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Simple kinetic models of petroleum formation.
Part I: oil and gas generation from kerogen
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Modern basin analysis uses kinetic models to predict the extent of petroleum generation within
potential source rocks. The global kinetic model presented here assigns kinetic parameters based
on gross depositional environment and stratigraphic age; this is useful in areas of low
geochemical knowledge, including exploration frontiers. Five kerogen kinetic organofacies, each
characterized by a specific organic matter input and early diagenetic overprint, can broadly be
related to sedimentary facies/age associations, even using seismic sequence stratigraphy alone:
A, aquatic, marine, siliceous or carbonate/evaporite, any age; B, aquatic, marine, siliciclastic, any
age; C, aquatic, non-marine, lacustrine, Phanerozoic; D/E, terrigenous, non-marine, ever-wet,
coastal, Mesozoic and younger; and F, terrigenous, non-marine, coastal, late Palaeozoic and
younger. Routine pyrolysis data allow partitioning of organic carbon in the immature source rock
into four initial components: oil, oil-generative, gas-generative and inert. Separate kinetic
parameters for the oil- and gas-generative fractions allow computation of the evolving
concentration and composition of the products. It was assumed that the activation energy
distributions for each fraction were normally distributed. Non-linear regression of large,
combined laboratory and field data sets, varying by up to 12 orders of magnitude in heating rate,
established optimum values for the required ten (5 x 2) kinetic parameter sets {A, Emean, Ot}
Differences in kinetic parameters can be reconciled with known chemical properties, although
our knowledge base is still inadequate to construct kinetic models from first principles. Mean
activation energies governing oil generation increase systematically in the order A—F, causing a
corresponding increase in generation temperature. At a reference heating rate (2°C Ma™"), the oil
generation ‘'window’ (10-90% oil generative kerogen degraded) increases from ca. 95-135°C to
145-175°C. Organofacies C has the tightest energy distribution and narrowest oil generation
window. The gas generation ‘window’ ranges from ca. 105—155°C to 175—-220°C. Thermal stress
results from a combination of temperature and time: an order of magnitude increase (decrease)
in heating rate elevates (depresses) reaction temperatures by ca. 15°C; heating rates in subsiding
sedimentary basins can vary by two orders of magnitude. Dramatic differences in generation
temperature can result if the heating rate and organofacies effects compound. Thus, giobal oil
and gas generation temperature thresholds constitute blunt instruments with which to screen
the petroleum potential of sedimentary basins. Because unexpelled oil provides a potential
feedstock for oil to gas cracking in the source rock, quantitative models of petroleum generation
become really useful only when coupled with models of oil-gas cracking and expulsion. For
example, the frequently observed association between gas provinces and coals cannot be
explained solely by their generation behaviour.

Keywords: kinetic models; hydrocarbon generation; kerogen

This paper is the first in a trilogy describing a simple
model of petroleum formation, which we use to
calculate potential petroleum charges expelled from
source rocks in sedimentary basins. There are three
component processes (Figure 1): (1) generation of
petroleum (oil and gas) from sedimentary organic
matter (SOM) described here; (2) oil to gas cracking,
with possible further application to in-reservoir
cracking (Pepper and Dodd, 1995); and (3) expulsion,

* Correspondence to A. S. Pepper at: BP Exploration Inc, BP Plaza
One, 200 Westlake Park Boulevard, PO Box 4587, Houston,
TX 77210-4587, USA

1 Present address: ¢/o Mrs W. J. Corvi, Rugby School, Rugby, UK

open system modelling (Pepper and Corvi, in press),
coupling both processes with a novel model of petro-
leum expulsion (Pepper, 1989; 1992).

These three processes are arranged in sequential
order of decreasing knowledge, and hence increasing
discussion and debate, among petroleum geochemists.
Our approaches differ significantly from published
alternatives and from an earlier proprietary model
(Cooles et al., 1986; Quigley et al., 1987; Quigley and
Mackenzie, 1988; Mackenzie and Quigley, 1988).

Because we have assumed no prior expertise from
the reader, petroleum geochemical specialists will be
familiar with the initial parts of the paper which
describe the raw materials in the petroleum generation
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Figure 1 Scheme of petroleum generation, cracking and
expulsion

process and review the subject of petroleum generation
kinetics, previous models and differences between
them. We omit exhaustive details of mathematical
formalism, presenting only the equations necessary to
understand basic principles.

The main body of new work begins with the section
Kerogen kinetic classification: organofacies. After
summarizing the results of our kinetic optimization, we
discuss the possible underlying chemical controls. The
most important section from the point of view of
petroleum prospectivity then outlines the model’s
impact on predicting the generation state of source
rocks in sedimentary basins. In particular, we show
how generation temperatures vary with kerogen type
and basin heating rate. Subsequently, we compare our
kinetic calibration with other workers’ results, and
attempt to rationalize the similarities and differences.
Finally, we provide guidelines for use of the model in
areas of low knowledge, such as frontier exploration
settings.

Defining and quantifying the reactants
and products

Gross compositions

Sedimentary organic matter comprises largely the
elements carbon (C) and hydrogen (H) with additional
heteroatoms, mainly nitrogen, sulphur and oxygen
(N, S, O). Produced oil and gas (petroleum) comprise
the same elements, arranged mainly into hydrocarbons
(pure C and H) and NSO compounds (N, S and O
incorporated with C and H into more complex mole-
cules). Petroleum also contains asphaltenes, which can
be regarded as expelled fragments of the parent organic
matter (Behar and Pelet, 1985; Behar et al., 1985) and
non-hydrocarbon gases such as N, H,S and CO,.

Petroleum and kerogen: original definitions
Petroleum is present in all SOM from the time of

deposition. This initial petroleum, often called ‘imma-
ture oil’ or ‘bitumen’ as it is dominated by complex,
high molecular weight, non-hydrocarbon compounds
which are usually only minor constituents of migrated
oils (Stevens er al., 1956; Bray and Evans, 1961),
represents that portion of SOM which escaped conden-
sation into kerogen during early diagenesis. Histori-
cally, the petroleum content of source rocks has been
measured by extraction with mild organic solvents such
as dichloromethane; Durand (1980) defined kerogen,
by difference, as the unextractable organic residue: the
insoluble (non-petroleum) component of SOM.

In kinetic studies it is important to respect the
chemical distinction between hydrocarbons and petro-
leum, a distinction which many petroleum geoscientists
appear to ignore. (Geologists talk of ‘hydrocarbon
exploration’; hydrocarbon-rich petroleums are undoub-
tedly commercially attractive, but petroleum is the raw
material we actually find!)

Kinetic models are limited in scope by their reliance
on routine geochemical measurements reflecting hydro-
carbon content and potential. Bulk-flow pyrolysis
(usually a derivative of the Rock—Eval system of
Espitalié et al., 1977, e.g. Peters, 1986), which has
become the petroleum industry standard measure of
generative potential, monitors only hydrocarbon pro-
duction. NSO compounds and asphaltenes generally
fail to be volatilized and swept away to the flame
ionization detector; the equipment is not set up to
measure non-hydrocarbon gases such as CO, CO,, N,
and H,S. Although in principle these other compound
classes can be monitored and kinetic schemes devised
(Daly and Peters, 1982; Burnham et al., 1987; Serio et
al., 1987), most modern kinetic models describe
hydrocarbon rather than petroleum generation.

In the following we will see that the distinction
becomes critically important when laboratory-derived
data are the sole kinetic calibrant. The same issue
contributes to the difficulty in comparing Rock—Eval
derived kinetic parameters with those from alternative
types of laboratory experiment (Burnham et al., 1987)
such as hydrous pyrolysis (e.g. Lewan, 1985) or field
measurements (extract/carbon yields, e.g. Tissot, 1969;
Tissot et al., 1971).

Defining products and reactants in the model

Solvent extraction is still a prerequisite to detailed
examination of organic character (e.g. in oil source
characterization and correlation), but our current
reliance on pyrolysis requires that Durand’s (1980)
definition is modified for geochemical modelling
purposes. Routine screening of potential source rocks
now involves measurement of total organic carbon
(TOC) content and Rock—Eval type pyrolysis yield
(S1 and S2; sometimes P1 and P2). Pyrolysis—gas
chromatography (PGC) of the S2 effluent (Larter and
Senftle, 1985; Bjgray et al., 1992) separates the S2 yield
into individual components and compound classes.
These few routine measurements of hydrocarbon
potential limit us to a four(five)-component model of
immature (mature) SOM (Figure 1). The first division
is between the product and the reactant.

The generation products in our model are hydro-
carbons. These are divided into compositional ranges:
gas comprises hydrocarbons with one to five carbon
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atoms, whereas oil molecules have six or more
(England et al., 1987). These chemical definitions of oil
and gas should not be confused with the common
petroleum industry usage of these terms in describing
subsurface petroleum phase state (oil sensu liquid and
gas sensu vapour). In our model of immature SOM we
deem oil (Cg,) to be represented by the Rock—Eval
thermal volatilate (S1) yield.

We define kerogen by difference, as that proportion
of SOM which does not yield a thermal volatilate. In
this paper (Part I) we are concerned with the reactive
kerogen portion. As the name suggests, reactive
kerogen is thermally degradable: it is defined by the
pyrolysis S2 yield. When the S2 yield is normalized to
the TOC, the ratio is known as the hydrogen index
(HI). The HI thus provides an indication of the reactive
to inert kerogen proportions in the SOM. Inert kerogen
is so named because it generates no petroleum,; it is
quantified by difference as the organic matter released
neither in the S1 nor the S2 yield (Figure 1). Its carbon
content remains unmodified during the petroleum
generation process, and it may ultimately attain the
stable carbon lattice of graphite (Cooles et al., 1986;
Quigley and Mackenzie, 1988). However, as we will see
later, it plays key passive parts in our model during the
oil-gas cracking (Part II) and expulsion (Part III)
process. It is important here not to confuse this
chemical concept of inert kerogen with inertinite,
which is a petrographic maceral considered to be
incapable of petroleum generation (Erdman, 1975;
Stach et al., 1982). In our model, all SOM contains a
petrographically indistinguishable inert portion.

A final subdivision is required because all reactive
kerogens are mixtures of oil- or gas-generative
kerogen. Their relative proportions are measured by
the quantity G, which is simply the PGC-derived mass
fraction of gas in the S2 yield. [Previously, Mackenzie
and Quigley (1988) proposed a gas:oil generation
index (GOGI) calculated as the mass ratio of
C,_5:Cs,; we find the concept of a fraction more
useful than a ratio, which tends to distort the import-
ance of gas.]

Espitalié et al. (1988) published an experimental
procedure further subdividing reactive kerogen, which
monitors four effluent compound classes (see also
Forbes et al., 1991). They subdivide gas-generative
kerogen into C;- and C,_s-generative components;
oil-generative kerogen is divided into C¢_4- and C;s_. -
generative components.

Calculating reactant and product quantities

Division of SOM into starting concentrations for the
model is straightforward but for a slight complication
arising due to different measures and units: TOC is a
measure (usually wt.%) of carbon, whereas pyrolysis
yield is a measure of hydrogen plus carbon (usually
mgyc £ or kgye t™1). This is avoided by working in
SI measurements and carbon units throughout. Thus,
after conversion of S1, S2 to units ggc g ' and TOC
to units gc g~ ', hydrocarbon yields are reduced to
carbon equivalents using a factor W, the weight fraction
of carbon in hydrocarbons. Following Cooles et al.
(1986), we simply assume a global value of W=0.85
throughout. Actually, W varies slightly with carbon
number: from 0.75-0.83 in hydrocarbon gases

(methane, CH, to pentane, CsH,;), up to 0.87 for an
n-alkane of infinite length.

