM to produce
organosulfur moieties, as discussed in detail in
the section on early diagenesis. This Toarcian
OM Type was compared to other source rocks
from marine deposits in different places in the
world (e.g. Devonian of Western Canada, Silu-
rian and Devonian from North Africa). The
comparison showed very homogeneous chemi-
cal features for kerogens and extracts, and oils
and pyrolysates. Differences in kerogen sulfur
content were attributed to the different mineral-
ogical compositions of these source rocks, the
richest in carbonate being the richest in organic
sulfur, because in that case Fe from clays was
not available for pyrite formation.

(c) Type III was initially based on the Upper Cre-
taceous sedimentary rocks of the Douala Basin
(Logbaba, Cameroon), sourced by the Niger
River palaeo deltaic input, and deposited in a
shallow marine environment (Albrecht et al.,
1976). This Type of OM is frequently found
in deltaic settings and derives from higher
plant debris, often highly reworked, given the
oxidising transportation conditions associated
with detrital sedimentation. In the case of the
Logbaba silty clays, no coal beds were found
at any depth. Only the most resistant chemical
constituents of the terrestrial OM reached the
site of sedimentation and, once there, were
quickly buried due to large sediment input
and high subsidence rate caused by the opening
of the South Atlantic Ocean. Under such con-
ditions, strong bacterial degradation could
probably not occur and no (or limited) sulfur
was available for incorporation into the OM
or to form pyrite, even though abundant sul-
fate was present in seawater. As shown both
by chemical and light microscopy analysis,
the organic fraction consists in large part, on
one hand of ligneous debris with a predomi-
nantly aromatic structure, and on the other
hand of moieties derived from the protective
constituents of higher plants with a predomi-
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nantly aliphatic structure based on long
chains. This latter part of the terrestrial OM
is probably always a minor fraction of the total
kerogen. The double contribution explains,
however, the apparent discrepancy observed
between the mostly aromatic kerogen compo-
sition, as seen from elemental analysis, with a
H/C atomic ratio less than 0.8 (Durand and
Espitalié, 1976), and the highly paraffinic
extracts and oils generated by this Type III ker-
ogen compared to Type II kerogen (Van-
denbroucke et al., 1976). Other examples of
Type III OM were found in the lower Mann-
ville shales of Alberta, Canada.

At one time coal series were often classified sep-
arately as a specific Type numbered IV due to their
slightly lower position in the van Krevelen diagram
(Tissot, 1984). However, Durand et al. (1977b)
showed, for a series of kerogen fractions isolated
from coals with the usual acid treatment, that Type
III OM and coals can be classified together within
the same Type.

Extensive studies carried out on the maturity ser-
ies from the Mahakam Delta (Eocene–Miocene) in
Indonesia (Combaz and de Matharel, 1978) showed
that pure coals and Type III shales occurring
together in these sedimentary rocks are derived
from the same precursors. Detailed geochemical
study of kerogen from shales and coals of both
the Mahakam series and the Gironville series in
Fig. 30. Comparison of positions in a van Krevelen diagram of
kerogens isolated from coals and shales in the Kerbau wells
(Mahakam delta, Indonesia) at different maturity. Reprinted with
permission from Durand et al. (1987, p. 181).
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the Paris Basin (Huc et al., 1986) showed that
humin from very immature coals and humin from
shales are not equivalent, due to differences in sedi-
mentological conditions. However, no noticeable
differences between massive coal and shale evolution
were noted, at any maturity stage. Hence, no cata-
lytic effect of clays on kerogen evolution under geo-
logical conditions could be observed for the
maturity series, as shown in Fig. 30 (Durand
et al., 1987). Such a catalytic effect had often been
hypothesized on the basis of laboratory experiments
(Sieskind and Ourisson, 1972). However, it is only
observed during dry open system pyrolysis of some
clayey rocks with relatively low OC content, for
instance with Rock-Eval pyrolysis as mentioned
above (Espitalié et al., 1984).

Resulting from this justified grouping of coals
with Type III dispersed OM, massive coal deposi-
tional settings, although with contrasting character-
istics in comparison to deltaic sedimentation sites,
were also associated with Type III OM. In the depo-
sitional environment of coals, there is no transpor-
tation with detrital sediment under oxic conditions
and in situ deposition of an almost pure organic
fraction occurs, with moderate alteration due to
the sterilizing effect of some OM decomposition
products such as phenols. The deposition of large
coal beds of Carboniferous age occurred in tropical
forest swamps, but similar environments exist today
(Van Krevelen, 1993, Chapter 3). Coal beds formed
in these swamps may subsequently be affected by
erosion and carried with detrital sediment out of
their initial site of deposition, thus largely contribut-
ing to kerogen-rich sedimentary rocks, as in the case
of the Mahakam series (Allen et al., 1979).

Successful petroleum exploration in Tertiary del-
taic settings all around the world in the last twenty
years has resulted in intensive geochemical studies
of good quality cores and cuttings. These studies
showed that, contrary to Type I, dispersed Type
III OM, associated or not with humic coals, is
homogeneous and chemically well defined, like Type
II. Type III originates from a terrestrial input of
higher plants, although in this case two contrasting
depositional environments can be described for the
same OM Type as discussed above. It is now becom-
ing more and more clear that the variable oil poten-
tial of Type III OM cannot be estimated only from
the H/C atomic ratio or the Rock-Eval HI (Isaksen
et al., 1998) since either long aliphatic chains (> C24)
generating waxy oil, or aromatic H and short ali-
phatic chains (< C18) generating mainly gas, may
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be predominant. The gas vs. oil potential of Type
III results from the variable respective amounts of
two main constituents of the kerogen composition:
aromatic ligneous debris with mainly gas potential
and aliphatic protective coatings with paraffinic oil
potential (e.g. Killops et al., 1998 and references
therein). However this is not directly related to mac-
eral amounts as vitrinite, for example, may contain
a noticeable aliphatic component (Powell et al.,
1991). It seems that the varying hydrocarbon poten-
tial of Type III OM is controlled by the evolution of
plants from the Carboniferous to the Cenozoic, with
Cenozoic coals being richer in liptinite, due to an
increasing diversification and dominance of angio-
sperms over gymnosperms (Powell et al., 1991; Pet-
ersen and Nytoft, 2006). This view of Type III
kerogen composition readily explains why such ker-
ogen can give rise to either oil-prone or gas-prone
source rocks.

6.1.2. Influence of kerogen type on petroleum

migration

As stressed above, kerogen type will largely influ-
ence the chemical composition of the products gen-
erated upon burial. It thus has great influence on the
solvent soluble compounds generated inside source
rock porosity and hence on the mobility of the
expelled oil on its way to a reservoir (Penteado
Table 12
Comparison of absolute amounts (lg/g C) of saturated and unsaturate
upon preparative open pyrolysisb

Coal sample VRc (%) Final T (�C)

Wilcoxg 0.28 400
450
600
D450–600

Pennst. Lib. DESC-8 0.37 450
600
D450–600

Fruitland 0.57 450
600
D450–600

Mahakam 0.57 450
600
D 450–600

a Individual saturated and unsaturated hydrocarbons quantified using
b From 200 �C to variable final temperature at 25 �C/min.
c VR, vitrinite reflectance.
d Pr, prist-1-ene plus prist-2-ene.
e R1 = n-C14 + n-C16 + n-C18 alkanes plus n-alk-1-enes.
f R2 = n-C25 + n-C27 + n-C29 alkanes plus n-alk-1-enes.
g Data from Behar et al. (2003).
and Behar, 2000). Indeed, the composition of Type
II petroleum products, very rich in NSO com-
pounds and aromatics, allows good solubilization
of naphthenoaromatic molecules and hence fairly
rapid pore filling by a viscous oil rich in heavy com-
pounds. In contrast, Types I and III kerogen will
produce a paraffinic mobile fluid and, even if aro-
matics and NSOs are generated together with paraf-
fins, most of these will be barely soluble in the
mobile phase, except light aromatics from Type III
kerogen. The resulting expelled oil will have a much
higher mobility than a Type II oil, as paraffin vis-
cosity decreases strongly with increasing tempera-
ture in the range for geological conditions.
Natural case studies (Khavari Khorasani and
Michelsen, 1991; Clayton et al., 1991; Killops
et al., 1998), as well as experimental work (Khavari
Khorasani and Michelsen, 1991; Behar et al., 2003),
point to very early generation and migration of
heavy saturates in oils sourced from Type III kero-
gen, as shown in Table 12. However, the absolute
amount of C14+ HCSU (saturated plus unsaturated
hydrocarbons with > 14 carbons) obtained in labo-
ratory simulations is quite low, frequently < 10% of
the total pyrolysate. Thus, even if saturates are the
best candidates for primary migration, their early
expulsion does not substantially decrease the petro-
leum potential as measured by Rock-Eval HI.
d hydrocarbonsa produced by coals with different initial maturity

Prd R1e R2f Pr/nC18 R2/R1

121 12 57 27.28 4.77
695 376 1028 5.34 2.73
714 1433 1384 1.63 0.97
19 1057 356 0.06 0.34

98 40 88 5.88 2.18
266 681 554 1.14 0.81
168 641 466 0.78 0.73

150 106 299 4.17 2.83
604 2437 2684 0.74 1.10
454 2331 2385 0.59 1.02

56 52 100 3.18 1.93
214 967 833 0.69 0.86
158 915 733 0.54 0.80

GC/FID analysis calibrated with standards (Behar et al., 1997).
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6.2. Further modifications to the initial classification

of kerogen

6.2.1. Difficulties due to extension of classification to
other series

It became clear in the mid 1980s that the corre-
lation between a lacustrine environment and Type
I kerogen was not exclusive (Kelts, 1988). One
example is given by the surficial sediment of the
freshwater Lake Tanganyika. Whole sediment
and the isolated protokerogen were analyzed using
various geochemical methods, including Rock-Eval
pyrolysis and elemental analysis (Huc et al., 1990).
In this lake, where diatoms, cyanobacteria and
Chlorophyceae cyclically represent the major phy-
toplanktonic input, the sedimentary OM is abun-
dant and displays Type II characteristics, except
near the deltaic output of the Ruzizi River where
Type III occurs. The variability in lacustrine OM
Type was observed in many other places and is dis-
cussed in detail by Talbot (1988). In some cases,
given the often very good preservation conditions
in lacustrine settings, as a result of water stratifica-
tion and short sedimentation distance, the H/C
atomic ratio of immature kerogens reaches 1.4.
This position in the van Krevelen diagram led
some authors to name them as Types I/II,
although they have nothing to do with a marine
ecosystem. It now appears, from the numerous
published studies, that all the possible types of ker-
ogen can be found in lacustrine sedimentary rocks.
Carroll and Bohacs (2001) classify lacustrine facies
into three main depositional settings, described as
fluvial-lacustrine, fluctuating-profundal and evapo-
rative. This illustrates the variation in OM type
associated with such facies.

Type I is usually very low in sulfur, but there are
exceptions since some lacustrine environments may
contain abundant sulfate from weathering of sur-
rounding rocks or sediments. Such a depositional
environment was first recognized for two Botryococ-

cus-derived Catalan oil shales (Sinninghe Damsté
et al., 1993a), containing kerogen with high H/C
atomic ratios characteristic of Type I but also with
S/C atomic ratio > 0.05. This kerogen Type was
named I-S to distinguish it from the classical S-poor
Type I. A third Catalan lacustrine oil shale from the
same study (Sinninghe Damsté et al., 1993a) was
shown to contain remains of Pediastrum, another
freshwater alga, and the geochemical parameters
for its kerogen unambiguously corresponded to
Type II. This example illustrates the high variability
in lacustrine deposits, whose ecosystem strongly
depends on the chemical composition of water.

Due to the fairly homogeneous composition of
unstratified seawater, except in evaporitic settings,
many marine kerogen series are located close to
the evolution path defined for Type II kerogen.
Some source rocks, such as the Monterey Forma-
tion (California) exhibit, however, distinct charac-
teristics due to a particularly high amount of
sulfur (8–14 wt%) incorporated into the kerogen.
Among these, the thermal decomposition of kero-
gen to oil occurs earlier than for ‘normal’ Type II
kerogen, due to the weakness of S–C bonds, and
the resulting ‘immature’ oil is rich in heavy com-
pounds such as resins and asphaltenes. Given the
specific role of sulfur in the kinetics of oil formation
and in oil composition, Orr (1986) proposed distin-
guishing kerogen with a S/C atomic ratio > 0.04
(8 wt% sulfur) as Type II-S. However there should
exist a continuum between the kinetic properties
of Type II and II-S kerogen in relation to increasing
sulfur content. Both Types are sourced from similar
marine planktonic organisms. The difference is
related to the mineral environment, i.e., to the
capacity of the associated minerals to release or
not enough Fe to recombine with reduced sulfur
to form mineral or organic species, respectively.
The occurrence of Type II-S should thus be associ-
ated with a major carbonate fraction in sedimentary
rocks, although there are very few differences from
the classical Type II regarding OM source. It is also
possible, although not frequent, to find massive
coals with a noticeable organic sulfur content. This
may happen if marine incursions flood peat-forming
coastal swamps, introducing seawater sulfate and
the associated bacterial communities. Several exam-
ples of high sulfur coal occurrences, their mode of
formation and the different types of organic sulfur
compounds identified, can be found in Chou
(1990) and other papers in this ACS Symposium
429 Proceedings volume. Sulfur incorporation
within sedimentary OM is discussed in detail in
the section on kerogen evolution processes.

Separation of kerogen types into sub-types,
based on sulfur content, was proposed by Hunt
(1996). This separation takes into account differ-
ences in kinetic behaviour due to the influence of
C–S bonds, and three GRS Type I sub-types and
four Type II sub-types were defined on the basis
of their kinetic parameters. However, such a classi-
fication is no longer related only to depositional
environment, as initially defined (Tissot et al.,



Table 13
Post-sedimentary abiotic oxidative alteration of Toarcian outcrops (Paris basin)a

Sample depth (m) Rock parameter Kerogen parameter

TOC (%) HI (mg/g C) OI (mg/g C) Tmax (�C) At H/C At O/C Pyrite (wt%)

0.5 1.97 134 238 435 1.18 0.235 0.58
1 6.30 397 88 428 1.24 0.186 0.51
3.8 8.06 556 65 419 1.29 0.148 2.01
4.3 13.46 614 27 414 1.28 0.115 2.98
5 9.67 655 26 418 1.31 0.074 20.96

a After Nicaise (1977) and IFP data.
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1974). Moreover, for the three Type I GRS sub-
types, separation based on kinetic parameters was
not directly related to sulfur content. Given the
large uncertainties in kinetic parameter acquisition,
depending on the method used for obtaining the
experimental data and for calculating these param-
eters, the proposed classification should lead to
slightly different kinetics for each new kerogen
examined, and therefore the ‘‘Type’’ notion loses
its predictive capacity. This strongly limits the use-
fulness of such an extended classification, in con-
trast to the well-accepted distinction between Type
II and Type II-S.

Post–sedimentary abiotic oxidative alteration of
OM by air and/or water has frequently been
observed, for example in Toarcian outcrops of the
Paris Basin (Table 13; Nicaise, 1977; Bordenave
et al., 1993), in coal beds (Landais et al., 1984)
and in weathered black shales (Petsch et al., 2000).
The natural path of oxidative alteration of imma-
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Fig. 31. Oxidative alteration paths of (i) a natural coal series (j) and (
and increasing duration. Data obtained in the HI vs. OI and HI vs. Tmax

be reproduced by laboratory heating experiments. Increasing oxidatio
Modified from Landais et al. (1984).
ture coals, as observed in the Rock-Eval diagrams
of HI vs. Tmax and HI vs. OI, can be reproduced
by laboratory heating experiments (Landais et al.,
1984 and references therein; Fig. 31). This alteration
results in lowering the H/C ratio and increasing the
O/C ratio of the kerogen, probably by ether cross
linking (Petsch et al., 2000). The location of altered
kerogens in a van Krevelen diagram, relative to the
initial unaltered material, is thus shifted to an
increasingly downward and rightward position as
alteration progresses. Weathering is similarly associ-
ated with a lowering of the HI, an increase in OI
and Tmax, and an increase in pyrite oxidation, as
illustrated by Toarcian outcrop samples taken from
various depths under the soil surface (Table 13). The
location of an altered Type II kerogen in the van
Krevelen diagram thus becomes intermediate
between the Type II and Type III evolution paths.
This explains the frequent use of a Type II/III clas-
sification, even though such a classification has no
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Rock-Eval diagrams show that oxidation in the natural series can
n results in lowering the HI, and increasing the OI and Tmax.
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meaning in terms of type as defined by depositional
environment and biological source.

A Type IV was defined by Harwood (1977) in
order to characterize a Pennsylvanian humic coal
with a low H/C atomic ratio, which was supposed
to be immature but capable of generating only dry
gas. Type IV was also used in some cases, as men-
tioned above in relation to defining Type III, to
characterize the evolution path of pure humic coals.
For strongly altered samples, the type of the original
OM cannot be characterized anymore using geo-
chemical analysis unless unaltered equivalents are
known, hence their classification sometimes also as
Type IV (Tissot, 1984). This new definition would
not help, however, in predicting the organic source,
evolution path and associated geochemical charac-
teristics of such a kerogen, in contrast to other ker-
ogen types. This ambiguous classification of low
petroleum potential OM or humic coals as Type
IV was thus progressively abandoned. Nevertheless,
some authors continue to use the Type IV nomen-
clature for unusual low H/C or HI samples,
although this does not imply any geochemical
characteristics.

