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Abstract—A variety of laboratory experiments, including programmed micropyrolysis,
isothermal fluidized-bed pyrolysis, oil evolution from a self-purging reactor, pyrolysis-
mass spectrometry, and hydrous pyrolysis are analyzed to derive chemical kinetic
expressions for pyrolysis of lacustrine and marine kerogens. These kinetic parameters
are incorporated into an improved, detailed chemical-kinetic model which includes oil
and gas generation from kerogen, oil degradation by coking and cracking, gas generation
from residual kerogen, and hydrogen consumption reactions. Oil is described by eleven
boiling-point fractions of two chemical types. The model includes equation-of-state
calculations of vapor/liquid equilibria and PVT behavior. The model can simulate closed,
open, and leaky systems, and the open system can include an inert-gas purge. The
porosity is calculated for both unconstrained conditions as well as conditions simulating
natural compaction and fracturing during sedimentary burial. Model calculations are
compared to results from a variety of laboratory experiments, including hydrous
pyrolysis. Oil expulsion efficiencies and properties are also calculated for a variety of
geological conditions. The relative amounts of water and hydrocarbon phase(s) expelled
are governed by saturation-dependent relative permeabilities. Gas/olil ratios in the
expelled petroleumn are related to organic content and geological heating rate.

INTRODUCTION

Although traditional petroleum exploration has emphasized locating traps by
geophysical techniques, discovery efficiency can be increased if other factors such as
source rock location, quality, quantity, maturity are considered (Demaison and Murris,
1984). Substantial progress has been made recently in developing quantitative models
for conversion of kerogen to oil and gas (Lewan, 1985; Sweeney et al., 1987; Tissot et al.,
1987; Mackenzie et al, 1988). However, there is still a significant difference of opinion
concerning the best experimental and mathematical methods for determining kinetic rate
expressions. Moreover, the crucial consideration in most situations is the timing of
petroleum expulsion from the source rock, not the timing of hydrocarbon generation.
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This means that it is important to understand the physical processes affecting transport
out of the source rock.

A recurring tension when deriving kinetic models of oil and gas generation is the
tradeoff between simplicity and completeness. Kerogen is a complex material that is
difficult to characterize in detail, and describing its thermal breakdown in detail is even
more difficult. As a practical matter, all models must make use of "lumped" chemical
species. Simple and complex models differ in how much lumping occurs. The definitions
of the lumped species are usually tied to an experimental procedure. The measurement
procedure may be tied to some chemical characteristics, but transport processes may
also play an important role in the operational definition. For example, consider the
lumped species kerogen, bitumen, petroleum, oil and gas. Kerogen and bitumen are
defined as the portions of organic matter that are insoluble and soluble, respectively, in
organic solvents. Unfortunately, extractability depends on solvent type, temperature,
and even time because some "bitumen" molecules must diffuse out of the "kerogen"
structure. An individual chemical may be partitioned between kerogen and bitumen.
Hunt (1979) defines petroleum as a form of bitumen that can be produced through a drill
pipe—a physical, not chemical, distinction. Petroleum consists of oil and gas, and the
distinction is based on what condenses at standard temperature and pressure.
Laboratory pyrolysis experiments have similar definitions. Oil (or tar in the case of coal)
is usually defined as the pyrolysate that condenses in a trap external to the pyrolysis
vessel. Gas is the uncondensed matter, and bitumen is the extractable matter left in the
reactor. Again, these distinctions are based on volatility, which depends on temperature
and pressure as well as chemical characteristics. If the reactor is operated at a different
pressure, the volatility threshold for reaching the condenser changes. Therefore, when
using one set of experiments to develop a chemical model of another situation, it is
important to make sure that the physical processes contributing to the lumping
procedure have been taken into account.