Simple equations (1-5) allow us to assign carbon
masses (C) to the four initial (denoted °) model
components (Figure 1); there is no initial gas concen-
tration. Carbon masses are given as follows. In initial
oil C

cy =w.s1’ (1)
initial kerogen Ci

Ck = 1-(W-S19 (2)
initial oil-generative kerogen Co

Cho = W-82"+(1-G") (3)
initial gas-generative kerogen Cig

Chg = W-82"-G° (4)
inert kerogen C%,

Ch = 1—(W[S1°+52°)) (5)

These simple expressions can be combined to describe
additional quantities [e.g. the carbon mass in reactive
kerogen Cig is the sum of C’kq and Cig; Equations
(3) and (4); Figure I], or fractional concentrations [e.g.
looking forward to Equations (11a~c)].

Note that this model of reactive kerogen departs
from a previously published one (Cooles ez al., 1986;
Quigley and Mackenzie, 1988; Mackenzie and Quigley,
1988) which divided it into labile and refractory
components, concepts which we no longer use.

Equivalent fractional carbon concentrations relative
to initial total carbon mass C" (= C{, + C¥) are

& = cy’

= W.S1%Toc’ (6)
k= Ccye’

= 1—(W-S1%TOC") (7)
ko = Cko/C’

= W-82"- (1-G"y/TOC" (8)
ke = Cka/C

= W-.82". GYTOC’ (9)
ki = Ci/C"

= 1—(W - [S1°+82")/TOC") (10)

Kerogen compositional variation in nature

When Equations (6)~-(10) are used to investigate the
initial kerogen compositions of various source rocks,
the results cast doubt on some traditional and con-
tinuing explanations for the association of gas deposits
with type III kerogens (sensu Tissot et al., 1974).
For example, humic coals with low HI" are often
considered inherently gas-generative, compared with
type I and type 11 SOM with high HI’ (e.g. many
marine and lacustrine sediments), which are considered
inherently oil-generative (e.g. Dow, 1977; Hartman-
Stroup, 1987). Figure 2 confirms that G’ (or GOGI’)
varies inversely with HI: kerogens with low HI"
generate petroleums with a relatively high gas to oil
ratio. However, this is only part of the explanation, as
Figure 2 also shows that almost all source rocks
generate mainly oil, with gas yields exceeding oil
(G? >0.5; GOGI" >1) only at exceptionally low HI’.
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Figure 2 Global correlation between G° GOGI® and HI° is useful
when PGC data are lacking (based on 1280 conventionally
immature (R, < 0.5%) samples in BP's geochemical database).
See Table 6 for additional correlations

Translating the global trend on Figure 2 using the
above equations, Figure 3 shows how the different
portions of initial kerogen vary with HI®, and amplifies
the point that gas-generative carbon is never a major
component of total carbon. In fact, supposedly ‘gas-
generative’ SOM with low HI? actually has a smaller
portion of gas-generative carbon than supposed ‘oil-
generative’ SOM with high HI°! Hence the geochemi-
cal paradox that humic coals are able to generate oil,
but are often associated with gas deposits (Durand and
Paratte, 1983). Figure 3 also hints at what we believe to
be the solution (Part III): source rocks with low and
high HI? differ mainly in the relative concentration of
oil-generative versus inert carbon. For the moment, we
make the key point that gas yields direct from kerogen
are a subordinate factor in determining the ultimate
gas-proneness of source rocks.

Monitoring kerogen degradation

Given PGC data for a series of samples subjected to
increasing thermal stress, it is feasible to calculate
separately the rates of degradation of the oil- and gas-
generative components

Residual oil-generative carbon  Cgo
= (11a)
Initial oil-generative carbon Cko

and

Residual gas-generative carbon Ckg
= (11b)
Initial gas-generative carbon Ckc

If no PGC data is available, then only the bulk kerogen
degradation rate can be determined (using a mass
balance approach similar to that adopted by Cooles et
al., 1986)

Residual reactive carbon Cg
=— (11¢)
Initial reactive carbon C%

Whichever method is used, the result will be a set
of fractional kerogen concentrations decreasing in
response to increasing thermal stress. These constitute

the raw data for the kinetic optimization procedure
described later. First, we discuss the principles govern-
ing, and the current range of models describing,
kerogen breakdown.

Temperature and time in petroleum formation

The last three decades have witnessed the development
of increasingly sophisticated models attempting to
quantify the rates of petroleum formation in sedimen-
tary systems. An early realization of the importance of
temperature and time was reached by students of
coalification (Karweil, 1955; Pitt, 1961; Juntgen and
van Heek, 1968). Most petroleum geochemists soon
followed, agreeing on the importance of temperature
(Philippi, 1965; Louis and Tissot, 1967; Albrecht, 1969)
and time (McNab et al., 1952; Vassoyevich et al., 1970;
Teichmuller et al., 1971; Bostick, 1973; Erdman, 1975;
Dow, 1977), rather than pressure (Louis and Tissot,
1967; Bostick, 1973) or mineral catalysis (Hoering and
Abelson, 1963).

Tissot (1969) and Lopatin (1971) attempted to apply
chemical kinetics to petroleum generation in natural
systems. Connan (1974) summarized the influence of
both temperature and time on oil generation in a study
of naturally heated source rocks from a wide variety of
sedimentary basins. He described thermal history using
the present day temperature (7,,,,.) and the formation
age. Hood et al. (1975) attempted to refine this very
simple description of thermal history, introducing the
concept of effective heating time (f.). Arguing that
the most recent temperature exposure should be the
most critical in determining the amount of petroleum
generated, they — somewhat arbitrarily — proposed
that ¢, should be the time over which the last 15°C
temperature increase occurred.

Both methods effectively assumed isothermal heat-
ing, although it was recognized that a continuous
variation of temperature with time would prevail in
subsiding sedimentary basins. A partial answer was
provided by the time—temperature index (TTI) method
of Lopatin (1971), promoted in the West by Waples
(1980), which allowed a geologically reasonable heating
rate history. However, the kinetic description in the
model was based on a simple rule of thumb borrowed

FRACTION OF CARBON IN TOTAL KEROGEN
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Figure 3 Initial kerogen composition as a function of HI°,
calculated from the correlation in Figure 2, using Equations
(7)-(10)
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from solution chemistry: that reaction (i.e. kerogen
degradation) rates double with every 10°C rise in
temperature (Lopatin, 1971; Momper, 1972; Laplante,
1974). This method was widely applied throughout the
1980s because of its computational ease.

However, the availability of increasingly cheap and
powerful personal computers during the late 1980s
allowed proliferation of an Arrhenius kinetic modelling
approach pioneered by Tissot and Espitalié (1975).
There have been many subsequent expansions and
modifications (Akihisa, 1978; Ungerer, 1984; Lewan,
1985; Ungerer et al., 1986; Quigley et al., 1987; Tissot et
al., 1987; Burnham et al., 1987; 1988; Bar et al., 1988a;
Quigley and Mackenzie, 1988; Mackenzie and Quigley,
1988; Okui and Waples, 1992). With this advance came
a growing realization of the comparative inaccuracy of
the TTI method (Quigley et al., 1987; Wood, 1988;
Ungerer, pers. comm., 1991; Waples, pers. comm.,
1991), with the result that Arrhenius kinetic models are
now widely favoured. A number of versions are com-
mercially marketed, in addition to those proprietary to
petroleum exploration companies.

The algorithms exist in two basic forms: (1) zero-
dimensional models which make predictions as a
function of maximum temperature, assuming a given
constant heating rate — this approach works well
where the relevant part of the thermal history of
the source rock (i.e. that before the attainment
of maximum temperature) is relatively simple; and
(2) embedded within a one-dimensional (e.g. IFP/
BEICEP’s MATOIL or GENEX; Chenet, 1984; Forbes et
al., 1991) or two-dimensional (e.g. THEMIS; Ungerer
et al., 1984) thermal model which reconstructs the
subsidence and heat flow history of a sedimentary
column or section. This not only helps to under-
stand petroleum generation during complex thermal
histories, but also predicts the timing of petroleum
generation.

Any kinetic model can be adapted to read thermal
history from a supplied temperature—time history: our
algorithm exists both as a stand-alone zero-dimensional
Macintosh-based module, and as subroutines within
a proprietary Vax-based one-dimensional thermal
modelling package THETA (Allen and Allen, 1990).
Although the diagrams accompanying this trilogy of
papers are derived, for simplicity of illustration, using a
simple linear heating rate history, we emphasize that a
non-linear thermal history is often more realistic.

Basis of current models: first-order kinetics
and the Arrhenius law

Modern kinetic models of petroleum generation are
based on two basic principles: first-order kinetics and
the Arrhenius law.

Kerogen degradation can be modelled as a first-order
reaction, i.e. the rate of degradation dc/dt is propor-
tional to the concentration ¢ of kerogen at any time

de/dt = —kc (12)

This is an important simplification because it implies
that the only quantity required in modelling kerogen
breakdown is the initial concentration of the oil- or gas-
generating kerogen. (In this respect it is analogous to
radioactive decay). The rate constant k of this first-

order reaction is assumed to be governed by the
Arrhenius law

k = Aexp (—E/RT) (13)

which relates the reaction rate to A, the frequency
factor (in s™') and E, the activation energy (in
J mol™'). R is the universal gas constant (8.31441
T mol™! K™'); T is absolute temperature (K).

A and E are properties of the reactant (i.e. oil- or
gas-generating kerogen); they may be conceptualized
as measures of the vibrational frequency and strength
of a molecular bond, respectively. We discuss possible
relationships between these mathematical constants
and the known chemical properties of kerogens after
the presentation of our results.

Single versus multiple activation energy
distributions

An important additional factor has to be taken into
account in using the Arrhenius law to model kerogen
breakdown. For computational ease, very early models
(Karweil, 1955; Huck and Karweil, 1955) assumed that
the single activation energy implicit in Equation (13)
could describe bulk coalification and methane genera-
tion. However, Tissot and Espitalié (1975) recognized
the shortcomings of a single component model of
kerogen degradation; reservations were amplified by
Snowdon (1979). Modelling of kerogen breakdown is
complicated by the large variety of complex and poorly
understood parallel and consecutive reactions involved.
Strictly speaking, a kinetic model requires knowledge
of all the individual A’s and E’s characterizing the
various chemical bonds which are broken in response to
thermal stress. Such a requirement is currently well
beyond our analytical and computational capability.
So, in practice, simplification of some sort is required.

Current kinetic models of kerogen degradation
address this problem by assuming that complex
petroleum-forining reaction suites can be represented
by a manageable series of parallel reactions whose
individual activation energies can be determined
empirically by trial and error regression methods.
Examples include: bulk degradation of kerogen (Tissot
and Espitalié, 1975; Burnham er al., 1987; 1988);
breakdown of specific kerogen fractions — in our case
two (0il and gas), in the model of Espitalié et al. (1988)
four (C,, C,_s, Ce_14 and C;5,) generative fractions;
and production of various boiling point ranges
(Sweeney er al., 1986). Depending on the type of data
being analysed, the optimization can be performed on a
PC (e.g. IFP’s OPTIM; Ungerer, 1985; Ungerer and
Pelet, 1987) or may require much greater computa-
tional power, as in our approach outlined in the
following.

This complexity requires that Equations (12) and
(13) are expanded into a system of equations:

de/dt = —kc; (14)

where the subscript i denotes the ith component within
the activation energy distribution. In practice, the
frequency factor A is assumed to be the same for all
activation energies E; within the distribution, so that
Equation (7) becomes

k; = Aexp (—EJ/RT) (15)
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The overall progression of the bulk reaction is then
derived by summing the progress of all the individual
component reactions described by Equations (14) and

(15).

Summary of existing kinetic models:
important differences

Although most generation models to date have applied
these basic equations, a review of published work
reveals many differences in approach, each leading to a
different projection of oil and gas generation in the
geological system. These differences are basically
three-fold in (1) the type of activation energy distribu-
tion allowed; (2) the various origins of data on which
the empirical kinetic calibrations are performed and
(3) the number of kerogen types envisaged.

Differing types of activation energy distribution

Early models used single activation energies to describe
organic maturation and associated processes (Karweil,
1955; Huck and Karweil, 1955; Tissot and Espitalié,
1975). However, it is now widely appreciated that such
models are unsuitable for describing kerogen break-
down: they do not explain the experimentally observed
increase in activation energy with reaction progression;
attempts to simulate a reaction suite governed by a
range of activation energies with a single energy results
in an artificially and unrealistically low value.