6.2.2. Classification based on biological communities

in depositional environments

Kerogen classification based on reference types,
defined by their position in a van Krevelen diagram,
was of great help to oil explorationists in predicting
the petroleum generative capacity of source rocks
and understanding the chemical characteristics of
the generated oils. However the increasing number
of geochemical studies on petroleum systems raised
some questions about the attribution of a defined
type to specific source rocks. This is particularly
obvious for Type I, which includes the OM of
Eocene Green River shales (microbial waxes?), and
that from Ordovician source rocks (G. prisca) and
different boghead coals (B. braunii). Different and
almost unique precursors are implicated for these
kerogens, as well as different sedimentary environ-
ments. These ambiguities are also reflected in the
frequent association of two types to account for
some of the measured geochemical parameters. An
example of this association is G. prisca-derived ker-
ogen. Given the presence of aromatic moieties in
protective walls, the related kerogen from immature
Kukersite has H/C and O/C atomic ratios of 1.48
and 0.14, respectively (Derenne et al., 1990). As a
result, it is far from the reference Type I example,
the immature GRS kerogen from the Uinta Basin,
that peaks at 1.64 for H/C but with only 0.05 for
O/C. This is why Derenne et al. (1990) indicated
Type II/I OM throughout their study.

One can thus question the adequacy of the pres-
ent classification, whose initial purpose was to char-
acterize sedimentary OM by its source and
depositional environment as expressed by Forsman
(1963, p. 165), then by Tissot and Welte (1978, p.
142). Given the frequent lack of a complete maturity
suite of source rocks in many case studies, very sub-
tle differences between types may hamper the pre-
dictive capacity of such a classification by
weakening its underlying purposes, i.e. describing
chemical evolution and predicting the amounts
and timing of oil and gas generation. A more gen-
eral and simpler classification of kerogens can be
based mainly on the biological specifics of the two
main types of primary producers, algae on one hand
and higher plants on the other, as initially proposed
(Forsman and Hunt, 1958; Forsman, 1963, p. 172).
The corresponding kerogen types are then charac-
terized as aquatic or terrestrial; this distinction is
similar to the distinction between sapropelic and
humic OM as used by petrologists, or between alg-
inite and vitrinite as used by coal scientists. Bacte-
rial reworking takes place on debris from both
types of primary producers during sedimentation
in aquatic settings. It can be hypothesized that bac-
terial degradation does not alter significantly the
chemical structure of aliphatic and aromatic skele-
tons in the sedimented plant debris, due to their
chemical resistance to enzymatic hydrolysis; rather,
it superimposes its own imprint on the kerogen pre-
cursors. Differences in the chemical characteristics
of hydrocarbon skeletons of aquatic vs. terrestrial
kerogens were compared (Vandenbroucke, 1980)
in order to derive quantitative structural character-
istics of kerogens from bitumen analysis. These
chemical features are presented below as a response
to environmental conditions, although this deter-
ministic approach is probably a highly simplified
view of the reality.

As indicated above, kerogen arising from
remains of algal communities in open water envi-
ronments, such as normal salinity seas and freshwa-
ter lakes, includes variable amounts of resistant
aliphatic parts of cell walls as well as various recom-
bined lipids. The hydrocarbon potential of the
resulting kerogen is characteristic of a Type II (or
possibly a low Type I) position in a van Krevelen
diagram, depending on the algaenan content and
composition of the different algal species. For such



Fig. 32. General scheme of kerogen evolution from diagenesis to
metagenesis in the van Krevelen diagram. Modified from Tissot
and Welte (1978, p. 186).
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kerogens arising from organisms floating in fresh-
water or seawater, a feature of the n-alkane distribu-
tion in the C6–C35 range is a maximum most of the
time at below C20. This was demonstrated via
numerous pyrolysis GC analyses of immature Type
II kerogens (Larter and Horsfield, 1993 and refer-
ences therein) and by the alkane distributions of
low maturity oils resulting from kerogen cracking.
It thus seems that long chain aliphatic compounds
are not necessary in the aquatic environment for
protective purposes, and that lipids based on vari-
ous C16 and C18 straight chain fatty acid units,
abundant in algae, are well adapted to life in such
environments. This would explain the relatively
low carbon number distribution of aliphatic moie-
ties in Type II kerogen, reflected in the distribution
of n-alkanes generated upon maturation.

In contrast to algal communities floating in
water, terrestrial primary producers have to live
in a drier atmosphere and display their photosyn-
thetic organs towards the sun. The need for an effi-
cient protection against evaporation on one hand,
and for a rigid skeleton for rising above other
plants to find light for photosynthesis on the other,
makes necessary adapted chemical responses
through the development of new biosynthetic path-
ways. Protection against evaporation is achieved
by using compounds with long alkyl chains, that
are rather inert chemically and resistant to degra-
dation, and thus would be incorporated into kero-
gen. Pyrolysis of immature terrestrial kerogens
thus releases C6–C35 n-alkanes, whose distribu-
tion often shows a more or less dominant C25+

fraction (depending on maturity; Behar and Van-
denbroucke, 1988). A rigid skeleton, absent from
aquatic plants, is obtained via the aromatic rings
of lignin. Ligneous debris, like protective tissues,
is fairly resistant to oxic degradation during trans-
port of terrestrial OM to sedimentation sites and is
also incorporated into kerogen. However, lignin
has almost no oil potential, except for a few aro-
matic molecules and some gas. Lignin will thus
not contribute substantially to petroleum genera-
tion, but the high aromaticity of the related kero-
gen can easily be observed using solid state 13C
NMR (Hatcher, 1987). This situation results in
aromatic kerogens with an H/C atomic ratio < 1,
although such a kerogen can generate highly paraf-
finic oil. Moreover, as mentioned above, the oil vs.
gas potential of such a kerogen will depend on the
relative contents of aliphatic protective tissues and
ligneous debris.
6.3. Summary

• Elemental analysis of low maturity kerogen
examples from reference petroleum systems, plot-
ted in an atomic H/C vs. O/C diagram similar to
that used by van Krevelen (1961) for coal macer-
als, can trace the biological sources and deposi-
tional environment of these kerogens. Three
main kerogens Types were defined, from I to
III in the order of decreasing H/C ratio; coals
were later shown to be a form of Type III OM.

• Further analysis of the kerogens from other natu-
ral series showed that Type II can be associated
with planktonic OM in open marine and fresh-
water lacustrine environments, and Type III to
higher plants from a terrestrial input into lacus-
trine or marine settings. In contrast, Type I kero-
gen, uncommon in source rocks, can be sourced
from various highly specific biological precursors
in very different sedimentary environments.

• The definition of different Types, even if it may
appear to be a strong simplification of biological
precursor and depositional environment diver-
sity, was of great help in petroleum exploration.
Except for situations where kerogen is subjected
after deposition to major incorporation of sulfur
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or oxygen, such defined Types can be directly
related to total hydrocarbon potential, oil chem-
istry and kinetics of hydrocarbon generation.

7. Kerogen evolution upon sediment burial

The classical maturity zones for OM evolution
were defined by Vassoevitch et al. (1969) and then
renamed by Tissot and Welte (1978, 1984) in order
to separate the main zones of petroleum formation
in the van Krevelen diagram (Fig. 32). The compar-
ison of these maturity zones with those based on
vitrinite reflectance, on the LOM (level of organic
metamorphism) scale (Hood et al., 1975) and on
coal rank, is shown in Fig. 33.

Elemental analysis, besides its role in the classifi-
cation of kerogen type, was also from the beginning
used to study maturity by way of the definition of
evolution paths reflecting changes in kerogen chem-
ical structure and associated main zones of oil and
gas generation with increasing burial (Tissot et al.,
1974). With the van Krevelen diagram being based
on O/C and H/C atomic ratios, the maturity stages
were separated according to element losses, first
oxygen, then hydrogen. These three elements,
accounting for the bulk of coal, provided a complete
description of coal evolution upon geological matu-
ration. However, this is generally not the case for
marine kerogen precursors that contain substantial
amounts of labile nitrogen. Studies of humic frac-
tions from marine recent sediments, including
humin, led to the definition of a first specific stage,
referred to as early diagenesis, for kerogen evolution
in a sediment, associated with nitrogen loss. Other
element concentrations may also change in proto-
kerogen during this early stage as detailed below.

It is worth remembering that all the steps in the
change in elemental composition upon sediment
burial correspond in fact to net losses from kerogen,
as shown by a continuous decrease in TOC content
with increasing maturity in homogeneous sedimen-
tary series.

7.1. Early diagenesis

Algal organic debris settling on surficial sediments
is relatively rich in nitrogen and is highly reactive,
particularly when the organic input is abundant.
Moreover, under specific environmental conditions,
elements such as sulfur or oxygen from inorganic
sources may react with freshly incorporated sedi-
mentary OM. It is thus necessary to consider an ini-
tial transformation step for sedimented organic
debris to account for these changes in elemental com-
position. This first evolution stage, referred to as
early diagenesis (Tissot and Welte, 1978, p. 70), dif-
fers from the succeeding ones by way of two charac-
teristics. First, it occurs in a very restricted depth
range, usually down to a few meters below the
water–sediment interface. Second, living organisms
and biochemical reactions can participate, directly
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via biodegradation processes or indirectly via reac-
tion of sedimented OM with their metabolic prod-
ucts, in the chemical changes in the protokerogen
structure. Nitrogen loss always occurs during this
stage. In sulfate-rich depositional environments, sul-
fur incorporation may take place in both mineral and
organic sediment fractions, sometimes with a notice-
able increase in the S/C atomic ratio of the kerogen.
Finally, under conditions alternating between oxic
and anoxic at the water/sediment interface, partial
oxidation of the sedimented OM may take place.
This decreases the TOC content and leaves a material
depleted in hydrogen and enriched in oxygen that
reticulates organic structures via ether bonds. These
early diagenetic transformations, changing chemical
bond types and N/C, S/C and O/C atomic ratios in
sedimented OM, may become extensive in some
Fig. 34. Comparison of average C, H, O, N composition, as
atomic ratios to C, of some living organisms, biopolymers, humic
acids (HA) and humins (SR) from marine and terrestrial
sedimentary OM. Reprinted with permission from Pelet et al.
(1983, p. 243).
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Table 14
Evolution of C and N contents upon early diagenesis in sediment
cored in the Sukra transect (Oman Sea) under 830 m water deptha

Sample depth
(cm)

Total sediment Humin

TOC
(wt%)

N
(wt%)

At
N/C

C
(% TOC)

At
N/C

0–2 7.07 0.96 0.117 86.2 0.117
2–4 6.98 0.97 0.119 87.3 0.119
10–12 6.70 0.86 0.110 88.1 0.111
20–22 6.30 0.80 0.109 87.5 0.110
100 2.54 0.30 0.101 83.8 0.099
300 1.83 0.174 0.081 77.4 0.081
400 1.72 0.158 0.079 77.4 0.081
500 2.06 0.183 0.076 80.8 0.080

a After Jocteur-Monrozier and Jeanson (1981).
cases, having tremendous implications for the future
petroleum potential of the kerogen in terms of kinet-
ics and/or amounts generated (Orr, 1986).

7.1.1. Nitrogen content: atomic N/C decrease

Early diagenesis is the stage involving the main
loss in N, which is not accounted for in the classical
van Krevelen diagram. It is clearly observed by con-
sidering the evolution of the N/C atomic ratio of
humin with increasing sample depth. However, the
starting point for the N/C ratio is not the same
for all OM types, as it depends on the amino acid
content of the source organisms (Pelet et al.,
1983). Terrestrial plants generally have a N/C
ratio < 0.05 for a H/C ratio around 1.0, whereas
planktonic organisms have N/C ratio > 0.08 for
H/C ratio ranging from 1.3 to 1.5 (Fig. 34).

Because biomass degradation occurs mainly via
hydrolysis reactions, N elimination takes place
chiefly in the form of amino acids and NHþ4
(Schnitzer, 1985). This results in a decrease in
TOC and N content in the sediment and in the
humin fraction, as shown in Table 14 for the Sukra
transect in the Oman sea (Jocteur-Monrozier and
Jeanson, 1981). The relative elimination rates of
N and C, reflected in the decrease in N/C atomic
ratio, depend on the nature of the minerals associ-
ated with the OM. Thus, clay minerals significantly
lower N loss during early diagenesis, due to their
sorptive capacity and resulting protection of OM
(Jocteur-Monrozier and Jeanson, 1981). As indi-
cated above in the section on preservation pro-
cesses, labile N moieties can also be protected by
steric encapsulation into a resistant organic matrix.
In algaenan obtained after drastic acid hydrolysis
of living algae such as B. braunii (Derenne et al.,
1998), or in OM of very immature sediments a
few thousand years old, such as algal sapropel
from Mangrove Lake, Bermuda (Knicker et al.,
1996), N is mainly present as amide groups. How-
ever, in the immature (a few million years old) sed-
imentary OM derived from B. braunii, pyrrole
units have already become the main form of N
(Derenne et al., 1998).

The end of early diagenesis is defined by the stage
when N in humin is no longer hydrolysable. The N
content of kerogen will not change much after this
stage until the end of petroleum and natural gas for-
mation. It is only during the late stage in CH4 for-
mation that N will be released from kerogen in the
form of N2 gas (e.g. Littke et al., 1995; Gillaizeau
et al., 1997). This does not mean, however, that



Table 15
N speciation (XPS analysis) in two immature Argonne Premium coals and two kerogens, and their artificially matured residues after
pyrolysisa,b

Sample Nature At O/C Pyridinic (mole%) Amino (mole%) Pyrrolic (mole%) Quaternary (mole%)

Beulah Zap coal Fresh 0.188 26 65 58 16
Pyr. char 0.075 31 65 60 9

Wyodak coal Fresh 0.169 25 65 60 15
Pyr. char 0.100 32 65 62 6

Green River kerogen Fresh 0.026 28 11 53 8
Pyr. char 0.039 31 65 54 15

Bakken kerogen Fresh 0.101 25 6 53 16
Pyr. char 0.050 41 65 51 9

a After Kelemen et al. (1999).
b 510 �C for 30 s.

Table 16
S content of some reference crude oils (IFP analysis) from
GEOCHIM databasea

Crude oil Source rock type S content (wt%)

Minas I 0.085

Duri I biodegraded 0.12

Boscan II 5.35
Safanyia II 2.85
Arabian light II 1.81

Cold Lake II biodegraded 4.62
Hamaca II biodegraded 3.77
El Pao II biodegraded 3.78

Arjuna III 0.094
Handil III 0.11

a Note high sulfur amount in marine-sourced (Type II) crudes,
increasing with decreasing maturity or biodegradation, in con-
trast with low sulfur content of Types I and III sourced crudes.
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the structural forms of N do not vary. In fact, N
speciation in kerogen and coal changes with increas-
ing maturity, as shown by various studies using
spectroscopic methods such as XPS (Patience
et al., 1992; Kelemen et al., 1994, 1999) or solid state
15N NMR (Knicker et al., 1996; Derenne et al.,
1998). For example, N speciation deduced from
XPS analysis of artificially matured coal and kero-
gen (Kelemen et al., 1999; Table 15) showed that
some N still occurs in amide/amine groups for
immature samples, in amounts reflecting the differ-
ence in N content of the source OM. Pyrrole and
pyridine N structures become predominant during
petroleum formation, as also observed for soluble
nitrogenous compounds in crude oil (Schmitter
et al., 1980; Dorbon et al., 1984). A minor contribu-
tion of quaternary N is always observed, generally
decreasing with increasing maturity; this could be
due to interaction between pyridine structures and
residual OH groups in kerogen (Kelemen et al.,
1994).

7.1.2. Sulfur incorporation into organic and mineral

sediment fractions

Sulfur is often the most abundant hetero element
in marine-sourced crude oils (Table 16) and a more
or less high content is commonly observed for mar-
ine kerogen (Orr, 1978; Tissot and Welte, 1984). The
extent of S incorporation into kerogen is commonly
assessed from the Sorg/C atomic ratio obtained
through elemental analysis. Estimates can also be
obtained via pyrolysis experiments. Thus, the ratio
for some low molecular weight pyrolysis products,
like the 2-methylthiophene/toluene ratio, was used
by Eglinton et al. (1990, 1994).

Sulfur is found in source rocks in both soluble
and insoluble OM fractions and in associated min-
erals. Pyrite microcrystals and pyritic framboids
are often incorporated within sedimented OM,
thus remaining with the kerogen after concentra-
tion by non-oxidant acid treatment. As indicated
above, it is considered that S-rich kerogens
(mainly Type II-S) are those where the S/C atomic
ratio is > 0.04. S-rich deposits occur back to the
Precambrian, and contents around 15 wt% (at. S/
C = 0.10) are found in extremely S-rich kerogen
(e.g. Orr and Sinninghe Damsté, 1990) such as
some samples from the Orbagnoux Oil Shale
(Kimmeridgian, Jura; Mongenot et al., 2000).
The wide occurrence of marine S-rich kerogens
contrasts, as discussed below, with the rare occur-
rence of lacustrine S-rich kerogen (Sinninghe
Damsté et al., 1993a).
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7.1.2.1. The S cycle: organic vs. mineral transforma-

tions and implication of bacteria. The S cycle is clo-
sely related to the C cycle, thereby exerting a
major regulating influence on the levels of oxygen
in the atmosphere and of dissolved C and S in the
oceans (Berner, 1987). Consequently, the S cycle
in marine environments was studied in a large num-
ber of publications starting in the 1960s (e.g. Kaplan
et al., 1963; Berner, 1964; Goldhaber and Kaplan,
1974 and references therein). The role of biological
processes in this cycle was soon considered, on the
basis of changes in S stable isotope ratio (Kaplan
et al., 1963). Dissimilatory sulfate reduction is per-
formed in anaerobic environments by sulfate reduc-
ing bacteria (SRB) belonging mostly to the
Desulfovibrio genus in marine settings. The overall
reaction for this complex process, implicating sev-
eral bacterial consortia, shows that two C atoms
are used to reduce one sulfate ion (Berner, 1984).
SRB dispersed in anoxic water remineralize a large
part of the descending metabolizable OM, but the
resulting concentration of reduced sulfur products
in the water column is always low because sulfate-
rich seawater acts as a buffer. However, even when
the whole water column is oxic, the redox condi-
tions change below the water/sediment interface
since the OM is concentrated and its composition
Fig. 35. Pore water sulfide (d) and sulfate (m) concentration at
various depths (cm) in recent sediments from a core collected in
the Jervis Inlet fjord, British Columbia, where oxic conditions
occur up to the water–sediment contact. H2S production by
bacterial sulfate reduction appears only below 30 cm and
increases strongly in the 30–45 cm zone. Reprinted with permis-
sion from François (1987, p. 21).
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can be enriched in highly labile particulate organic
substrate, which escaped mineralization thanks to
a high sedimentation rate and low surface to volume
ratio. Decomposable OM in this zone is thus not
only the carbon source for bacteria, but is also the
agent bringing about anoxic conditions (Berner,
1984). Anoxia and OM concentration just beneath
the sediment surface are favourable for the prolifer-
ation of SRB. On the basis of data from chemical
and isotopic analysis for the Santa Barbara Basin
(Kaplan et al., 1963), the number of SRB was esti-
mated to be around 4 · 108 cells/cm3 in the upper
10 cm of sediment. These bacteria are responsible
for the consumption of 16% of the OM deposited
at the interface.