An additional impediment to modeling natural petroleum generation and
maturation on the basis of laboratory experiments 1is that the time and temperature
scales are very different. The Arrhenius equation, k = A exp(-E4/RT), is often used to
describe the dependence of reaction time on temperature. It is an empirical equation,
but detailed theoretical arguments give essentially the same functional form (Glasstone el
al, 1941). There are several potential pitfalls in extrapolating from laboratory to natural
time-temperature regimes. First, the classic way of determining the activation energy
and frequency factor from isothermal experiments is to determine a rate constant at each
temperature then determine A and E, from linear regression analysis of In k versus 1/T.
However, one may have difficulty measuring the slope accurately enough to extrapolate
adequately. This could be because of random errors such as detector noise or because of
nonsystematic errors (e.g., a temperature measurement error that is a function of
temperature). Second, In k may not be exactly linear in 1/T because of a change in the
rate-limiting step or a change in the relative importance of competing mechanisms. This
may occur for strictly chemical reasons or because of changing mass transport
contributions if sufficient care has not been taken to remove them. Third, the rate law
used may not be appropriate. Several authors (Anthony and Howard, 1976; Ungerer and
Pelet, 1987; Burnham et al., 1987; Quigley et al., 1987; Solomon et al., 1988; Burnham
et al., 1989) have used multiple parallel reactions having an activation energy
distribution to mimic the complexity of kerogen pyrolysis. In addition, Braun and

2



Burnham (1987) developed a fairly detailed picture of the errors introduced into the
apparent E; and A when activation energy distributions are ignored and when
temperature and extent of conversion are not adequately decoupled.

One of the goals of our research is to develop a detailed model of oil and gas
generation that can be used to probe the differences among various laboratory
experiments. If this model can account for the differences in product formation rates,
amounts, and compositions over the very wide range of pyrolysis conditions accessed by
different experiments, we can have more confidence in our ability to reliably predict
transformations underground. The detailed model can also be used to determine which,
if any, of the commonly used procedures lead to simple model parameters that are
consistent with nature. Finally, the detailed model can be used to help derive improved
simple models and improved experimental and mathematical procedures for deriving
simple model parameters. To accomplish these tasks, the model must treat both
chemical and physical (e.g., transport) processes.

In this paper, we review some of the results of our recent experiments in order to
highlight the differences in Arrhenius parameters that can be derived from different
experiments. We then use our detailed pyrolysis model, PYROL, to explore why these
differences occur. The version of PYROL used here (Braun and Burnham, 1990) is a
descendant of one developed in 1983 and described at several evolutionary stages
(Burnham and Braun, 1985; Sweeney et al., 1987). Throughout its development, PYROL
has included equations that explicitly describe both chemical reactions and product
removal from the reactor by bulk flow. Although some changes have been made in the
reaction network, the major recent improvement is in the PVT calculations. The original
model used Raoult’s law to calculate oil vapor partial pressures and the ideal gas law to
calculate gas volume. The present version uses a corrected Redlich-Kwong-Soave
equation of state to calculate phase equilibria and volumetrics (Péneloux et al., 1982). All
of our computer code development calculations used reaction parameters for Green River
oil shale, a typical lacustrine kerogen. In the process of comparing model calculations
with experiments for this paper, we derived preliminary reaction parameters for generic
marine oil shale. Backed by favorable comparisons between model calculations and
various experiments, we make predictions for geological expulsion timing and efficiency
over a wide range of conditions, assuming a compaction-aided bulk-flow mechanism.
The effects of source rock permeability and compaction are treated by a simple pseudo-1-
dimensional mechanical model. This model gives estimates of the effects of burial rate
and hydrocarbon content on pore pressure and porosity, so it is more complete than a
similar model by Ungerer et al. (1988). We also discuss crucial areas of uncertainty in
the chemical mechanism and how they affect the reliability of oil and gas volumes
calculated for geological conditions.

EXPERIMENTAL RESULTS

The four experimental techniques considered in most detail are shown in Figure
1. Except for hydrous pyrolysis (Lewan, 1985; Huizinga, 1988), the results presented
here are mostly unpublished work from our laboratory. Only the parts of the procedures
and results considered to be crucial to the major message of this paper will be presented
here. Further details will be published elsewhere in a series of papers. Most of the
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samples used have been described elsewhere (Burnham et al.,, 1987). LLNA is a La Luna
sample (QL-7) provided by S. Talukdar of INTEVEP, and WNZN is a Toarcian shale (Lias

€, Wenzen core) provided by J. Rullkétter of KFA Jilich. Both WNZN and LLNA are high
in carbonate.

