N

N
N

HAL

open science

Kerogen: from Types to Models of Chemical Structure
M. Vandenbroucke

» To cite this version:

M. Vandenbroucke. Kerogen: from Types to Models of Chemical Structure.
and Technology - Revue d’TFP Energies nouvelles, 2003, 58 (2), pp.243-269. 10.2516/0gst:2003016 .

hal-02043862

HAL Id: hal-02043862
https://ifp.hal.science/hal-02043862
Submitted on 21 Feb 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Qil & Gas Science


https://ifp.hal.science/hal-02043862
https://hal.archives-ouvertes.fr

Oil & Gas Science and Technology — Rev. IFP, Val. 58 (2003), No. 2, pp. 243-269
Copyright © 2003, Editions Technip

Kerogen: from Types to Models
of Chemical Structure

M. Vandenbrouckel

1 Institut francais du pétrole, division Géologie-Géochimie, 1 et 4, avenue de Bois-Préau, 92852 Rueil-Malmaison Cedex - France
e-mail: mireille.vandenbroucke@ifp.fr

Résumé— Leskérogenes: delanotion detypesaux modéesde structure chimique— Le but de cet
article est de présenter, a travers une revue des dével oppements conceptuel s et analytiques en géochimie
dans la période 1970-1990, les principales étapes qui ont conduit, a travers la préparation et I’ analyse des
kérogénes d'une part, et I étude de systemes péroliers de référence d autre part, aux notions de types,
chemins d' évolution et modéles statistiques de structure chimique des kérogénes.

Le kérogene est défini comme la matiére organique des sédiments qui produit le pétrole, opposant ains le
pétrole, soluble dans les solvants organiques courants, a son complément insoluble. Ce kérogéne étant
une matiére organique complexe intimement méangée aux minéraux des sédiments, la premiére tache a
été de mettre au point un protocole fiable pour son isolement, permettant ensuite son étude par des
méthodes physicochimiques variées. En paralléle, le développement des permis d’ exploration pétroliére,
donnant accées aux échantillons de forage, permettait la comparaison géochimique de divers systémes
pétroliers. Les comparaisons furent faites non seulement entre les compositions chimiques des huiles,
roches méres et kérogénes, mais auss sur |’ époque de production du pétrole. La notion de cinétique de
craquage du kérogene en pétrole résultant de ces études de systémes pétroliers, associée a |’ observation
d' une compensation des facteurs temps et température, conduisit a utiliser la pyrolyse en laboratoire pour
évaluer le potentidl pétrolier restant a produire par le kérogéne, et donc, a la construction de I’ appareil
Rock-Eval. Au milieu des années 1970, les principaux paramétres géochimiques des kérogénes de
certaines séries pétrolieres de référence éaient disponibles pour la définition des notions de type et de
chemin d' évolution des kérogenes au cours de | enfoui ssement géol ogique des sédiments.

Un pas important dans la connaissance de la composition chimique du kérogéne fut franchi dans les
années 1980 avec I’ utilisation de nouvelles techniques de pyrolyse analytique et préparative, et leur
couplage avec différents détecteurs. Les produits de pyrolyse, considérés comme briques élémentaires
issues du cragquage thermique du kérogéne, pouvaient ainsi étre analysés et quantifiés au niveau
moléculaire, sans les problémes de représentativité rencontrés avec I’ analyse des extraits naturels et dus
aux pertes de composés volatils et de produits ayant migré hors des roches meres. Le dével oppement
parallée de la résonance magnétique nucléaire du 13C en phase solide permit I’ analyse et la quantification
des diverses formes du carbone et de son environnement chimique dans le kérogéne, ce qui n' éait pas
possible auparavant sous forme quantitative par la spectroscopie infrarouge ou ultraviolette. L’ analyse
quantitative des briques moléculaires et des groupes fonctionnels qui les assemblaient dans le kérogéne
permit ainsi d' éaborer des modéles moléculaires statistiques de kérogenes dans le but de visualiser
I’ensemble de leur composition atomique et moléculaire, ainsi que les changements de composition liés
aux types et a la maturité géologique. 1l ne sera jamais possible de représenter une structure rédlle de
kérogene, tout smplement parce que le kérogéne est un méange de macromolécules variées, et non de
polymeéres, et donc leur analyse individuelle est impossible. Cependant, une structure hypothétique
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moyenne, prenant en compte un grand nombre d’informations issues d’ analyses variées, permet de
visualiser de facon synthétique les principales ressemblances et différences entre les matiéres organiques
sadimentaires.

Abstract — Kerogen: From Types to Models of Chemical Structure — The aim of the present paper is
to review the conceptual and analytical developments in the period 1970-1990 which have led, through
kerogen isolation and analysis on one hand, and case studies of petroleum systems on the other hand, to
the concept of kerogen types, evolution paths, and statistical chemical models.

Kerogen is defined as the sedimentary organic matter generating petroleum, an insoluble product as
opposed to its counterpart soluble in usual organic solvents, such as petroleum. As kerogen is a complex
organic material intimately mixed with minerals in sediments, the first task was to set up a robust
procedure for its isolation, enabling then its study by various physicochemical analyses. The parallée
development of oil exploration, resulting in geological sample availability, made the geochemical
comparison of various petroleum systems possible. Comparisons concerned not only oils, source rock
extracts and kerogen compositions, but also the timing of petroleum generation. The notion of kinetic
cracking of kerogen into petroleum stermming from these case studies, associated with the observation of
time and temperature compensation, resulted in the use of pyrolysisto evaluate the oil potential still to be
generated by the kerogen, and in the construction of the Rock-Eval. In the mid 70s, all main parameters
on kerogens from reference series of source rocks were available to define the notions of types and
evolution paths of kerogens upon geological maturation.

A further important step for improving the knowledge of kerogen composition was achieved in the 80s
using new techniques of analytical and preparative pyrolysis and their coupling with different detectors.
The pyrolysis products, small building blocks issued from the kerogen thermal cracking, could thus be
analyzed and quantified at the molecular level, without the problems of representativity associated with
natural extract analyses, such as loss of volatile fractions or product migration out of source rocks.
Contemporaneous developments in solid state 13C NMR allowed quantification of the various forms of
carbon and their molecular environment in the kerogen, whereas quantification was not possible with IR
or UV spectroscopy. The quantification of molecular building blocks and their bonding functional groups
in kerogens allowed conceptual averaged molecular models of kerogens to be proposed in order to
visualize their atomic and molecular composition, and the changes occurring in this composition
according to types and maturity. Although it will never be possible to represent a true kerogen structure,
simply because it is a mixture of various nonpolymeric macromolecules, an hypothetical average
structure of kerogen, representing a large amount of information from various analyses, can provide a
synthetic view of the main resemblances and differences among sedimentary organic matters.

INTRODUCTION

Kerogen is defined as the insoluble sedimentary organic
matter capable of generating petroleum. The fact that this
sedimentary organic matter is usually intimately mixed with
minerals during its deposition was of course a source of
difficulties because its physical isolation, or at least
concentration, was required before analysis, a problem that
did not arise for cod studies. The onset of research work in
coal science and organic geochemistry also aimed at different
industrial objectives, downstream projects with gasification
and liquefaction for cod, upstream projects with petroleum
exploration for kerogen. For these reasons chemical studies
on coa began much earlier than those on kerogens, with the
publication of a mgjor textbook, Coal, by van Krevelen in
1961, whereas at the same period the main efforts on kerogen
were devoted to development and comparison of isolation
methods (Forsman, 1963). Without minimizing the impact of

these early papers and geochemistry books on the
progressive understanding of benefits that petroleum
exploration would draw from organic geochemistry studies,
the publication of a major textbook on the origin and
occurrence of petroleum, by B. Tissot and D. Welte, occurred
in 1978, and the corresponding textbook on kerogen, edited
by B. Durand, was published in 1980.

The aim of the present paper is thus to review the main
steps of conceptua and analytical developments in organic
geochemistry during the period 1970-1990 which have led,
through kerogen isolation and analysis on one hand, and case
studies of petroleum systems on the other hand, to the
concept of kerogen types, evolution paths, and chemical
structural models. Although kerogen is also a mgjor sink in
the global carbon cycle, the processes of kerogen formation
in present and past geological times, in other words the
mechanisms of transformation and selective preservation of
the organic matter finally incorporated into sediments, will
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not be discussed in this paper. Indeed these topics are ill a
matter of debate and active research. Despite numerous
advances in knowledge of kerogen precursors, many
important points are till far from being elucidated.

1 DEFINITION AND ISOLATION OF KEROGEN

1.1 Usual Definition and Related Ambiguities

1.1.1 The Broadening of Successive Kerogen Definitions

The word kerogen was coined by Crum-Brown (1912) and
used to describe the organic matter of a Scottish oil shale that
produced a waxy oil upon distillation (keros = wax). This
definition was thus restricted to low maturity organic-rich
rocks of economic importance. Further on, recognizing that
organic matter in sedimentary rocks, even at concentrations
ranging around 1%, can generate oil either by artificial
pyrolysis or by burial for long periods of time, White (1916),
then Trager (1924), both cited by Durand (1980), extended
this early economic definition to al organic matter in rocks
capable of oil generation.

It should be noted that this conceptual definition implies
that kerogen and petroleum have complementary charac-
teristics, as recognized by Forsman and Hunt (1958).
Accordingly, petroleum being soluble in usual organic
solvents, they defined in turn kerogen as the sedimentary
organic matter insoluble in these solvents. However, even
this now largely accepted operational definition leads to a
whole range of different procedures aiming at physical or
chemica concentration or isolation of kerogen, as discussed
below.

The definition of Forsman and Hunt was later extended by
Durand (1980) to all insoluble sedimentary organic materials,
including not only materials dispersed in sedimentary rocks
but also amost “pure’ organic deposits such as humic and
algal coals, as well as the insoluble organic matter from
recent sediments obtained after removal of the humic fraction
that is soluble in agueous basic solutions. Therationae is that
all these substances represent various types of sedimentary
organic matter and/or different stages of its transformation
process after geological burial.

1.1.2 Ambiguities Resulting from the Definition of Kerogen

It is important to keep in mind that the name kerogen, in
opposition with usual chemistry nomenclature, does not
represent a substance with a given chemical composition.
Indeed kerogen is a generic name, in the same sense aslipids
or proteins. Several organic precursors and their mixtures
may lead to kerogen incorporation in sediments. Moreover,
with geological buria of sediments a temperatures ranging
from a few tens to less than 200°C, during time periods from
tens to thousands of million years, the chemical composition

of kerogen dispersed in sedimentary layers (called source
rocks) progressively changes, a part of it being transformed
into petroleum and gas. The operational definition of kerogen
on the basis of insolubility accounts neither for these
compositional variations due to source and evolution, nor for
a possible mixture of the substance able to generate
petroleum with other insoluble organic compounds like coke
for example, resulting from further petroleum transformation
into source rocks.