Activation energy distributions are the norm in
modern kinetic models. Some models allow the linear
combination of several first-order parallel and indepen-
dent reactions. We refer to these as discrete distribu-
tions (e.g. Tissot and Espitalié, 1975; Ungerer, 1984;
Ungerer et al., 1986; Braun and Burnham, 1986;
Burnham et al., 1987; 1988; Sundararaman et al.,
1988; Okui and Waples, 1992). Others, accepting that
there are effectively an infinite number of unknown
reactions, assign a Gaussian or normal distribution of
energies about a specified mean (e.g. Pitt, 1961;
Anthony and Howard, 1976; Quigley et al., 1987,
Braun and Burnham, 1987; Burnham et al., 1987,
Quigley and Mackenzie, 1988; Mackenzie and Quigley,
1988). A normal distribution is uniquely defined by a
mean (E..,) and standard deviation (og).

Our choice of Gaussian activation energy distribu-
tion was partly practical: our software (described in the
following) was already written to optimize parameters
A, Ecan and og. Calculation of kerogen breakdown
rates and extents therefore requires a knowledge of
these three constants for each (oil, gas) generative
fraction.

Differing calibrant thermal regimes

Unique kinetic parameter sets require direct observa-
tions of kerogen degradation, made under different,
but known, thermal regimes. The range of thermal
regimes should be as wide as possible.

Early models were calibrated using only low tem-
perature ‘geological’ or ‘field’ data. Following early
studies by Karweil (1955), Huck and Karweil (1955),
Tissot (1969), Connan (1974) and Hood et al. (1975),
this approach lost favour because of increasing realiza-
tion that the assumed thermal history of the naturally

heated samples, on which such calibrations relied, was
often poorly understood. To our knowledge, no current
model relies on kinetic parameters derived exclusively
from this type of data.

Many published parameter sets (of both single and
multiple activation energy type) are calibrated using
only high temperature ‘laboratory’ data, such as oil-
shale retorting, various types of high temperature bulk
flow, or confined (usually hydrous) pyrolysis (Pitt,
1961; van Krevelen, 1961; Hoering and Abelson, 1963;
Juntgen and van Heek, 1968; Weitkamp and Gutberlet,
1968; Braun and Rothman, 1975; Akihisa, 1978;
Lewan, 1985; Tissot et al., 1987; Burnham et al., 1987,
1988; Sundararaman et al., 1988; Okui and Waples,
1992).

To date, the most popular laboratory method has
involved anhydrous bulk flow pyrolysis. Sample splits
are pyrolysed in Rock—Eval equipment (Espitalié et
al., 1977) specially modified to operate at two or three
different heating rates (e.g. around 0.5, 5 and 50°C
min~'). Shifts in the resulting S2 pyrolysis peaks are
subjected to a trial and error best-fitting routine, which
establishes the most appropriate set of kinetic para-
meters (e.g. IFP’s oPTIM; Ungerer, 1984; 1985;
Ungerer et al., 1986; Ungerer and Pelet, 1987; Tissot ez
al., 1987; or LLNL’s KEROGEN; Burnham et al., 1987,
1988). These techniques measure rates of hydrocarbon
generation.

Another popular source of laboratory kinetic data is
isothermal, sometimes ‘hydrous’ (with added water)
pyrolysis (Harwood, 1977; Lewan et al., 1979, Lewan,
1985; Quigley et al., 1987). Experiments are conducted
on sample splits exposed to differing times and tem-
peratures. However, in contrast to bulk flow pyrolysis,
they provide measures of petroleum generation as they
are usually designed to measure total pyrolysate yields,
including non-hydrocarbons. Not surprisingly, these
data need to be described using different kinetic
parameters (Burnham et al., 1988).

The purpose of this review is not to discredit the use
of pyrolysis in kinetic studies. However, we would be
reluctant to contemplate extrapolation of Rock—Eval
results (up to 50°C min~! in the fastest optimization
run) to geological heating rates which may be as much
as 14 orders of magnitude slower (e.g. 0.5°C Ma™!
during slow Palaeogene burial in the Paris Basin,
France). This is because, in common with Burnham et
al. (1987; 1988) and workers in other oil companies
(proprietary studies witnessed during exploration
partnerships), we have found it difficult to calibrate the
pyrolysis heating rate to the required level of precision
(Figure 4).

Laboratory-derived kinetic parameters are surpris-
ingly sensitive to small inaccuracies in heating rate
(Burnham er al., 1987; 1988), as well as other
experimental design factors. For example, is it more
important to use kerogen concentrates (in an attempt
to reduce the thermal inertia of the sample material and
reduce mineral matrix/mass transport effects) or to
retain whole rock samples where the intimate associa-
tion with water and minerals is more representative
of the ‘natural’ source rock environment? Depending
on the choice, different kinetic parameters will be
obtained.

Aside from these practical limitations, Snowdon
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Figure 4 Establishing an accurate thermal history is not
straightforward, even in laboratory pyrolysis experiments.
Thermal inertia causes actual temperature (thermocouple at
base of crucible) to lag behind programmed temperature, and
then catch up, in BP's P1P2 bulk flow pyrolysis equipment.
Actual heating rate is about 10% faster than programmed

(1979) has summarized some fundamental objections
based on chemical kinetic principles, particularly to the
assumption that high temperature reaction pathways
are identical to those utilized at geological heating
rates, and the possibility that kinetic parameters are not
temperature-independent over the wide temperature
range of extrapolation.

Thus we favour a third type of calibration based on
both laboratory and field data (Ungerer, 1984; Ungerer
et al., 1986; Quigley er al., 1987, Quigley and
Mackenzie, 1988; Mackenzie and Quigley, 1988). This
avoids uncertainties inherent in extrapolation as all
allowable heating rate regimes are incorporated in the
initial calibration. Predictions are effectively derived by
interpolation, which is inherently more reliable than
extrapolation.

Incorporation of field data into the calibrant set
introduces geological uncertainty in thermal history
(Guidish er al., 1985) and sometimes even in present
day temperatures when derived by correcting suites of
borehole logging temperatures (e.g. Luheshi, 1983).
Uncertainties in the field thermal regime are overcome,
firstly, by choosing simple, well understood basins and,
secondly, by including multiple field data sets in each
calibration, in the reasonable expectation that tem-
perature errors will cancel from basin to basin. We also
point out that unless laboratory-derived kinetic para-
meters are to be of merely academic interest or applied
over the high temperature regimes in which they were
calibrated (e.g. oil-shale retorting plant), they too must
be applied in the geological environment, where there
are the same thermal uncertainties.

Some workers have taken the pragmatic step of
adjusting initial laboratory-derived kinetic parameters
to attain a better fit with good quality field data sets. An
example is the IFP’s type IIl kerogen, adjusted to fit
subsurface coal data from the Handil field, Mahakam
Delta, Indonesia (Ungerer et al., 1986; Tissot et al.,
1987).

Differing numbers of kerogen types

The potential range in number of envisaged kerogen
types is illustrated by the opposing extremes of

philosophy in published works. One school of thought
can be summarized ‘all kerogens are different’: genera-
tion rates can be predicted only after kinetic calibration
of individual source rock samples (e.g. Tissot et al.,
1987; Sundararaman et al., 1988). On the other hand,
Quigley et al. (1987), Mackenzie and Quigley (1988)
and Quigley and Mackenzie (1988) proposed that all
kerogens can be considered hybrids of two global
(‘labile’ and ‘refractory’) end-members.

We recognize the geological reality that oil and gas
generation from each individual source rock, and even
different lateral and vertical sections within a given
source rock, will be characterized by distinct sets of
kinetic parameters (i.e. A, E .., and og). However,
the foregoing discussions have demonstrated that
accurate simulation of such geological complexity is
unattainable.

Truly useful models should not require more input
data than can reasonably be expected from the user;
thus our aim was a simple and predictive classification,
i.e. one application in areas of low as well as high
knowledge. Note that high knowledge does not neces-
sarily follow from high well density or prolific produc-
tion: in our experience, many basins which are mature
from the exploration/production point of view are
‘geochemical frontiers’, where wells are too shallow or
otherwise inappropriate for geochemical sampling, or
else where the sourcing system is simply assumed as a
‘given’ in the play system.

Data provide a further (practical) limit on the
number of kerogen types: our model has two (oil- and
gas-generative) reactive kerogen fractions. Each
kerogen type must be supported by sufficient reliable
data to establish the six new paramaters (A, E,;.., and
o for each generative fraction) describing the
breakdown of a reactive kerogen mixture.

Kerogen Kinetic classification: organofacies

Thus we were motivated to adopt a relatively simple
five-fold kerogen kinetic classification based on the
‘organofacies’ concept (Table 1; Figure 5). An organo-
facies is defined as: a collection of kerogens derived
from common organic precursors, deposited under

Figure 5 Are kinetic parameters predictable from palaeo-
geography? As each of the five organofacies has a close
sedimentary facies association, this classification offers the
potential to estimate kinetic parameters based on simple
geological concepts which can be developed given even a
rudimentary state of exploration knowledge
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Table 1 Kerogen kinetic classification: definition of five global organofacies

Organofacies Descriptor Principal Sulphur Environmental/ Possible IFP
biomass incorporation age association classification
A Aquatic, marine, Marine algae, High Marine, upwelling Type II'S’
siliceous or bacteria zones, clastic-starved
carbonate/evaporite basins (any age)
B Aquatic, marine, Marine algae, Moderate Marine, clastic Type Il
siliciclastic bacteria basins (any age)
Cc Aquatic, Freshwater algae, Low ‘Tectonic’ non- Type |
non-marine, bacteria marine basins;
lacustrine minor on coastal
plains (Phanerozoic)
D Higher plant cuticle, Low Some (Mesozoic and Type II'H’
. resin, lignin; younger) ‘ever-wet’
Terrigenous, bacteria coastal plains
non-marine, waxy . .
E Higher plant cuticle,
lignin; bacteria
F Terrigenous, Lignin Low Coastal plains Type {1V
non-marine, (Late Palaeozoic
wax-poor and younger)

similar environmental conditions and exposed to simi-
lar early diagenetic histories. It was largely inspired by
a proprietary kerogen and oil classification scheme
devised by Dr A. J. G. Barwise in the early 1980s.

Organic characteristics

Organofacies A, B and C kerogens are dominated by
aquatic, algal- and bacteria-derived precursor lipids.
However, important differences exist in the early
diagenetic pathways which determine the ultimate
chemistry of marine algal/bacterial SOM in siliciclastic-
poor (A) and siliciclastic-rich (B) sediments. Where
detrital iron is lacking, i.e. in clastic-starved lithofacies,
sulphur escapes ‘scrubbing’ and is available for incor-
poration into kerogen. Thus organofacies A kerogens
have a higher content of sulphur and other heteroatoms
than organofacies B.

Organofacies C lipid precursors are waxy freshwater
algae (and bacteria) which experience sulphate-free
diagenesis in non-marine, lacustrine basins. Organo-
facies D, E and F occupy non-marine environments
with an input of terrigenous SOM and bacteria.

We did not attempt to distinguish organofacies D
(wax plus resin-rich) from E (wax-rich) in our study,
partly because we lacked large representative data sets
for terrestrial sediments of the two types, and also
because they would be impossible to discriminate in
areas of low knowledge. For want of a better descrip-
tor, we have nominated D/E as ‘waxy’ versus F as ‘wax-
poor’. This distinction is best made using chemical
measurements (i.e. PGC analysis). We agree with
Powell and Boreham (1994), and many others, that
organic petrography (e.g. abundance of optically
visible exinite macerals such as cutinite; Nip et al.,
1989) is usually a poor discriminant of the oil-
generative capacity of coals.