Once in the sediment, a part of the deposited OM
is oxidized by these bacteria, using SO2�

4 dissolved
in pore water. Sulfide (mainly as HS�), polysulfide
and H2S are thus produced and there is a marked
decrease in SO2�

4 , along with a related increase in
H2S, in sediment pore water below a few cm depth.
Fig. 36. Comparison of rate of sulfate reduction vs. concentra-
tion of organic C in fresh plankton and in plankton-derived
material remaining after 72 day of oxic degradation. The rate
increase is directly proportional to the amount of plankton
added, but the reactivity of fresh plankton to bacterial reduction
is much higher that that of degraded plankton for a given C
amount added. Similar results were obtained with OM degraded
anoxically. Reprinted with permission from Berner (1984, p.
607).
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Fig. 37. Correlation between organic productivity and sulfate
reduction in a cyclic organic sequence from the Marton 87 well,
Kimmeridge clay, Yorkshire, UK: relationship between sulfate
reduction index and TOC. Reprinted with permission from
Bertrand et al. (1994, p. 514).
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An example of this evolution in sediments from Jer-
vis Inlet, British Columbia, cored under 650 m of
oxic seawater (François, 1987), is shown in
Fig. 35. Reduced S can be incorporated into the sed-
iment in larger amounts than the S from the initial
porewater SO2�

4 due to ion diffusion, seawater circu-
lation and possible recycling by burrowing organ-
isms (Berner, 1964; Goldhaber and Kaplan, 1974).
The major factor controlling the rate of bacterial
reduction is not SO2�

4 concentration when this is
> 5 millimole, as in most marine sediments (Berner,
1984), but the amount and more importantly the
reactivity of the OM, as shown by data from Wes-
trich (in Berner, 1984; Fig. 36). In consequence,
OM source, either terrestrial or marine, primary
productivity and depth of the water column are
expected to influence the degradative activity of
SRB (Goldhaber and Kaplan, 1975).

7.1.2.2. Conditions for incorporation of mineral and
organic S into sediments as shown by studies of recent

sediments. Large amounts of pyrite are frequently
present in marine sediments, both as isolated micro-
scopic cubic crystals and as framboidal spherules
often embedded in OM. The close association
between pyrite framboids and sedimentary OM
has led to numerous studies aimed at understanding
how and when such pyrite framboids are formed in
sediments (Goldhaber and Kaplan, 1974; Berner,
1984 and references therein). Studies of recent sedi-
ment cores and laboratory simulations showed that
iron oxide and hydroxide coatings on detritic miner-
als, or goethite (FeO Æ OH) in laboratory experi-
ments, can react rapidly at low pH with dissolved
H2S, producing first a metastable iron sulfide amor-
phous phase (FeS0.9) that precipitates. A spherical
texture is developed when this precipitate is trans-
formed into spherical greigite (Fe3S4), and finally
converted by internal nucleation of pyrite crystals
(FeS1.8–2) into framboids (Goldhaber and Kaplan,
1974).

In SO2�
4 -rich environments, reactive Fe is usually

considered to outcompete OM for S incorporation,
due to faster formation of pyrite (Berner, 1984,
1985; Sinninghe Damsté et al., 1989; Hartgers
et al., 1997). Accordingly, extensive OM sulfuriza-
tion is generally thought to occur only when the
production of reduced S species exceeds the amount
of reactive Fe, i.e. when terrestrial detrital input is
low. Thus, abundant supply of reactive Fe would
account for negligible OM sulfurization in the Bon-
arelli black shales (Cenomanian, Italy) although
intense sulfate reducing activity took place during
deposition (Salmon et al., 1997). In contrast, depo-
sition in a lagoonal setting on a shallow carbonate
platform with negligible detrital input would have
promoted OM sulfurization for the Orbagnoux
deposit (Kimmeridgian, Jura; Mongenot et al.,
2000). However, this general view about competi-
tion between iron and OM was challenged, in the
case of lacustrine and estuarine recent sediments,
by studies showing the co-occurrence of high con-
centrations of pyrite and of organic sulfur in some
intervals (Bates et al., 1995; Brüchert and Pratt,
1996; Urban et al., 1999). It was suggested (Filley
et al., 2002a) that such a feature would reflect the
co-sulfurization of OM and of Fe triggered by reac-
tion between reactive Fe (as hydroxides) and sulfide.
This reaction would induce both the formation of
pyrite and of polysulfides, the latter reacting with
OM to generate polysulfide-rich components.

Primary productivity influences SO2�
4 reduction

and OM sulfurization, as clearly observed, for
example, in the extensively studied organic microcy-
cle of the Kimmeridge Clay Formation from the
Marton 87 borehole (Kimmeridgian, UK). Thus,
the OM degradation intensity, measured by the sul-
fate reduction index (SRI = % initial Corg/% resid-
ual Corg) and the TOC exhibit similar profiles
along the core interval corresponding to a whole
microcycle (ca. 30 kyr sedimentation; Bertrand
et al., 1994; Fig. 37). Higher productivity is associ-
ated with greater SO2�

4 reduction, TOC and HI, as
well as with a greater abundance of orange, nano-
scopically amorphous OM when observed by light
and transmission electron microscopy, respectively,
reflecting increasing sulfurization (Boussafir et al.,
1995).



Fig. 38. Scheme proposed to account for conspicuous differences in kerogen abundance and composition observed for Kashpir Oil Shale
(late Tithonian, Russia). Here, differences in primary productivity are thought to have played a major role in these contrasting features.
Other factors such as depth of water column, nature of the minerals and their adsorptive capacities and the distribution of OM between
particulate and soluble forms were probably of importance in other deposits. Reprinted with permission from Riboulleau et al. (2001, p.
661).
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A large supply of SO2�
4 is always available in

marine settings but seldom in lacustrine ones (Gran-
sch and Posthuma, 1974); hence the more common
occurrence of marine S-rich kerogens, compared to
lacustrine S-rich kerogens. The first example of
lacustrine S-rich kerogen was only reported in the
1990s for the Ribesalbes Oil Shale (Miocene, Cata-
lonia; Sinninghe Damsté et al., 1993a). This kerogen
was deposited under unusual conditions due to
Fig. 39. S/C ratio (wt/wt) in HAs after hydrolysis in 5 N HCl for
5 h at 120 �C; S = total S content and C hyd = TOC of hydrolyzed
HAs. Reprinted with permission from François (1987, p.
23).
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weathering of surrounding gypsum rocks that
afforded a large SO2�

4 contribution to the lake, pro-
moting extensive growth of SRB. In addition to
SO2�

4 and reactive Fe abundance, other parameters
are implicated in the control of the extent of S incor-
poration into OM, such as primary productivity in
surface water and water column depth. The impor-
tance of the latter factors can be illustrated by the
differences observed between recent marine sedi-
ments from the Peru and the Mauritania upwelling
regions: incorporation is important for the Peruvian
samples while it is minor for the Mauritanian ones
(Eglinton et al., 1994; Zegouagh et al., 1999). These
striking differences reflect a relatively lower primary
productivity and a much deeper water column in the
latter area, so that markedly lower amounts of
metabolizable OM reach the anoxic zone and no
prolific growth of SRB takes place. Similarly, large
differences in primary productivity account for the
conspicious differences in kerogen composition
(Fig. 38) observed (Riboulleau et al., 2001) between
different levels of the stratotype sections of the Vol-
gian stage (Gorodische section, Jurassic, Russian
Platform).

Sulfur incorporation into OM occurs at the early
stages of sediment burial. This is reflected in (i) reg-
ular increase in S content with sample depth in both
kerogen (Eglinton et al., 1994) and humic fractions
(François, 1987) and (ii) molecular studies (e.g.
Kohnen et al., 1989; Kenig and Huc, 1990; Wake-



Table 17
Evolution with depth of C, N and S contents in sediments cored on Peruvian margin, and H/C, N/C and Sorg/C atomic ratios of
corresponding kerogena

Sample depth
(m)

Sediment Kerogen

Total C wt% TOC wt% Total N wt% Total S wt% Atomic total S/total C At H/C At N/C At Sorg/C

0 13.34 12.47 1.65 1.09 0.031 1.420 0.112 0.012
0.02 12.16 11.40 1.49 1.21 0.037 1.478 0.111 0.017
0.06 12.73 11.53 1.50 1.10 0.032 1.486 0.110 0.017
0.1 11.48 9.71 1.30 0.99 0.032 1.448 0.110 0.017
0.7 8.40 8.36 1.03 0.89 0.039 1.461 0.100 0.023
2.3 2.58 2.58 0.28 0.87 0.127 1.32 0.082 0.038
2.9 2.68 2.26 0.25 0.87 0.122 1.375 0.078 0.041
3.7 3.37 3.09 0.30 1.84 0.205 1.876 0.068 0.067
6 3.11 2.83 0.24 1.26 0.152 1.446 0.063 0.094

20.2 2.61 2.62 0.21 1.92 0.276 1.397 0.056 0.076
80.1 3.08 2.81 0.20 1.74 0.212 1.351 0.053 0.092
92.9 3.61 3.47 0.26 1.57 0.163 1.486 0.052 0.090

a After Eglinton et al. (1994).

Fig. 40. Scheme illustrating intra-and intermolecular diagenetic
incorporation of S in bacteriohopanetetrol. Reprinted with
permission from de Leeuw and Sinninghe Damsté (1990, p.
436).
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ham et al., 1995). As shown in Fig. 39 (François,
1987), S is incorporated into hydrolyzed humic frac-
tions, thereby becoming non-hydrolyzable and
bonded to C. However, sulfurization takes place
only after OM burial under a sediment depth of a
few tens of centimeters, necessary for the concentra-
tion of reduced sulfur species in pore water
(Fig. 35). Studies of core samples from sediments
underlying the Peru upwelling region (Eglinton
et al., 1994), collected in the area where the oxygen
minimum zone impinges on the shelf, showed that S
incorporation into OM extends several meters
below the surface and may continue for several tens
of meters (Table 17). In fact, pyrolysis/gas chroma-
tography/mass spectrometry (GC–MS) of the pro-
tokerogen isolated from a surface sample showed
the presence of only negligible amounts of S-
containing compounds. A similar situation was
found for the protokerogen from a surface sample
from the Cariaco Basin (Aycard-Giorgi et al.,
2001), although environmental conditions in this
basin are especially favourable for sulfurization
(bottom water euxinic for ca. 600 m in the zone
sampled). These observations point to a relatively
slow rate for S incorporation. However, examina-
tion of core samples from the Cariaco Basin, rang-
ing in age from 900 to 6000 year, showed a faster
sulfurisation for carbohydrate moeties than for
alkyl moieties (Aycard et al., 2003).

The bacterial reduction of SO2�
4 (d34S +15 to

+25&) in the upper centimeters of sediment pro-
duces sulfide with d34S around �20&, and S incor-
poration into OM and/or pyrite does not change
this value much (Kaplan et al., 1963; Goldhaber
and Kaplan, 1980). This demonstrates that sedi-
mented OM reacts with bacterially reduced forms
of S via abiotic reactions. Nevertheless, the nature
and detailed mechanism of S incorporation in OM
is still a pending question (Adam et al., 1998,
2000; Kok et al., 2000b; Werne et al., 2000) and
the mechanism would depend on the nature of the
sulfurized functional groups (Amrani and Aizensh-
tat, 2004a). Bacterial biomass can contribute to this
sedimented OM, but does not constitute by itself a S
source since its S/C ratio (wt/wt) is in the 0.01–0.02
range, i.e. much lower than that measured for the
sedimented OM after burial for a few meters
(François, 1987).



Fig. 42. GC traces of ‘‘thiophenic’’ sub-fraction isolated via
column chromatography and thin layer chromatography from
bitumen of a sulfur-rich sample from Orbagnoux deposit (upper
Kimmeridgian, France) and of desulfurised sub-fraction. These
traces illustrate the complexity of the bitumen in such samples
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7.1.2.3. Sulfurization modes and related chemical

structures. Reduced sulfur can be incorporated into
various OM functional groups, including alkenes,
ketones and aldehydes (e.g. Vairavamurthy and
Mopper, 1987; Sinninghe Damsté and de Leeuw,
1990; Sinninghe Damsté et al., 1990; Rowland
et al., 1993; Schouten et al., 1993, 1994; Krein and
Aizenshtat, 1994; Amrani and Aizenshtat, 2004b).
Laboratory simulations suggest that alcohol func-
tional groups may also be implicated (Gelin et al.,
1998). S can be incorporated via intra- and intermo-
lecular reactions (Fig. 40; e.g. Sinninghe Damsté
et al., 1988). The former process results in the for-
mation of cyclic alkyl sulfides (like thiolanes, thianes
and thiophenes; e.g. Brassell et al., 1986). Subse-
quently, thiolanes and thianes can become stabilized
as thiophenes with increasing diagenesis (Sinninghe
Damsté et al., 1990). Intermolecular sulfurization
corresponds to the formation of (poly)sulfide link-
ages between alkyl chains (e.g. Richnow et al.,
Fig. 41. GC trace of pyrolysate of a sulfur-rich kerogen (Jurf ed
Darawish Oil Shale, Maastrichtian, Jordan), obtained using
micro-scale sealed vessel pyrolysis at 300 �C for 24 h. The
abundant production of ‘‘short chain’’ alkyl thiophenes reflects
the substantial contribution of carbohydrate sulfurization to this
kerogen. Reprinted with permission from Sinninghe Damsté et al.
(1998a, p. 1897).
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and the usefulness of Raney nickel desulfurization for revealing
the nature of the hydrocarbon skeletons in complex mixtures of
organosulfur compounds. Circles: n-alkanes, triangles: 9-meth-
ylalkanes, pr, pristane; ph, phytane. Reprinted with permission
from van Kaam-Peters and Sinninghe Damsté (1997, p.
374).
1993; Schaeffer et al., 1995b). Their occurrence can
be revealed by chemical degradation with Li/
EtNH2, a reagent that cleaves sulfide bonds (e.g.
Schaeffer et al., 1995a). Further studies indicate that
S incorporation into carbohydrate moieties also
occurs (Hartgers et al., 1997; van Kaam-Peters
et al., 1998; Sinninghe Damsté et al., 1998a,b;
Kok et al., 2000a; van Dongen et al., 2003), gener-
ating (poly)sulfide cross-linked carbohydrate skele-
tons. Such incorporation is reflected in (i) the
abundant presence of short-chain (C1–C4) alkyl thi-
ophenes with a linear carbon skeleton in kerogen
pyrolysates (Fig. 41) and (ii) 13C enrichment in
organosulfur compounds (OSCs) due to the isotopi-
cally heavy nature of carbohydrates relative to alkyl
moieties (van Kaam-Peters et al., 1998; Riboulleau
et al., 2000).

The structure of S-rich kerogens has been exten-
sively examined using chemical degradation and/or
pyrolysis (e.g. Sinninghe Damsté et al., 1993b; Egl-
inton et al., 1994; Gelin et al., 1995; Schaeffer et al.,
1995a; van Kaam-Peters and Sinninghe Damsté,
1997; Schaeffer-Reiss et al., 1998; Höld et al.,
1998; Mongenot et al., 1999; Riboulleau et al.,
2000). Pyrolysis generates a wide range of low



Fig. 43. GC trace of medium polarity (toluene elution) fraction
of off-line pyrolysate at 400 �C of an O-rich kerogen from
Kashpir Oil Shale (late Tithonian, Russia) (a), ion chromatogram
of m/z = 58 showing distribution of n-alkan-2-ones and ‘‘mid-
chain’’ ketones (b). Additional ion chromatograms [e.g. m/z =
267(c)] showed that the latter correspond to a complex mixture
of n-alkanones with the C@O group on any carbon atom from
C-2 to C-13. Their abundance and diversity reflect the effect of
the oxidative reticulation on this kerogen. Reprinted with
permission from Riboulleau et al. (2001, p. 654).
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molecular weight alkylated OSCs, including the
same sulfur species as in bitumen (Fig. 42). In addi-
tion, the pyrolysates of such kerogens commonly
contain large amounts of non-GC-amenable prod-
ucts, like the high molecular weight macromolecular
fraction of sediment extracts. Subsequent chemical
degradation of such products is useful for obtaining
detailed information on kerogen structure, as shown
for the Orbagnoux deposit (Mongenot et al., 1999).