Another major drawback of the pragmatic definition of
kerogen by its insolubility in organic solvents, in contrast
with ails or bitumens solubility, is that the composition and
chemical features of kerogen will be closely dependent on
the organic solvent and extraction procedure used for this
separation. As a conseguence, analytical data on kerogens
can be compared only if the same solvent is used.
Unfortunately, there are no established standard protocols
regarding extraction procedures, either in terms of the solvent
polarity or for sample grinding, temperature, duration of
extraction and stirring efficiency. The result is that extraction
can never be considered as “complete” since any change in
these parameters may result in extraction of further
compounds. Polar solvents used in the past, such as
chloroform, mixtures of benzene and methanol, or pyridine
frequently used by coal scientists, have been amost
completely abandoned now due to their high toxicity.
Petroleum geochemists use generally dightly polar solvents
with rather low boiling points, and most often dichloro-
methane, sometimes mixed with methanol. The reason for
choosing this type of solvent is that bitumen resulting from
kerogen transformation in source rocks contains mainly
hydrocarbons, representative of major components of crude
oils, most of which can be efficiently extracted with such
solvents and further analysed by a variety of analytical
methods.

Beside solvent extraction needed for separation of soluble
and insoluble organic matter in rocks, anaytical techniques
used for kerogen characterization often require its isolation
from minerds, or at least its concentration. This can be done
by more or less efficient physical or chemical methods. A
review of these different procedures can be found in Forsman
(1963), Robinson (1969), Durand and Nicaise (1980), and for
the most recent ones in a review paper on kerogen
(Vandenbroucke and Largeau, in press). In consequence,
only the usual chemical procedure set up at IFP will be
described here.

1.2 IFP Chemical Procedure for Kerogen Isolation

1.2.1 Basic Principles of the Kerogen Preparation

This procedure was designed by Durand and Nicaise (1980)
on the basis of previous work by Forsman and Hunt (1958)
and Saxby (1970), and its flowchart is presented on Figure 1.
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DCM extracted rock

Day 1 HCI 6N first attack in a beaker
Mixture pouring into the kerogenatron

Acid solution pumping
Same attack overnight

2
i Acid solution pumping - hot H,O rinsing (4 times)
HCI 6N + HF 40% attack (1/3 - 2/3 v/v)
Same attack overnight

Day 3
Acid solution pumping - hot H,O rinsing (1 time)

HCI 6N attack (4 h)
Hot H,O rinsing (6 times at least and up to neutrality)
Kerogenatron opening and kerogen recovery with H,O

Day 4 Drying at 100°C under N, flow

Days Recovery of dry organic matter - grinding

Extraction with DCM

Kerogen

Figure 1

IFP procedure for kerogen isolation.

It is based on the destruction of major minerals from the
finely ground sedimentary rock by nonoxidant acid attacks at
temperatures between 60 and 70°C under an inert atmosphere,
in order to prevent any oxidation of kerogen during
preparation. Carbonates, sulfides, sulfates and hydroxides are
first destroyed by two successive attacks with 6N
hydrochloric acid, then clay mineras, quartz and silicates are
destroyed also by two successive attacks using a mixture of
40% hydrofluoric and 6N hydrochloric acids (resp. 1/3 and
2/3 vIv). Each firgt acid attack lasts 4 h, and the second acid
attack is performed overnight. In defining the analytical
procedure, some minerals were observed to remain as
residues with kerogen after these acid attacks. Two classes of
resistant minerals were recognized by the authors cited above:
firstly, newly formed fluorides resulting from the hydro-
fluoric acid attack such as rastonite Na Mg Al,,_ (FOH)H,O
and other complex fluorides (Robinson, 1969; Durand and
Nicaise, 1980); secondly, minerals resisting these acids,

mainly pyrite but also minor heavy oxides such as zircon,
rutile and anatase. The newly formed fluorides are complex
and very difficult to redissolve once precipitated. Since they
interfere with further analysis of kerogen, it is important to
prevent their formation. According to Durand and Nicaise
(1980), the best way to do so is first to perform several
thorough rinsings with hot distilled water between acid
attacks without filtering the residue to dryness, in order to
eliminate a maximum amount of cations. A second and very
important step of the preparation, forgotten by many users of
this procedure, is to perform a new 6N hydrochloric attack
during 4 h after the HF/HCI destruction of silicates, in order
to eliminate the remaining ions able to form complex
fluorides upon drying. After rinsing to neutrality, the kerogen
concentrate can then be filtered to dryness, recovered and
dried a 100°C under an inert gas flow. Once dry, it can be
weighed in order to control recovery, ground and stored
under inert gas for further steps as described below.

Except for very immature sediments which can loose a
few percent of their organic carbon by HCI hydrolysis during
the demineralization procedure, these chemical methods do
not ater significantly the structure of kerogens, and do not
generate newly formed solvent soluble organic material, as
tested by Larsen et al. (1989) on a series of coals of varying
maturity starting from immeature lignites. However as already
indicated above, solvent extraction of whole source rocks
before acid attacks does not remove the totality of solvent
soluble compounds. Indeed trapped extract is released during
acid attacks by both destruction of minerals enclosing some
extract in micropores and unfolding of kerogen molecules,
due to breaking of hydrogen bonds inside the kerogen
structure. It is thus necessary to perform a second extraction
once the organic matter has been concentrated. Alternatively,
the acid attacks may be performed directly on the whole
sedimentary rock and a single extraction done afterwards, but
it is not a good procedure if the source rock is rich in
extractable compounds, these latter preventing a good
contact of minerals by the aqueous acid solutions used for
attacks.

Once isolated by this procedure, the kerogen concentrate
still contains residual minerals that could not be eliminated
by the nonoxidant acids selected for attacks, as noted above.
The main remaining mineral is pyrite, frequently enclosed
inside the organic network of kerogen, as a normal by-
product of bacterial kerogen formation and incorporation in
some sediments. However, many of the classical analyses on
kerogens can be done even with pyrite contents up to
40 wt%. Several methods were tested for pyrite elimination
from kerogen concentrates in view of specific analyses, but
efficient procedures have been set up only recently. They will
not be described in detail here; the reader can refer for
example to the papers of Acholla and Orr (1993) for
chemical destruction and of Stankievicz et al. (1994) for
density separation.
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1.2.2 Description of Materials and Procedures

The successive acid attacks and rinsing procedure is
performed in a specially designed cell (Fig. 2) made of a
fluorinated tranducent polymer (Voltaef) alowing to check
the kerogen vs. liquid level during filtrations. The cell is
placed into a heating block permanently adjusting a preset
temperature of cell liquids. Its upper part comprises two
threaded holes, one open for introduction of initial rock and
liquid solutions and escape of inert gas excess, the second
connected to a distribution ramp with controlled nitrogen
flow and ending by a pipe bubbling into the liquid to insure
both mixing and an inert atmosphere. The bottom of the cell
is threaded for opening and maintains a grid supporting
millipore Teflon filters between Teflon gaskets. The solu-
tions can be pumped through the filters by a flexible tube
regulated by a cock and connected to a peristaltic pump. All
connecting parts in contact with acid solutions are of course
made of HF and HCl resistant materials.

The weighed finely ground rock is first placed into a glass
beaker, and a preliminary 6N HCl attack is performed at room
temperature outside the preparation cdll, in order to control a
possible abundant foam formation if the initial carbonate
content is high. In this latter case, foam is decreased by
addition of a few drops of acetone. The ground rock

Introduction of

——— initial rock and

Nitrogen § %
inlet |

LJ liquid solutions
Voltalef cell
upper part
~4— Support grid
2
/ Millipore filters
Voltalef cell | <~z = Sealing gaskets
lower part NN\l

Drainage
regulating :HEH
cock

Figure 2

Schematic cross section of a cell designed at IFP for kerogen
preparation ("kerogenatron").

suspension is then introduced via a funndl into the cdll, the
initial acid solution is drained and fresh 6N HCl is added.
Heating and nitrogen bubbling are then applied and the
succession of attacks and rinsing is performed as described
previously. At the end of the whole preparation procedure,
the cdll is removed form the oven, its bottom is unscrewed
and the walls are rinced with deionized water over a small
crystallizer to recover the kerogen. The same is done with the
Teflon gaskets and the filters with the kerogen. When all
kerogen is recovered, the crystallizer is placed into a heating
dessicator at 100°C under a nitrogen flow to complete
drying. The dry kerogen is then crushed in an agate mortar.
As isolated kerogen is very prone to oxidation, it is very
important to store it under nitrogen atmosphere into a tightly
sedled glass container in the dark, and to repeat this storage
procedure each time an aliquot of kerogen is sampled for
analyses.

2 USUAL ANALYSES ON KEROGEN

2.1 Elemental Analysis

The major elements in kerogen concentrates are the
following: C, H, N, O, S, and possibly Fe from pyrite, with
generaly C and N amounting respectively for the highest and
the lowest weight %. Elemental analysis is considered
reliable if the sum of these elements accounts for more than
90 wt%, but Durand and Monin (1980) cite an average
balance of 95% on 427 kerogen analyses. Given this
incomplete mass balance and an average oxygen value of
11% on 324 kerogen analyses, it is very important that
oxygen be measured directly and not calculated by
difference. This constraint was already pointed out by coa
scientists in the 50s, and a review of methods for direct
determination of oxygen, and their comparison with oxygen
obtained by difference on a series of reference coals, can be
found in Ehmann et al. (1986).