Programmed Micropyrolysis. The potentially most useful method of measuring
pyrolysis kinetics is by micropyrolysis. The apparatus most commonly used now by
organic geochemists is one of the various Rock-Eval models. A common problem in most
Rock-Eval models is that the furnace profile is nonuniform (Espitalié, 1986; Burnham et
al.,, 1988a), and accurate temperature measurements are difficult. We attempted to
circumvent this problem in the past by using "known" kinetics for a standard Green River
shale sample (AP22) to calibrate the temperature (Burnham et al., 1987). When analyzed
by appropriate reaction models, this calibration procedure resulted in reasonable rate
parameters, although a few of our published parameters seem to suffer from poorer
precision than we originally thought. For example, a subsequent measurement on New
Albany shale (Burnham et al.,, 1988b) using the same procedure gave a mean Ej that was
5 kcal/mol higher than our earlier result (Burnham et al., 1987).

More recently, we obtained a prototype model of Pyromat II {Lab Instruments,
Inc.) for these measurements. We modified the furmace to improve temperature
uniformity, achieving +1.5°C over the sample region at 400-500°C. We replaced the 1.6
mm diameter type K thermocouple (TC) with a 1.0 mm diameter grounded TC for better
time response. We calibrated our thermocouples against one that had been standardized
to a platinum RTD, and we calibrated the Pyromat electronics with several commercial
temperature readouts. We estimate that our temperatures are accurate to +3°C absolute
and +1°C relative. This does not ensure that the TC reflects the sample temperature, but
the small sample size (15 mg whole rock or 1 mg kerogen), the good furnace uniformity,
and the close proximity of the sample and TC suggest that the error is small.
Volatilization rates were measured at heating rates ranging from 0.3 to 50°C/min,
although only rates greater than 0.9°C/min were generally used in the kinetic analysis.
The estimated standard deviation of Tmax was about +1°C. Even with the finer TC, TC
time constant measurements suggest that the measured temperatures at 50°C/min may
be 1-2°C lower than the true value.

We have investigated numerous samples, nearly all of them as whole rocks. Our
most extensive measurements are on sample AP22. We analyzed the data with the
program KINETICS (version 2.1; Braun and Burnham, 1988) using an improved
approximate (Tmax-shift) method, modified Coats-Redfern and Friedman methods, and
Gaussian and discrete E; distribution methods. Briefly, the measured Tmgax is within
experimental precision of that calculated from A = 1x1013 s-1 and E, = 51 kecal/mol for
heating rates between 1 and 10°C/min. However, the measured Ty 5% is a few °C lower
at 50°C/min and a few °C higher at 0.3°C/min. Linear regression analysis of Tyax-shift
data gives E5 = 53+1 kcal/mol. The discrete model gave 7% of the reaction at 50
kcal/mol and 93% at 55 kcal/mol. The discrete model energies agree well with results
presented by Ungerer et al. (1987), but we think that the activation energy from the Tmax
shift is more reliable for lacustrine kerogens for reasons discussed elsewhere (Burmham
et al., 1988b).

Rate parameters derived from Pyromat data using the Gaussian Eg distribution
model are given in Table 1 for AP24 and 6 other samples. A general observation is that



the typical mean E, for marine kerogens is about 53 kcal/mol rather than about 48
kcal/mol according to earlier measurements (Burnham et al., 1987). Half of the
difference is related to the use of 51 kcal/mol to calibrate the Rock-Eval apparatus rather
than the 53 kcal/mol measured by Pyromat. Another contribution may be related to the
use of a lacustrine sample to calibrate temperatures for marine samples, as discussed
earlier (Burnham et al., 1988a).