So, relative to organofacies F, D/E has a higher
proportion of higher plant/bacterially-derived lipid,
relative to lignin input. Important evolutionary con-
straints determine the availability of cuticular wax and
resin which are the main precursors of higher plant-
derived lipids (e.g. Shanmugam, 1985). A high wax and
resin content is not typical of Palaeozoic terrestrial

SOM, consistent with our experience that Palaeozoic
terrestrial kerogens belong almost exclusively to
organofacies F.

However, the converse is not true: Mesozoic—
Cenozoic age does not automatically confer D/E
classification. Thus, even when lipids are available as
input to the sediment, important but probably subtle
depositional and diagenetic controls, very difficult to
predict ahead of the drill, will differentiate organo-
facies D/E and F. It is widely appreciated that the
depositional process and early diagenesis can strongly
modify the organic matter composition preserved in
coal-forming environments (van Krevelen, 1961; Stach
et al., 1982; Thompson et al., 1985); however, a
detailed and predictive understanding, especially of the
role of bacteria, still eludes us. Bacterial biomass itself
may represent an important, microscopically undetec-
table, organic input.

The traditional notion that a high water-table and
anoxic freshwater diagenesis (putrefaction) enriches
the lipid concentration, to be preserved at least in part
as the exinite maceral group (Stach er al., 1982),
implies that the ‘wetness’ of the local environment is
tmportant. Thus, ‘ever-wet’ microclimates (sensu
Morley, 1981) will tend to support permanently water-
logged environments, whereas those affected by
seasonal dry spells will expose accumulating SOM to
periodic oxidative microbial activity. Similarly, the well
drained (?upper) reaches of an alluvial-coastal plain
profile may be less favourable organic preservation
sites than those permanently waterlogged sites closer to
base (i.e. sea/lake) level (Figure 5). Such subtleties will
make it difficult to forecast, ahead of the drill, the
presence of organofacies D/E versus F in post-
Palaeozoic systems; a probabilistic approach may be
the appropriate method of handling such uncertainty.

Depositional, environmental and stratigraphic
context of the organofacies

The exciting possibility offered by the organofacies
approach lies in its potential to link global kinetic
parameters to broad sedimentary facies. Given only a

298 Marine and Petroleum Geology 1995 Volume 12 Number 3



Kinetic models of petroleum formation: A. S. Pepper and P. J. Corvi

regional seismic survey, it is usually possible to
construct a simple palaecogeography (e.g. the cartoon in
Figure 5) and arrive at some rudimentary understand-
ing of gross depositional environment (GDE) or
position within the systems tract (e.g. Vail, 1987; Van
Wagoner et al., 1988) within which potential source
rocks of organofacies A—F could be forecast:

A Transgressive to maximum flooding systems on
carbonate platforms (if sufficiently thick, may
be directly detectable due to abnormally low
acoustic impedance); lagoonal and intra-shelf
topographic depressions

B Transgressive to maximum flooding systems on
clastic depositional margins. As with organofacies
A, they may be directly detectable, and perhaps
one of the most prominent seismic reflectors in
the basin, e.g. the ‘base Cretaceous’ reflector of
the North Sea. Seismically it may be difficult to
differentiate the distal toesets of an overlying
highstand progradational system from the under-
lying flooding system, leading to the frequent
misconception of ‘prodelta’ source rocks

C  Relative lake highstands within major lacustrine
depositional systems; features essentially in
common with organofacies B (including direct
detection on seismic profiles, e.g. Pematang
Brown Shale, Central Sumatra, Indonesia;
Longley er al., 1990). Controls on lacustrine
source rock development are more complex than
for marine systems (Powell, 1986; Katz, 1990).
Figure 5 portrays the concept that most large
lake, and thus lacustrine source, systems will be
tectonically controlled (Katz, 1990); however, in
common with Powell (1986) we also recognize
that relatively thin lacustrine source rocks can
develop in paludal settings on coastal plains (e.g.
Natuna Basin, Indonesia)

D/E Developed either behind the shoreline of the
transgressive systems tract or during aggradation
of the topsets in response to the highstand system;
relatively small proportions of low velocity,
low density coal in a depositional sequence may
be directly detectable based on low acoustic
impedance (e.g. Eocene coal measures of the
East Java Sea; Barley et al., 1992).

F  Essentially belonging to the same systems tracts
as organofacies D/E, but distinguished on inter-
preted age (if Palaeozoic) climate/palaeolatitude
or position relative to the seismically defined
shoreline. Irrespective of geological age, with
increasing distance landward from the shoreline
there will be increasing probability of passing
through the upper delta plain to a relatively
elevated and ?oxidizing alluvial plain environ-
ment (definitions sensu Galloway and Hobday,
1983; Fielding, 1985). Seismic detection follows
the same principles as D/E (e.g. Westphalian
coals of the southern North Sea Basin; Evans et
al., 1992).

Optimization procedure and input
data requirements

We now show how we performed the kinetic calibra-
tions for each global organofacies.

We used an existing proprietary Fortran code MINEX,
designed for the purpose (courtesy of Dr C. Lilley of
the Applied Physics Branch at the BP Research
Centre). We will summarize the significant features of
the input data sets and the MINEX optimization
procedure during the following discussion. Required
input data are

1. Thermal history. Three types are allowed: iso-
thermal pyrolysis at uniform temperature of varying
duration; isothermal pyrolysis of uniform duration
at various temperatures; and heating at a constant
rate from a specified initial temperature; allow-
ing heating rates ranging from very fast labora-
tory rates (e.g. bulk flow pyrolysis at 25°C min™")
to very slow geological rates (e.g. 1°C Ma™ ')

2. Initial concentrations of oil- and gas-generative
kerogen. MINEX allows the kinetic parameters
governing both oil- and gas-generative kerogen
breakdown to be calibrated either simultaneously
or separately. Thus, either bulk kerogen or
separate oil- and gas-generative kerogen concen-
tration data [Equations (11a—c)] can be submitted,
provided that the initial proportion of gas-
generative kerogen in the bulk kerogen is defined.

3. Concentrations of oil- and gas-generative kerogen
at a given temperature or time. Post-dating the
work in Cooles er al. (1986), Quigley et al. (1987),
Quigley and Mackenzie (1988) and Mackenzie and
Quigley (1988), a large volume of new data became
available, as a result of both continuing proprietary
analytical work, partly in new exploration areas,
and more widespread external publication of data.
The total data set can be summarized: old and new
proprietary bulk flow pyrolysis data, the new data
subjected to a rigorous analysis of instrument
heating rate (Figure 5); old proprietary sealed
capsule pyrolysis (SCP) data at differing isothermal
temperatures (isothermal temperature series) —
also six-year isothermal pyrolysis at differing
temperatures (Saxby and Riley, 1984; Saxby et al.,
1986); old and new proprietary SCP data at 370°C
(isothermal time series); miscellaneous new pub-
lished laboratory data including hydrous pyrolysis
(e.g. Bertrand et al., 1987) and oil-shale retorting
(Leavitt et al., 1987); old and new proprietary field
data; and new published field data (e.g. Huc et al.,
1986; Durand er al., 1987).

Most input data were measures of hydrocarbon
generation. Some laboratory calibrant sets, where
residual kerogen concentrations were measured on
extracted samples (e.g. our SCP data), or where oil
yield was measured directly, represent measures
of petroleum generation. Earlier, we stressed the
importance of maintaining a distinction between the
two. However, this is not a problem for us as we are not
attempting to extrapolate from the laboratory to the
field, and because all of our field data are measures of
hydrocarbon generation.

Data organization

We collated 58 ‘condensed’ (see later) data suites,
totalling 453 data points, each consisting of a fractional
kerogen quantity at a known temperature and heating
rate (temperature series data) or time (isothermal
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Table 2 Summary of data sets used in optimization of kinetic parameters for the five organofacies

Organofacies

A B C D/E F
Field data
Linear heating rate Brown Limestone KCF Porcupine®© Kerbau Coal Westphalian
Thebes Draupne Green River Kerbau Mudstone Gironville Coal
Monterey©-¢ J700:G Thailand Handil®-¢ Gironville Mudstone
Brown Limestone®¢ West Natuna Taranaki® % Hitra®-¢
Thailand®-¢
Laboratory data
Linear heating rate Brown Limestone*  Brae KCF* Torbanite Handil Westphalian
Brown Limestone*  Brae KCF* Green River
Brae KCF* Pematang 45.2
Pematang 52.7
Isothermal time Brown Limestone®¢ Dorset KCF AWDP G- Tuna®% Westfield®-®
series Monterey®-¢: KCF Pematang 45.2°%  Maui®% Hitra®-¢
St Medard® % PALC-G Pematang 52.7°%  Cost®%
LC-2 995°-¢- Tarakan® ¢
LC-2 1005°-G-
Isothermal HRZO-¢- AWDO-G
temperature PALC-G-
series Toarcian
Total No. of suites 10 15 9 8
Total No. of 119 101 74 62

condensed data

temperature/time series data). Between eight and 16
data suites were available for each organofacies set; the
number of condensed data points per set varied
between 62 and 119 (Table 2). The largest and most
numerous data sets belonged to the more common
marine organofacies A and B. Figure 6 shows an
example temperature series data set for organofacies C,
comprising field data, six-year pyrolysis, oil-shale
retorting data, isothermal sealed capsule pyrolysis
(temperature series) and bulk flow pyrolysis.
However, the total number (453) of condensed data
points in the study actually belies the true volume of
data analysed: each condensed data point in each set
represents an average of between two and four ‘raw’
data points. (Furthermore, considering that in the case
of the field data sets, each of these ‘raw’ data points is
not the result of a single geochemical measurement, but
a whole section of measurements across an entire
source rock section, the volume of data involved runs
into many thousands of individual sample analyses.) It
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Figure 6 Example of a combined field and laboratory input data
set (temperature series) used to optimize kinetic parameters (for
organofacies C)

was necessary to condense data sets in this way because
of the computational intensity of the task: in some data
sets the number of raw data points (approaching 300 in
the case of classes A and B) was so great that in initial
trials MINEX failed to converge within the prescribed
computing time limits.

There were widely differing numbers of samples in
the various data suites comprising each organofacies
set. To ensure that a relatively small number of, say,
isothermal pyrolysis data were not ‘swamped’ by large
numbers of field data, weighting was applied by data
suite, rather than by data point. Given these weighted
and condensed input data sets, MINEX was able to
converge readily within prescribed residual tolerance
(and computing time) limits.

Running MINEX

The iterative non-linear regression process, which is
used to minimize the weighted residual sum of squares
between a set of model predictions and the data set, is
started at some initial best estimate of the kinetic
parameter values (we used those derived from an
earlier calibration and published by Quigley et al.,
1987; Quigley and Mackenzie, 1988; and Mackenzie
and Quigley, 1988). Other starting points were also
tried during each organofacies optimization to ensure
that the regression converged on the ultimate rather
than a local minimum in the residual field. Also, MINEX
was limited in its search to within a reasonable range of
parameter values, again based on previous published
data.

Results of the optimization

Figures 7—11 show the optimized fits to input data for
selected data suites belonging to organofacies A-F,
respectively. Tables 3 and 4 give the kinetic parameter
sets uniquely characterizing degradation of oil- and gas-
generative kerogen for each organofacies. A cross-plot
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Figure 7 Selected examples of the input data and results of kinetic optimization for organofacies A. (a) Naturally heated Monterey
Formation samples, onshore California; Co/Cr = 0; heating rate 12.8°C Ma~'; new proprietary data. Also plotted: laboratory bulk
flow pyrolysis of two Brown Limestone Formation samples, Gulf of Suez; CRs/C%r = 0.29; heating rate 25°C min~"'; old proprietary
data. (b) Laboratory sealed capsule pyrolysis of an Upper Jurassic sample from the Aquitaine Basin, France; CR/Cig = 0; isothermal at

370°C; new proprietary data

of A versus E,.,, (fully independent variables in the
optimization) for all the results (Figure 12) shows that
they co-vary in the general manner observed for other
geochemical reactions (Wood, 1988). Before applying
the results, however, we checked our confidence level
for each parameter set.