The IFP geochemistry laboratory being not equipped with
the various microanalysis apparatus needed for a correct
determination of these elements in kerogens, it was decided
from the beginning of our studies to carry out these analyses
through a specidized laboratory, the same for now more than
thirty years. C, H and N are determined on one aliquot of the
kerogen by thermal conductivity detection of gases produced
from combustion a 1000°C. Oxygen is measured on another
aliquot by pyrolysing the kerogen under nitrogen flow,
transforming oxygen-containing gases to CO, then oxidizing
CO to CO,, followed by quantification of CO, by
coulometry. Total S including pyritic and organic S is
obtained by oxidation of athird aliquot of kerogen followed
by quantitative coulometry of SO,. The determination of Fe
is necessary to calculate the amount of pyrite FeS, in the
sample; the organic sulfur may then be calculated by
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difference of pyritic sulfur with the measured total sulfur.
This analysisis done on afourth aliquot by mineralization of
the sample by a mixture of nitric and sulfuric acids, then
quantification of Fe by atomic absorption. Other minerals
resisting acid attacks, such as barite, rutile and anatase, may
be estimated by the difference to 100% of the sum of
previously mentioned elements. Ashes after combustion may
also be weighed in order to approximately crosscheck the
obtained data. However if pyrite is present, this crosscheck
should account for the oxidation of pyrite during combustion.
These analyses are used for classifying the kerogens in a
van Krevelen diagram that will be detailed below. This
diagram plots the main dements, C, H and O as atomic retios
of H/C vs. O/C. Starting from the wt% analyses, these atomic
ratios are obtained by multiplying the weight ratio of H to C
by 12, and the weight ratio of O/C by 0.75 (i.e. 12/16). If
other atomic ratios are needed, the same type of calculationis
done, multiplying the weight ratio by the reverse atomic
weight ratio of the elements considered; for example the
atomic N/C ratio istheir weight ratio multiplied by 12/14.

2.2 Pyrolysis

2.2.1 Basic Principles of Pyrolysis Applied to Kerogen
Characterization

Pyrolysis is a widely used degradation technique that allows
breaking a complex substance into fragments, by hesating it
under an inert gas atmosphere. The small compounds thus
obtained are building blocks of the complex substance, but
they can often be analyzed more easily, eventualy up to a
molecular level, and quantified. Applying this technique to
hydrocarbon generation from kerogen therma cracking also
mesans that geological conditions with long time intervals at
low temperature can be replaced by laboratory conditions
with short experiment duration at high temperature, of course

in a defined domain where cracking reactions are similar.
Accordingly, pyrolysis has become immediately after the
development of the kerogen isolation procedure a major
technique for geochemical studies on kerogen, both for
characterization of its molecular building blocks and for
kinetic studies considered later in this paper.

Several types of pyrolysis systems can be used for
performing kerogen cracking. Open systems, where effluents
are quickly swept away from the hot zone by an inert gasflow
or by vacuum extraction, are the easiest for monitoring the
formation of molecular building blocks from kerogen, since
secondary reactions between generated products should not
occur. The operating conditions of such systems are however
very far from geological conditions as no pressure can be
applied to the kerogen, and pyrolysis occurs simultaneously
with thermal extraction, usually with a programmed
temperature ramp from 300 to 650°C. The high final
temperature precludes operating on a whole rock, because of
catalytic artefacts by dehydrated minerals (Espitalié et al.,
1984). Qualitative anaytical pyrolysis can be performed by
coupling the pyrolysis chamber to a GC column, maintained
a low temperature during the pyrolysis step to trap effluents
on the column head, then transporting them selectively by the
usual temperature program. However quantification is
possible only for products carried through the GC column to
the detector. It can be seen, by comparing GC quantification
with the weight of pyrolysate fractions recovered directly in a
cold trap, that recovery depends both on the molecular weight
and the chemical structure of products, as shown in Table 1.
Total effluent production is correctly quantified only if
products are collected at the output of the pyrolysis oven,
either as chemical fractionsif the pyrolyzate is first recovered
into a cold trap, or as carbon weight if analyzed continuoudly
with a flame ionization detector. Two of these systems
conceived at |FP are successively detailed below.

TABLE1

Comparison of hydrocarbon amounts measured by pyrolysis-gas chromatography (Py-GC) and preparative pyrolysisin C,-C,; and C
for amaturity series of type Il kerogens. Consistency of results for C4-C, 5 hydrocarbons and their difference for C

14+ CArbON ranges,

14+ Nydrocarbons shows

that in the latter, a part of hydrocarbons (mainly aromatics from analyses) does not pass through the chromatographic column.
Higher quantities measured by Py-GC for the most mature kerogen are due to loss of very light hydrocarbons
upon preparative pyrolysis work up (argon evaporation)

Typell kerogen series parameters C¢C,3 pyrolysate C,,. pyrolysate™
at. H/C at. O/C HI Tmax Py-GC Prepar. Py Py-GC Prepar. Py

(mg/g C) (°9) (wt %)* (wit%)* (wt%)* (wit%)*

124 0.114 661 423 5.68 458 9.76 12.04

1.29 0.101 680 426 4.32 4.35 7.38 13.35

1.28 0.084 730 435 5.84 5.48 10.86 16.93

1.07 0.056 590 442 5.40 5.38 7.64 15.33

0.86 0.057 260 446 3.37 3.49 3.86 7.90

0.6 0.070 36 456 1.02 0.63 0.82 0.50

* weight % of the pyrolysed kerogen.
** sum of saturates, unsaturates and aromatics only.
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2.2.2 Preparative Pyrolysis System for Quantification
of Kerogen Structural Components

The preparative pyrolysis device (Fig. 3) is a cylindrical
minifurnace with gold coated inner wall, as described in
previous publications (Béhar and Pelet, 1985; Vanden-
broucke et al., 1988). A weighed kerogen amount loaded on
a gold rod is introduced into the pyrolysis chamber under
argon flow. After preliminary heating at 300°C for 3 min to
flush any remaining solvent or water, the temperature is
raised to 600°C using a temperature program similar to that
of classical Rock-Eva pyrolysis. Effluents are swept away
and condensed, together with the carrier gas, in a glass trap
cooled by liquid nitrogen. After pyrolysis completion, the
trap is disconnected and open to let argon evaporate, then the
pyrolysate is recovered by addition of solvent at room
temperature in the trap, resulting in loss of C,-C; products
and nonhydrocarbon gases, that can be anadyzed separately
using a specific pyrolysis device connected to a vacuum line
(Lorant and Béhar, 2002). Two preparative pyrolysis
experiments are performed for each kerogen sample, one for
pyrolysate recovery with n-pentane and analysis of the Cg,
fraction (Lafargue and Béhar, 1989), the other for pyrolysate
recovery with dichloromethane (DCM) and analysis of the
C,s, fraction (Béhar et al., 1989).

Fractionation and Molecular Analysis of the Pentane
Solution by GC Quantification

The pentane solution is fractionated by microcolumn liquid
chromatography on silica into total C,, saturates (pentane

elution) and C,-C,, aromatics (elution by a mixture
pentane/dichloromethane 90/10 v/v), then quantified by
GC/FID (flame ionisation detector). Other products dissolved
into pentane are not eluted using these solvent mixtures.
However the quantification of the C,-C,, fraction may be
hampered by a partial evaporation of C.-C, compounds
during preparation. Two standards are used for calibrating
the FID. The detector response is linear in the range 0.06 to
1.29 pg/pl and is controlled regularly. This response
coefficient is used for the quantification of total amounts of
C,, saturates plus unsaturates and C,-C,, aromatics, by
difference of GC areas of fractions and blanks.

Molecular analysis of the Cg, n-alkanes and alkenes is
performed by GC-FID. The C,-C,, aromatics are identified
by GC-MS (mass spectroscopy) analysis and their relative
amount is quantified both on the total ionic current (TIC)
trace and the FID trace with the same response factor as for
saturates. These two quantifications give fairly similar results
in this carbon range because the aromatic fraction contains
mainly mono- and di- alkylaromatics plus alkylthiophenes,
with a FID response close to that of saturates, however
benzothiophenes have a significantly lower response factor
and should be corrected.

Fractionation and Molecular Analysis
of the C,¢, Compounds

The DCM solution is evaporated and the recovered
pyrolysate weighed. It is then partly redissolved into pentane
and separated by microcolumn liquid chromatography on
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Preparative pyrolysis device designed at IFP. This device, also named “S, analyser”, has a temperature programmable oven, allowing
pyrolysis of asample under Rock-Eval conditions, and quantitative recovery and analysis of pyrolysis effluentsin the S, peak.
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silica into saturates plus unsaturates (pentane elution),
aromatics (pentane/dichloromethane eution, 65/35 v/v) and
N, S and O containing compounds (NSO) (acetone elution
plus pentane insolubles). After solvent evaporation, the three
fractions are weighed. Mass spectrometric group type
analysis of the C,., saturates and aromatics may be
performed on these fractions after their mild catalytic
hydrogenation (5% rhodium on aumina, 120°C, pH,
40 bar). NSOs are submitted to elemental analysis.

2.2.3 The First Rock-Eval Pyrolysis Device

It is not necessary to present once more the Rock-Eval
technique and its worldwide impact on the introduction of
organic geochemistry in petroleum companies. This section
will thus only focus on the principa studies at the origin of
the conception of this revolutionary commercia apparatus,
capable of characterizing source rock type, evolution stage
and present and remaining hydrocarbon potential, by an
analysis lasting less than half an hour. It must be recalled that
before Rock-Eval analysis, geochemical studies were
performed on a limited number of oils and rock extracts
which had to be prepared, fractionated and analyzed by
various physicochemical techniques to obtain molecular
parameters allowing classification and correlation studies.
The same was true for kerogen preparation and anaysis, thus
the whole geochemical analysis on a sample lasted several
days and was quite expensive.

Early attempts to characterize source rock properties such
as origin and stage of evolution of organic matter by
pyrolysis were those of Bordenave et al. (1970) and Giraud
(1970). Isothermal pyrolyses were performed on the crushed
rock at 280°C during 10 to 30 min and the effluent trapped in
liquid air, then was flushed by helium into a chromatographic
column, with analysis of the C,-C,, fraction. They observed
that continental source rocks produced mainly aromatic
hydrocarbons whereas marine source rocks produced more
paraffins than aromatics. Kerogen evolution stage was
determined by pyrolysis of the whole source rock at 500°C,
oxidation of the effluent in CO,, with quantification by gas
chromatography. The evolution stage was the ratio of this
carbon pyrolysable to CO, to the total carbon; it was
recognized to depend on the origin of the source rock, but
much more on its geological evolution stage. Another
pyrolysis technique where the oven containing the source
rock was directly connected to a flame ionization detector
(Leplat and Noél, 1972) was shown to produce pyrograms,
the shape of which was characterigtic of marine kerogens vs.
coals. Their maturity was later estimated by connecting the
oven to a short chromatographic column used as a cold trap
during pyrolysis at 500°C, followed by GC analysis of
generated CO, and C,H, using a thermal conductivity
detector (Leplat and Noé, 1974).