Fluidized-Bed Pyrolysis. Coburn et al. (1988) have studied the pyrolysis of
Green River and New Albany oil shales by dropping samples into a preheated, fluidized
bed of sand. The pyrolysate is burned catalytically and the combustion products
measured dynamically by mass spectrometry. They found that most of the long-time tail
observed previously (e.g., Wallman et al., 1981} is due to holdup in cool transfer lines.
We determined new rate parameters for parallel 1st- and nth-order reactions by
nonlinear regression using KINETICS. The thermal history included a realistic heatup
time constant, and calculated rates were convoluted at each step with an experimental
dispersion function before comparison to the measured rates. We previously showed
(Burnham et al., 1988b) that the deviations from first-order behavior are similar for
constant-heating-rate and "isothermal" experiments. The principal activation energy
reported in Table 1 for GRS sample AP24 is slightly different from that given earlier
because of improved measurement of the dispersion function. The evolution rates from
the fluidized bed are slightly faster than from Pyromat, corresponding to temperature
differences of about 6°C for GRS and about 10°C for New Albany shale. This is
qualitatively consistent with the concept of enhanced volatilization due to the extremely
high gas sweep rates in the fluidized-bed experiment, although the magnitude of the
difference seems too large.

Oll Evolution. We have used oil evolution from a self-purging reactor, a
descendant of a modified Fischer Assay apparatus, to measure kinetics for many years
(Campbell et al., 1978; Burnham and Singleton, 1983; Burnham et al, 1988a). The type
of kinetic data obtained is similar to the integral of that from Rock-Eval and Pyromat,
except that only oil is measured directly. One version (Burnham and Singleton, 1983)
included a back-pressure regulator so that pyrolysis could occur at a pre-selected,
elevated pressure. The present work used the same apparatus described by Burnham et
al. (1988a), and much of the data analyzed here is reported in Figs. 3 and 4 of that paper.
Temperature was measured with four 1 mm type-K TCs, each of which was calibrated
against the same standardized type-K TC used to calibrate the Pyromat II thermocouples.
The kinetic data were fitted to both the discrete and Gaussian model using the measured
time-temperature relationship (constant-heating-rate segment formalism, Braun and
Burnham, 1987). Results for the Gaussian model are shown in Table 1 for the five
available samples. Note that an E5 distribution is needed for all samples. The ¢ value
for GRS should not be taken literally. It is caused by the significant biomarker
generation and bitumen volatilization prior to major oil generation, which causes the
overall oil evolution to occur over a wider temperature range than a first-order reaction,
but the shape of the profile is substantially different than one with a Gaussian
distribution,



Pyrolysis-Mass Spectrometry. We have reported rates of evolution of individual
gas species from pyrolysis of lacustrine, marine, and terrigenous samples (Campbell et
al., 1980; Huss and Burnham, 1982; Coburn, 1983; Burnham et al., 1987; Oh et al.,
1988; Burnham et al., 1989; Reynolds et al., 1989). Nearly all our experiments have
used a pyrolysis furnace outside the mass spectrometer ionization chamber, a trap to
condense heavy components, and a high ionization voltage to maximize signal intensity
for fixed gases. Most experiments prior to 1986 used large (25-50 g) samples of rock and
a Dry Ice trap between the pyrolysis vessel and a single-quadrupole mass spectrometer.
More recently, we have used a triple-quadrupole mass spectrometer (TQMS) for increased
selectivity, increased the trap temperature to about 130°C to observe water and
hydrocarbons up to about C7, and decreased the required sample size to 0.5 g of rock for
experiments at 10°C/min and to 5 g for experiments at 1°C/min. Coal samples are
mixed with quartz sand to behave like whole rock.

For oil exploration purposes, the pyrolysis-mass spectrometer experiments are
designed to answer several related questions. First, are the kinetics of gas species the
same as the 0il? Are the E; distributions that are required to describe Cs4 oil evolution
(Table 1) caused by different kinetics for different components, or do individual
components need E; distributions? Finally, can the sequence of gas evolution be used to
understand the maturation mechanism? Although care was taken in the pyrolysis-TQMS
experiments to account for most of the factors that could lead to erroneous temperature
measurements, the complexity of the experiments and some problems with TC
calibrations lead to uncertainties of 5-10°C in some experiments. For now, we are limited
to qualitative and semi-quantitative conclusions about oil and gas kinetics. Even so, we
can address the most important conceptual issues.