In agreement with observations of simultaneous
attachment via O and S in some macromolecular
components of sediment extracts and crude oils,
the occurrence of moieties linked both by sulfide
and ether bridges was observed for various kerogens
(Richnow et al., 1992; Höld et al., 1998; Schaeffer-
Reiss et al., 1998; Riboulleau et al., 2000). The ether
bridges might be partly derived from diagenetic
incorporation of O, and competition between S
and O incorporation into OM should occur at the
oxic-anoxic interface (Jenisch-Anton et al., 1999).
This O incorporation should promote subsequent
OM sulfurization due to an increase in reactivity
towards reduced S (Schouten et al., 1994; Carmo
et al., 1997).

The common occurrence of thiophenes in the
pyrolysates of S-rich kerogen does not necessarily
reflect a ubiquitous contribution of thiophenic
moieties to kerogen structure. Such aromatic OSCs
may originate, at least partly, from secondary trans-
formation of (poly)sulfide-containing moieties (Sin-
ninghe Damsté et al., 1990). In fact, heating
(poly)sulfide-linked macromolecules resulted in the
rapid formation of thiophenic compounds (Krein
and Aizenshtat, 1994; Schouten et al., 1994; Tomic
et al., 1995). Secondary thermal reactions of
(poly)sulfide-bound linear carbon skeletons, derived
fom carbohydrate sulfurization, were shown to yield
C1–C4 linear alkyl thiophenes upon kerogen pyroly-
sis (Sinninghe Damsté et al., 1998a). XANES can
afford direct information on S speciation in kerogen
and the presence of native thiophenic moieties can
thus be tested. Only a limited number of kerogens
have been examined with this method so far. The
bulk of S corresponds to alkyl sulfides and, to a les-
ser extent, di(poly)sulfides in Monterey and Kashpir
Oil Shale kerogens (Eglinton et al., 1994; Nelson
et al., 1995; Riboulleau et al., 2000), whereas thio-
phene S affords a relatively low contribution. A
reverse distribution was observed for the Orbag-
noux kerogen (Sarret et al., 2002), and thiophenes
are now believed to be the main native S form in
that kerogen. Such features reflect major differences
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in the extent of intermolecular vs. intramolecular S
incorporation in these two cases.

7.1.3. Oxygen incorporation
As discussed above, post-sedimentary abiotic

oxidation of OM can alter the characteristics of ker-
ogen type. Such oxidation may occur at the early
diagenesis stage for some kerogens. It causes both
a decrease in the OM amount in the sediment (gen-
erally measured by TOC), and an increase in the O/
C atomic ratio of kerogen. Oxidation thus corre-
sponds to partial degradation of immature OM,
whereas the residual organic fraction is enriched in
O. Such a situation was described by Riboulleau
et al. (2001) for the kerogen of a relatively
organic-poor (TOC 2.3%) and highly bioturbated
level from the Kashpir Oil Shale (Volgian, Russia).
This kerogen is characterized by a high O content
(O/C atomic ratio 0.27) and the abundant produc-
tion of O-containing compounds on pyrolysis, espe-
cially long chain n-alkanones up to C30 (Fig. 43).
The latter correspond to a complex mixture of iso-
meric compounds, with the C@O group located on
any carbon atom of the alkyl chain, and originate
from the thermal cleavage of ether bridges. These
features reflect intense O incorporation and cross
linking via ether bridges. This incorporation proba-
bly took place largely at C@C bonds originating
from diagenetic isomerisation and random migra-
tion. Previous observations also showed the forma-
tion of long chain n-alkanones upon pyrolysis of
various kerogens and recent samples (Gatellier
et al., 1993; Gillaizeau et al., 1996; Kruge et al.,
1997; Salmon et al., 1997; Riboulleau et al., 2000),
although amounts seemed less important than in
the above case. The extensive O incorporation
observed for some levels of the Kashpir Oil Shale
kerogen is probably related to early diagenesis
under oxic conditions, as reflected in intense biotur-
bation and well developed nectonic and benthic
flora (Riboulleau et al., 2001). Polymerization under
oxygenated conditions of alkenyl resorcinols, con-
tained in cell walls or sheaths, was thought to be
implicated in the formation of G. Prisca microfossils
in Ordovician kerogens (Blokker et al., 2001). The
oxidative polymerization of unsaturated fatty acids
was considered for the fossilization of motile forms
of dinoflagellates (Jatta Gypsum Formation,
Eocene, Pakistan; Versteegh et al., 2004). In con-
trast to S incorporation, O incorporation may occur
at any stage in kerogen evolution. Oxidative alter-
ation during the first stages of deposition was
observed, for example, for the different facies of
the Orbagnoux deposit (Kimmeridgian, Jura), due
to frequent temporary emergence episodes that
affected the upper sediment, as indicated by analysis
of redox-sensitive trace elements (Mongenot et al.,
2000). As stressed above, extensive post-deposi-
tional abiotic oxidation, due to air and/or oxygen
dissolved in meteoritic water, occurs also for kero-
gen in uplifted sedimentary rocks, especially at out-
crops (Nicaise, 1977; Espitalié and Bordenave, 1993;
Petsch et al., 2000, 2001a).

7.2. Diagenesis

Diagenesis occurs over a much larger depth
range in sediments than the previous stage of early
diagenesis. It may take place over an interval
>1000 m, depending on the geothermal gradient
and burial rate. Diagenesis sensu stricto is a stage
where kerogen loses large amounts of oxygen,
mainly as CO2 and H2O. Simultaneously, the
amount of extractable humic and fulvic acids con-
tinuously decreases. According to Tissot and Welte
(1978, 1984), the end of diagenesis corresponds to
the time when humic and fulvic acid amounts are
negligible.

During this stage, humin and kerogen become
progressively similar with increasing sediment bur-
ial. In contrast to N, some loss of O from kerogen,
with a related decrease in the absolute O content
(wt%) and the O/C atomic ratio, is still observed
during further catagenesis, particularly for Type
III kerogen. After early diagenesis, kerogen trans-
formation at depth is driven by cracking reactions



0

100

200

300

400

500

600

700

800

900

380 400 420 440 460 480 500 520 540
Tmax (°C)

H
I (

m
g

/g
 C

)

TI GRS

TIII Kerbau

TIII Logbaba

TII Toarcian

Fig. 45. Evolution with increasing maturity of Rock-Eval HI vs.
Tmax value for reference kerogen types (IFP analyses from
GEOCHIM database).

M. Vandenbroucke, C. Largeau / Organic Geochemistry 38 (2007) 719–833 791
dependent on increasing temperature and time.
Therefore, these transformations and the resulting
products can be reproduced by experimental simu-
lation in the laboratory, using higher temperature
to compensate for long geological time periods.
For example, artificial maturation of different types
of immature kerogen was performed with an open
system coupled to a mass spectrometer, and the
gaseous effluent was analysed and quantified (Dur-
and-Souron et al., 1982). Although open system
pyrolysis tends to overestimate H2O production at
the expense of CH4 formation (Landais et al.,
1984; Lorant and Behar, 2002), the results confirm
that H2O and CO2 are major products in the effluent
both before and during the main stage of hydrocar-
bon generation. Artificial maturation of the Mor-
well coal, a very immature brown coal (vitrinite
reflectance 0.26), was performed using isothermal
confined system pyrolysis at various temperatures,
weight and elemental balances being obtained
(Behar et al., 1995). Water and CO/CO2 production
from this coal (Fig. 44) showed parallel and regular
increases with maturation to a point located far into
the catagenesis stage (vitrinite reflectance 1.47%),
where total H2O production reached a plateau but
CO and CO2 continued to be produced. This reflects
the large range of oxygen-containing functional
groups giving rise to these oxygenated species, some
being quite resistant to thermal degradation.

There is thus an overlap between generation of
these products and hydrocarbon release. Accord-
ingly, this observation supports the restriction by
Tissot and Welte (1978, 1984) of the end of diagen-
esis stage to the disappearance of humic acids and
not to the end of O/C decrease.

7.3. Catagenesis

Catagenesis is the main stage of H (and C) loss
from kerogen and, as a consequence, is the stage
of petroleum formation. This stage takes place over
a depth range that frequently reaches > 2000 m.
Considering a general formula of generated hydro-
carbons as (CH2)n, two H atoms are lost for one
C atom, so the H/C atomic ratio of the residual ker-
ogen decreases in a van Krevelen diagram, reflecting
increasing aromatization (cf. Figs. 29 and 32). As
shown by natural samples from petroleum case
studies and laboratory thermal simulation, com-
pounds with lower and lower molecular weight are
formed during this stage, ending with gases. At
the beginning of catagenesis, a large part of the oil
components generated correspond to asphaltenes
and resins containing hetero elements, the major
being O. Beside further loss of CO/CO2, this is the
reason why the O/C atomic ratio continues to
decrease at the beginning of catagenesis.

Defining the onset of catagenesis is not straight-
forward as it depends on the parameter used for this
definition. A widely used parameter is vitrinite
reflectance, by analogy with the maturity scale
defined for coal series (cf. Fig. 33). Vitrinite reflec-
tance is related to the presence of p electrons in ker-
ogen aromatic structures and increases with
aromatization, thus reflecting maturation. This
parameter was therefore used by Tissot and Welte
(1978, 1984) to separate the three maturity stages
on the kerogen evolution paths. The beginning of
catagenesis is often set at a vitrinite reflectance of
0.5. However, vitrinite is only present as a major
maceral in Type III kerogen. The difficulty for other
types is to find true vitrinite, which is allochthonous
with respect to the major OM constituents but has
undergone the same maturation history from the
beginning. The risks are to (i) measure reflectance
on macerals other than vitrinite, with a different
aromaticity, thereby providing a different reflec-
tance value for the same thermal history (Durand,
1975), (ii) have too few or very dispersed data
points, or (iii) find vitrinite with a thermal matura-
tion different from that of the bulk OM. Among
Rock-Eval parameters, Tmax is not always a good
maturity indicator, particularly for Type I kerogen,
since the petroleum formation kinetics lead to a



Fig. 46. Dark field imaging (0.0.2 mode) of aromatic stacks in
Type II kerogen from electron diffraction; each bright dot is a
stack of aromatic molecules seen edge-on. (a) At a low catagen-
esis stage (H/C = 1.32); (b) at the metagenesis stage (H/
C = 0.44). Modified from Oberlin et al. (1980).
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high and almost constant Tmax during the whole
range of hydrocarbon generation. For Type II and
Type III kerogens, the onset of catagenesis is often
taken at a Tmax of 435 �C (Espitalié and Bordenave,
1993). The best parameter for defining the beginning
of catagenesis as the main zone of petroleum forma-
tion is the hydrogen index, using the HI vs. Tmax

diagram as reported in Fig. 45 for maturity series
of reference kerogens.

During diagenesis, the loss of O-containing mol-
ecules results in a concentration of potential hydro-
carbon generating structures, and hence an increase
in HI. This relative increase depends on O abun-
dance in the kerogen: it is high for Type III kerogen
and hardly visible for Types I and II. The beginning
of catagenesis thus corresponds to the beginning of
HI decrease. As catagenesis progresses, the transi-
tion from oil to condensate takes place around a
Tmax of 455 �C and the main wet gas production
ends around a Tmax of 470 �C (Espitalié and Bor-
denave, 1993). However, there is still some gas,
more and more enriched in CH4, produced beyond
this limit. The HI vs. Tmax diagram shows
(Fig. 45) that the decrease in HI in the gas zone is
more progressive for Type III kerogen than for
the other types. This difference should not be due
to kerogen (primary) cracking because all types
exhibit similar chemical structures at this stage
and produce gas by cracking of short chain alkyl-
ated polyaromatics (Lorant and Behar, 2002). This
latter feature was confirmed by closed system pyro-
lysis of kerogens of different type at the dry gas gen-
eration stage: similar absolute amounts of late CH4

are generated at 550 �C for 24 h (Behar et al., 1997).
In fact, the slower HI decrease for Type III kerogen
could be due to the high initial aromaticity of the
kerogen network. This network may very tightly
trap some petroleum products that are only released
through production by secondary reactions of
gaseous compounds, whose size is small enough to
escape the aromatic network of the kerogen
structure.

At the end of catagenesis, conventionally taken
at a H/C atomic ratio of 0.5 or a vitrinite reflec-
tance of 2% (Tissot and Welte, 1978, p. 72), all
types plot in the same region of the van Krevelen
diagram. Chemical analysis cannot anymore allow
distinction between types at this maturity stage.
However, this distinction can still be achieved by
electron diffraction imaging techniques, first used
for studies of natural coalification and artificial
carbonization (Oberlin et al., 1999). Aromatic
stacks with a diameter corresponding at least to
coronene (7.1 Å, seven fused rings) appear as
bright spots when kerogen is observed using dark
field electron microscopy (Oberlin et al., 1980),
and their size can be measured. Smaller aromatic
molecules that may exist in kerogen, but cannot
stack face to face, are not detected. Bright spots
corresponding to aromatic stacks can be observed
even at a low maturity. Their abundance increases
with increasing maturity, but the increase cannot
be quantified precisely. During catagenesis, the
diameter of the aromatic domains is always
< 8 Å, corresponding to fewer than 10 fused rings,
piled up into stacks of two and sometimes three
aromatic layers, regardless of the Type. Aromatic
stacks are homogeneously distributed within the
kerogen and randomly orientated, as shown by
similar bright spot abundance when the sample is
rotated (Fig. 46a).

The only changes observed upon increasing cata-
genesis, up to the peak of oil formation, are the
increase in bright spot abundance and the decrease
in interlayer spacing spreading due to elimination
of defects, i.e. non-aromatic moieties. After this



Fig. 47. Evolution with increasing maturity of concentration of
free radicals (vp) in kerogen from Logbaba series (Type III),
measured using EPR. Adapted from Marchand and Conard
(1980).
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peak, around a H/C atomic ratio of 0.7, individual
aromatic stacks tend to orientate themselves parallel
to each other in local clusters of bright spots and are
therefore no longer homogeneously distributed. Up
to the end of catagenesis (H/C atomic ratio 0.5), the
amount of aromatic clusters increases, resulting in
more contrasted images, but the diameter of indi-
vidual bright spots does not change significantly
(Oberlin et al., 1980). From this stage, the orienta-
tion of aromatic domains does not change further.
These transformations would be similar to what is
observed during carbonisation of non-graphitizing
carbons (Van Krevelen, 1993, p. 237). Like coal,
low maturity kerogen can be considered as a plastic
substance, with aromatic stacks suspended in a
metaplast made of mobile aliphatic parts. The latter
are progressively removed by thermal cracking
upon catagenesis, up to the transition to metagene-
sis where a brittle solid is obtained (Oberlin et al.,
1999).

7.4. Metagenesis

Metagenesis is the stage of reorganization of the
aromatic network of the residual kerogen. It is asso-
ciated with an aromaticity increase, mainly by elim-
ination of aromatic CH3 groups as CH4, but also by
release of hetero elements as CO2, N2 and H2S. As
indicated above, all types at the onset of metagene-
sis have a similar elemental composition and hence
a similar location in the van Krevelen diagram.
Confined system pyrolysis also showed that the only
hydrocarbon generated at this stage is CH4, with a
similar potential around 50 mg/g C (Behar et al.,
1997), indicating a similar ratio of aliphatic to aro-
matic C for all types. However, at the transition
from catagenesis to metagenesis (H/C = 0.5 and
C = 93%), the size of the aromatic clusters in the
solid structure depends on type: around 50 Å for
Type III, 100–200 Å for Type II and up to 1000 Å
for Type I (Oberlin et al., 1980). This difference
may seem surprising because at this stage all types
have similar chemical parameters. In fact, the extent
of parallel formation of aromatic stacks depends on
the elimination efficiency of low molecular weight
moieties during catagenesis. This allows more or less
free rotation of individual aromatic stacks, depend-
ing on the ratio between residual aliphatic and aro-
matic moieties and on the amount of residual hetero
elements, that markedly decrease from Type III to
Type II and to Type I, i.e. according to kerogen
type.
During metagenesis, gases are expelled from ker-
ogen as shown by experimental simulation of matu-
ration on Types II and III kerogen using open and
closed system pyrolysis (Lorant and Behar, 2002).
According to the different steps for CH4 formation
proposed in the above study, the first step in form-
ing it plus higher homologues has already taken
place in the catagenesis zone. A second step, occur-
ring at the metagenesis stage, is demethylation of
methyl aromatics together with cleavage of aro-
matic ether bridges, yielding gases such as CH4,
CO and CO2, and also some N2 as observed by
Behar et al. (2000). At this stage, ring condensation
increases in the residual kerogen, as observed with
dark field imaging, by an increasing diameter of aro-
matic stacks (Fig. 46b). This is confirmed using elec-
tron paramagnetic resonance (EPR): in a diagram
of paramagnetic susceptibility vs. H/C atomic ratio
(Fig. 47) the number of free radicals in kerogen,
which increases during catagenesis, begins to
decrease due to radical recondensation (Durand
et al., 1977a).

The last step for gas generation, occurring in the
late metagenesis zone, would be the opening of
some aromatic rings. Cleavage of C–H bonds and
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auto hydrogenation, yielding CH4 besides CO and
CO2, can be observed for both kerogen and model
aromatic compounds, during high temperature
pyrolysis. However, it was stressed that this reaction
is unlikely in sedimentary basins due to the required
temperature range (Lorant and Behar, 2002).