Oil generation parameters

The oil-generative kerogen results (7Table 3) appear
robust. Initially we were concerned that the small og
value for organofacies C kerogen might simply reflect a
relatively small number of samples with less geological
scatter (Figure 6). However, as organofacies D/E and F
data sets had fewer data suites, but produced a larger
optimized og, we believe that the relatively tight
activation energy distribution of organofacies C is not
an artifact of this sort.

Gas generation parameters

Results for the gas-generative kerogens (Table 4) must
carry less confidence than those for oil-generative
kerogen, if only because of their relative concentrations

Table 3 Results of optimization of kinetic parameters for oil
generation from the five kerogen organofacies

Organofacies A Ernean Oe
(s {kJ moi™") (kJ mol™")

A 2.13e™ 206.4 8.2

B 8.14e'® 215.2 8.3

(o 2.44e™ 221.4 3.9

DE 4.97e™ 228.2 7.9

F 1.23e" 259.1 6.6

(Figure 2). Thus, gas-generation data are more ‘noisy’,
being more susceptible to measurement errors and the
effect of natural scatter. We have particularly low
confidence in the organofacies D/E gas-generative
parameters and believe that the very low A and E .,
values are in this instance a spurious result based on a
poor data set; we recommend that the kinetic data for
gas-generative organofacies F is used instead (see later
for discussion). There is a fairly wide variation within
the remaining gas-generation parameters, the most
reliable being organofacies F, which typically have
relatively gas-rich reactive kerogens (relatively low HI"
and high G°; Figure 2).

As organofacies A, B, C and, to a lesser degree,
D/E, typically have gas-poor reactive kerogens (rela-
tively high HI? and low G%; Figure 2), the overall effect
of any errors in the kinetic description of gas generation
on the bulk generation profile will be small (see later).
Furthermore, Parts II and III will show that gas yields
directly from kerogen are not the prime causes of gas-
proneness in source rocks.

Table 4 Results of optimization of kinetic parameters for gas
generation from the five kerogen organofacies

Organofacies A Ermean Og
(s™") (kd mol™") (kJ mol™")

A 3.93e'? 206.7 10.7

B 2.17e'® 278.7 18.4

c 2.29¢'® 250.4 10.1

DE* 1.88e™"" 206.4 7.7

F 1.93e'¢ 275.0 9.9

*Considered unreliable and unrealistic — instead use F
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Figure 8 Selected examples of the input data and results of kinetic optimization for organofacies B. (a) Naturally heated samples from
the ‘J70° Upper Jurassic Kimmeridge Clay Formation ‘hot shales’, UK North Sea; CRc/Ckr = 0.18; heating rate = 1°C Ma~'; new
proprietary data. Also plotted: laboratory bulk flow pyrolysis of three samples from the Upper Jurassic Kimmeridge Clay Formation,
Brae area, UK North Sea Basin; CRa/Cr = 0.18; heating rate 25°C min~'; old proprietary data. {b) Laboratory hydrous pyrolysis of a
sample of Toarcian mudstone, Paris Basin; CRa/Cks = 0.15; isothermal heating for 48 hours at differing temperatures; data from
Bertrand et al. (1987). (c) Laboratory sealed capsule pyrolysis (SCP) of a sample of Liassic mudstone, Germany; C2s/C%s = O;
isothermal heating for 72 hours at differing temperatures; old proprietary data. (d) Laboratory SCP of a sample of Carboniferous
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Figure 9 Selected examples of the input data and results of kinetic optimization for organofacies C. (a) Naturally heated samples from
Oligocene mudstones, Natuna Sea, Indonesia; CRe/Ckr = 0.20; heating rate 7.5°C Ma™'; new proprietary data. Also plotted: three
repeats of laboratory bulk flow pyrolysis of a Palaeogene Pematang Brown Shale sample, Central Sumatra, indonesia; Cc/Cig = 0.11;
heating rate 33.2°C min~" (Figure 4); new proprietary data. (b) Laboratory sealed capsule pyrolysis (SCP) of a Bathonian oil shale
sample, Scotland; CRg = 0; isothermal heating for 72 hours at differing temperatures; proprietary data. (c} Thermal solution of a
sample of Green River Formation mudstone; CRs/Cks = 0.10; heating rate 0.2°C min~"; new data from Leavitt et a/. (1987). (d) Three
repeats of laboratory SCP of a Palaeogene Pematang Brown Shale sample, Central Sumatra, Indonesia; CRs/CRr = 0; isothermal
heating at 370°C; new proprietary data
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Figure 10 Selected examples of the input data and results of kinetic optimization for organofacies D/E. {(a) Naturally heated coal
samples from the Palaeogene Kapuni Formation, Taranaki Basin, New Zealand; Cs/C%n = 0; heating rate 2°C Ma™'; new proprietary
data. (b) Naturally heated Miocene mudstone samples from the Balikpapan Formation, Kerbau wel!, Kutei Basin; C}c/C%n = 0.21;
heating rate 7.5°C Ma~"; new data from Huc et a/. (1987), Durand et al. (1987) and others. (c) Naturally heated Miocene coal samples
from the Balikpapan Formation, Handil field, Kutei Basin; Cs/CRr = 0; heating rate 7.5°C Ma~'; new data from Ungerer et al. {1986},
Durand et a/. {1987) and others. Also plotted: laboratory bulk flow pyrolysis of a coal sample from the same source; Cke/CRs = 0.16;
heating rate 256°C Ma~"; data from Ungerer et al. (1986). (d) Laboratory sealed capsule pyrolysis of a sample of Palaesogene coal,
Gippsland Basin, offshore Australia; CRc/CRr = 0; isothermal heating at 370°C; proprietary data
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Figure 11 Selected examples of the input data and results of kinetic optimization for organofacies F. (a) Naturally heated coal samples
from the Hitra Formation, Haltenbanken, offshore Norway; C2c/C2r = 0; heating rate 4.5°C Ma™'; new proprietary data. (b} Laboratory
bulk flow pyrolysis of a sample of Westphalian coal from onshore UK; CRa/CRr = 0.35; heating rate 25°C Ma™'; old proprietary data. (c)
Laboratory sealed capsule pyrolysis of a Hitra Formation coal, Haltenbanken, offshore Norway; CRa/Cikg = 0; isothermal heating at
370°C; old proprietary data. {(d) Laboratory sealed capsule pyrolysis of a sample of Namurian vitrinitic coal, Westfield mine, Scotland;
C2s/C% = 1; isothermal heating at 370°C; old proprietary data
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Figure 12 Relationship between optimized A versus Ecan for
the five organofacies. Symbols surrounded by large circles
denote gas-generative fractions; uncircled symbols denote oil-
generative fractions

Links between kinetic parameters and
organic precursor chemistry

There remain few simple, unambiguous links between
the kerogen breakdown kinetics and the chemistry and
structure of the precursor kerogen; some of those
which have been proposed remain the subject of
debate. This reflects the difficulties inherent in under-
standing a substance which, by definition, is insoluble
in most common solvents and to date has been studied
largely by means of degradative (pyrolysis) or oxidative
techniques. We cannot pretend to understand in detail
the fundamental chemical controls governing our
kinetics parameter sets, and present the following
observations as discussion points only.

Orr (1986) and Baskin and Peters (1992) suggested
that the known weak strength of carbon-sulphur
bonding is the direct cause of relatively early break-
down of high sulphur kerogens, such as the Monterey
Formation of California. Orr (1986) proposed a new
kerogen classification: type IIS, defined as a kerogen
containing in excess of 8 wt.% sulphur. Hunt et al.
(1991) noted an inverse relationship between sulphur
content and activation energy in a series of type II
kerogens. Tannenbaum and Aizenshtat (1985) argued
that high concentrations of heteroatoms other than
sulphur (i.e. N, O) may also influence the kinetics of
generation in the Senonian bituminous chalks of the
Dead Sea Graben, Israel.

The Monterey and other high sulphur kerogens
conform to our organofacies A (Table 1), which posses-
ses the lowest E .., for both oil and gas generation of
all the organofacies (7ables 3 and 4). Tissot et al. (1987)
also showed examples of carbonate-rich source rocks
with low (laboratory-derived) activation energies.

Although these are valid observations, a global
causal relationship between organic sulphur content
and activation energy remains unproved. Figure 13
appears to show a crude systematic decrease in E .,
with increasing S/C ratio for the oil-generative portions
of organofacies A—~F kerogens. However, as shown in
isothermal pyrolysis experiments by Bar et al. (1988a;
1988b), a simple causal link between gross sulphur

content and kerogen activation energy may be an over-
simplification: the structural position of the sulphur in
the kerogen may be more important.

The boundary between organofacies B and A is
necessarily ‘fuzzy’ because of the natural gradation
between clay- and carbonate-rich mudstones. Here,
lithology is more important than organic input (7able
I). In contrast, activation energy distributions for
organofacies B and C (types II and I, respectively)
differ because of organic input (?and possibly pore-
water sulphate content/sulphur incorporation). Type I
kerogens have a narrow range of bond strengths arising
from the dominance of cross-linked aliphatic chains,
where strong C—C bonds predominate (Tissot et al.,
1987; Bar et al., 1988a; Sundararaman, 1988). This
situation is typical of kerogens rich in the remains of
freshwater algae, which synthesize long unbranched
alkane chains (waxes) as a buoyancy aid. Our results
for organofacies C, which has the tightest distribution
of energies (lowest o) are consistent with this idea.

There have been various claims and counter-claims
about the potential role of resinite in petroleum
generation, particularly at very low levels of thermal
stress (Snowdon and Powell, 1982; Mukhopadhyay and
Gormly, 1984; Lewan and Williams, 1987; Powell and
Boreham, 1994). However, access to reliable data sets
at the time of study prevented us from investigating
separately the generation behaviours of organofacies D
(wax-rich) versus E (wax-rich plus resin-rich).

The higher E .., of oil-generative F relative to D/E
may result from greater lignin content and an increas-
ingly aromatic kerogen structure and, conversely,
relative enrichment of D/E in cuticular waxes (and/or
resin and/or bacterial lipids). Note a wax-lignin mix
would be consistent with an E,.,, (228.2 kJ mol ™) for
D/E intermediate between that of wax-rich C (221.4 kJ
mol™!) and lignin-rich F (259.1 kJ mol™}).
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Figure 13 Possible role of sulphur in determining activation
energy of oil generation reactions. Sulphur to carbon ratios for
some rocks belonging to organofacies A—F are derived from a
compilation of proprietary and published data (courtesy of Dr A.
Aplin; note that these S/C data were not derived for the exact
samples — or in some cases even the same source rock suites —
used to calibrate the kinetic parameters for each organofacies).
Boxes define =1 standard deviation in {S/C) kerogen and
activation energy
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Lignin-rich organofacies F may be represented
petrographically by the vitrinite maceral, whose
structure is one of the aromatic rings cross-linked by
short (up to C;) aliphatic chains — a thermally robust
configuration (Quigley et al., 1987). Both gas and
aromatic oil (‘coal tar’) are likely to be liberated
on disintegration of the same bonds in the macro-
structure. In this context it is interesting to note the
similar E .., obtained for oil and gas generation from
organofacies F. Our decision to adopt organofacies F
gas generation parameters in place of those probably
spurious results for organofacies D/E (Table 4) is
supported by the likelihood that most gas from
organofacies D, E and F kerogens originates from the
same lignin-—vitrinite precursor.

Synthetic compounds as analogues

Additional information can be gleaned from the
degradation of representative synthetic analogues,
which are simpler than natural kerogens and provide a
clearer insight into the underlying chemical and struc-
tural mechanisms.

Bar et al. (1988b) found great similarity between the
pyrolysis behaviour of a sample of Australian torbanite
(freshwater algal coal: our organofacies C) and linear
chain synthetic polymers, which allowed them to make
inferences about the mechanism of degradation of the
torbanite. Interestingly, their value for the activation
energy of the inferred random depolymerization
reaction (bulk reaction 236 kJ mol™") is intermediate
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Figure 14 Model compounds as potential analogues in the
study of petroleum generation: comparison of tar evolution
during laboratory pyrolysis of a synthetic lignin {Avni et al.,
1985) with predictions based on oil-generative organofacies F
kinetic parameters

between our organofacies C oil- (221.4 kJ mol ') and
gas-generative (250.4 kJ mol~') component values, and
hence consistent with a mixture of the two.