First, the kinetics of individual gas species are far more diverse than those for the
total hydrocarbon generation. Acetic acid and CO9 (after accounting for carbonate
decomposition) tend to precede hydrocarbons and have very broad evolution profiles,
suggesting large E; distributions. Methane generation is also very broad, but it tends to
lag oil generation. For Green River kerogen, methane has a large primary peak near that
of oil generation and a higher temperature shoulder probably related to elimination of
residual methyl groups and methylene bridges in the highly aromatic residue remaining
after oil generation. For marine and terrigenous samples, the first peak is smaller than
the second. Hydrogen shows similar features. H2S, COS, mercaptans, and, to a lesser
extent, methyl thiophene tend to evolve at lower temperatures than hydrocarbons. For
molecules containing 4-7 carbons, aliphatic profiles tend to be narrower than aromatic
profiles. Since the shift with heating rate is about the same, the aromatic materials
require wider E5 distributions. Unfortunately, the absolute value of the distribution is
compromised by tailing of these oil components through the trapping system.
Qualitatively, the pyrolysis-TQMS results confirm for many samples that oil generation
by itself needs an E3 distribution for proper kinetic description and that, although the
gas evolution processes are more diverse than oil generation processes, the distributions
determined for total hydrocarbons by micropyrolysis are not caused solely by inclusion of
gas. This agrees with the results of Espitalié et al. (1988).



PYROL

Model description. A detailed description of the current version of PYROL is
given elsewhere (Braun and Burnham, 1990), so only a limited description will be given
here. PYROL is a mathematical model designed to simulate both laboratory experiments
and geological maturation. It includes a detailed description of global primary and
secondary pyrolysis reactions and gas-liquid equilibrium calculations. The chemical
reaction framework of PYROL is given in Figure 2. Oil consists of eleven boiling point
fractions, each having two chemical types, cokable and uncokable. Cokable oil consists
of the coke-prone portions of the polar and aromatic fractions, and uncokable oil
corresponds to the saturated moieties. Other chemistry and phase-volumetric
calculations are described briefly in the following paragraphs. PYROL can simulate open,
closed, or leaky reactors and includes an option to simulate compaction. Natural
sediments are normally treated as leaky reactors, where the rate of product elimination is
proportional to the difference between the pore pressure and hydrostatic pressure. The
compacting, leaky reactor model is shown schematically in Figure 3. The compaction
and leakage equations are expressed in differential form and integrated simultaneously
with the reaction and volumetric equations, so the pore pressure and porosity are
interdependent on the generation and expulsion processes. For temperature-pressure
conditions where liquid water is present, the relative amounts of hydrocarbons and water
expelled are based on relative permeabilities. Gas and oll, if present as distinct phases,
are expelled in proportion to their volume fractions. Diffusion, solubility of oil and gas in
water, and the thermal expansion of water are currently neglected.

The rate constants used for Green River shale (GRS) are described in detail by
Braun and Burnham (1990}, and only changes from a previous version (Sweeney et al.,
1987) will be highlighted here. The rate expressions for oil generation have been changed
slightly to be consistent with our assumed standard kinetics (Burnham et al., 1987). The
activation energies of oil coking and cracking have been increased to 45 and 55 kcal/mol,
respectively, with corresponding adjustments to the frequency factors so that the
cracking and coking rate constants remained the same at 450°C. The cracking rates for
cokable oil have been set to zero, and oil coking frequency factors now depend on
molecular weight in the same way that cracking does. For oil cracking, the pressure
dependence of the rate constant has been decreased and the pressure dependence of the
stoichiometry modified. Reactions have been included for cracking of C2-C4 gas to
methane and coke and reaction of hydrogen with char to form methane.

We have also derived preliminary reaction parameters for marine oil shales. They
differ from those for GRS in the following ways. The initial bitumen content is decreased
from 5 to 2 wt%. Oil generation is described by a single process having a mean E; the
same as for the principal oil generation from GRS (51 kcal/mol), but a Gaussian ¢ of 3%
is used and the frequency factor is 2.4 times faster. Gas generation rate constants were
estimated from pyrolysis-TQMS experiments. The oil cracking rate parameters are the
same as for GRS. The maximum possible oil and gas yields were estimated from the
fluidized-bed pyrolysis results for New Albany shale (Coburn et al., 1988). The H/C
ratios of cokable and uncokable oil were assumed to be the same as for GRS, and the
fraction of cokable oil was estimated from H/C ratios of pyrolysates. The initial cokable
fraction of 0.68 is substantially higher than the 0.25 value for GRS, which is a reflection
of the higher aromatic content of the initial kerogen and pyrolysates (Netzel and Miknis,
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1982; Horsfield, 1989). The base frequency factor for oil coking was then adjusted by
trial and error so that PYROL calculated the correct oil yield for Fischer assay pyrolysis.
The resulting lower oil yields at slower heating rates are consistent with the results of
Coburn and Rubel (1983).