7.5. Pyrolysis as a tool for modelling geological

maturation of kerogen

It is now widely accepted that, after early dia-
genesis, where biological processes are largely
involved, further kerogen transformation is influ-
enced only by thermal cracking reactions due to
the temperature increase associated with sediment
burial. Accordingly, after the development of isola-
tion procedures, pyrolysis immediately became a
major technique for geochemical studies of kero-
gen, both for characterization of its molecular
building blocks and for kinetic studies. Given the
chemical complexity of kerogen and petroleum
products, a huge number of reactions are involved
in kerogen transformation, taking place in parallel
and/or in succession with ongoing kerogen crack-
ing in source rocks. The main steps in kerogen
cracking to oil were first described (Tissot, 1969;
Tissot and Pelet, 1971) on the basis of those
explaining the formation of coal pyrolysis products
upon thermal conversion (de Poncins, 1950 and
Chermin and van Krevelen, 1957; cited by Van
Krevelen, 1993, p. 705). The first kinetic models
were calibrated using only the evolution with bur-
ial of amounts of extract in source rocks from ref-
erence petroleum systems. For all kerogens, bulk
thermal decomposition could be represented by a
nearly first order kinetic law, with a rate constant
related to temperature by the Arrhenius equation.
Reproducing such transformation is thus possible
under laboratory conditions by increasing the tem-
perature to compensate for long geological times,
provided that the same reaction mechanisms take
place under both geological and laboratory condi-
tions (e.g., with no catalytic cracking or no thermal
cracking of C–H bonds). Besides time compensa-
tion to allow laboratory simulation, the main
advantage of using pyrolysis to mimic thermal
cracking under geological conditions is to have
access to the amounts of generated compounds,
such as gases and light hydrocarbons, that most
of the time cannot be recovered quantitatively
from geological samples (e.g. Monthioux et al.,
1985). It is thus possible to obtain a full mass
and atomic balance for the remaining kerogen
and its cracking products at various transforma-
tion stages with, for some of these products, a pos-
sible control by geological samples. Then, the main
geological factors that may influence kerogen
transformation can be discussed. Analytical pyro-
lysis methods that give insights into specific molec-
ular families of compounds, but do not allow a
mass balance of kerogen cracking products to be
obtained, are not considered here. For a review
of pyrolysis techniques and their applications, we
refer the reader to Larter and Horsfield (1993)
and references therein.

Among the factors that influence kerogen
transformation under geological conditions, it is
widely accepted that the type largely influences
both the amount and the chemical composition
of the cracking products for a given maturity
stage. It is also well documented that S incorpora-
tion into a kerogen decreases average bond
strengths, making it more thermally labile and jus-
tifying addition of ‘‘-S’’ to the Type name to
account for this lability. Since kerogens show a
continuous range of S content, there should also
be a continuous shift in kinetic parameters. Thus,
given the fairly large number of kinetic distribu-
tions now available for various Type II-S kero-
gens (Hunt and Hennet, 1992, and references
therein), it should be possible, although not yet
reported to the best of our knowledge, to calcu-
late directly activation energies and frequency fac-
tors as a function of the S content obtained from
elemental analysis of kerogen.
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Pressure increase has been shown (Fig. 48) to
delay kerogen cracking in hydrous pyrolysis experi-
ments (pressure transmitted by the liquid phase),
whereas such a delay is hardly observable with con-
fined medium experiments (pressure transmitted by
the solid phase) with or without added water
(Lewan et al., 1979; Michels et al., 1995 and refer-
ences therein). Pressure also modifies some reaction
pathways and favours aromatization. The recombi-
nation of hydrogen and alkyl radicals is also pro-
moted (hence the absence of unsaturates) in both
hydrous and non-hydrous closed system experi-
ments. The nature of the pressurizing medium,
liquid water for hydrous pyrolysis or solid confine-
ment for non-hydrous closed system pyrolysis,
probably plays an important role by changing the
main source of hydrogen radicals, water or OM,
respectively (Michels et al., 1995). The importance
of the role of pressure under geological conditions
is, however, far from being ascertained, and it is
generally considered as a secondary parameter for
kerogen cracking, relative to temperature. It is
indeed difficult to estimate the real pressure applied
to kerogen in source rocks. In fine-grained sedi-
ments, i.e. those favourable for OM accumulation
and preservation, the fluids contained in the pore
volume support part of the overburden charge dur-
ing burial. The pressure inside a pore will depend on
the relative burial rate and may vary, even at con-
stant depth, with geological time. The pressure
applied to kerogen thus ranges from hydrostatic to
lithostatic pressure (e.g., from 300 to 800 bar at
3000 m depth), but the value is not precisely known.
The nature of the pressurizing medium under geo-
logical conditions should be close to that of a con-
fined system since kerogen is embedded in the
mineral matrix of the source rock, whereas water
is contained in the pores. Water could, however,
have more influence on secondary cracking reac-
tions, because the products generated as a result
of kerogen maturation are stored in source rock
pores before expulsion. Further studies are clearly
needed to quantify the role of pressure on cracking
reactions under geological conditions.

The influence of water on kerogen cracking has
been examined by using heavy water (D2O) in
hydrous pyrolysis experiments at low transforma-
tion rate (Hoering, 1984). The resulting saturated
hydrocarbons show multiple extents of deuteriation.
This reflects the occurrence of free radical chain
reactions involving D2O, through deuterium
exchange with hydrogen both in the kerogen struc-
ture and during chain propagation reactions. Such
exchange could also occur under geological condi-
tions. However, a number of further studies indi-
cated that only some hydrogen atoms in kerogen
(like those linked to hetero atoms or located in a
position a to carbonyl groups) are exchangeable
with hydrogen from water (e.g. Sessions et al.,
2004), whereas most hydrogen atoms linked to ali-
phatic carbon are isotopically not exchangeable
and would be retained over geological time (e.g.
Schimmelmann et al., 1999; Sessions et al., 2004).
In fact, the net effect of water on the yield and com-
position of the products generated upon kerogen
thermal degradation is still unclear, because the
chemical reactivity of water changes very quickly
with increasing temperature (Michels et al., 1995).
Indeed, it has been observed, when comparing
hydrous and non-hydrous pyrolysis experiments
on the same sample (Behar et al., 2003), that CO2

and NSO yields are higher in the former case, both
in relative and absolute proportion, possibly due in
part to a delay in primary cracking under hydrous
conditions. Moreover, differences in CO2 and NSO
yields between hydrous and non-hydrous pyrolysis
increase sharply with temperature in the 300–
350 �C range, independently of heating time, proba-
bly as a result of increasing hydrolysis efficiency in
the case of the hydrous experiments.

Although discussions appear from time to time
about the catalytic influence of minerals on second-
ary cracking of petroleum products (Kissin, 1987;
Mango and Hightower, 1997), such an influence
on primary cracking of kerogen under geological
conditions can be ruled out. First, this primary
cracking occurs mainly within the organic network
of kerogen, where minerals are absent. Second, as
discussed above (see Fig. 30), studies on Type III
kerogens at any stage during natural maturation
have never shown any difference between massive
coals and dispersed OM (Huc et al., 1986),
although detrital minerals predominating in the
latter exhibit especially high catalytic activity if
dehydrated. Non-catalytic cracking mechanisms
are also confirmed, for other OM types, by the
lack of difference among kinetic parameters for
kerogen from source rocks from the same forma-
tion but with widely different TOC values. The
exception, for low TOC samples (< 1%), is clearly
due to alteration during deposition or outcropping,
as discussed above. Note that, were this not the
case, the notion of OM Type would lose its predic-
tive capacity.
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7.6. Summary

• The main stages for kerogen evolution in sedi-
mentary rocks are, except for the very first stage,
triggered by thermal cracking associated with
sediment burial and associated geothermal heat-
ing. They are, in order of increasing maturity,
as follows:
(i) Early diagenesis, with a major loss of N as

amino acids and NHþ4 , due mostly to biologi-
cal processes, and ending when N in humin/
protokerogen is no longer hydrolyzable. This
stage may also be, but not always, the time
for inorganic S and O incorporation into the
kerogen.

(ii) Diagenesis sensu stricto, with a major loss of
oxygen as H2O, CO2, humic and fulvic acids,
ending when these acids cannot be extracted
from sedimentary rocks.

(iii) Catagenesis, with a major loss of H and C (oil
and wet gas) and ending when all kerogen evo-
lution paths merge into a single path on the
van Krevelen diagram, around a H/C atomic
ratio of 0.5.

(iv) Metagenesis, with reorganization of the aro-
matic network in residual kerogen and produc-
tion of CH4 (dry gas) and non-hydrocarbon
gases such as CO2, H2S and N2.

• Kerogen transformation after early diagenesis
can be simulated by carrying out pyrolysis
experiments, insofar as the reaction mechanisms,
influenced by pressure, minerals, water and tem-
perature range, are similar under both geological
and laboratory conditions.

8. Structure modelling: why and how

8.1. Significance of chemical models

The general term ‘kerogen’ cannot represent a
defined chemical structure, unlike other terms such
as ‘protein’. Indeed, the latter corresponds to macro-
molecules sensu stricto, whereas kerogen is a com-
plex combination, via numerous bond types, of a
large number of molecular moieties encompassing a
wide range of composition and molecular weight.
As discussed above, immature kerogen should be
viewed as a mixture of various macromolecular
structures comprising both resistant biomacromole-
cules and recombined biodegradation products in
unknown proportions. The chemical features of this
immature material, which depend on biological pre-
cursors and depositional conditions, will change con-
tinuously during natural evolution as a result of
sediment burial. The resulting changes originate
from both thermal cracking of previously insoluble
OM and formation of new insoluble OM by conden-
sation reactions. It is possible, however, to estimate a
lower limit for the molecular weight of kerogen con-
stituents from the properties of the solvents used for
kerogen isolation. Kerogen is defined operationally
by its insolubility and the most common solvents
used for bitumen extraction: CH2Cl2, CHCl3 and
mixtures thereof with CH3OH or acetone. Mass
spectrometric techniques (field ionization or field
desorption) and gel permeation chromatography,
when applied to the heaviest bitumen fractions thus
obtained, i.e. asphaltenes, showed an average molec-
ular weight of < 5000 Da. The insolubility limit for
kerogen macromolecular units in typical organic sol-
vents, depending on their polarity, may thus be
expected to be around values of 5000–10,000 Da.

In fact, ‘‘true’’ macromolecular components of
kerogen cannot be represented because their molec-
ular composition is not known. Only chemical
structures like those of synthetic polymers, where
a small sub-unit repeats the whole structure, can
be represented by a detailed chemical structure.
The same representation is possible for biopolymers
such as proteins or nucleotides, where the number
of building blocks is limited to a few chemical spe-
cies and bonding types. Even in the latter case, the
task is difficult and needed advanced analytical
methods that became available only in the 1990s.
Kerogen chemical structures drawn at the atomic
scale, with a molecular weight around 25,000 Da,
relate to an incredibly small amount of kerogen con-
centrate since the corresponding molecular weight is
divided by Avogadro’s number (6.02 · 1023), so that
it represents about 2–4 · 10�20 g of analyzed prod-
uct. Because any analytical technique presently used
for kerogen characterisation works on amounts in
the microgram to milligram range, any analytical
result is already an average of a large number of
kerogen macromolecular components. Thus a
‘‘true’’ representation of the chemical structure of
kerogen based on such analyses has no meaning,
and only conceptual models representing at best
the largest possible set of physicochemical analytical
data, but also including many assumptions, can be
obtained.

Nevertheless, this is not a reason for giving up the
idea of building chemical models for insoluble sedi-
mentary OM. Accordingly, coal scientists began to
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construct molecular models for coal as far back as
the 1940s. Even a hypothetical average structure of
coal or kerogen, accounting for extensive informa-
tion from various sources, can provide a synthetic
view of the main resemblances and differences among
sedimentary OM samples and types. Such a structure
may also serve as a starting point for new studies if
the model does not fit the analytical data, or for
new analyses which could improve its representativ-
ity. A suitable model should thus synthesize in the
best possible way physical and/or chemical structural
information arising from a number of analyses.
Depending on the properties of interest, several types
of representation can be used, e.g., based on elemen-
tal/molecular composition, aromatic sheet distances,
swelling properties, and cracking reactions and prod-
ucts, so that detailed molecular formulae are not
always necessary.

The main steps in coal structure representation
are reviewed below. Modelling of soluble macromo-
lecular organic constituents, such as humic acids or
asphaltenes, is not considered, since this approach is
contemporaneous with (and often derived from)
kerogen modelling. The section then focusses on
molecular models of kerogen, in order to show
how kerogen Type and maturity can account for
Fig. 49. Molecular model of an averaged bituminous coal
molecule, explaining intermediate radical formation upon pyro-
lysis. Adapted from Fuchs and Sandhoff (1942).
the variety in amount and composition of oil
(including extracts and pyrolysates) generated dur-
ing thermal cracking under geological and labora-
tory conditions.

8.2. Coal modelling

A review of molecular modelling of coal structure
can be found in Van Krevelen (1993, Chapter 25).
The main findings are described here in order to
enable comparison with kerogen models. In conse-
quence, only a few among numerous published
models are presented.

8.2.1. Models based mainly on coal liquefaction

products

To the best of our knowledge, the first attempt to
build a molecular model of coal (Fig. 49) was car-
ried out by Fuchs and Sandhoff (1942). Their aim
was to explain experimental results of coal pyrolysis
by modelling the different chemical processes
involved, using thermodynamic calculations to clas-
sify bond strengths at various temperatures. This
remarkable paper accounted correctly for the com-
position and order of appearance of cracking prod-
ucts, mechanism of coke formation (the concept of a
free radical process was a new one at that time) and
compositional differences between boghead coals
and regular coking coals. However, the different
Table 18
Comparison of analytical parameters for vitrinite of a bituminous
coal with those calculated from its model in Fig. 50a

Property Coal vitrinite
analysis

Model
parameter

C (wt%) 82.3 82.1
H (wt%) 5.0 5.2
O (wt%) 10.9 10.7
N (wt%) 1.8 1.9
Atomic H/C 0.73 0.76
Model molecular formula C102H78O10N2

Model molecular weight
(uma)

1490

CHaro/CHali 0.18–0.20 0.26
C atoms in aromatic clusters 16 (ave.) 12–19
Average number of

intercluster linkages
3.5/cluster

Ratios CH3:CH2:CH:C 2:20:b:b 2:23:3:2
O as hydroxyl (wt%) 6.1 6.25
O as carbonyl (wt%) 4.0 4.15

a After Given (1960).
b Not available.



Fig. 50. Model structure of vitrinite of a bituminous coal. Reprinted from Given (1960, p. 150).
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Fig. 51. Functional group model of a bituminous coal molecule constructed from structural groups of its gaseous pyrolysis products and
elemental analysis data. Adapted from Serio et al. (1987).
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structural models proposed were based on almost
planar, highly condensed cyclic structures, with
low H/C ratio and oxygen was assumed to be exclu-
sively in the form of ether bonds.
A new step in coal modelling was reached in the
1960s thanks to improvements in X-ray analysis,
which showed that aromatic clusters in coals up to
the catagenesis stage contain no more than two to
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four condensed rings. The coal model of Given
(1960, Fig. 50), accounted not only for such a degree
of condensation, but also for new results for oxygen
functional group analysis from IR and NMR spec-
troscopy (Table 18). This lower aromatic condensa-
tion degree allowed for a better representation of
the non-planar structure of coal, in line with
observed microporosity at the molecular scale. Het-
ero elements, particularly oxygen, were also repre-
sented by a variety of functional groups (Fig. 50);
a better account of the nature, amount and timing
of formation of coal cracking products was there-
fore obtained.

Several structural models built for the same pur-
pose as those of Fuchs and Sandhoff (1942), but
using updated data for coal and its thermal degra-
dation products, were published in the 1980s. They
accounted not only for the initial structure of coal,
but also for structures and amounts of cracking
products. The hypothetical molecular structure of
a bituminous coal (Solomon, 1981), using as start-
ing point the functional group cracking model of
Solomon’s team (Serio et al., 1987 and references
therein), is shown in Fig. 51. The chemical parame-
ters of coal structure were focussed on quantitative
distribution of functional groups, carbon–carbon
bond types and related kinetic parameters for crack-
ing, constrained by experimental results from coal
pyrolysis. Coal structures at different initial ranks
were assumed to differ only in their content of these
functional groups, as considered also by Gavalas
et al. (1981). The chemical structure depicted in
Fig. 51 is structurally quite similar to that of Given
(1960), but H bonds are thought to bind some struc-
tural elements.

The bituminous coal model of Shinn (1984,
Fig. 52a) was based on detailed chemical analysis
of several coals and their liquefaction products. It
correctly accounted for the distribution of single
and two stage liquefaction products. However,
the author considered that improvements could
be obtained by using other analyses on aliphatic
groups, 3D structure and bonding sites, and struc-
tural information derived from pyrolysis. This
model synthesizes previous ones, and uses chemical
information obtained from analysis of low molecu-
lar weight hydrogenolysis products to reconstruct
coal building blocks. The detailed characterization
of hydrogenolysis products in terms of molecular
weight, aromaticity, elemental analysis and func-
tional groups is matched with crosslink reactivity
under liquefaction conditions, in order to recon-
struct the coal initial structure. This coal model
has a larger unit size than previous ones, consistent
with the insolubility constraints defined previously
(MW > 10,000). Furthermore, a 20 wt% proportion
of building blocks was considered as a mobile
phase, held into the macromolecular network by
H bonds and steric trapping, in agreement with
extraction data obtained using strong electron
donor solvents like pyridine. The presence of a sig-
nificant proportion of low molecular weight com-
ponents in the macromolecular network of coal
was also reflected in 1H NMR observations (Mar-
zec and Kisielow, 1983; Marzec et al., 1983). Com-
pounds in the 200–600 Da range, accounting for
up to 30–40 wt% of the total coal, were thus con-
sidered as tightly trapped within the macromolecu-
lar network of bituminous coals, due to steric
inaccessibility in relation to micropore size and to
complexation via electronic interactions. These val-
ues, estimated from the proportion of protons hav-
ing a high rotational mobility, were considered by
some scientists as being too high in comparison
with other observations (Derbyshire et al., 1989).
However, the hypothetical structure of bituminous
coals, based on a 3D macromolecular network
entrapping significant amounts of low molecular
weight molecules, was not disputed. That was also
supported by studies of swelling and extractability
properties of coals in various solvents (Larsen
et al., 1985), showing that the macromolecular net-
work of such coals is highly reticulated by H bonds
from OH groups. These H bonds can be up to five
times more abundant than covalent bonds and are
responsible for the trapping properties and brittle-
ness of bituminous coals. Pyridine, with its ability
to break H bonds, can strongly expand the macro-
molecular structure and so extract large amounts
of trapped low molecular weight compounds (see
Fig. 52a).