Many studies were also performed at IFP on pyrolysis
effluent analysis and its comparison to natural equivalents. A
precursor of the preparative pyrolysis system described
above was constructed, with programmed heating of kerogen
up to 500°C under helium flow, and subsequent trapping of
effluents in a chloroform bath a minus 5°C. The pyrolysates
of many reference source rocks, recovered after chloroform
evaporation, could then be anadyzed by the same methods as
used for extracts, and the evolution of kerogen residues
compared to that in natural series (Vandenbroucke et al.,
1977; Huc, 1978; Monin et al., 1980). Thermogravimetry
and pyrolysis effluent analysis by mass spectrometry was
also amajor research topic at this time. Many analyses were
performed on generation of H,O, CO,, SO,, H,S, CH, and
hydrocarbons by kerogens, associated with their source rock
or isolated from minerals (Souron et al., 1974; Souron et al.,
1977; Durand-Souron et al., 1982). The studied samples
were heated under vacuum in the source of a mass
spectrometer, programming the temperature up to 500°C at
5°C per minute. Comparison of gases produced in presence
or absence of minerals showed that CO, issued from the
organic matter should not be analyzed above 390°C because
some mineral carbonates, and particularly siderite, could
decompose beyond this limit.

This series of studies on kerogen pyrolysis products
enabled the conception and production of afirst commercial
apparatus, the Rock-Eva 1 (Espitalié et al., 1977a; Espitalié
et al., 1977b). Thisfirst generation Rock-Eva apparatus was
an open pyrolysis system, with inert gas flow extracting the
effluents generated during programmed heating of the
weighed whole rock placed in a porous crucible. Heating to
300°C resulted in a thermovaporization of hydrocarbons
aready present as such in the rock (S; peak), whereas
hydrocarbons produced in the 300-550°C temperature range
resulted from kerogen cracking (S, peak). This latter peak
becoming smaller and produced later with increasing natural
evolution, the pyrolysis temperature for which the peak was
at its maximum was used as a maturity parameter. As aresult
of mass spectrometric studies, CO, from kerogen cracking
was analyzed only for temperatures under 390°C. Products
carried out of the heated rock by the gas were directed
through a splitter with flow regulating valves, either to a
flame ionization detector for on-line quantitative analysis of
hydrocarbons, or to atrap with molecular sieves connected to
a Porapack column and a therma conductivity detector. At
the end of the pyrolysis, the trap was heated to release CO,
which was then quantified (S; peak). The main parts
and operational flowsheet of this apparatus are shown on
Figure4.

Rock-Eval pyrolysis determines kerogen properties inside
source rocks, without need to isolate it from minerals.
Although the initial objective of Rock-Eval pyrolysis was the
screening of source rocks in exploration wells, the method
has been used for many other studies, including its amost
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Schematic cross section of the first commercial Rock-Eval
(from Espitalié et al., 1977).

systematic application to kerogen analysis in IFP, resulting
in useful complementary analytical data. Several versions of
the Rock-Eval apparatus have been constructed since the
time of its first industrial production. The latest version,
Rock-Eval 6, has several new functiondities associated with
major technical modifications (Lafargue et al., 1998;
Béhar et al., 2001), alowing much more robust and
informative parametersto be obtained.

2.3 Solid State *3C NMR

Adaptation of 13C NMR to solid samples at the beginning of
the 80s has shown a great potential for quantitative analysis
of kerogen functiondlities. Indeed it is the only method that
can give, under controlled experimental conditions,
guantitative estimates of the different carbon bond types in
kerogens, as opposed to infrared spectroscopy where only
qualitative comparisons are possible. Without entering into
instrumental details, removal of dipolar interactions in the
solid by magic angle spinning (MAS), and cross polarisation

CH3

Figure5

Example of a lignite spectrum obtained with solid state 13C
RMN (aromaticity factor 0.58), and identification and
quantification of peaks in wt% of total carbon. ss (spinning
sidebands) peaks do not belong to the coal sample.

(CP) between carbons and protons using appropriate contact
times (around 1 ms), enable a fairly quantitative response
with good resolution of al carbon types in kerogen to be
obtained (Macidl et al., 1979; Hatcher, 1980). Given the low
amount of C in total carbon, alarge number of spectra need
to be accumulated to enhance the signal to noise ratio. It is
then possible to integrate separately peak areas
corresponding to given carbon environments and express
them as wt% of the total carbon.

An example of a13C CP/MAS spectrum of a coal sample
and the related functional quantification is shown on
Figure 5. Major oxygen containing functional groups can be
analyzed with this technique, beside aiphatic and aromatic
structures. However heteroelements inside aromatic rings
cannot generally be seen in coals and kerogens. Peaks in
spectraof kerogens and coals are fairly broad due to the large
number of different carbon environments for a given bond
type. The uncertainty of the quantification is estimated to be
around 10%.

3 CASE STUDIES ON REFERENCE PETROLEUM
SYSTEMS

3.1 History of Geochemical Studies Performed at IFP
During the Period 1965-1975

A large number of geochemical studies on petroleum
systems, in collaboration with oil companies or state
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geological institutions, was performed at IFP during this
period. These studies, providing a large number of natural
samples of oils and source rocks from reference basins for
geochemical analyses, were at the basis of major geo-
chemical observations and concepts. In the course of these
studies, detailed below, it was possible:

— to set up and apply an analytical procedure for both
extraction and analysis of source rocks, and distillation
and oil analysis, enabling oil-oil and oil source rock
correlation (Oudin, 1970; Durand and Espitalié, 1970;
Durand et al., 1970);

— to validate on geological examples the kinetic models of
kerogen transformation into petroleum;

— to prepare and analyse a large number of kerogens,
leading to their classification according to organic source
and thermal evolution.

In pardldl, collaborations on more fundamental research
subjects, often in the form of financial support of doctora
studies, were initiated with severa universities, particularly
Louvain and Strasbourg, and research institutes, such as the
Cerchar.

3.2 Reference Petroleum Systems Analyzed at IFP
During the Period 1965-1975

3.2.1 The Toarcian Marls (Paper Shales)
from the Paris Basin (France)

Many geochemical analyses of the kerogen and extractible
organic matter of this reference source rock series from the
lower Toarcian paper shales were performed in IFP during
this time (Louis, 1966; Louis and Tissot, 1967; Oudin and
Califet-Debyser, 1969; Durand and Espitalié, 1971; Tissot et
al., 1971; Durand et al., 1972; Espitalié et al., 1973), and
there are still ongoing analyses in IFP and elsewhere. Many
wells were drilled during petroleum exploration in this basin,
resulting in a large number of cored samples at different
burial depths, from outcrops in the east of France to a
maximum depth around 2500 m. Samples and related
informations were kindly provided by Erap, Mobilrex, SNPA
and Petrorep.

In the Paris Basin, this series with an age of 180 Maand a
thickness ranging from 10 to 20 m, rich in organic matter,
was deposited in a homogeneous environment under 100 m
water, and further basin subsidence resulted in transformation
of kerogen into petroleum, alowing availability of a
particularly homogeneous maturity suite. This serieswas aso
one of the first examples on which a kinetic smulation of the
petroleum generation using the cracking scheme of Tissot
(1969) was performed (Deroo et al., 1969), and aso one of
the first where kerogens were prepared, analyzed and placed
into a van Krevelen diagram to show the kerogen evolution
path (Durand et al., 1972), as described in a later section
(Part 3.4).

3.2.2 The Devonian and Silurian Hot Shales from the lllizi
Basin (Algeria)

This petroleum system contains very old and rich source
rocks, mainly of lower Silurian and upper Devonian age,
with local source rocks in the Ordovician and upper Silurian
formations (Tissot et al., 1974). Oils and source rock samples
were provided by EIf-RE. All oils are very light, with a
predominance of alkanes containing less than 15 carbons and
avery low NSO content. Distinguishing criteria between cils
could be found only on the basis of structural group analysis
of aromatic fractions, separating oils coming from a loca
upper Silurian source rock from undistinguishable oils
sourced by lower Silurian and upper Devonian source rocks.

The structura history of this ancient basin is complex and
comprises two main subsidence periods separated by a mgjor
uplift and erosion during the Hercynian orogenesis.
Modelling of il and gas formation in this petroleum system
was performed using a modified cracking scheme accounting
for gas (Tissot et al., 1974), on the basis of the buria history
of source rocks and the timing of trap formation. The model
was able to explain the absence of ail in the SW part of the
basin, the presence of gas in NE (Alrar, In Amenas),
condensates in SE (Zarzaitine) and oil and gas in NW (Tin
Fouyé Tabankort), this latter gas coming from a major
contribution of the lower Silurian source rock.

3.2.3 The Devonian Shales from the Alberta Basin
(Western Canada)

The geochemical study of this petroleum system, a joint
project with the Geological Survey of Canada (Deroo et al.,
1977; Deroo and Powell, 1978), was performed on a large
number of conventiona oils (106), heavy oil extracts (63)
and sediment extracts (189). Two areas of the Alberta
syncline were studied: a deep central zone, and the so called
“heavy oil belt” including the Athabasca tar sands.

This petroleum system study brought new insights into
source rock variability, geochemica tools for oil/source rock
correlation, migration distances and influence of biodegra-
dation on geochemical parameters. Three source rock
intervals were present in this basin:

— the Mannville shales (lower Cretaceous), associated with
coals, were the first example of organic matter sourced by
land plants, and many kerogens were prepared and
analysed;

— the marine limestones of middle and upper Devonian;

— the marine shaes of upper Cretaceous.

Differentiation of oil families was only possible through a
systematic analysis of aromatic hydrocarbons, both by gas
chromatography with a sulfur specific detector and by group
type analysis with low voltage mass spectrometry. Long
migration distances, possibly higher than one hundred
kilometers, were deduced from correlations of oils and
adequately mature source rocks, on the basis of geology and
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maximum buria depth. These unusually long distances were
possible through a mgjor regiona unconformity acting as a
route for fluids. Findly the study of water salinity associated
to more or less heavy oils showed that biodegradation, and
possibly water washing, occurred by infiltration, through
reservoir outcrops, of fresh water bringing bacteria. The
biodegradation level could be correlated to observed changes
in molecular and compositional geochemical parameters, such
as the disappearance of n-, then iso-alkanes, then some
aromatics, the vanadium and nickel concentration, or the
increase of the asphaltene content.