Bitumen, though defined operationally and not chemically, is an important
quantity. Our original hope was that bitumen would be calculated directly from the
amount of liquid oil. We explored the possibility of having the molecular weight of the
largest component comparable to the maximum size found by FIMS measurements of
heated-grid pyrolysates (Suuberg et al., 1987), but we could not find a satisfactory set of
parameters that maintained correct oil and gas yields for other pyrolysis conditions.
Instead, we added a "virtual" bitumen component. We call it "virtual” because it is
included in auxiliary equations that are integrated separately in order to minimize
changes in other parts of the code. However, this formalism gives the same result as if it
were included directly as implied in Figure 2. A specified fraction of kerogen converts to
bitumen (and no other products) by a single first-order reaction. Bitumen subsequently
breaks down to oil, gas, and semicoke identically to kerogen, so it might also be
considered to be soluble kerogen or asphaltenes. This reaction formalism is consistent
with a highly branched kerogen structure that has large, potentially soluble blocks that
are connected by weak links (Burnham et al,, 1988b). The additional parameters are the
fraction of oil that goes through a bitumen and the rate constant. For GRS, the rate
constant was based on work by Robinson and Cummins (1960) and the fraction was
fixed at 0.25 to match hydrous pyrolysis experiments. For generic marine oil shale, the
fraction was increased to 1.00 and the rate constant decreased to match hydrous
pyrolysis results (Lewan, 1985).

The new phase equilibria and volumetric calculations in PYROL are also described
in detail by Braun and Burnham (1990). Briefly, the phase equilibria are calculated
using the Redlich-Kwong-Soave equation of state (Soave, 1972). The traditional flash
calculational approach was found to be not very compatible with the differential equation
solver used to integrate the chemical reactions. We therefore adopted a kinetic approach
to phase equilibria similar to our earlier simple vaporization treatment. Basically, the
rate of transfer between phases is multiplied by a function of relative fugacities that goes
to zero at equilibrium. The rate constants for phase-transfer are adjusted to ensure a
close approach to equilibrium without consuming too much computer time. The phase
volume calculations were made more accurate by applying volume translation corrections
(Péneloux et al., 1982). To check the accuracy of the equation of state calculations,
methane solubility in oil was calculated at three relevant temperatures and pressures.
Calculated solubilities agree very well with measured values {Price, 1984).

Laboratory Pyrolysis Applications. An extensive comparison of calculated oil
and gas yields with various laboratory experimental results for Green River oil shale is
presented elsewhere (Braun and Burnham, 1990). Agreement is very good and
comparable to a previous version (Burnham and Braun, 1985). In this section we
present comparisons for generic marine oil shale, some additional calculations for both
Green River and marine shales that will help explain differences among rate parameters
determined from various laboratory experiments, and a discussion of the oil expulsion
mechanism in hydrous pyrolysis.



We demonstrate the ability of PYROL to calculate product distributions for both
lacustrine and marine rocks for conditions used in many kinetics experiments.
Calculated and observed distributions of organic carbon in oil and gas are given in Table
2. The product yields from marine shale are a function of pyrolysis conditions in ways
similar to Green River shale. However, because of the higher fraction of cokable oil in
marine kerogen pyrolysates, the marine kerogen yields are a stronger function of heating
rate when expressed in terms of a percentage of Fischer assay yield. The sum of oil and
hydrocarbon gas (COx excluded) is 580 mg/g TOC for the fluidized bed and 469 mg/g
TOC for Fischer assay. For comparison, Rock-Eval analysis gave S2 = 595 mg/g TOC for
our New Albany sample. Calculated oil evolution curves are compared to measurements
in Figure 4. The difference between the 50% completion points of the calculated oil
generation and evolution curves at 2°C/h is about 5°C, which is comparable to the
remaining discrepancy between the calculated evolution curve and measurement.