Due to increasing computer power in the 1990s
it became possible to build and visualize 3D
molecular structures of coals and to apply molec-
ular mechanics and dynamics to calculate mini-
mum energy configurations, using force field
approximation algorithms. After potential energy
minimization, the 3D structure is much more com-
pact (Fig. 52b and c) for the coal model of Shinn
(1984), demonstrating the importance of van der
Waals interactions and H bonding. The density
and microporosity of this minimum energy struc-
ture are consistent with experimental values (Carl-
son, 1992).



Fig. 52. (a) Molecular model of a bituminous coal by Shinn (1984); (b) and (c) 3D structure of Shinn’s model constructed using computer
assisted modelling software before (b) and after (c) energy minimization (Carlson, 1992). The molecular formula of the model is
C661H561O74N4S6, of which 455 Caro and 171 Haro, the corresponding molecular weight is 10,023 Da. Adapted from Shinn (1984) for a and
Carlson (1992) for b and c.
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8.2.2. Models accounting for coal physicochemical

properties

Other coal models published in the same period
considered specific structural features associated
with bond types other than covalent bonds. The
aim was to explain NMR results on proton mobil-
ity, implying the occurrence of moieties with highly
different molecular sizes in coals on one hand, and
extractibility and swelling properties on the other
hand. The 3D structures constructed by Spiro
(1981) according to these models, and later extended
to coals of increasing rank (Spiro and Kosky, 1982),
aimed at explaining coal properties such as plastic-
ity, porosity, anisotropy, and their evolution with
thermal maturation. Coal structure was, however,
represented as predominantly macromolecular in
all of these models, despite the fairly high extract-
ability observed for bituminous coals.

Solid state spectroscopic techniques, like X-ray
and electron spectroscopy or 13C and 15N solid state
NMR, have made great progress during the last ten
years, both in sensitivity and quantification accu-
racy. Information resulting from these analyses,
although it represents average properties and has
the same limitations as discussed above for building
molecular models, could also improve understand-
ing of coal chemical and physical features.
Fig. 53. Representation of some building blocks of kerogen structure i
using CrO3. Reprinted from Burlingame et al. (1969, p. 126).
8.3. Kerogen modelling

The first ideas regarding the average structure of
kerogen arose from analysis of soluble fractions
generated upon thermal cracking under geological
conditions on one hand, and of degradation prod-
ucts on the other. The main structural elements of
kerogen were discussed by Forsman (1963) on the
basis of functional group analysis and degradative
studies, including permanganate oxidation, hydrog-
enolysis and pyrolysis. Although only a few kerogen
examples were studied at the time, Forsman (1963,
p. 177) already recognized two kerogen types,
described as ‘‘coaly’’ and ‘‘non-coaly’’. The coal
type was viewed as ‘‘a macromolecule consisting
of condensed aromatic rings interconnected by
ether, alkoxy, and perhaps sulfur bridges. Attached
to the aromatic nuclei are hydroxyl groups, meth-
oxyl groups, and perhaps esterified carboxyl
groups’’. In contrast, the non-coaly type was viewed
as ‘‘a more nearly open chain structure, with some
cycloparaffin or mononuclear aromatic rings
attached. Oxygen, and possibly nitrogen and sulfur
atoms may act as connecting links’’. Although no
chemical structure was shown, this view of kerogen
building blocks and the indications that (i) resistant
portions of living organisms could participate in the
n Green River shale, as deduced from kerogen oxidative cleavage
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structure and (ii) kerogen structure should change
with rank as observed for coals, were particularly
perspicacious.

8.3.1. Precursor models: Green River Shale (GRS)

kerogen

During the 1960s, a number of analytical stud-
ies were performed on OM structure in oil shales.
GRS kerogen was studied extensively by Robinson
and coworkers and its main structural components
were described quantitatively (summarized by
Robinson, 1969b). However, the first kerogen
model to be published (Fig. 53) was that of Burlin-
game et al. (1969). It did not represent a full chem-
ical structure of the GRS kerogen, but only some
of its building blocks as released by CrO3 oxida-
tion and possible bonding sites. Already at the
time, the presence of compounds trapped within
the macromolecular network was suggested. A
fairly similar representation of GRS kerogen by
Djuricić et al. (1971) was based on the analysis
of the products formed using alkaline permanga-
nate oxidation. Given the high yield (70%) of ali-
phatic mono- and dicarboxylic acids obtained,
these authors concluded that the structure of the
kerogen was comprised mainly of polymethylene
Fig. 54. Structural and 3D molecular models for Green River shale k
related chemical structures for constituents of model a; (c) 3D constructi
moieties including long n-alkyl and isoprenoid
chains, with aromatic structures being only minor.

The first detailed molecular representation of
GRS kerogen was published by Yen (1976). In line
with the aims of Given (1960) when drawing his coal
model, the purpose was to build for kerogen ‘‘a con-
ceptual model to accomodate the accumulated
physical and chemical evidence’’. This model was
based on the results gained via extensive studies of
asphaltene structure. In opposition to the above
structural models, it accounted not only for the
structure of the chemical degradation compounds
but also for the spectroscopic features of the kero-
gen obtained using X-ray diffraction, IR spectros-
copy, electron spectroscopy for chemical analysis
(ESCA) and electron spin resonance (ESR). A sim-
plified representation of the structure (Fig. 54a),
together with the description of the chemical family
of each of its components (Fig. 54b), were used for
building a 3D model with a molecular construction
kit (Fig. 54c). Such a representation was intended to
be a conceptual model of only a small part of the
kerogen molecular network since, as mentioned
above, any analytical result on kerogen is only an
average value for a very large number of its consti-
tutive moieties. This 3D model (Fig. 54c), with a
erogen: (a) hypothetical structural model; (b) abbreviations and
on corresponding to C235H397O13N3S5. Adapted from Yen (1976).



Table 19
Functional analysis of two Type I kerogen concentrates from oil
shalesa

Total element (for 100 �C) and
functional group proportion

Rundle
Ramsay
Crossing

Green
River
Shale

Total O for 100 �C 9.2 3.0
Carboxylic acid 2.3 0.2
Ester/carboxylate 1.1 1.8
Ketone/aldehyde 1.4 0
Phenol 0 0
Alcohol 0.6 0.5
Ether (by diff.) 3.8 0.5

Total N for 100 �C 1.8 2.2
Pyrrole 0.3 0.5
Unhindered basic N 0.1 0.3
Hindered basic N 0.9 0.8
N-substituted pyrrole (by diff.) 0.5 0.6

Total S for 100 �C (thiophenic) 0.7 0.7

H/C atomic ratio 1.61 1.56
Aromatic C for 100 �C 16 22

a After Siskin et al. (1995).
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bulk formula of C235H397O13N3S5 and an atomic
weight of 3627 Da, failed to reproduce the measured
density (0.2 for the model as constructed instead of
Fig. 55. Structural model of Green River oil shale kerogen.
about 0.8 measured). Such a large discrepancy was
partly due to the fact that (i) molecular conforma-
tions were not those of minimal energy and (ii) the
atomic construction assembly tended to deform
and flatten due to its own weight. It is interesting
to note that Yen (1976) also indicated, probably
on the basis of his knowledge of asphaltene struc-
ture, that (i) loosely held bitumen molecules may
be entrapped within the kerogen matrix and (ii) ker-
ogen structure contains not only covalent bonding,
but also inter- and intramolecular hydrogen bond-
ing as well as charge transfer bonding.

Finally, a later publication by Siskin et al.
(1995) on modelling of oil shale kerogen con-
cerned not only the GRS but also the Rundle
Ramsay Crossing Shale (Qld., Australia). The
most interesting aspect of this paper lies in the
use of solid state 13C and 29Si NMR combined
with selective chemical derivatization of kerogen,
along with detailed mass spectrometry and NMR
studies of kerogen pyrolysates. The result is a
much better quantitation of the various structural
constituents in these oil shales, particularly for O-
and N-containing functional groups (Table 19),
than previously obtained using classical functional
Reprinted from Siskin et al. (1995, p. 157).

�
K

lu
w

er
A

ca
d

em
ic

P
u

b
li

sh
er

s
19

95



Fig. 56. Structural scheme for a Type II kerogen at an evolution stage corresponding to beginning of catagenesis. Note that bonds
between elemental bricks are not represented, the scheme aiming to show how aromatic stacks should be piled up to produce bright spots
upon dark field imaging electron microscopy. Adapted from Oberlin et al. (1980).
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group analysis. The resulting chemical structure
for GRS kerogen is shown in Fig. 55.

8.3.2. Kerogen models accounting for differences in

type and evolution
The main differences in the structural compo-

nents of kerogens according to type, at the onset
of the oil window, were first described by Van-
denbroucke (1980) on the basis of bitumen compo-
sition. Simultaneously, a structure for Type II
kerogen was reported by Oberlin et al. (1980),
Fig. 56, using complementary data on kerogen
building blocks. However, it rapidly became clear
that such a structure could not represent kerogen,
because the bulk molecule would have been readily
soluble in CHCl3. Nevertheless, it provided a start-
ing point for attempts to build a complete series of
structures representing the different types kerogens
at various maturity stages. The idea was not, as
stressed above, to represent in a rigorous way the
exact chemical structure of kerogen, since this is
not realistic. It was rather to present in a synthetic
way the main chemical and physical characteristics
related to type and maturity, in order to allow for
easy comparisons (Behar and Vandenbroucke,
1986, 1987). The way these models were built was
essentially similar to, although done independently
from, that used by the coal scientists cited above.
A combination of quantitative atomic and molecu-
lar information resulting from analysis of kerogens
and of their degradation products was used, and
the consistency of the analytical results obtained
for a given parameter using different techniques
was checked. The atomic information counts up
atoms or atomic groups, including their nearest
chemical environment, and was mostly derived from
elemental analysis, solid state 13C NMR, XANES
and functional group analysis. The molecular
information counts up structural building blocks
on the basis of analysis of natural extracts, pyroly-
sates and chemical degradation products. Start-
ing for the three types with a similar number of



Fig. 57. Structural representation of Type II kerogen (analytical data from Paris Basin Toarcian series) at increasing maturity stages,
corresponding to given atomic H/C and O/C ratios. Structure IIa: beginning of diagenesis; structure IIb: beginning of catagenesis;
structure IIc: end of catagenesis. Adapted from Behar and Vandenbroucke (1987).
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carbon atoms at the diagenesis stage, corresponding
to molecular weights ranging from 20,000 to
25,000 Da, the structure size upon maturation was
constrained by weight loss from each type measured
using thermogravimetry (Durand-Souron, 1980).
The ring number and orientation of aromatic clus-
ters were derived from dark field imaging electron
microscopy (Oberlin et al., 1980). The structures
were built by trial and error: functional groups
and molecular building blocks selected through
molecular analysis were connected by covalent
bonds in order to fit elemental analysis and solid–
state 13C NMR results, removing or adding building
blocks and functional groups to improve fitting at
each further step in the construction. Although
trapping of saturates (Behar and Vandenbroucke,
1988) and other bitumen constituents had been
demonstrated, these kerogen structures deliberately
omitted trapped compounds because kerogen sensu
stricto should be totally free of soluble compounds.
A 3D-like representation of individual cyclic build-
ing blocks was preferred to the traditional chemical
Fig. 58. Structural model of low maturity Type I kerogen from Green
Reprinted from Behar and Vandenbroucke (1987, p. 16).
representation in order to better visualize the differ-
ences in structure according to type and maturity.
An example of the structural transformations of
the model for Type II kerogen with increasing matu-
rity is shown in Fig. 57. The GRS kerogen model at
low maturity is shown in Fig. 58 for comparison
with the model by Siskin et al. (1995, Fig. 55).

In view of the extensive knowledge acquired on
kerogen examples after the publication of these
models, and thanks to studies of new samples and
developments with analytical tools, today one can
question their representativity at the molecular
scale, although as indicated above, they were
intended only to present in a synthetic way the main
chemical and physical characteristics related to type
and maturity. Thus, the Type I model is likely to be
valid only for some Type I kerogens related to an
alkaline depositional environment, like the GRS.
In fact, since Type I OM results from eutrophica-
tion conditions, its chemical composition should
be closely related to chemical changes in its deposi-
tional environment. Moreover, even among the
River shale. Compare with the model by Siskin et al. in Fig. 55
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GRS samples, a fairly large variability in composi-
tion was observed, both laterally and vertically,
for immature examples (Tissot et al., 1978). This is
probably all the more true when comparing Type
I kerogen from the GRS to Botryococcus-derived
Type I kerogen. Moreover, although non-extract-
able, a large amount of long chain constituents such
as those observed using high temperature GC
(Hsieh and Philp, 2001 and references therein) are
probably trapped in Type I kerogen by physical
entanglement, and are not linked by covalent bonds
to the kerogen structure. The Type II model may
have a broader representativity up to a limit of S
content at 8 wt%, where the kerogen is considered
as Type II-S (Orr, 1986). The molecular representa-
tion of coals and Type III kerogens by averaged
chemical structure cannot be realistic. In fact, it
was shown from light microscopy observations of
coals (Stopes, 1935) that their main constituents
are physically completely separated at the micro-
scopic level, hence a fortiori separated at the macro-
molecular level. Given the common precursors of
coal and Type III kerogen, a similar separation of
aromatic and aliphatic constituents exists for the
latter (Vandenbroucke, 1980). This may partly
explain the very early generation and migration of
Plate h. 3D representation, using the XMol software, of a Type III kero
white, aliphatic in blue), O atoms (in dark green), N atoms (in red) are re
used, but energy minimization calculations are not performed on the re
due to its high aromaticity. Reprinted with permission from Vandenbr
heavy saturates in oils sourced by some Type III
kerogens, as found in several case studies (Khavari
Khorasani and Michelsen, 1991; Clayton et al.,
1991).

Further studies on kerogen composition are thus
needed in order to propose new representations of
its structure at the molecular scale. However with-
out new microscopic techniques reaching this
molecular level, scientists are unable at present to
represent correctly kerogen macromolecules at var-
ious evolution stages.

8.4. Computer aided structural modelling

One of the first applications of computers to the
structural elucidation of moieties from sedimentary
OM was published by Oka et al. (1977). In this
paper, the systematic construction of possible coal-
derived liquefaction products was obtained on the
basis of experimental data from 1H NMR and ele-
mental analysis. Because of the computer power
available at the time, such modelling was limited
to low molecular weight compounds (< 400 Da),
for which a systematic construction of all possible
structures could be achieved. Moreover, 3D repre-
sentation of these structures was not attempted,
gen structure at the end of catagenesis. Only C atoms (aromatic in
presented. Published lengths and directions for covalent bonds are
sulting structure. However, it is expected to make little difference
oucke (2003, p. 265).
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because it was not useful for the authors’ particular
purpose.

A systematic construction is not possible for
kerogen. Indeed, although the structural constitu-
ents (molecular building blocks, functional groups
and bond types) can be identified through analysis,
the number of possible combinations is so high
that only a limited part of these combinations
can be constructed. However 3D constructions
can be informative for eliminating unrealistic struc-
tures, as shown by space filling coal models of
Spiro (1981). A computational tool for building
3D kerogen models, based on those of Behar and
Vandenbroucke (1987), was elaborated by Faulon
et al. (1990). Starting from atomic and molecular
analytical data and from 3D basic chemical struc-
tures in a library, the nature and amount of build-
ing blocks and bonds were first calculated. To this
end, an intermediate kerogen structure was used
where hetero elements were replaced by equivalent
C configurations. Then, 3D carbon skeletons of
kerogen were constructed by connecting succes-
sively these building blocks by bonds randomly
picked in the library, assuming that any building
block is connected by one or two covalent bonds.
Final models were obtained by replacing carbons
by hetero elements according to atomic and func-
tional group analysis. A possible structure
obtained in this way for a Type III kerogen at
the end of catagenesis is shown on Plate h. The
microporosity observed in this structure does not
represent input data; it results from the construc-
tion, with building blocks respecting bond lengths
and directions.