Synthetic lignins could be regarded as chemical and
structural analogues to vitrinitic organofacies F. Avni et
al. (1985) subjected lotech lignin to 80 s flash pyrolysis
at various temperatures, deriving kinetic parameters
describing the production of various species including
methane and tar. Figure 14 compares our predictions
(using our kinetic parameters for degradation of oil-
generative organofacies F; Table 3) with their observa-
tions of tar evolution; the test lies well outside the
range of thermal regimes used in our calibration. The
kinetic model of Avni er al. (1985) is also shown, but
note that their model was fitted to these data. At best,
there is only general agreement between our prediction
and the observations, suggesting that the results of such
studies need careful interpretation. As shown by Stout
et al. (1988), many chemical changes occur as lignin
becomes transformed during early diagenesis into the
maceral vitrinite. These transformations may alter the
resulting composition and structure sufficiently that the
analogy between supposed precursor and actual sub-
surface reactant becomes strained.

Application of the kinetic model in exploration

Now we turn away from theory and towards our most
important objective: application of the kinetic model in
petroleum exploration.

Kerogen degradation profiles

The most graphic way to visualize the effects of
differences in kinetic parameters is to construct a
comparative series of kerogen degradation profiles,
initially at a common, simple linear heating rate. We
choose 2°C Ma ™', which is in our experience close to a
global average for many basins currently in the post-rift
stage of thermo-tectonic evolution. Our convention is
to denote the heating rate by a subscript, i.e. in this
instance we will use a subscript 2, e.g. OGT; refers to
the OGT reached at a heating rate of 2°C Ma~'. The
actual effect of heating rate will be discussed later.
Reactive kerogens are never pure end-members of
oil-generative or gas-generative kerogen: they are
mixtures. As we have determined separately the
kinetics of the two end-members for each organofacies
A-F, we can construct kerogen degradation profiles by
recombining oil- and gas-generative kerogens in any
desired proportion (Figure 15). The progressive
inclusion of greater (higher activation energy) gas-
generative proportions in the reactive kerogen mix
tends to produce elongate ‘tails’ of increasing size in the
high-temperature portions of a degradation profile.

Definition of ‘oil and gas windows’

Before showing the impact of our work in delimiting
petroleum generation zones in the geological sub-
surface, we wish to clarify a point which in our
experience has caused confusion amongst petroleum
explorationists working with concepts such as ‘oil
generation threshold’: actually there is no theoretical
basis for a threshold of any sort. The Arrhenius
equation [Equation (12)] dictates that the reaction rate
k will never be zero as, until the temperature drops to
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Figure 15 Kerogen degradation profiles for organofacies A—F. Figures a-e are constructed for organofacies A—F, respectively,
showing oil- and gas-generative kerogen mixtures in differing proportions (line curves from left to right show C{a/CRg: 0, 0.2, 0.4, 0.6,
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generative end-members, respectively, of the five crganofacies. Arguably spurious gas-generative D/E results are not shown

absolute zero (—273°C), the exponent (—E/RT) always
has some small value (Figure 16). Similarly, the extent
of kerogen conversion is, strictly speaking, never
complete until infinite temperature is reached. Thus all
kerogen degradation profiles (e.g. Figure 15a—f) are
asymptotic with respect to temperature.

This does not prevent us from using these concepts,
but it does emphasize the need to be clear about
the generation limits being discussed, which are by
definition arbitrary. In the absence of an industry-wide
consensus on a definition of the oil- and gas-generation

‘window’, our arbitrary definitions are: oil generation
window (OGW) at least 10% (= oil generation
threshold or OGT) but no more than 90% of oil-
generative kerogen degraded to oil; and gas generation
window (GGW) at least 10% (= gas generation
threshold or GGT), but no more than 90% of gas-
generative kerogen degraded to gas.

Using these limits, we can now compare meaning-
fully any differences in generation temperatures in the
geological domain of heating rates (Table 5; Figures
15a-e).
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Temperatures of OGW

Differences between organofacies are significant
(Figure 15f): OGTy; increases in the order A to F from
ca. 95 to 145°C (Table 5). This shift is brought about by
a gradual increase in E ., from ca. 206 kJ mol ™! to ca.
259 kJ mol™! in the order A to F (Table 3). OGW,
varies between ca. 95-135°C for organofacies A and
ca. 145-175°C for organofacoes F (Table 5). Figure 15f
also shows that the broadly similar values of og for oil
generation from organofacies A, B, DE and F (Table 3)
cause similar slopes in the kerogen degradation curves;
the significantly steeper slope of the organofacies C
curve results from a smaller range of activation energies
(smaller og).

Temperatures of GGW

Major differences also exist between organofacies
(Figure 15g; Table 5); GGT, increases from ca. 105°C
(A) to ca. 175°C (F). This shift is brought about by an
increase in E,.,, from ca. 207 kJ mol~! to ca. 275 kJ
mol ™!, respectively (7able 4). GGW, varies between
ca. 105-155°C for organofacies A and ca. 175-220°C
for organofacies F (Table 5).

‘Typical’ organofacies members

Figure 15 shows kerogen breakdown profiles for
various kerogen mixtures. However, we will illustrate
many of the results of our kinetic model (including
those in Parts Il and III) using ‘typical’ members of
each organofacies whose initial geochemical properties
are summarized on Table 6. For example, typical initial
concentrations of oil and gas-generative kerogen on
Figure 15 were taken from Table 6. These default
parameters were derived by averaging geochemical
data for a large number of samples representative of
each organofacies.

Generation profiles

Even the ‘typical’ curves shown in Figure 15 are
incomplete descriptions of petroleum generation
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Figure 16 When viewed on a logarithmic scale petroleum
generation is seen to be a continuum: the rate is never zero.
Hence any discussion of generation temperatures necessarily
involves reference to some arbitrary value of generation level. In
our discussion, we choose 10—-90% limits

Table 5 Temperature limits of the oil and gas windows (see text
for definitions) for the five organofacies; reference heating rate
=2°C Ma™"

Organofacies

A B C D/E F

Oil window (°C)

Top (range) 95 (40) 105 (40) 120 (20) 120 (40) 145 (30)

Base 135 145 140 160 175
Gas window (°C}

Top (range) 105 (50) 140 (70) 135 (35) 175 (45) 175 (45)

Base 1565 210 170 220 220

because they do not account for an initial oil fraction
(Figure 1). Again, using Table 6 to derive typical
immature starting compositions, this time including the
initial oil fraction, for the five organofacies, we have
constructed ‘typical’ generation profiles (Figure 17
a—e). (Note that here, statements of maturation level
(e.g. ‘OGT’) must be qualified even more carefully, as
an initial oil component plus two kerogen components
are contributing to the form of the profile!)

Generation profiles show the changing concentration
of the cumulative generation products as kerogen
degrades in response to increasing thermal stress. Note
that the upper bound of the combined oil plus gas areas
represents the total cumulative fraction of initial
potential which has been generated — and hence
corresponds to the quantities hydrocarbon generation
index (HGI) sensu Cooles et al. (1986) and petroleum
generation index (PGI) sensu Mackenzie and Quigley
(1988). Figure 18a shows the evolution of HGI for each
typical organofacies.

As oil- and gas-generative kerogens degrade inde-
pendently in the model, the relative proportions of the
two solid areas on Figures 17a—e reflect the evolving
composition of the products. Figure 18b shows
separately the evolution of generated compositional
ratios for the same five typical organofacies in Figure
18a. (Composition here refers to the mass fraction of
gas in the cumulative generation products G,..} The
tendency is for low GOR products early in the
generation profile, with more gas evolving in the later
stages. Organofacies F (and DE because we have
assumed the same kinetic parameters for gas-prone
kerogen degradation) yield their gas at much higher
temperatures than organofacies A—C. On a cumulative

Table 6 Initial geochemical characteristics of typical members
of the five organofacies and predictive relationships for situa-
tions where only HI° is known

Predictive
relationships based
Organofacies TI° HI® QlI° PI°F G° on HI° data
{(mggC™) TI° G°
A 33 617 650 0.05 0.17 1 2
B 18 592 610 0.03 0.17 1 3
o 20 600 620 0.03 0.13 1 3
D/E 7 333 340 0.02 0.23 1 4
F 2 158 160 0.01 0.44 1 4

Parameters: TI° = S1°/TOC®; HI° = S2°/TOC®; QI° = (81° + S2°)/TOC®; G° =
3(C,_sMtotal S2° pyrolysate; PI° = $1%/(S1° + §2°)

Predictive relationships: (1) TI° = (PI° « HI°)}/(1 — PI°);

(2) G° = 0.62 ~ 0.16 log HI° (n = 147); (3) G° = 0.70 — 0.19 log HI* (n =
957); and (4) G°; = 0.72 — 0.19 log HI° {n = 176}
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Figure 17 Generation profiles for typical members of organofacies A—F, shown on parts a—e, respectively. HGI curves for these typical

members are compared in Figure 18a

basis, the product composition is strongly oil-
dominated, as dictated by the input values of G°
(Figures 2 and 3; Table 6). Even in the case of
organofacies F, G.,, only exceeds 0.4 at very high
thermal stress levels (7 ca. 220°C).

Generation profiles are illustrative, but are not
helpful in predicting the actual petroleum charge from
a source rock; they represent only the first building
block in a full description of petroleum formation. This
is because Figures 17 and 18 represent a geologically
trivial case: a fully open system, where all products are
immediately expelled before oil cracking can take
place. Although this may sound obvious, we are
continually surprised to read modern exploration case
histories where the geochemical evaluation stops at
precisely this level of evaluation of the source kitchen.

Effect of time

Heating rate

So far we have confined ourselves to discussing differ-
ences in generation behaviour at a reference heating
rate (2°C Ma™"). In Figure 19 we examine the effect of
different heating rates on the temperatures at which
petroleum-generating reactions occur. As an illustra-
tion, we consider only the lowest and highest activation
energy species: oil-generative organofacies A and gas-
generative F. The range of heating rates (0.5-50°C
Ma~') encompasses the extremes encountered in
sedimentary basins unaffected by igneous intrusions.
For example, heating rates on old passively subsiding
continental margins or in old intra-continental basins
may be 1°C Ma~' or lower (e.g. Scotian Shelf; Paris
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Basin); heating rates in basins with anomalously rapid
sedimentary loading, in young active rifts, or in strike-
slip pull-apart basins may reach the 20-50°C Ma™!
range (e.g. Pannonian Basin; Dead Sea Graben).
Petroleum source rocks in most petroliferous sedimen-
tary basins (i.e. those containing the world’s most
prolific Jurassic, Cretaceous and Palaeogene source
rocks; Klemme and Ulmishek, 1992) have not exqeri—
enced heating rates outside the range 1-5°C Ma™

Figure 19 confirms an important rule of thumb noted
in earlier studies (e.g. Sweeney et al., 1987; Quigley
and Mackenzie, 1988): over the full range of activation
energies derived in Tables 3 and 4, under geological
conditions, an order of magnitude increase (decrease)
in heating rate elevates (depresses) the temperature of
reaction by ca. 15°C. A two-fold change in heating rate
has a 5°C effect.

In some basins, subsurface temperature and tem-
perature history is known with no better accuracy than
this, which led Quigley and Mackenzie (1988) to argue
that heating rate is a detail that need not be considered
in the projection of the OGW and GGW. Here we
disagree, because by neglecting heating rate we are just
as likely to compound as to cancel the effect of
subsurface temperature error. Rather, we believe that
correction for the effects of heating rate is sufficiently
simple that it should be a routine part of subsurface
geochemical prediction.