We next attempt to explain the results in Table 1. The activation energies
determined by oil evolution from the self-purging reactor are systematically higher than
those determined by Pyromat, and the Pyromat activation energies are higher than those
determined by fluidized bed. Our explanation is essentially the same as that given earlier
{Burnham et al., 1988a), although we now have more complete evidence. All these
experiments measure the rate of volatilization, not generation. The rate of volatilization is
affected by the amount of gas sweep. Volatilization is affected less at high temperatures
because the pyrolysis products are more volatile. This causes the apparent activation
energy to be inversely related to the amount of gas sweep.

This explanation is quantified in Table 3. PYROL was used to generate synthetic
reaction rate data for conditions comparable to those in the experiments in question.

The oll generation calculations used a mean activation energy of 51 kcal/mol for both
lacustrine and marine shales. The resulting volatilization rates are a function of both the
chemical and physical processes in PYROL. The output rates from PYROL were then
fitted as real experimental data with the program KINETICS. The observed trends in
activation energy are similar to those seen experimentally. The change in absolute
volatilization rate is small compared to the shift in the activation energy, so the frequency
factors also change to compensate.

Hydrous pyrolysis is more like nature than most other experimental techniques,
and Lewan (1985) has derived kinetics describing the formation of a free-floating oil
phase during hydrous pyrolysis. However, as we mentioned in a previous paper
(Burnham et al., 1988a), it is not obvious that the reported rate constants are free of
mass transport contributions. We now use PYROL to assess the role of mass transport in
hydrous pyrolysis. Hydrous pyrolysis is difficuit to model with PYROL because it consists
of an open system {rock chip) inside a closed system. As a first step, we calculate the
product distribution in the whole closed system. We then assume, for simplicity, that all
oil in the vapor state just prior to cool down will be expelled from the rock chips. These
calculations are compared with published data for Green River and marine shales in
Figures 5 and 6. The calculated bitumen curve is a combination of liquid oil, virtual
bitumen, and semicoke. The calculated oil-vapor curves agree qualitatively with the
expelled-oil data, except in the 330°C region for Green River shale. A seemingly plausible
explanation is that some liquid oil would be forced out by the oil vapor in that region.

However, it is not necessarily true that the oil vapor has enough volume at the
high pressures generated inside the vessel to be expelled. To check this, we used the
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calculated pressures from the first calculation (ranging from 9 to 48 MPa) as input to a
second set of calculations in which the rock chips were treated as an open system with
an imposed time-dependent external pressure. The water and hydrocarbons were
expelled according to their relative permeabilities, using saturation-dependent values
given by Ungerer et al. (1984). In the 320-350°C region, only 50-75% as much oil is
expelled as is contained in oil vapor. It is questionable, therefore, whether excess volume
generation, without shale compaction, is adequate to efficiently expel oil. It is possible
that the correlation of observed results with calculated volatility is symptomatic of the
importance of another temperature- and composition-dependent mechanism, e.g.,
diffusion. Howeuver, it is also true that our calculated pressures are higher than those
reported by Lewan (1989). We assumed that the water is an inert pressurizing fluid that
acts to remove much of the reactor porosity, but does not dissolve any gas. An additional
small factor is that the calculated total mass of gas generated is 20-30% greater than
reported by Lewan (1989). Lewan found that water inhibited the conversion of bitumen
to coke and gas, which may explain the difference between observed and calculated
bitumen yields in Figures 5 and 6. Further work is obviously needed to satisfactorily
simulate hydrous pyrolysis.

Even so, the current results are useful to explore the influence of mass transport
on the single-first-order rate parameters derived by Lewan (1985) and Peters (1986;
obtained by analysis of the hydrous pyrolysis data in Huizinga et al, 1988). We noted
earlier (Burnham et al., 1988a) that Lewan’s activation energies are higher than expected
if one considers only his neglect of activation energy distributions. Ordinarily, analyzing
a complex reaction with a first-order rate law, when temperature and conversion are not
decoupled, will give an apparent activation energy that is smaller than the true mean
value (Braun and Burnham, 1987). We proposed (Burnham et al., 1988a) that the
temperature dependence of the expulsion mechanism introduces a compensating error,
thereby producing about the correct answer. We can use a kinetic analysis of the PYROL
results as a test, at least in qualitative terms, of this proposal. The oil vapor yields were
fitted by linear regression to a first-order rate expression just as Lewan (1985) and Peters
(1986) analyzed expelled-oil data, and the results are given in Table 3.