3.2.4 The Logbaba Silty Clays from the Douala Basin
(Cameroon)

The petroleum system of the Douala basin is located SE of
the present Niger river delta, and began to form in
conjunction with the opening of the South Atlantic ocean.
Upper Cretaceous detrital sediments, aterning sands and silty
clays and carrying continental organic matter, were deposited
and quickly buried in a shallow marine environment. The
mineral and organic homogeneity of these sediments,
associated with a significant total thickness dlowing a large
range of maturities to be studied, made this series particularly
interesting. It was the subject of doctoral studies on the
mineral (Dunoyer de Segonzac, 1969) and organic (Albrecht,
1969) contents, followed by a collaborative study including
kerogens between IFP, Strasbourg University and Elf-RE
and its subsidiary Elf-Serepca (Albrecht et al., 1976; Durand
and Espitalié, 1976; Vandenbroucke et al ., 1976).

The comparison of source and transformation charac-
teristics between the terrestrial organic matter from this
petroleum system, and the marine organic matter from
Toarcian shales in both the Paris Basin and their higher
maturity German equivalents, was a key point in unde-
standing the chemical differences in petroleum potential and
oil composition between these two reference series. The
preparation and analysis of a large number of kerogens in
both series was also at the basis of the classification of
kerogen types and evolution paths in avan Krevelen diagram
of H/C vs. O/C atomic retios, as detailed in Part 3.4.

3.2.5 The Green River Shales from the Uinta Basin (USA)

The Green River shales is an organic-rich formation
extending over severa states of USA. It was deposited in two
Paleocene/Eocene alkaline palaeolakes, lake Gosiute in
Wyoming, and lake Uinta in Utah and Colorado. Climatic
conditions and alkaline mineral supply favored high
productivity and preservation of specific microorganisms,
possibly blue-green algae and bacteria resisting such
agressive environments. However the exact nature of the
organic supply is unknown, because no organic fossils could
be identified. The geochemical study of this formation at
IFP, in collaboration with Shell USA, focused on the Utah

part of the Uinta basin, the main question being to clarify the
respective influence of source differences and maturity on the
origin and composition of crude oils (Tissot et al., 1978).

Unexpected analytical difficulties caused by the highly
paraffinic nature of oils and extracts had to be solved firgt,
because C,;, hydrocarbons reprecipitated during compound
separation with usual solvents. It appeared then that slight
differences associated with changes in depositional
environments could be detected at a similar maturity level,
based on the composition of specific biomarkers in akane
fractions. Thanks to the large maturity range of the studied
samples, it was possible to define on the related kerogen
series anew type and evolution path, confirming not only the
highly aliphatic nature and the hydrocarbon potential of this
organic matter, but also its specific thermal behavior,
characterized by a late and very narrow oil window when
compared to other source rocks.

3.2.6 The Clays and Coals from the Mahakam Delta
(Indonesia)

The study of this petroleum system, in collaboration with

Total CFP, Total Indonesia, Inpex and Pertamina, was of

particular interest due to the nature and homogeneity of its

Miocene source rock associating coal beds and dispersed

organic matter deposited in a deltaic setting under tropical

climate, by the high quality and large maturity range of
samples, and by the geologicd setting of oil and gas fieldsin

a series of parallel structural trends perpendicular to the

sediment supply by the Mahakam river. Numerous

geochemica studies were performed on ails, source rocks,
coals and kerogens, in IFP and CFP labs (Combaz and De

Matharel, 1978; Durand and Oudin, 1980; Vandenbroucke et

al., 1983; Huc et al., 1986), as doctoral studies (Boudou,

1981), and on corresponding recent sediments by the

Misedor group (Pelet, 1987).

Many new insights or confirmations concerning the
kerogen analysis and petroleum potential were obtained by
geochemica studies on this petroleum system. Among these
were:

— confirmation that terrestrial plant sourced kerogens and
coals have similar composition and petroleum potential,
whereas this was not possible with the Logbaba series
where coals were not found;

— characterization of such post Cretaceous “perhydrous”
coal series as source rocks for oil, and not only for gas as
previoudy thought;

— observation of very easy migration of oil and gasin deltaic
systems due to the close mixing of sand and shale
sediments.

These observations thus raised the interest of petroleum
companies for Tertiary deltaic systems under tropical
climates as new zones for oil and gas exploration, with many
commercia successes obtained since that time.
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3.3 The Development of Kinetic Models of Kerogen
Cracking into Oil and Gas

Only the main principles of early kinetic modes of kerogen
transformation into petroleum and the related publications
using the reference petroleum system studies presented above
will be described briefly here. Other papers in this journal
issue, including the translation of the precursor paper of
Tissot (1969), will show the applications of such models for
oil exploration.

It is indeed impossible, given the variety of the chemical
structures and bonds in kerogen, to describe primary cracking
by elementary free-radical reactions. The main steps of
kerogen cracking in early models were thus similar to those
described for therma conversion of coal, namely
depolymerization, tar cracking and residue cokefaction.
Depolymerization of kerogen was thus represented by a
reaction producing intermediate heavy compounds extracted
a this time by a mixture of methanol, acetone and benzene
(MAB), together with a condensed residue and gases, both
hydrocarbons and nonhydrocarbons. The MAB compounds
were in turn transformed into petroleum compounds plus
again condensed residue and gases. Already at this time
kerogen, being recognized as a chemically complex
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molecule, was considered to generate MAB compounds by a
number of parallel and/or successive pseudo-reactions
thought to reflect the various bond energies in a given
kerogen. Kerogen, MAB compounds and petroleum
(chloroform extract) being respectively A, B and C, the
reaction schemeis:

Quantitative data were calibrated in first models on the
evolution with depth of extract amounts in reference
petroleum systems. Assuming that al reactions are first order
and that rate constants follow the Arrhenius law (see
trandated paper for details of equations), kinetic parameters
of this scheme were calibrated on 24 samples from the Paris
Basin for which the burid history, and thus the temperature
applied to the system was reconstructed (Tissot and Pelet,
1971). This calibration alowed recalculation of the
theoretical petroleum generation of the Dogger marls of the
Paris Basin (similar to the Toarcian shaes) and comparison
with the presence or absence of petroleum accumulations in
this same formation. The result is shown on Figure 6.
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Figure 6

Modeling of oil generation (figuresin gram of petroleum per ton of source rock) in the Dogger source rocks of the Paris Basin and position
of ail fields, producing wells and dry holes resulting from drilling. The modeled quantities fit closely the observed accumulation zones (from

Tissot and Welte, 1978, p. 510; copyright Springer-Verlag).



M Vandenbroucke/ Kerogen: from Types to Models of Chemical Sructure 255

A new model accounting for changes in both analytical
procedures (MAB extraction was abandoned due to solvent
toxicity), and more important, in the classification of kerogen
types as described in the next section, was proposed by
Tissot and Espitalié (1975). The reaction scheme, with A, B,
C being respectively kerogen, oil and gas, was:

—_— —_—
—_— —_—

A - - By ---———- - »C
—_—
—_—

Cadlibration of kinetic parameters was performed not only
using extract amounts produced at various evolution stagesin
geological conditions, but also by combining thisinformation
with thermogravimetric experiments, i.e. kerogen weight loss
on pyrolysis under nitrogen. Six pseudo-reactions were used,
with fixed increasing activation energies between 10 and 80
kcal/mol. Frequency factors of the Arrhenius law and
kerogen fractions associated with each pseudo-reaction were
calculated by numerical optimisation. The organic matter
type was shown to influence the final weight loss of kerogen,
as well as its contribution to the various pseudo-reactions.
The comparison of oil and gas generation curves obtained
with this kinetic model in standard geologica conditions for
various kerogen typesis shown on Figure 7.

Further developments in kinetic models no longer use the
data obtained on natural series, and are accordingly out of the
scope of this review. It suffices to say that their development

increased continuously in close relation with numerical
modeling of petroleum systems, and that they are at the
source of humerous petroleum discoveries.

3.4 The Classification of Kerogens from these Case
Studies: Notion of Type and Evolution Path

3.4.1 Building up the Concepts

The classification of kerogens from sedimentary source rocks
into three main types, and their evolution during maturation
in geological conditions following “carbonization paths’
were first proposed by Durand et al. (1972), on the basis of
elemental analyses of kerogens from the Paris Basin and
related literature data on various kerogens from different ages
and locations (Mc lver, 1967). These analyses were
represented in an atomic H/C vs. O/C diagram similar to the
one used for cods by van Krevelen in 1950 (van Krevelen,
1961), and were compared with the codification paths of
coa maceras (Fig. 8). Elementa analyses of maturity series
of kerogens, obtained progressively from geochemical
analyses of petroleum systems described above (except for
the Mahakam coals and shales and the Green River shaes)
were included in this diagram, alowing “evolution paths’ to
be defined (Durand and Espitalié, 1973; Tissot et al. 1974).
The Green River shales (Tissot et al., 1978) were then added
to these reference series of kerogens (Fig. 9) by Tissot and
Welte (1978). The three types of organic matter defined in
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Figure 7

Oil and gas generated (% of total C) >

Comparison of oil and gas production from the three kerogen types resulting from the cracking model of Tissot and Espitalié (1975), with a
constant burial of 60 m per Ma and a geothermal gradient of 35°C per km (after Tissot and Espitalié, 1975).
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Comparison of elemental analyses from kerogens of the Paris Basin (Durand et al., 1972) and various kerogen series (Mclver, 1967) in the
diagram of atomic ratios H/C and O/C for coal macerals (van Krevelen, 1961). The numbers 1, 2, 3 correspond respectively to low, medium
and high maturity. The "carbonization path" isindicated for the Paris Basin kerogens (after Durand et al., 1972).

this “van Krevelen diagram” were associated by Tissot et al.
(1974) with the specific depositiona environments of these
petroleum systems. Other source rock samples, although
available only in a limited range of maturity, were generally
shown to fit the position related to the predicted depositional
environment in this diagram, except for lacustrine settings as
discussed below. Elemental analyses of kerogens, reflecting
their chemical structure, can thus be used for characterizing
both the type of the organic matter in petroleum source rocks
and its evolution with increasing burial in geological
conditions.