Standard temperature: a measure of thermal stress

The robustness of the 15°C rule allows us to go further:
global comparison of thermal stress levels could be
achieved (without recourse to often clumsy indirect
measures such as vitrinite reflectance; Tissot et al.,
1987) by reducing temperatures attained at a given
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Figure 19 Effects of changing heating rate on the highest and
lowest activation energy members of the organofacies: oil-
generative A; gas-generative F. In the geological system, an
order of magnitude increase (decrease) in heating rate causes
the temperature of midpoint reaction to increase (decrease) by
ca. 15°C; a two-fold shift causes a ca. 5°C effect

heating rate to standard temperature quoted at a
heating rate base of 2°C Ma ™! (i.e. at which reference
Figures 15, 17 and 18 are presented). We propose the
simple equation:

T, =T,— 15 -log (alpha,/2) (16)

where T, is the equivalent temperature at the standard
heating rate 2°C Ma™'; T, is the temperature in the new
basin ‘x’; alpha, is the heating rate in the new basin ‘x’.
Alternatively, Figure 20 shows a graphical method of
temperature equation, constructed using Equation
(16).

Heating rates in sedimentary basins can vary by
almost two orders of magnitude: a source rock heated
to 130°C at 0.5°C Ma ™! on a passive margin experiences
the same thermal stress as one heated to 160°C at 50°C
Ma™! in a Neogene rift basin [T, = 139°C; Equation
(16)]. The additional effect of organofacies can be
dramatic: A in the example passive margin would be
already at base OGW, whereas F in the Neogene rift
would still be at OGT (Figure 18f)!

Activation energy distributions and
Rock-EvalT,,,,

Figure 21 represents a visualization of the kerogen
breakdown process implicit in our model. It shows the
activation energy spectrum of the residual fraction of a
kerogen fraction at increasing stages of thermal stress
and subsequent kerogen degradation. The activation
energy profile (which sums to the total kerogen
concentration at any stress level) starts as a simple
Gaussian distribution; its progressive evolution is then
shown at equal increments of thermal stress. At low
stress levels, lower activation energy members of the
population degrade preferentially, but at an overall
slow rate: the area (concentration) and E g Of the
curve change little. With increasing thermal stress the
process accelerates, so that, as area decreases, the
distribution of remaining energies becomes increasingly
skewed, with a corresponding increase in Ejoqc (the
inset shows the locus of the energy distribution mode
with increasing thermal stress). Activation energy
members with the highest energy are the last to be
degraded at high thermal stress levels.
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Figure 20 Chart to correct temperature attained at any given
heating rate to thermal stress comparator 7,, i.e the equivalent
temperature at a heating rate of 2°C Ma~'. Add the correction
factor appropriate for the basin heating rate to the actual
temperature to arrive at the 7, equivalent (i.e. the reference at
which Figures 15, 16 and 18 were constructed)

One of the major shortcomings of early single

activation energy models was their inability to account
for this shift in the residual activation energy, which is
widely observed in experiments. Furthermore, given a
standard heating rate regime such as Rock-Eval
pyrolysis, Epoqe and Tp,., (temperature of the
maximum rate of S2 evolution) are proportional. This
forms the theoretical basis for the use of pyrolysis T,.x
as a source type specific maturation index (Espitalié et
al., 1977).

Testing the results of the kinetic model

Temperature prediction

To be truly universal, the kinetic parameters listed in
Tables 3 and 4 must enable predictions to be made
outside the range of data used to derive the kinetic
parameters in the first instance. It is not sufficient to
‘test’ a model by comparing it with the data used to
calibrate it in the first place! Some workers, projecting
the results of laboratory pyrolysis to geological heating
rates, have clearly been frustrated by a lack of access to
field data, preventing these essential checks from being
made (e.g. Burnham et al., 1987). Some attempts to fit
field data have been frustrated by the geological
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Figure 21 Changing activation energy distribution during
kerogen breakdown, assuming an initial Gaussian activation
energy distribution

uncertainties inherent in understanding uplifted and
eroded basins (e.g. Sweeney et al., 1987; Sweeney,
1988).In one published instance, where field data have
been used to check laboratory-derived kinetic predic-
tions (Ungerer et al., 1986; Ungerer and Pelet, 1987), a
pragmatic result has been to change the kinetic para-
meters, effectively resulting in a optimum fit based on
both field and laboratory data (i.e. our approach).

We believe it is important to show fits to some of our
input data so that readers can gain some feel for the
natural variation in sample behaviour, potential errors
in temperature estimation, etc. (Figures 7-1I).
However, the problem we encountered in attempting
to find a ‘blind’ test of our kinetic parameters was that
we had effectively exhausted all our best quality data
sources in compiling the input data! Most remaining
data sets were from basins where either geochemical or
thermal data were sparse or unreliable. In some basins,
vitrinite reflectance data rather than temperature were
the main reference.

Figure 22, however, is an example of true ‘blind’ test
of the model as the source rock and thermal regime
considered were not included in the original calibra-
tion. Data are derived from oil-shale retorting experi-
ments (Leavitt et al., 1987) in which oil yields from
the Sunbury Oil Shale, a marine organic-rich mudrock
from the USA, are recorded with increasing tem-
perature in experiments at two different heating rates.
The sample is an algal/bacterial-dominated marine,
siliciclastic-hosted kerogen, and therefore belongs to
organofacies B (Table 1). The curves show our model
predictions for the appropriate heating rates. Clearly,
there is excellent agreement between the kinetic model
for the degradation of pure oil-generative organofacies
B kerogen (using the parameters in Table 3) and this
experimental data.
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Figure 22 Testing the model: organofacies B oil-generative
kerogen breakdown curves computed for heating rates shown,
compared with experimental data from Sunbury Oil Shale
(Leavitt et a/., 1987)
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Comparison with results of other models

Generally, we believe that inter-model comparison is a
rather fruitless exercise, as the most important test of
any model is how it compares with nature. However, a
comparison is instructive in the light of earlier discus-
sions in this paper about the validity and accuracy of
extrapolating laboratory-derived kinetics to geological
conditions. We compare our results with some from the
IFP, i.e. Ungerer (1984), Ungerer et al., 1986),
Ungerer and Pelet (1987), Tissot et al. (1987); from the
LLNL (Lawrence Livermore National Laboratory),
i.e. Burnham ez al. (1987) and (1988); and from
Sundararaman et al. (1988). This comparison is not
exhaustive, but we believe a separate dedicated review
would be timely and instructive.

Comparison of subsurface predictions

Both the IFP and LLNL schools, inter alia, propose
that kerogen kinetic parameters can be characterized
by laboratory pyrolysis of an individual immature
sample, to reveal a unique, discrete distribution of
activation energies. Tissot et al. (1987), amplifying the
early work of Tissot and Espitalié (1975), however,
recognize the common behaviour of global kerogen
‘types’ which bear some similarity to our organofacies
A-F (Table 1). Hence it is possible to begin to draw
some comparisons between laboratory-derived sample-
specific and combined field/laboratory-derived global
kinetic parameters.

Figure 23 compares predicted bulk kerogen degrada-
tion profiles using our kinetics for organofacies A, B, C
and D/E and the approximate IFP equivalent types
I1S°,I1, T and III‘H’, given a common thermal history:
representing burial at 100 m Ma™'; surface tempera-
ture of 15°C; geothermal gradient of 33°C km™". On
the left-hand side are the original IFP predictions
(Tissot et al., 1987); on the right-hand side are our
predictions for the equivalent organofacies.

Firstly, there are some differences which must be
allowed for in the comparison. Firstly, the presented

IFP model
cK / cK*0

0.0 0.2 0.4 0.6 0.8

IFP model predicts only bulk kerogen degradation.
Because it does not differentiate o0il and gas production
from kerogen, we do not know the oil- and gas-
generative proportions in the reactive kerogen; how-
ever, using the published HI” values for these samples,
we estimate using Figure 2 that they are probably close
to our ‘typical’ values (Table 6). This is unlikely to
cause serious discrepancy between the two models.
Secondly, behaviour derived from a large global data
set in our model is compared against a number of
‘representative’ single samples. For example, type I
behaviour is typified by an exceptionally hydrogen-rich
sample of the Green River Shale (HI° = 898 mgyc
gc~1); based on our review of lacustrine organofacies
C (Table 6), this sample appears to be close to an end-
member, and may be poorly representative of ‘lacus-
trine’ kerogens in general.

There are both striking similarities and differences
between the two sets of predictions. The relative order
in which generation occurs with respect to temperature
is the same for organofacies A, B and D/E (types II‘'S’,
IT and IIT). All the curves are similar in general form,
including the steep generation gradient calculated for
both type I and organofacies C kerogens; in both cases
the underlying cause is the tight distribution of bond
energies (Table 3).

The most serious discrepancy is in the projected
behaviour of the IFP type I and our organofacies C
kerogen: the IFP model implies generation about 1 km
deeper and 33°C hotter. This laboratory-derived kinetic
behaviour has also been replicated by Sundararaman et
al. (1988) for the Pematang Brown Shale, Indonesia
and by Burnham et al. (1987) for an African type
1 sample (Figure 24 shows their activation energy
distributions).

We currently lack a definitive explanation for this
major difference but, given the global economic
importance of lacustrine sourcing systems in Brazil,
China, Indonesia (Katz, 1990) and other SE Asian
areas, this problem deserves further study. In the
meantime, two main factors persuade us that our model
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Figure 23 Kinetic predictions for bulk kerogen breakdown, comparing typical members of organofacies A, B, C and D/E with possible
representative |IFP equivalent types II'S’ (Monterey Formation), Il (Toarcian, Paris Basin), | (Green River Formation) and IlI'H’ (Handil
Coal, Mahakam Delta) at a heating rate of 3.33°C Ma~" (Tissot et a/., 1987). The IFP predictions are laboratory pyrolysis-derived, except
for the type Il Handil coal. Legend follows Figures 15 and 18
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Figure 24 Comparison of nine individual laboratory pyrolysis-
derived discrete activation energy distributions for type |
kerogens (Burnham et al, 1987; 1988; Sundararaman et al.,
1988). Energy interval is sampled at 4.2kJ mol™' (= 1 kcal
mol~"). IFP type | kerogen data {e.g. Tissot et al., 1987) are not
presented due to their different sampling interval (2 kcal mol™);
however, their result also shows a highly monospecific energy
distribution modal at 234.3 kJ mol~" (= 56 kcal mol™"), similar
to the LLNL African sample

provides the more reliable subsurface predictions:
(1) these kinetic parameters, derived exclusively from
bulk flow pyrolysis over a very limited range of (high)
heating rates, have not been confirmed by any pub-
lished subsurface calibration (attempts to do so in the
Uinta Basin were frustrated by uncertainties in the
thermal and uplift/erosion history; Sweeney, 1988). In
contrast, our parameters are calibrated using data from
all heating-rate regimes (Figure 6); (2) results of
our sealed capsule pyrolysis experiments, and others’
hydrous pyrolysis (e.g. Bjgroy er al., 1988; Figure 25)
show that numerous lacustrine oil shales (organofacies
C) generate before Mahakam Handil coal (organo-
facies DE), consistent with our results (Figure 23).
Although it is theoretically perfectly possible for the
relative rates of two reactions to change between
thermal regimes, in practice it is usual that reactions
occur in the same order in the laboratory and in nature.

Tissot et al. (1987) concede that rather different
activation energy distributions can be obtained when
laboratory and field data are combined in the calibra-
tion. Of all the kerogens on Figure 23, the IFP’s type 111
showed the closest similarity to its organofacies D/E
equivalent. This most probably results from the IFP’s
inclusion of both field and laboratory data in the
calibration of the Handil coals. E,_ 4. resulting from
the two methods of calibration differs by almost 17 kJ
mol~!. This limitation means that temperature errors
inherent in subsurface prediction are probably +15°C
when using laboratory data alone (Ungerer et al.,
1986). Despite increasingly widespread use of
pyrolysis-derived kinetics in the petroleum industry,
explicit statements of the inherent problems have come
relatively late (e.g. Espitalié et al., 1991; Nielsen,
1991). LLNL workers (e.g. Burnham et al., 1987a;
1987b) have been well aware of the difficulties with
laboratory calibration of kinetic parameters, and even
encountered problems in extrapolating from one
laboratory pyrolysis regime to another (e.g. bulk flow
pyrolysis versus hydrous pyrolysis). Looking to the
future, it seems that these problems will only be solved

when research institutes and petroleum exploration
companies share expertise and data more freely.