The computer program used in the above work
was not compatible with molecular modelling soft-
ware enabling calculations based on molecular
mechanics and dynamics; this type of software
became commercially available later. Therefore,
Faulon (1995) proposed a new compatible pro-
gram for generating statistically representative sub-
sets of 3D chemical models. This program, in
conjunction with commercial software like BIO-
SYM, was used to estimate macromolecule physi-
cal characteristics such as density, porosity
distribution, surface area, solvent and/or solute
interactions and thermoplastic behaviour. These
calculations were applied to many other materials
in addition to kerogen, including polymers, coals,
asphaltenes, petroleum heavy ends and coal lique-
faction products. However, apart from the easier
handling brought about by computerized calcula-
tion of structural elements, this 3D representation
was not found to provide much additional infor-
mation on kerogen conceptual models. The imme-
diate comparison of structures representing various
types and maturity, in terms of chains vs. rings,
aliphatics vs. aromatics, hetero element amounts
and functional types, was easier using the models
of Behar and Vandenbroucke (1986) than those
of Faulon et al. (1990). Continuous increase in
computer speed makes available more powerful
3D modelling and molecular mechanics calcula-
tions, that brought new insights into the types of
bonding that are responsible for the rigidity of
coal structures (Carlson, 1992). Further efforts in
3D modelling of fossil OM constituents have been
generally devoted to asphaltene structure (Kowa-
lewski et al., 1996; Murgich et al., 1996), petro-
leum heavy ends and coal combustion products
(Jones et al., 1999) rather than to kerogen type.
However, coal modelling is still an active reseach
domain for computer modelling using molecular
mechanics. For example, microporosity and true
density can be now represented and calculated in
3D structures, in good agreement with measured
data (Faulon et al., 1993); stabilisation of coal
structures by water, inorganic ions and metallic
complexes has also been demonstrated by using
such models (Domazetis and James, 2006).

8.5. Summary

• As kerogen is not a polymer, it is impossible to
represent its chemical macromolecular structure
by a set of a limited number of chemical moieties;
a molecular representation can thus only account
for the statistical representativity of analytical
data.

• The first chemical models for coal were pub-
lished as early as 1942 and were aimed at sup-
porting kinetic modelling of thermal cracking.
Structural and molecular models were proposed
for the GRS in the 1970s. Conceptual models
visualizing chemical differences in kerogen type
and evolution stages were published only ten
years later.

• New knowledge on kerogen obtained since then
led to the idea that kerogen macromolecular
structure contains both organized building
blocks inherited from selective preservation and
random structures issued from recondensation
processes. Accordingly, averaged models con-
structed from analytical data can at best reflect
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random structures, but may be not appropriate
when a single type of selectively preserved moie-
ties constitutes the major organic source for a
particular kerogen in question.

9. Future research on kerogen

A wealth of information has been accumulated
since the 1980s on kerogen. However, a number of
important points still have to be elucidated and sig-
nificant advances can be expected in the near future,
especially in relation to progress in using specific
analytical tools. Indeed, increasing possibilities in
molecular analysis and microscopy have been
responsible for most of the advances in the past.
Degradative chemical techniques and pyrolysis were
also of prime interest for the study of complex mac-
romolecular systems such as kerogen. These
advances took advantage not only of improvements
in analytical techniques, but also of their coupling,
allowing separate analysis of selected individual
compounds in complex mixtures. Besides the fore-
seen development of new, often coupled, analytical
methods, discussed below, a general trend can be
observed towards absolute quantification of given
molecular species, formerly studied using qualitative
techniques. Quantification enables not only univer-
sally-scaled parameters to be obtained, but also
determination of the representativity of molecular
species arising from thermal or chemical degrada-
tion of kerogen.

Kerogen study will remain an active and prolific
field in the coming years. It should be largely pro-
moted using multidisciplinary approaches, includ-
ing biological studies and OM studies of modern
environments, along with the development of new
analytical tools, including pin-point analysis. In
turn, the information obtained on kerogen could
give new insights into the traditional geochemical
applications, but also into other fields like palaeoen-
vironment and palaeoclimate reconstruction and the
global carbon cycle.

The following discussion is focussed on topics
currently in progress. In each case, starting from
the latest available studies, we try to bring out
some trends for future research, in the short to
medium term. After a brief discussion on possible
improvements in kerogen isolation methods suit-
able for very low maturity samples, the first part
is devoted to the potential of recent developments
in analytical techniques for obtaining better knowl-
edge of the chemical structure of kerogen and of its
interactions with minerals in sediments. Then, the
pathways leading from biomolecules to kerogen
and related chemical transformations are consid-
ered as another possible area for important
developments.

9.1. Kerogen isolation and analytical tools

Suitable conditions for kerogen isolation from
ancient samples are now well established. More-
over, maceral separation from isolated kerogens
has been accomplished through the technique of
density gradient centrifugation (Han et al., 1995;
Stankiewicz et al., 1994, 1996), thereby allowing
better characterization of kerogen components.
In contrast, problems are still encountered for
‘‘protokerogen’’ isolation from recent sediments.
This is due to the lability of a large part of the
insoluble OM in such samples when submitted
to the classical HF/HCl treatment. Similar prob-
lems are encountered for soil OM but, in that
case, they can be largely overcome by using
diluted HF (Skjemstad et al., 1994; Zegouagh
et al., 2004). An efficient method has been devel-
oped for the demineralization of recent sediments
as described in the kerogen isolation section. This
method results in extensive elimination of miner-
als, while OM losses and alteration are limited.
Moreover, efficient removal of paramagnetic met-
als is achieved so that the quality of the solid
state CP/MAS 13C NMR spectra of the isolated
materials is highly improved (Gélinas et al.,
2001). Further gains in the organic enrichment
factor obtained with this method could probably
result from improvements in the sequence of acid
treatments for reducing ash content, and in using
desalting by resins for increasing dissolved OM
recovery.

Kerogen studies should rapidly benefit not only
from the development of new analytical methods,
but also from greater use of some of the existing tools
which have so far been rarely employed for the anal-
ysis of fossil macromolecular OM. Thus, examina-
tion of kerogen ultrastructure using SEM and
TEM should become more general, in combination
with geochemical analyses, along with microscopic
observations coupled to spectroscopic analysis with
micro-FTIR and elemental mapping. Other pin–
point methods should also be useful, such as energy
filtering TEM and electron energy loss spectroscopy,
as applied by Furukawa, 2000 to a study of OM/clay
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mineral interactions. Furthermore, as shown by
Greenwood et al. (1998, 2000) and Arouri et al.
(1999), important information on the composition
of individual organic particles could be obtained
through kerogen examination with light microscopy
coupled to laser micropyrolysis GC–MS. The use of
high resolution TEM should also be developed, espe-
cially for studies concerned with the identification
and characterization of highly aromatic particles,
such as black carbon (BC) particles, as well as with
OM/mineral interactions.

Pyrolytic methods have been used extensively for
kerogen studies. However, relatively low yields of
liquid effluents and relatively low weight losses
are obtained (except for low maturity Type I kero-
gen) when using conventional pyrolysis. Improve-
ment and additional information on complex
natural macromolecular materials can be obtained
with double shot pyrolysis (Quénéa et al., 2006a).
Yield improvement can also be achieved using cat-
alytic hydropyrolysis and, as mentioned above,
TMAH thermochemolysis. Important additional
information can be obtained with the latter
approach using other tetramethylammonium salts,
with different base strengths, like acetate (TMAAc)
or carbonate (TMACO3; e.g. Joll et al., 2004;
Deport et al., 2006) or by using 13C labelled
reagents such as 13C TMAH (Filley et al., 2002b).
Catalytic hydropyrolysis, i.e. pyrolysis under high
H2 pressure with a Mo catalyst, was first developed
for coal liquefaction and to increase shale oil pro-
duction upon retorting (Snape et al., 1994). This
method has been applied successfully, inter alia,
to the study of kerogen composition and has affor-
ded useful information on aliphatic moieties (Love
et al., 1995, 1998) and organic sulfur speciation
(Mitchell et al., 1994; Brown et al., 1997). How-
ever, all the above improvements have been applied
so far only in a limited number of cases and future
pyrolytic studies should largely benefit from their
more general use.

Selective chemical degradation has also been
applied extensively to derive information on the
chemical structure of kerogen (e.g. Forsman,
1963; Vitorović et al., 1984; Michaelis et al.,
1989; Rullkötter and Michaelis, 1990; Adam
et al., 1991; Amblès et al., 1996; Blokker et al.,
2000; Yoshioka and Ishiwatari, 2005). Such exper-
iments usually suffer from low yields of released
products being obtained. Kerogen conversion to
up to 80 wt% of soluble material has been achieved
through stepwise chemical degradation of some
Type II-S kerogen examples (Schaeffer-Reiss
et al., 1998; Höld et al., 1998), although such high
yields are only obtained from S-rich samples owing
to the relatively easy cleavage of sulfur linkages
using chemical treatment. Great advances in the
development of new reagents and/or more suitable
experimental conditions are still needed to obtain
satisfactory yields from other kerogen types via
chemical degradation. In this respect, high degra-
dation yield and differentiation between ester and
ether moieties have been obtained, for example,
for the Messel oil shale by using an alkaline hydro-
lysis/RuO4 oxidation/alkaline hydrolysis sequence
(Dragojlović et al., 2005).

Developments in mass spectrometry should pro-
mote direct structural studies of kerogen. Tempera-
ture-resolved, in-source pyrolysis mass spectrometry
was shown to be a powerful tool for the examina-
tion of various types of macromolecules and for
marine high molecular weight (HMW) OM (e.g.
Boon, 1992; Boon et al., 1998). Ionization methods
such as matrix-assisted laser desorption ionization
(MALDI) and electrospray ionization (ESI) were
developed for studies on biomacromolecules and
are efficient for proteins with molecular weight
> 100,000 Da (McLafferty et al., 1999). Such tech-
niques are therefore highly promising for the char-
acterization of kerogen and of HMW kerogen
precursors and degradation products. However,
limitation in interpretation may arise from the great
complexity of these materials. ESI combined with
quadrupole time-of-flight (QqTOF) mass spectrom-
etry and with FT (Fourier transformed ion cyclo-
tron resonance (FT-ICR)) mass spectrometry was
used for the characterization of humic substances
(Kujawinski et al., 2002) and of polar NSO com-
pounds in various oils (Hughey et al., 2004; Kim
et al., 2005). High resolution was thus achieved,
with resolving power > 80,000 and mass accuracy
< 1 ppm, for compounds with m/z up to 3000 and
exact molecular formulae could be obtained.

Advances in spectroscopic studies could be
achieved through new developments in NMR. A
solid state 2D double cross polarization, magic
angle spinning, 13C 15N NMR study has been
reported for 13C- and 15N-enriched humic sub-
stances and microbially degraded biomass (Zang
et al., 2001; Knicker, 2002). High resolution, magic
angle spinning 13C 1H NMR has been used for
structural studies of cutan (Deshmukh et al.,
2005). XANES spectroscopy proved to be an effi-
cient tool for sulfur speciation in kerogen (e.g.
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Riboulleau et al., 2000). Studies on carbonaceous
material charring (Turner et al., 1997) suggest that
oxygen K-edge XANES could also be useful for
oxygen speciation in kerogen.

The development of compound-specific isotopic
analysis (CSIA) for carbon (Matthews and Hayes,
1978) has resulted in major advances in geochemi-
cal studies. Measurements of d13C values were thus
extensively performed for individual compounds in
sediment extracts and for the identification of
sources, as well as for palaeoenvironment and pal-
aeoclimate reconstruction (e.g. Hayes et al., 1990;
Freeman et al., 1990). Parallel CSIA measurements
for radiocarbon (D14C) were performed in a few
cases to distinguish between modern and fossil
sources for n-alkanes in marine sediments (Pearson
and Eglinton, 2000). It was only in the late 1990s
that CSIA for 13C started to be used for studies
of HMW materials. Thus, n-alkanes in pyrolysates
of asphaltenes from biodegraded oils were exam-
ined with respect to oil-source rock correlation
(Xiong and Geng, 2000). CSIA was also per-
formed, along with GC–MS, to examine pyrolysis
products from peat (Kracht and Gleixner, 2000),
total OM from soil (Gleixner et al., 1999, 2002),
OM concentrated from soil by way of extensive
extraction and removal of minerals with HF (Loi-
seau et al., 2002; Dignac et al., 2004) and the non-
hydrolysable macromolecular organic fractions
isolated from forest and cultivated soils (Poirier
et al., 2006). The first (and it seems so far the only)
CSIA study on alkanes generated from kerogen
pyrolysis was reported by Eglinton (1994) and
pointed to a large contribution from the selective
preservation of resistant aliphatic structures. CSIA
of pyrolysates of kerogens from lacustrine source
rocks (Cretaceous, West Africa) allowed distinction
between alkyl benzene biomarkers sourced from
microalgae and green sulfur bacteria, respectively,
thus providing palaeoenvironmental information
on photic zone euxinia (Pedentchouk et al., 2004).
CSIA was developed later for D/H ratios (Burgoyne
and Hayes, 1998) and has been applied to the exam-
ination of lipid biomarkers in sedimentary rocks as
a proxy for environmental and climatic studies
(Sauer et al., 2001) and of alkanes in crude oils for
oil-source correlation and palaeoenvironment
reconstruction (Li et al., 2001). Systematic use of
CSIA for determining d13C values and D/H ratios
should provide a powerful tool for deciphering the
origin of a number of constitutive moieties in
kerogens.
9.2. From biomolecules to kerogen

9.2.1. Biological studies

Determining the composition of the refractory
macromolecular compounds that occur in the cell
walls of extant microbial species is a prerequisite
for the recognition of their fossil counterparts in
kerogen. As mentioned above, the ubiquitous
occurrence of dinoflagellate cysts in marine kero-
gens and observations on the cyst walls of a mod-
ern species point to the presence of refractory
biomacromolecules in such walls and a contribu-
tion to kerogen via selective preservation. Compar-
ison of these fossil and modern macromolecular
materials is now needed to elucidate their chemical
features and investigate the above assumptions. A
further step will be to test the general character
of these observations through study of cysts from
other cultured dinoflagellate species. However,
such studies are at present hampered by the diffi-
culties encountered in laboratory experiments in
culturing dinoflagellates to achieve cyst formation.
Similarly, it is commonly considered that the
organic microfossils that form the bulk of kerogen
in Tasmanites originate from the selective preserva-
tion of thick walls from cysts of microalgae identi-
cal (or closely related) to the extant marine genera
Halosphaera and Pachysphaera. Such an origin is
based on morphological similarities and may
account for the specific composition observed for
biomarkers in the bitumen of these Late Paleozoic
organic-rich deposits (e.g. Revill et al., 1994; Azev-
edo et al., 2001). Production of thick walled cysts
from species of these two genera through labora-
tory cultures is required to test these assumptions.
Generally speaking, better assessment of the con-
tribution of the selective preservation pathway to
kerogen formation is largely dependent on the
availability of new microbial strains for laboratory
culture and on the elucidation of the growth condi-
tions that control their different life stages, includ-
ing cyst formation.

9.2.2. Diagenetic stability of biomolecules
Additional information is needed on the fate of

non-hydrolysable biomacromolecules, like algae-
nan, under natural conditions. In fact, as discussed
above, it is well documented that such components
can remain virtually unaffected upon diagenesis
and so contribute significantly to kerogen through
the selective preservation pathway. However, it is
still unclear whether such preservation is effective
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under any (or most) depositional conditions usually
encountered in aquatic environments and, if not,
under which range of conditions a direct contribu-
tion of these preserved biomacromolecules to kero-
gen occurs. All of the studies performed so far on
sedimentary OM have shown a close parallel
between a high resistance of some biomacromole-
cules to drastic laboratory hydrolysis and a high
degree of survival to diagenetic alteration. However,
a different situation is found for soil (Poirier et al.,
2001, 2003, 2006; Quénéa et al., 2006b), an environ-
ment characterized by especially active degradation
processes due to the highly oxic conditions, intense
reworking and highly diverse micro- and macrofa-
una. Contrary to numerous aquatic settings (e.g.
Hedges et al., 1997), intense degradation of lignin
has thus been observed for arable soil (e.g. van Ber-
gen et al., 1997; Gleixner et al., 2002). Accordingly,
decoupling resistance to drastic laboratory hydroly-
sis from survival under natural conditions may also
occur when diagenesis takes place under deposi-
tional conditions (to be determined) that promote
extensive degradation.

Further information on the composition and
resistance to diagenesis of complex HMW lipids is
also needed. In fact, as observed in the case of B.

braunii, such lipids could be important for kerogen,
both as algaenan precursors and through condensa-
tion upon diagenesis (e.g. Metzger and Largeau,
1999). Studies of the structure and diagenetic fate
of lipid-containing biomolecules are also essential.
Indeed, as noted for protein/polysaccharide com-
plexes in chitin, the complexation of lipids with
other components, for example in glycolipids, may
induce a greater resistance to diagenetic degradation
and hence a greater contribution to kerogen moie-
ties. The hydrophobic nature of such complexes
should also be assessed because a few observations,
reviewed by Hedges et al. (2000), point to a major
role for hydrophobicity in resistance to diagenetic
degradation.

9.2.3. Study of OM in soil and recent sediments

Parallel examination of OM in soil and recent
sediments is of prime importance for kerogen
studies. Indeed, the latter should largely benefit
from advances in the elucidation of the structure,
sources and transformations of the OM occurring
in these modern environments, especially of the
so-called ‘‘molecularly-uncharacterized compo-
nent’’ (Hedges et al., 2000) that represents a major
part of the total organic fraction. Such ‘‘uncharac-
terized’’ components should largely originate from
the diagenetic transformation of the deposited bio-
products. However, observations on sediments
also point to additional contributions, sometimes
in substantial amounts, of other types of materi-
als, like weathered fossil OM and black carbon.
The input of such materials to sedimentary rocks
could have important consequences for the abun-
dance and composition of the eventually formed
kerogen.