3.4.2 Kerogen Types: Chemical Characteristics
and Depositional Environment

The chemical characteristics of kerogens of reference
petroleum systems corresponding to the initial definition of

types | to 11l and their associated depositional environment

are, in order of decreasing petroleum potential:

* The Green River shales from the Uinta basin of Utah, as
the reference type |, athough some levels in this source
rock formation contain classical coals. Except in these
latter levels, the organic matter of immeature samples was
observed to be very diphatic, with atomic H/C frequently
higher than 1.5. The oxygen content is often low, although
the atomic O/C ratio of immature samples may vary from
0.03 to 0.1. The analysis of oxygen functional groups in
immature kerogen (Fester and Robinson, 1966) shows a
major participation 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 very rich in long chain n-alkanes, extending
over 40 carbon atoms, without marked odd or even
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Figure 9

Definition of types and evolution paths of kerogens based on
petroleum reference series as indicated (from Tissot and
Welte, 1978, p. 143; copyright Springer-Verlag).

predominance. The abundance of iso- and anteiso-alkanes
and other biomarkers specific of microorganisms such as
carotane led Tissot et al. (1978) to conclude that theinitial
organic matter input (probably Cyanophycea) had been
strongly reworked by bacteria that could have sourced the
major part of the finally sedimented organic matter. It is
worth noting that the lacustrine environment associated
with Green River shales is not freshwater, and that it may
contain very unusual alkaline minerals. Other type |
kerogens such as Autun boghead (France), torbanite
(Scotland) or recent materials such as Coorongite
(Australia), principally derived from Botryococcus
remains, which also sedimented in a lacustrine setting,
although in this case with freshwater, were shown to be
located in the same region of the van Krevelen diagram as
this Green River series. The kerogen of the organic-rich
marine tasmanite from Tasmania was also classified as
Type | by Tissot and Welte (1978). As very different

sources, only characterized by their common highly
aliphatic nature, are classified as type I, it is not redly a
type because of the different biological precursors,
sedimentary environments, preservation conditions
implicated in the formation of these kerogens. It should
also be noted that source rocks containing these kerogens,
although they have a high petroleum potential, are not
widespread, and the geographical and geological
extension of such organic deposits is generaly very
restricted. According to Klemme and Ulmishek (1991),
they represent only 2.7% of the world's origina reserves
in petroleum and gas.

Type Il is based on the lower Toarcian shales of the
petroleum system from the Paris Basin (France) and the
equivalent Posidonienschiefer (Lias €) formation in
Germany. The atomic H/C ratio of immature kerogens is
about 1.3 and the corresponding O/C ratio around 0.15. As
shown by the group type analysis of kerogen pyrolysates
and natural extracts (Tissot and Vandenbroucke, 1983),
this organic matter contains much more aiphatic cyclic
moieties than in type |, and a large amount of aromatics,
the structure of which often comprises several aliphatic
cycles that convert to aromatic cycles with progressive
maturation. The n-alkane distribution in extracts or
pyrolysates is generally restricted to the carbon range
under 25 atoms, even at low maturity. Sulfur is aways
associated with this type of organic matter, either as pyrite
and free sulfur, or in organic structures of kerogen such as
aliphatic sulfur and thiophenic rings. The depositional
environment associated with these Toarcian shales, as
well as to their homologues in Germany, was a
moderately deep marine environment with planktonic
input as the primary source. Reworking by various
bacterial communities occurred to a varying extent,
depending on the location of the oxic/anoxic boundary.
This Toarcian organic matter type was compared to other
source rocks from marine deposits in different regions of
the world (for example Devonian of Western Canada,
Silurian and Devonian from North Africa). The
comparison showed very homogeneous chemical
characterigtics both for kerogens and for extracts, oils and
pyrolysates. Differences in the sulfur content of the
organic matter were attributed to the different
mineralogical compositions of these source rocks, the
richest in carbonates being the richest in organic sulfur,
because in that case iron coming from clays is not
available for pyrite formation.

e Type Il was initially based on the upper Cretaceous

sedimentary rocks of the Douala basin (Logbaba,
Cameroon), sourced by continental deltaic input and
deposited in shallow marine environment (Albrecht et al.,
1976). This type of organic matter is frequently found in
ddtaic settings and derives from higher plant debris, often
highly reworked due to the oxidant transportation
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conditions associated with detritic sedimentation. In the
case of the Loghaba silty clays, no coa beds were found
at any depth. Only the most resistant chemical
congtituents of the terrestria organic matter reached the
sedimentation region, and once there, they were quickly
buried due to the large sediment input and high
subsidence rate caused by the opening of South Atlantic
Ocean. Under these conditions, strong bacterial degra-
dation probably could not occur as no sulfur was
incorporated in the organic matter or as pyrite, even
though sulfates were present in the seawater. As seen by
both chemical and optical analyses, the organic fraction is
for a large part ligneous debris with a predominantly
aromatic structure, together with moieties derived from
the protective constituents of higher plants with a pre-
dominantly aliphatic structure rich in long chain alkanes
on the other hand. This latter part of the terrestrial organic
matter is probably always a minor fraction of total
kerogen. However, this double contribution explains the
apparent discrepancy observed between the mostly
aromatic kerogen composition as seen by elemental
analysis with an atomic H/C ratio lower than 0.8 (Durand
and Espitalié, 1976), and the highly paraffinic extracts
and oils generated by this type |11 kerogen in comparison
with products generated form type Il (Vandenbroucke et
al., 1976). Other examples of type Ill organic matter
were found aso in the lower Mannville shales of Alberta,
Canada. It was only with the extensive studies carried out
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on the organic matter maturity series of the Mahakam
delta (Eocene/Miocene) in Indonesia (Combaz and de
Matharel, 1978), that it was shown that pure coals and
type 111 shales occurring together in these sedimentary
rocks are derived from the same precursors. The detailed
geochemical study of kerogens from shales and coals
showed that there is no noticeable difference between
massive coa and shale evolution at any maturity stage,
although humins from very immature coals and shales are
not equivalent due to differencesin their sedimentological
conditions (Huc et al., 1986). Hence no catalytic effect of
clays on kerogen evolution could be discerned in the
above maturity series, although this effect was often
hypothesized in the past on the basis of laboratory
experiments (Sieskind and Ourisson, 1972). Successful
petroleum exploration in Tertiary deltaic settings around
the world in the past twenty years, resulting in intensive
geochemica studies on good quality cores and cuttings,
showed that dispersed type Ill organic matter, whether
associated with humic coals or not, is, like type I1, an
homogeneous and chemically well defined organic matter
type, in contrast with type | deposits.

3.4.3 The Main Steps of Kerogen Transformation

on Burial and its Evolution Path
in the van Krevelen Diagram

Early diagenesis, from the death of living organisms up to
deposition of mineral and organic debris as sediment and its
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Figure 10

Elemental composition of immature kerogens in a double diagram of atomic ratios H/C versus O/C and S/C, showing the substantial
incorporation of sulfur in marine organic matter, in contrast with S/C composition of lacustrine or continental organic matters (after Huc,
1990).
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burial to a few meters depth, is a step where biological
processes have a major influence on the amount and
composition of finally preserved organic metter. This step,
during which the main loss of nitrogen occurs due to
consumption of proteins, is not accounted for in the classical
van Krevelen diagram. It is also the step for possible
incorporation of sulfur in the organic matter, if sulfur
bacterial colonies are present. The systematic incorporation
of sulfur in marine kerogens is clearly seen (Fig. 10) in a
diagram of elemental compositions of immature kerogens,
derived from the van Krevelen representation and including
organic sulfur (Huc, 1990). The presence of sulfates in
seawater provides the oxidant source necessary for organic
matter biodegradation by sulfate-reducing bacteria. These
bacteria release polysulfides, H,S and native sulfur capable
of recombining both with iron from clays to ultimately form
pyrite, and with the organic matter to produce organosulfur
moieties (Aizenshtat et al., 1983). Preservation of organic
metter during early diagenesis is strongly dependant on the
oxygen content of water, a very low oxygen level (anoxia)
strongly reducing the nature and efficiency of bacterial
populations able to feed on organic debris during settling and
early stages of sedimentation. Water circulation inside
deposited sediments is also a factor controlling the bacterial
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Figure 11

Comparison of elemental analyses from kerogens of the
three main reference series, including many samples from
Lias € from Germany (equivalent of the Toarcian of the Paris
basin) with a very high maturity, and a coal series from the
Mahakam delta covering a large maturity range (figure from
Vandenbroucke et al., 1993, copyright Editions Technip).

destruction of organic matter. If water transported bacteria
can freely circulate into the sediment porosity, which is the
case in sands for example, the mgjor part of the sedimented
organic debris will be consumed. It is for this reason that
high porosity reservoir rocks do not contain kerogen. The
opposite situation is found for clays, not only because they
may protect the organic matter by physicochemical
adsorption, but also because their structure settles as “house
of cards’, increasing water pressure in the porosity and
preventing water input during further compaction on burial.
That explains why source rocks containing kerogen are for
the most part fine grained sediments.

Diagenesis stricto sensu is a step where kerogen looses
large amounts of oxygen, mainly as CO, and H,O (see
Fig. 8). This step is dl the more evident if the initial kerogen
isrich in oxygen, and is thus mainly observed for type IlI
organic matter, but it is also significant for type Il as seen on
Figure 11. In thisfigure alarge number of elemental analyses
on one reference series for each kerogen type has been
reported, including the Mahakam series as type I, not yet
available when Figure 9 from Tissot and Welte (1978) was
published. The Mahakam coal series was used here, because
kerogen preparation on very immature samples was observed
to changes elemental analysis due to hydrolysis of humic
compounds. It can be noticed on this series that the evolution
path starts at higher H/C and the variation between the two
successive steps is more marked than previously reported in
the trend from the Mannville and Logbaba series.

Catagenesisis the main step of hydrogen (and carbon) loss
from the kerogen, and is consequently the stage of petroleum
formation. Considering a general formula of generated
hydrocarbons as (CH,)n, two H atoms are lost for one C
atom, thus the atomic H/C of the residua kerogen decreases
in the van Krevelen diagram, reflecting an increasing
aromatization. It appears immediately that the petroleum
potential deduced from the H/C variation range decreases
strongly in the order from type | to type Ill. However
commercial oil pool formation is not directly correlated to
H/C in source rocks, because it depends also on thermo-
dynamic and geological parameters related to the nature of
generated products and their ability to migrate to existing
traps. As shown by natural extract and oil analyses from
petroleum case studies and thermal simulations, compounds
with lighter and lighter molecular weights are formed during
this stage, leading finally to gases. An insoluble aromatic
residue similar to coke is generated in late steps of
catagenesis as the result of secondary cracking of petroleum
products issued from kerogen. This residue, which has
almost no petroleum potential, can be observed alone as
“pyrobitumen” in high temperature reservoirs, but is also
formed in source rocks and thus mixed with the residual
kerogen.