Natural sample variation

In support of laboratory-based kinetic calibration, it
is often pointed out that natural sample variation
(‘scatter’) precludes the inclusion of reliable field data
in kinetic calibrations. Obviously, idealized field data
sets for calibration would be derived from source rocks
with homogeneous lateral and/or vertical distribution,
spanning a range of maximum temperatures and having
experienced a simple thermal history, where petroleum
generation is monitored by measuring the decrease in
petroleum potential (usually HI) in response to increas-
ing subsurface temperature (e.g. Cooles et al., 1986;
Ungerer et al., 1986). However, nature is never so
generous; when such data are plotted up, there is
always scatter caused by natural sample variation (e.g.
Figure 6; see also plots by Cooles et al., 1986, Ungerer
et al., 1986 and Huc et al., 1986).

In practice, therefore, calibrations involving field
data necessarily represent a best fit to this scatter. We
believe that knowledge of ‘average’ behaviour is more
useful in making subsurface predictions than the
selection of a single sample: by definition a single
sample cannot be the best description of a series
exhibiting natural variation! So the precision afforded
by characterizing one single sample in the laboratory
may also lend to the results a misleading sense of
accuracy. This is clearly demonstrated when different
samples from within the same source facies are
analysed: the result is a variation in generation
behaviours (e.g. Figures 7a and 8a showing pyrolysis of
different samples from the Brown Limestone and
Kimmeridge Clay formations, respectively). Neces-
sarily, this dictates that individual samples within the
same formation will be characterized by differing
kinetic parameters (Figures 24 and 26).

Figure 24 shows a selection of type I kerogens whose
energy spectrums have been determined by pyrolysis
[various samples from Burnham er al. (1987; 1988);
samples from the Pematang Brown Shale from
Sundararaman et al. (1988)]. Note the characteristic
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Figure 25 Petroleum generation from six lacustrine mudrocks
(organofacies C) proceeds ahead of generation from Handil
coal from the Mahakam Delta {organofacies D/E) in hydrous
pyrolysis. Data from Bjgrgy et a/. (1988)
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Figure 26 Comparison of LLNL pyrolysis-derived kinetic
parameters for various kerogens (line graphs show discrete
energy distributions for bulk kerogen degradation; Burnham et
al., 1987, 1988) with our Gaussian parameters for organofacies
A, B and C (oil generation only; subordinate gas-generative
fractions omitted). LLNL kerogens classified as: PHOS (type
11721I'S’); NAIL 1 and 8, NAKY, KIMR, WDFRD, KER Ii {type Il); KER
|, AP 22 and 25 (type |}

tendency for a mono-specific energy spectrum for each
sample. However, the individual modal energies are
widely scattered across the energy spectrum. This last
observation only convinces us further that no individual
sample provides an adequate description of the
behaviour of any source rock formation as a whole.
Having measured individual samples from a given
source rock formation in the laboratory, what then is
the effect of compositing the distributions to form a
description the source rock as a whole? Figure 27 shows
that the result of compositing the six E distributions of
Sundararaman er al. (1988) is to produce a quasi-
Gaussian distribution very similar to our optimized
distribution for an organofacies C kerogen (including
an appropriate 11% fraction of gas-generative
kerogen).

Having aggregated samples from within the same
source rock formation, it is logical to investigate the
further step of compositing results to form a global
description, i.e. to produce equivalents of our organo-
facies based on individual laboratory pyrolysis results.
Here we make use of various discrete (Figures 24 and
26) and Gaussian (Figure 28) energy distributions
presented by Burnham et al. (1987; 1988).

Figure 26 shows discrete energy distributions for a
selection of samples corresponding to our organofacies
A-C, compared with the E, .., and og of those
organofacies. Again, samples from the same source
rock formations show differences in optimized energy
distribution varying from the subtle (AP 22 and 25 from
the Anvil Point Mine in the Green River Shale) to the
dramatic (NAIL 1 and 8 and NAKY from the New
Albany Shale, Illinois and Kentucky, respectively).
The NAKY sample appears to be something of an
oddity and it is difficult to find an explanation for its
very low, largely monospecific range of energies. The
calcareous, phosphatic Phosphoria Shale might actually
be best classified as organofacies A. Excepting NAKY,
the overall range of activation energies is consistent
with our range of organofacies A-C energies.

Single bulk reaction Gaussian activation energy
distributions were also determined by the LLNL
workers. Generation profiles constructed from their
results (again, no initial oil contributions are con-
sidered here, to aid the comparison) are compared with

curves generated for the appropriate ‘typical’ organo-
facies B and C mixes of oil- and gas-generative kerogen
(Table 6; Figure 18a) on Figures 28a and b, respec-
tively. Apart from the limitation that these single bulk
Gaussian models are not equipped to account for any
small proportion of gas-generative kerogen present
(which forms the extended high temperature tails on
the organofacies B and C curves in our model), there is
some sense of best fit provided by our global organo-
facies examples. Compositing the generation profiles
for the LLNL samples (Figure 28c) again affords a
clearer comparison between the models. Overall,
extrapolation of the LLNL parameters to geological
heating rates seems to systematically underestimate
reaction mid-point temperatures by around 10°C.

Fidelity of Gaussian versus discrete energy
distributions

Burnham et al. (1987; 1988) have shown that discrete
activation energy distributions tend to produce more
satisfactory fits to laboratory pyrolysis data than the
Gaussian form of distribution we have assumed.
However, their investigations considered only bulk
kerogen degradation described by a single Gaussian
distribution. Obviously this approach is unsuitable for
describing the shape of the subordinate, gas-generative
high energy ‘tails’ present in typical reactive kerogen
mixtures (Figures 15a—e and 24).

However, when discrete energy distributions are
optimized for separate compositional fractions (Figure
29, data from Espitalié er al., 1988) the individual C,_s
and Cg., generating fractions can be seen to have near-
Gaussian energy distributions. Thus, our use of two
Gaussian functions does not significantly compromise
the accuracy of our kinetic description.
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Figure 27 Comparison of composited discrete energy distri-
butions describing bulk type | kerogen degradation {pyrolysis-
derived energy distributions for six samples from the lacustrine
Pematang Brown Shale, Central Sumatra, Indonesia; Figure 26;
Sundararaman et al., 1988) with a combined dual Gaussian
distribution {organofacies C reactive kerogen mix comprising an
oil-generative fraction C3o = 0.89 and a gas-generative fraction
C2: = 0.11). The type | data were originailly presented at the
shown energy interval of 4.2kJ mol™' {= 1kcal mol™*; the
organofacies C histogram is derived by sampling our combined
{oil- plus gas-generative) distribution at 2 kcal mol ™', in line with
the IFP system (e.g. Tissot et a/., 1987)
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Figure 28 Comparison of pyrolysis-derived kinetic predictions for type li and | kerogens (single Gaussian energy distributions
describing bulk kerogen degradation from LLNL; Burnham et a/, 1987; 1988) with our global model for typical members of
organofacies B and C: (a) individual LLNL type Il predictions versus BP global ‘typical’ organofacies B prediction; (b) individual LLNL
type ! predictions versus BP global ‘typical’ organofacies C prediction; and (c) composited LLNL types Il and | predictions versus BP

global ‘typical’ organofacies B and C, respectively

Guidelines for assigning kinetic parameters
in frontier settings

Having designed a kerogen kinetic classification requir-
ing only basic geological knowledge, our results are
equally applicable in ‘geochemical frontiers’, as well as
in basins where calibrant geochemical data might allow
‘fine-tuning’ of the predicted outcome. Even if alterna-
tive geological models persist in the early stages of
exploration analysis (e.g. the likelihood of organofacies
D/E versus F in topset coals on a post-Palaeozoic
passive margin), sensitivity studies may still allow the
range of exploration outcomes to be narrowed down.
A typical series of steps in assigning kinetic and
compositional parameters for modelling might be:

1. Locate the petroleum system in which the potential
source rock is anticipated, and determine its age

2. Perform sequence analysis, break out GDE based
on seismic geometries and attributes and, where
available, lithofacies in adjacent wells or outcrops
(Figure 5)
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Figure 29 Laboratory pyrolysis-derived discrete activation
energy distributions for separate oil- and gas-generative
kerogen components of a Draupne Formation sample, North
Sea Basin (Espitalié et al., 1988). Although the energy distribu-
tion of the total kerogen is distinctly non-Gaussian, it can be
approximated closely by the product of two separate Gaussian
distributions

3. Assign organofacies based on steps 1 and 2, using
Table 1, etc.

4. Assign initial geochemical characteristics using
default values for the organofacies (Table 6).
Estimate the likely initial kerogen composition
using Equations (1)—(5).

Conclusions

Oil and gas generation can be predicted in environ-
ments of low knowledge using global kinetic para-
meters. Our scheme uses the gross depositional
environment and stratigraphic age to define five
kerogen organofacies, individually characterized
by a specific organic matter input, in addition to a
depositional/early diagenetic overprint. They can
generally be related to broad sedimentary facies:

A Agquatic, marine environment, siliceous or car-
bonate/evaporate lithofacies, any age

B  Aquatic, marine environment, siliclastic litho-
facies, any age

C  Agquatic, non-marine, lacustrine environment,
Phanerozoic

D/E Terrigenous, non-marine, ever-wet
environment, Mesozoic and younger

F Terrigenous, non-marine, coastal environment,
late Palaeozoic and younger

coastal

We use routine pyrolysis and pyrolysis—GC data to
divide immature organic carbon into four carbon
components: initial oil, oil-generative, gas-generative
and inert. Oil- and gas-generative fractions degrade
independently, allowing us to compute both the con-
centration and composition of generated hydrocarbons
with increasing thermal stress.

We found optimum values for the required ten
(§ % 2) kinetic parameter sets using a proprietary non-
linear regression routine designed to fit Gaussian
activation energy distributions to data sets spanning the
requisite 12 orders of magnitude in heating rate
between field and laboratory.

Differences in kinetic parameters for the five organo-
facies are broadly consistent with their known chemical
properties, although our knowledge is still too crude to
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construct kinetic models from first principles. Activa-
tion energies for oil generation increase systematically
in the order A-F, and this is expressed in a consistent
increase in the temperature ranges over which oil is
generated.

At a reference heating rate of 2°C Ma™!, the OGW
(temperature range over which 10 and 90% oil-
generative kerogen has degraded) increases in the
order organofacies A to F from ca. 95-135°C to
145-175°C. The corresponding shift in the GGW
(similar definition) is from ca. 105-155°C to
175-220°C.

Heating rate (i.e. time) also affects the temperature
thresholds at which these reactions occur: as a general
rule of thumb, an order of magnitude increase
(decrease) in heating rate increases (decreases) the
temperatures at which petroleum is generated by ca.
15°C. Because of the compensating effect of time and
temperature, it is often necessary to consider thermal
stress, rather than pure temperature. Natural heating
rates in sedimentary basins can vary by almost two
orders of magnitude: a source rock heated slowly to
130°C on a passive margin (0.5°C Ma™!) experiences
the same level of thermal stress as one heated rapidly to
160°C in a Neogene rift basin (50°C Ma™"). The
additional compounding effect of organofacies can be
dramatic: A in the example passive margin would be at
base OGW, whereas F in the Neogene rift would still
be at OGT!

Global temperature thresholds for oil and gas
generation therefore constitute blunt instruments with
which to assess the petroleum potential of sedimentary
basins. Furthermore, knowledge of the temperature
ranges over which oil and gas are generated is only
partly useful. Because generated oil is itself potentially
subject to thermal degradation in the source rock, a
complete description of petroleum formation must
couple descriptions of generation, oil-gas cracking and
expulsion. For example, a generation model in isola-
tion cannot account for the frequently observed
association between gas provinces and coals.
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