The weathering of ancient OM is considered a
major process in the global carbon cycle and in
the control of the composition of the Earth’s atmo-
sphere (e.g. Petsch and Berner, 1998). The changes
in kerogen abundance and composition, associated
with the first steps in weathering, were examined
in various formations (Petsch et al., 2000, 2001a,
and references therein). Extensive mineralization
generally occurs during weathering and, as shown
by radiocarbon measurements, some of the gener-
ated products are used as carbon sources by bacteria
(Petsch et al., 2001b). However, a significant part of
the weathered kerogen can escape complete degra-
dation to CO2 and be buried again in sediments.
The presence of ancient OM has thus been detected
in various modern sediments through global, molec-
ular and isotopic studies (e.g. Eglinton et al., 1997;
Leithold and Blair, 2001 and references therein;
Dickens et al., 2004). The total amount of ancient
OM thus reburied remains largely unknown; it is
controlled by several factors, including the rate of
physical erosion and the rate of transport to the
new depositional setting. Materials derived from
kerogen weathering may account for a substantial
part of the ‘‘uncharacterized’’ (or poorly character-
ized) OM in sedimentary rocks and thus signifi-
cantly influence the quantitative and qualitative
features of kerogen.

The bulk of the OM carried by rivers to the sea is
derived from soil through leaching or erosion
(Hedges et al., 1994; Hedges and Oades, 1997, and
references therein). Global budgets and distribution
estimates pointed to extensive mineralization of this
terrestrial material at sea through (a) mechanism(s)
that is (are) largely unknown (Hedges et al., 1997).
However, examination of Quaternary sediments
from the Niger and Congo deep sea fans showed
that SOM contribution to marine sediments can
be abundant at least for continental margins; the
nature of this contribution and its extent relative
to marine OM are thought to be climate driven
(Holtvoeth et al., 2005).
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Black carbon (BC) has probably remained
unnoticed or greatly underestimated in the study
of various kerogen samples so far. As stressed
below, this is due to specific analytical difficulties
in relation to BC definition and nature. In fact,
BC is a collective term for the residues of incom-
plete combustion of organic materials. These com-
plex polyaromatic structures are formed by wood
and fossil fuel burning and by natural vegetation
fires. BC is widely distributed over the entire sur-
face of the earth and might play a major role as
a sink in the global C cycle via burial in marine
sediments (Kuhlbusch and Crutzen, 1995; Lim
and Cachier, 1996; Gustafsson and Gschwend,
1998). OM analysis of a number of marine sedi-
ments pointed to a highly variable proportion of
BC, from only 2% up to 90% of TOC (e.g. Lim
and Cachier, 1996; Gustafsson and Gschwend,
1998; Massiello and Druffel, 1998; Middelburg
et al., 1999). However, BC quantification is diffi-
cult (e.g. Gustafsson et al., 2001; Quénéa et al.,
2006c), and such a wide span may partly (or even
mostly) reflect differences in analytical methods.
Indeed, different methods applied to complex envi-
ronmental matrices such as marine sediments
afford variable BC contents as shown by intercom-
parison (e.g. Middelburg et al., 1999; Schmidt
et al., 2001). BC exhibits a relatively high resis-
tance to diagenetic degradation, as shown by stud-
ies of soil OM (e.g. Poirier et al., 2000, 2001, 2003;
Quénéa et al., 2005) and is found in sedimentary
rocks as old as Devonian (see Schmidt and Noack,
2000 for a review). However, degradation of char-
coal particles was observed, via analysis of the
generated water-soluble products using ultrahigh
resolution mass spectrometry, over a period of
100 years in a temperate forest soil (Hockaday
et al., 2006). As a result of the problems encoun-
tered with BC quantification, the extent of its con-
tribution to total OM both in recent sediments
and in kerogen is largely unknown. Furthermore,
such highly aromatic and condensed material is
detected inefficiently with the tools (like conven-
tional solid state CP/MAS 13C NMR and pyroly-
sis) classically used for kerogen studies (e.g.
Derenne et al., 1987; Smernik et al., 2006). This
drawback is especially important when BC occurs
along with aliphatic products as illustrated by
studies of mixtures of model compounds (Poirier
et al., 2000). Carbon atoms in polyaromatic mate-
rials can be detected by way of Bloch decay mea-
surements but this method is time consuming and
so is not systematically used (e.g. Maroto-Valer
et al., 1996; Preston, 1996). Therefore, BC remains
probably unnoticed or greatly underestimated in
the study of various kerogen samples. However,
aromatic C detection using CP/MAS 13C NMR
can be improved by using a high spinning rate
and ramped amplitude (Simpson and Hatcher,
2004; Knicker et al., 2005).

9.3. Physical protection

Several important points related to this topic
have still to be elucidated. Protection by minerals
could result from adsorption on to mineral grains
and/or within nanopores or from alternating
organic and clay nanolayers. The features that con-
trol the implications of these different processes,
such as the composition of clay minerals and of
deposited OM and sedimentation conditions, are
still unclear. Moreover, the monolayer/adsorption
model has been challenged, based on calculation,
bulk analysis and TEM results (Ransom et al.,
1997, 1998) and on studies of recent marine sedi-
ments using density fractionation and XPS (Bock
and Mayer, 2000; Arnarson and Keil, 2001). Simple
sorption to minerals was considered in the latter
studies to play only a minor role in OM protection
by clay in continental sediment margins (see also
Pichevin et al., 2004). In fact, formation of org-
ano-mineral aggregates is probably implicated,
along with a patchy distribution of the OM at dis-
crete spots on mineral surfaces.

In addition to simple physical protection, min-
erals could be implicated in OM preservation via
other types of processes. Thus, it was considered
(Petrovich, 2001) that adsorption of Fe2+ to
potentially labile structural biopolymers, like cellu-
lose and collagen, would promote preservation
through (i) inhibition by the adsorbed ions to fur-
ther bacterial degradation and (ii) formation of a
coating of clay minerals by nucleation with these
ions. Such a process would account for the perfect
morphological preservation of soft tissues
observed in various formations such as the Bur-
gess Shale (middle Cambrian, Canada). Finally,
protection of potentially labile units by encapsula-
tion in resistant organic material has been put for-
ward to account for the survival of proteinaceous
materials. The general character of this type of
protection and its consequences for kerogen pres-
ervation and composition are also important open
questions.
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10. General conclusions

The study of kerogen has remained a very active
field since the publication of the last comprehensive
review on this topic edited by Durand (Kerogen,
Insoluble Organic Matter from Sedimentary Rocks,
Editions Technip, Paris, 1980) and there have been
major advances regarding the main questions
related to kerogen, such as sources and chemical
composition. Great strides were also achieved on
understanding preservation processes, especially
with the recognition of the selective preservation
pathway, and their relationship with depositional
environments. The application to kerogen of a large
array of new analytical methods, including solid-
state 13C NMR spectroscopy, electron microscopy
and isotopic studies, played a prominent role in
most of these advances.

Kerogen studies also largely benefitted from
interaction with other fields, especially biology,
owing to increasing knowledge on the chemical
composition and ecology of wide groups of living
organisms, in particular microbial organisms. In
return, kerogen studies provided useful information
for a number of other fields, such as studies involv-
ing palaeoclimate and palaeoenvironment recon-
struction. Such studies are rapidly developing in
relation to concerns about present and future cli-
mate and modern ecosystems, and with climate
influence on OM preservation and the global C
cycle. More classically, kerogen studies also con-
tinue to be tightly interrelated with oil and natural
gas exploration and production. In addition, kero-
gen degradation under the type of thermal stress
that would be associated with the long term disposal
of high activity nuclear waste, upon burial in geo-
logical formations, and the possible influence of
the generated compounds on the effectiveness of
the geological barrier, may become an important
topic (Deniau et al., 2005a,b).

Continuation and even amplification of the
above trends can be foreseen for future work on
kerogen. For example, genetic studies of microbial
consortia in various environments should afford
essential information to help in deciphering the fate
of deposited OM in the water column and upper
sediment. Along with continuous progress with ana-
lytical methods, increasing emphasis should also be
put on microscopic analysis for dealing with the
morphological, molecular and isotopic features of
OM in sedimentary rocks. Such information might
be obtained using new microscopy techniques at
the molecular scale, coupled with elemental analy-
sis. All this should help organic geochemists to cope
with important questions on kerogen that are far
from being clarified, such as its molecular structure
at different stages in its sedimentary evolution.

In other respects, the information and methods
related to kerogen should be essential for developing
studies in two fields that encompass major and highly
disputed questions: (i) the origin of life on the Earth,
via examination of the insoluble organic fraction of
the most ancient sedimentary rocks, and (ii) the ori-
gin and formation of extraterrestrial organic matter,
via the study of the insoluble fraction of meteorites
and other extraterrestrial materials (e.g. Sephton
and Gilmour, 2001; Binet et al., 2004; Remusat
et al., 2005, 2006). In both cases the insoluble macro-
molecular fraction markedly predominates over the
soluble fraction. Furthermore, the problems related
to contamination, like migration of OM from rela-
tively younger rocks in studies about early life, are
much more easily overcome when considering the
insoluble fraction rather than the soluble one.

Finally, kerogen studies will remain of prime
importance in relation to the search for new oil
and natural gas fields. Indeed, these studies may even
become more and more important as explorationists
are faced with increasing difficulties due to progres-
sive exhaustion of relatively easily discovered and
relatively cheaply produced resources. Pyrolysis
techniques have been presented in this paper as a
tool for the analysis of kerogen moieties. However
they are also widely applied to the reconstruction
of petroleum generation in source rocks, by compar-
ing kerogen pyrolysis products with their equivalents
obtained upon geological maturation. Kinetic mod-
els derived from pyrolysis data at elevated tempera-
ture and short duration in the laboratory can be
extrapolated to mild heating during long periods of
time under geological conditions. It is all the more
necessary for modelling the composition and
amounts of generated gases, as they can easily
migrate out of source rocks and reservoirs, and it
is difficult to recover them quantitatively without
specific sampling devices. The problem is that the
domain in which extrapolation from the laboratory
to geological conditions is possible, without chang-
ing the chemical reactions of kerogen transforma-
tion into oil and gas, is the subject of many
discussions. Any improvement in knowledge of ker-
ogen composition and structure may increase the
reliability of kinetic models in predicting the amount
and composition of generated petroleum products.
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This would be very useful for making better esti-
mates of the nature and amounts of hydrocarbon
resources before drilling new petroleum plays. In
parallel, kerogen studies should be more and more
tightly interrelated with other fields such as plate tec-
tonics, palaeoclimate reconstruction and modelling,
and the biology of ancient organisms.
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Appendix

List of abbreviations

BC Black carbon
BSEM SEM in backscattered electron mode
CP-MAS Cross polarization–magic angle spinning
CSIA Compound-specific isotopic analysis
EDS Electron dispersive spectrometry
EPR Electron paramagnetic resonance
ESCA Electron spectroscopy for chemical

analysis
ESI Electrospray ionization
ESR Electron spin resonance
FA Fulvic acids
FT-ICR Fourier transform ion cyclotron reso-

nance
FTIR Fourier transform infrared
GRS Green river shales
HA Humic acids
HI Hydrogen index
HMW High molecular weight
IR Infra red
LOM Level of organic metamorphism
MALDI Matrix-assisted laser desorption ioniza-

tion
MS Mass spectrometry
NMR Nuclear magnetic resonance
NSO/NSOs Nitrogen sulfur oxygen containing

compounds
OC Organic carbon
OI Oxygen index
OM organic matter
OSCs Organosulfur compounds
QqTOF Quadrupole time of flight
SEM Scanning electron microscopy
SRB Sulfate reducing bacteria
TEM Transmission electron microscopy
TFA Trifluoroacetic acid
TMAH Tetramethylammonium hydroxide
TOC Total organic carbon
UV Ultraviolet
VR Vitrinite reflectance
XANES X-ray absorption near edge spectroscopy
XPS X-ray photoelectron spectroscopy
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J.S., van den Hende, H., 1999. Molecular structure of the
resistant biopolymers in the zygospore cell wall of Chlamydo-

monas monoica. Planta 207, 539–543.
Blokker, P., Schouten, S., de Leeuw, J.W., Sinninghe Damsté,
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Organic Geochemistry 1975. ENADIMSA, Madrid, pp. 601–
631.

Durand, B., 1980. Sedimentary organic matter and kerogen.
Definition and quantitative importance of kerogen. In:
Durand, B. (Ed.), Kerogen, Insoluble Organic Matter from
Sedimentary Rocks. Editions Technip, Paris, pp. 13–34.

Durand, B., Nicaise, G., 1980. Procedures of kerogen isolation.
In: Durand, B. (Ed.), Kerogen, Insoluble Organic Matter
from Sedimentary Rocks. Editions Technip, pp. 35–53.

Durand, B., Monin, J.C., 1980. Elemental analysis of kerogens.
In: Durand, B. (Ed.), Kerogen, Insoluble Organic Matter from
Sedimentary Rocks. Editions Technip, Paris, pp. 113–142.

Durand, B., Huc, A.Y., Oudin, J.L., 1987. Oil saturation and
primary migration: observations in shales and coals from the
Kerbau wells, Mahakam delta, Indonesia. In: Doligez, B.
(Ed.), Proceedings of the 3rd Institut Français du Pétrole
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Espitalié, J., Deroo, G., Marquis, F., 1985. La pyrolyse Rock-
Eval et ses applications. Revue de l’Institut Français du
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Gélinas, Y., Baldock, J.A., Hedges, J.I., 2001. Demineralization
of marine and freshwater sediments for CP/MAS 13C NMR
analysis. Organic Geochemistry 32, 677–693.

Gillaizeau, B., Derenne, S., Largeau, C., Berkaloff, C., Rousseau,
B., 1996. Source organisms and formation pathway of the
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Kiem, R., Kögel-Knabner, I., 2002. Refractory organic carbon in
particle-size fractions of arable soils II: organic carbon in
relation to mineral surface area and iron oxides in fraction
<6 lm. Organic Geochemistry 33, 699–1713.

Killops, S.D., Funnell, R.H., Suggate, R.P., Sykes, R., Peters,
K.E., Walters, C., Woolhouse, A.D., Weston, R.J., Boudou,
J.-P., 1998. Predicting generation and expulsion of paraffinic
oil from vitrinite-rich coals. Organic Geochemistry 29, 1–21.



824 M. Vandenbroucke, C. Largeau / Organic Geochemistry 38 (2007) 719–833
Kim, S., Stanford, L.A., Rodgers, R.P., Marshall, A.G., Walters,
C.C., Kuangnan, Q., Wenger, L.M., Mankiewicz, P., 2005.
Microbial alteration of the acidic and neutral polar NSO
compounds revealed by Fourier transform ion cyclotron
resonance mass spectrometry. Organic Geochemistry 36,
1117–1134.

Kirk, T.K., Farrell, R.L., 1987. Enzymatic ‘‘combustion: the
microbial degradation of lignin. Annual Reviews of Micro-
biology 41, 465–505.

Kissin, Y., 1987. Catagenesis and composition of petroleum:
origin of n-alkanes and isoalkanes in petroleum crudes.
Geochimica et Cosmochimica Acta 51, 2445–2457.

Klemme, H.D., Ulmishek, G.F., 1991. Effective petroleum source
rocks of the world: stratigraphic distribution and controlling
depositional factors. American Association of Petroleum
Geologists Bulletin 75, 1809–1851.

Knicker, H., Scaroni, A.W., Hatcher, P.G., 1996. 13C and 15N
spectroscopic investigation on the formation of fossil algal
residues. Organic Geochemistry 24, 661–669.

Knicker, H., Hatcher, P.G., 1997. Survival of protein in an
organic-rich sediment: possible protection by encapsulation in
organic matter. Naturwissenschaften 84, 231–234.

Knicker, H., Hatcher, P.G., 2001. Sequestration of organic
nitrogen in the sapropel from Mangrovre Lake, Bermuda.
Organic Geochemistry 32, 733–744.

Knicker, H., del Rio, J.C., Hatcher, P.G., Minard, R.D., 2001.
Identification of protein remnants in insoluble geopolymers
using TMAH thermochemolysis/GC-MS. Organic Geochem-
istry 32, 397–409.

Knicker, H., 2002. The feasibility of using DCPMAS 15N 13C
NMR spectroscopy for a better characterization of immobi-
lized 15N during incubation of 13C- and 15N-enriched plant
material. Organic Geochemistry 33, 237–246.

Knicker, H., Totsche, K.U., Almendros, G., Gonzalez-Vila, F.J.,
2005. Condensation degree of burnt peat and plant residues
and the reliability of solid-state VACP MAS 13C NMR
spectra obtained from pyrogenic humic material. Organic
Geochemistry 36, 1359–1377.

Kohnen, M.E.L., Sinninghe Damsté, J.S., ten Haven, H.L., de
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Sephton, M., Gilmour, I., 2001. Pyrolysis-gas chromatography-
isotope ratio mass spectrometry of macromolecular material
in meteorites. Planetary and Space Science 49, 465–471.

Serio, M.A., Hamblen, D.G., Markham, J.R., Solomon, P.R.,
1987. Kinetics of volatile product evolution in coal pyrolysis:
experiment and theory. Energy & Fuels 1, 138–152.

Sessions, A.L., Sylva, S.P., Summons, R.E., Hayes, J.M., 2004.
Isotopic exchange of carbon-bound hydrogen over geologic
timescales. Geochimica et Cosmochimica Acta 68, 1545–1559.

Shinn, J.H., 1984. From coal to single-stage and two-stage
products: a reactive model of coal structure. Fuel 63, 1187–
1196.

Sieskind, O., Ourisson, G., 1972. Hydrocarbures formés par le
craquage thermocatalytique de l’acide stéarique en présence
de montmorillonite. Comptes Rendus de l’Académie des
Sciences (Paris) 274, 2186–2189.

Simpson, M.J., Hatcher, P.G., 2004. Determination of black
carbon in natural organic matter by chemical oxidation and
solid-state 13C nuclear magnetique resonance spectroscopy.
Organic Geochemistry 35, 923–935.
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types différents et comparaison avec les kérogènes correspon-
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