The transition between catagenesis and metagenesis
zones is located for al kerogen types a an atomic H/C ratio
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Type | H/C = 0.49 Type Il HIC = 0.44 Type IIl HIC = 0.45
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Figure 12

Comparison of the orientation of aromatic domains in the three kerogen types at high maturity, as observed with electron microscopy.
(a) 00.2 dark field picture of aromatic domains (electrons diffracted by aromatic stacks). The diameter of aromatic stacks correspond to less
than 10 condensed rings, piled up by 2 or 3 layers whatever theinitial kerogen type. (b) 00.2 lattice fringes from aromatic domains seen edge
on, showing that long distance orientation of aromatic domains depends on the initial kerogen type, with respectively for types|, Il et Ill,
average distances of 1000 A, 250 A and 100 A (after Oberlin et al., 1980).

around 0.6. Below this transition zone, all kerogen types 5
defined by their elemental analysis merge into asingle group. 050 szox Hoem CEJSIQ © 60
Metagenesis is the last stage of kerogen reorganization into ' ' '
an amost pure carbon structure. During this step, the aromatic
lattice rearranges by expelling its “defects’ in a manner
similar to crystal formation. However, this rearrangement
does not imply a substantial condensation of aromatic cycles
but more a parallelization of existing aromatic structural units
comprising less than 10 condensed rings into stacks
associated by pi bonds, as seen by diffractometric techniques
(Fig. 12) using transmission electron microscopy (Oberlin et
al., 1980). The size of domains is still, contrary to elemental
analysis, acharacteristic of kerogen types because it depends
on the mobility of kerogen aromatic domains during
catagenesis, and thus on the amount of products expelled as 05 s s s s s s
) . . L 5 10 15 20 25 30
oil. The free radical content in kerogen, which increases Free radical concentration x 1018/g C
continuously during the catagenesis step, reaches its
maximum and then decreases, as shown on type 111 kerogens
from the Douala basin (Fig. 13) using electron paramagnetic o _ _ ,
resonance (Marchand and Conard, 1980). The first ]!Evolutu?n Wl.th increasing maturity of the Qoncentrallon of
T . ree radicals in kerogens of the Logbaba series, as measured
eliminated product is late methane, also called dry gas, by electron paramagnetic resonance (after Marchand and
resulting from release of methyl groups on aromatics. Conard, 1980).

Atomic H/C
o
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Figure 13
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Pyrolysis of mature kerogens of al types was shown to
generate the same amount of late methane, around 50 mg per
g of kerogen (Béhar et al., 1997). This means that the amount
of methyl groups on aromaticsis similar in residual kerogens
whatever their initial type, and it is thus only the amount of
residual kerogen left after catagenesis, higher in a type 11
than in atype | series, that makes terrestrial kerogens and
coals good source rocks for dry gas. Nonhydrocarbon gases
are also formed during metagenesis by elimination of
heteroelements from resistant bonds (O from ethers) or from
aromatic structures (S, N, O). Gases such as CO,, H,0, H,S
and N, were observed in both deep gas reservoirs and
pyrolysis experiments (Lorant and Béhar, 2002).

3.5 The Evolution of Research in the IFP
Geochemistry Department from 1979 to 1990

Y ear 1979 corresponds to the date on which B. Tissot |eft the
IFP Geochemistry Department to take the responsibility of
the IFP Sientific Direction. At this time the Geochemistry
Department research focused on two main topics. One of
them was to improve the kinetic schemes of oil and kerogen
cracking, in order to include them into integrated petroleum
system models. These latter aimed at reconstructing the
sediment deposition, burial history and heat flow during
geologica time, and at calculating, from the cracking model,
the amount of oil generated, the timing of its expulsion out of
the source rock and its further migration and accumulation
into traps. A second topic was to better understand the
mechanisms of kerogen formation, in close relation with their
depositional environment. It was thus necessary to follow the
deposition and chemical transformation of kerogen during all
steps of its geological maturation and not only during oil
formation, in order to decipher the key factors of source rock
formation. Accordingly, recent sediments were studied using
soil science methodology, including among others isolation
and analysis of humic substances, and particularly functional
analysis, to understand their relationship to kerogen.
Analytical techniques had offered many new
developments at this time, particularly gas chromatography
for which the manufacturing of silica capillary columns with
bonded phases allowed higher final temperatures and a much
better peak resolution. New detectors, specific to molecular
families of compounds including atoms of sulfur or nitrogen,
were aso developed or improved. Moreover, coupling of gas
chromatography with mass spectrometry became at this time
a widespread laboratory apparatus, due to the relatively low
price of quadrupolar spectrometers, enabling molecular
analysis of separate hydrocarbon families in complex
mixtures such as petroleum compounds. Significant advances
were aso obtained in pyrolysis techniques for the molecular
identification and quantification of building blocks of
kerogen. This was achieved either by direct coupling of the
pyrolysis system to the injection port of agas chromatograph,

or by preparation of pyrolysates, separated and studied in the
manner described in Section 2.2.2 for extracts. Finaly, major
advances in organic analysis of solids resulted from
developments in solid state 3C NMR, enabling the
guantitative analysis of carbon bond types in kerogen, as
reported in Section 2.3. The resulting quantification of
molecular building blocks and their bonding functional
groups in kerogens thus made it possible to propose
conceptual molecular models of kerogens as described
below.

4 BUILDING KEROGEN CONCEPTUAL MODELS

4.1 Why Conceptual Models?

It appears clearly that given the complex macromolecular
structure of kerogen, comprising both resistant biomacro-
molecules and recombined biodegradation products, any
detailed chemical model represents only an averaged
structure. To fix ideas, a detailed chemica structure which
can be drawn on a single page, with amolecular mass around
25000, makes an incredibly small amount of substance since
the corresponding weight (by division by Avogadro’'s
number) represents 4.10%° g of kerogen. Any analytical
technique used for kerogen characterization works on
amounts in the microgram to milligram range, thus any
analytical result is aready an average on a large number of
kerogen macromolecules. Thus a “real” representation of the
chemical structure of kerogen has no meaning and only
conceptual models representing at best the largest possible
set of physicochemical analytical data, but including also
many assumptions, can be obtained.

Although it is very difficult to describe such complex
macromolecular mixtures by detailed chemical structures,
many structural or chemical models of sedimentary organic
meatter were published in the past. Their aim was to visuaize
a number of its properties or analyses in a synthetic form to
interpret or understand others. Thus a model aimed at
representing physical or spectral properties can be a
structural model whereas a model for describing chemical
interactions or cracking reactions will rather be a molecular
model. This rationale is very similar to that of petroleum
system modeling, and in the same way the weighting and
detail of input and output data will depend on the use for
which these models are constructed. The first molecular
models of sedimentary organic matter were built by coal
scientists as early as 1942 by Fuchs and Sandhoff; then many
other coal models based on an increasing number of
analytical results from different techniques were built (Given,
1960; Spiro, 1981; Spiro and Kosky, 1982; Shinn, 1984;
Solomon, 1981). Models for other types of sedimentary
organic matter were constructed first for oil shales such as
the Green River shale (Burlingame et al., 1968; Yen., 1976;
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Siskin et al., 1995), then for the three main types of kerogen
at various maturity stages (Béhar and Vandenbroucke, 1986,
1987). Finally, the development of computerized molecular
modelling enabled to build 3D molecular models satisfying
not only bond lengths and directions (Faulon et al., 1990) but
also minimum energy configurations (Kowalewski et al.,
1996).

Building computerized chemical models of kerogen
structures may be helpful as a guide to understanding the
main chemical characteristics of sedimentary organic matter,
and to predicting its evolution during geological burial.
Although it will never be possible to represent a true kerogen
structure, because it is a mixture of various nonpolymeric
macromolecules that cannot be analyzed separately, such
models of average kerogen structure, by accounting for a
great amount of information from various analyses, can
provide a synthetic view of the main resemblances and
differences among sedimentary organic matters. They may
be used for comparison of organic matter types and evolution
during burial, modeling of cracking and compositional yields
in source rocks, evaluation of retention or expulsion of
petroleum and gas as a function of the thermal maturity and
related thermodynamic properties of the mobile fraction.

4.2 The Analyses used for Modeling
and their Classification

4.2.1 Atomic Analyses

We will define as atomic analyses those providing
guantitative information on the number of atoms, their
chemical environment or their spatial distribution. For
example eemental analysis, solid state 13C nuclear magnetic
resonance (NMR) and more generally all spectroscopic
analyses, density or lattice fringe imaging with electron
microscopy, are classified as atomic analyses. They are
performed on the kerogen itsalf, characterizing a subset of its
macromolecular constituents, and thus provide average
sructurd or chemical parameters.

4.2.2 Molecular Analyses

Molecular analyses qualify and quantify small building
blocks of a complex structure. They are performed on degra-
dation products of macromolecular kerogen constituents.
Either chemical degradation, by oxidation for example, or
thermal degradation, both by laboratory pyrolysis (pyroly-
sates) and by thermal cracking in geological conditions
(extracts and oils), provide some of these building blocks.
The rationale for andysing degradation products and in the
ideal case cracking products, the structure of which is very
close to its initial counterpart in kerogen, is that their
structure is small enough to be characterized by a number of
analytical techniques that cannot be used for solids.
Degradation products must be small molecules in order to be

identified as precisdly as possible, ideally at the molecular
scale. However they must retain as much as possible the
molecular information present in kerogen macromolecules,
and thus they should not be too small. In addition, the
information they carry, both qualitative and quantitative,
depends directly on the yield of products obtained with the
degradation procedure, and the representativity of building
blocks in regard to the source macromolecule is clearly not
the same if the degradation yield is 5 or 80%.

4.3 Structural Models of Kerogen Types
and Evolution

Once quantitative atomic and molecular analyses are
obtained on a given kerogen, the quantitative combination of
molecular building blocks should idedlly fit atomic data. The
reality is not so simple because some information is still
lacking and many hypotheses have to be made, not only on
the types of bonding sites, but also on missing or incomplete
data. The reverse situation can aso occur, with two different
techniques normally giving the same information in fact
providing different analytical results. In such situations, one
data set is chosen or the data is adapted on the basis of
general knowledge on sedimentary organic compounds from
the literature.

The main differences in structural components of kerogens
according to their type at the onset of the oil window were
first described in Vandenbroucke (1980) based on the
composition of extracted bitumens. A structure for type Il
kerogen congtituents was reported by Oberlin et al. (1980) in
another chapter of the same book, using the complementary
data of these authors on kerogen structural blocks, but as
presented could not represent a kerogen because the building
blocks had not been connected by bonds. However it was a
starting point for trying to build a complete series of structures
representing the three kerogen types at the main stages of their
geological evolution. These structures were built by trial and
error, using measured atomic and molecular parameters at the
beginning of diagenesis, beginning of catagenesis (whole
petroleum potential) and end of catagenesis (whole gas
potential). The starting molecular weight was chosen on the
basis of two condtraints:

— insolubility in usua organic solvents, the limit being fixed
by the measured molecular weight of dissociated
asphaltene units, lower than 5000 dalton;

— the necessity to draw a kerogene structure large enough to
account for statistically measured parameters, but small
enough to be represented on paper and dlow a reasonable
number of atomsto be counted (not more than 3000).

The three kerogen type structures were thus represented
with a similar number of carbon atoms around 1500 &t the
diagenesis stage, corresponding to molecular weights ranging
from 20000 to 25000 dalton. Note that, as previously
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Structure l-a: H/C = 1.64 O/C=0.06 MW =21 187

Figure 14

Structural models of kerogens: comparison of the chemical
composition of kerogen types|, Il and 11 at the beginning of
diagenesis stage (after Béhar and Vandenbroucke, 1986).

Structure Il-a: H/C = 1.34 O/C=0.196 MW =25 815

Stage a

Structure I1-b: H/C =1.25 O/C =0.089 MW =19 860

Structure Il-c: H/C =0.73 O/C=0.026 MW =7 949

Figure 15

Structural models of kerogens: evolution of the chemical

composition of type Il kerogen at the evolution stages.

a beginning of diagenesis stage;

b: beginning of catagenesis stage (beginning of ail
generation);

c: end of catagenesis stage (beginning of gas generation)
(after Béhar and Vandenbroucke, 1986).
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remarked, this corresponds to a very small weight of kerogen
(around 4.10Y mg) which cannot be analysed by any
chemica technique. The size of the structure on maturation
was congtrained by the measured weight loss of each kerogen
type during thermogravimetric analysis, i.e. 79% for type I,
62% for type Il and 34% for type 11l (Durand-Souron, 1980).
The maximum number of condensed rings in aromatics and
the orientation of aromatic clusters at the beginning of
metagenesis were derived from dark-field imaging electron
microscopy (Oberlin et al., 1980). Randomly selected
molecular building blocks from molecular analyses and
functional groups from chemical functional analysis were
connected by covalent bonds in order to fit ementa analysis
and solid gtate '*C NMR results, removing or adding building
blocks and functional groups to improve fitting of calculated
and measured atomic parameters at each further step of the
congtruction. As aready noted, the idea was not to represent
an exact chemical structure of kerogens since this cannot be
analysed, but rather to show in a synthetic way their main
chemical and physical characteristics related to type and
maturity, in order to alow visua comparison, even for non
chemists. Although trapping of saturates (Béhar and
Vandenbroucke, 1988) and other bitumen constituents into
the kerogen network had been demonstrated, these kerogen
structures deliberately omitted trapped compounds since
kerogen stricto sensu should be totally free of soluble
compounds. The resulting structures were published in two
papers, one depicting the three kerogen types at various
maturity stages and their associated asphaltenes (Béhar and
Vandenbroucke, 1986), the other dealing exclusively with
kerogen structures (Behar and Vandenbroucke, 1987). A 3D-
like representation of individua cyclic building blocks was
preferred to the traditional chemica representation in order to
better visualize the differences in structure according to types
and maturity. An example of the structures constructed for the
three kerogen types at the beginning of diagenesis stricto
sensu is shown on Figure 14. Structura transformations of
type Il kerogen at three increasing maturity stages, onset of
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diagenesis (stage @), onset of catageness (stage b) and end of
catagenesis (age ) is shown on Figure 15. The main struc-
turd parameters of al constructed modds, fitting the analytical
data of corresponding kerogen samples, aregivenin Table 2.

Given the tedious procedure of trial and error in
assembling and counting molecular groups and bonding sites,
then correcting them according to atomic data, a systematic
construction and comparison of several structures fitting
analyses of a given kerogen was not possible. Moreover,
although the structural constituents (molecular building
blocks, functional groups and bond types) can be predicted
from analyses, the number of possible combinations of these
elements is extremely large, and only a few modes can be
constructed. Computer-aided modeling was considered to
help in this problem, and aso in providing a more redistic
view of structures by building 3D kerogen models. A
computational tool for such macromolecules being not
commercialy available at this time, it was elaborated during
adoctoral study (Faulon, 1991). Starting from the atomic and
molecular analytical data previously described and from
corresponding 3D structures of building blocks and bonds
constructed in a library, the nature and total amount of the
latter were first calculated to fit analyses. Further compu-
tation was simplified using intermediate building blocks and
bonds where equivalent carbon configurations replaced
heteroelements. Then, 3D carbon skeletons of kerogens were
constructed by successively connecting these building blocks
and bonds randomly sdlected from the library, assuming that
any building block is connected by one or two covalent
bonds. Finally, kerogen models were obtained by substituting
carbons by heteroelements according to their corresponding
atomic and functional analyses. A possible structure thus
obtained for a type Il kerogen at the end of catagenesis is
shown on Figure 16. The microporosity observed in this
structure is not an input constraint; it results exclusively from
the construction with building blocks respecting bond lengths
and directions.

TABLE 2

Main structural characteristics of kerogen models and associated natural samples corresponding to the following evolution stages:
a beginning of diagenesis; b: beginning of catagenesis (beginning of oil generation); c: end of catagenesis (beginning of gas generation)

Kerogen | at. H/C at. O/C MW AliphaticC | Naphthenic C | Aromatic C (fa) | Av. condensed | Main funct.| O in main f.g.
(dalton) (% of tot. C) | (% of tot. C) (% of tot. C) ring number group (% of tot. O)
Typel-a 164 0.06 21187 74 12 14 19 Ether 51
Typel-c 0.83 0.013 4024 36 € 64 38 Ether 50
Typell-a 134 0.196 25815 51 19 30 28 Ester 31
Typell-b 1.25 0.089 19860 45 14 41 31 Ester 48
Typell-c 0.73 0.026 7949 28 € 72 45 Ether 60
Typelll-a| 1.06 0.281 26176 38 13 49 3 Phenoal 25
Typelll-b | 0.98 0.138 18939 34 6 60 34 Phenoal 32
Typelll-c | 0.67 0.059 13226 19 € 81 5.7 Ether 34
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H/C =0.67
O/C =0.059
N/C =0.009

Figure 16

1050°C

3D molecular structure of type Il kerogen types at the evolution stage c: end of catagenesis. The energy is not minimized, but this is
expected to make little difference due to the high aromaticity of this structure.

CONCLUSIONS

The increasing number of geochemical studies on petroleum
systemsraised in some cases questions as to the attribution of
a defined type to specific source rocks, and these ambiguities
were reflected by the frequent association of two types (1/11
or [1/111) to account for some of the measured geochemical
parameters. The proposition of such associations is clearly
not in line with the initial aim of characterizing sedimentary
organic matter both by its origina organic material and its
depositiona environment, as expressed by Tissot and Welte
(1978, p. 142). The classification of kerogens based on
reference types defined by their position in a van Krevelen
diagram has indeed been of great help for oil exploration in
predicting the petroleum generative capacity of source rocks
and in describing the chemical characteristics of the
generated oils. The notions of kerogen types and evolution
paths, even though they may appear as an oversimplification
of unique environmental situations, enabled a great dedl of
geochemica data to be condensed and explained in a smple
manner to non geochemists. By achieving this, geochemistry
secured a major position among the tools for oil and gas
exploration. It should also be recalled that kerogen
classification and association to specific depositional
environments was at the source of major petroleum

discoveries, and particularly those sourced by terrestrial
organic matter.

In view of the extensive knowledge acquired on kerogen
formation during the nearly twenty years following
publication of kerogen models, thanks to studies of new
samples and, more importantly, the new developments of
analytica tools, one can today question their representativity.
For example, the type | model presented here is likely valid
only for kerogens corresponding to alkaline depositional
environments similar to those occurring for the Green River
Shale sedimentation. For type | organic matter resulting from
eutrophication conditions, the microbial population and
hence its chemical composition should be closely related to
changes in the environment chemistry. Even among the
Green River samples, a fairly large variability of the
chemical analysis from immature kerogens was indeed
observed (Tissot et al., 1978), both laterally and vertically.
This is also true when comparing type | kerogens from the
Green River shale to Botryococcus-derived type | kerogens,
the structure of which has been the subject of numerous
studies (Béhar et al., 1995, and references therein). In the
case of type | paraffinic moieties, a large fraction of long
chain congtituents such as those observed by high
temperature gas chromatography, although nonextractable
with usual solvents, is probably only trapped by physical
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entanglement or steric hindrance and not linked by covaent
bonds to the kerogen structure. The type 11 model could have
a broader representativity, up to a certain limit of sulfur
content. On the contrary, the molecular representation of
coals and type |11 kerogens by averaged chemica structures
cannot be redlistic. In fact it was shown early on, by light
microscopy observation of coals (Stopes, 1935), that their
main constituents are physically completely separated at the
microscopic level, thus implying separation at the macro-
molecular level. Given the common precursors of coas and
type |11 kerogens, a similar problem should occur for the
latter (Vandenbroucke, 1980). Accordingly, the organic
fraction is mostly made up of ligneous debris with a
predominantly aromatic structure, and a variable minor
proportion of congtituents derived from the protective tissues
of higher plants, with a predominantly aliphatic structurerich
in long chain alkanes. This double contribution from organic
remains explains the apparent discrepancy observed between
the mostly aromatic kerogen composition, as seen by
elemental analysis with an atomic H/C ratio lower than 1,
and the highly paraffinic extracts and oils generated by this
type Il kerogen, in comparison with type |l generated
products. Separation between aromatic lignous components
and aliphatic debris from leaf and fruit membranes may also
explain in part the very early generation and migration of
heavy saturates in oils sourced by some type Il kerogens, as
observed in severa case studies (Khorasani and Michelsen,
1991; Clayton et al., 1991).

Further advances in kerogen knowledge can still be
expected in the coming years from new developments in
analytical techniques. However many unknowns will remain
for along time regarding the atomic structural arrangement
in kerogen moieties, in part because microscopic techniques
at the atomic level need to be developed and adapted to such
a study, and aso because the onset of kerogen formation is
mainly governed by biological processes, particularly
biodegradation of living organic matter, the mechanisms of
which still need many years of research to be understood.
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