The apparent activation energy of 63.7 kcal/mol for Green River is much higher
than the input value of 51 kcal/mol because only the volatility effect is present.
Likewlise, Peters’ experimental value of 66.5 is higher than the "true" value of 50-52
kcal/mol (Sweeney et al., 1987, Burnham et al., 1987, Freund and Kelemen, 1989)
because Green River shale has a small activation energy distribution and the volatility
effect dominates. For marine shale, the apparent activation energy of 42 kcal/mol is
lower than the input mean value of 51 kcal/mol, but it is higher than the 33 kcal/mol
value expected from the neglect of the activation energy distribution only. Our 42
kcal/mol value is in the same range observed by Lewan for Phosphoria shale. These
results suggests that, when data that do not decouple temperature and conversion are
analyzed by first-order rate equations, the apparent activation energy can be either
higher or lower than the true mean value, depending on whether the activation energy
distribution or volatility effects dominate. For both of the first-order analyses of the
simulated hydrous pyrolysis data, the correlation coefficients were high (0.991 for marine
and 0.975 for Green River). Therefore, a high correlation coefficient does not ensure a
correct answer. In the case of the very low activation energies reported by Barth et al.
(1989) for CO9, acetic acid, and methane, preliminary kinetics determined from our
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pyrolysis-TQMS experiments indicate that the neglect of activation energy distributions is
dominant in their case.

Geological Applications. We have conducted a few parameter studies for both
lacustrine and marine source rocks using the compacting, leaky reactor model shown in
Figure 3. The results for lacustrine source rocks are described in more detail elsewhere
(Braun and Burnham, 1990), and only a summary is given here. We present a few
similar results for marine shales in Figures 7 to 10. All calculations used the same
parameters for compaction (K¢ = -2.3x 10-8 pa-1), leakage (Kg = 5x10-19 m3 reactor/m3
fluidePass), and relative permeability (Figure 15, Ungerer et al.,, 1984). For both
lacustrine and marine rocks, sufficient overpressure was developed during oil and gas
generation to noticeably hinder compaction of the source rock over all parameter ranges
studied. The pore pressure reached lithostatic pressure only for the richest lacustrine
shale at the highest heating rate. Oil expulsion is significantly delayed from oil
generation. The amount of delay is inversely related to initial total organic content (TOC].
During the delay, part of the oil is cracked to gas, which provides part of the volume
generation needed for oil expulsion. As a result, the amount of oil cracking is also
inversely related to organic content.

We also examined the relationship between the concentration of C15+ oil in the
source rock and start of significant oil expulsion, using a criteria of 5 mg expelled Cr+
oil/g TOC for the definition of the start of significant oil expulsion. For both lacustrine
and marine rocks, the C15+ oil concentrations at the start of significant expulsion are
essentially independent of heating rate but vary significantly with initial TOC. For
lacustrine rock, expulsion starts when Cj 5. oil concentrations reach about 8 mg/g rock
for 10 wt% kerogen and about 3 mg/g rock for 1 wt% kerogen. For 10 wt% marine
kerogen, expulsion starts as the Cj54 oil concentrations reach about 5 mg/g rock. For 3
wt% marine kerogen, expulsion begins when the C154 concentrations are near their
maximum values of 2 mg/g rock. For 1 wt% marine kerogen, expulsion does not begin
until C]54 concentrations have decreased to below 0.3 mg/g rock, and the expellate is
really a condensate.

Other product parameters for lacustrine and marine shales are compared in Table
4. As for the start of significant expulsion, expulsion efficiencies were strongly affected
by organic content but not by heating rate. The expelled gas/oil ratios and API gravity of
the oll are inversely related to organic content. The tabulated gas yields include
considerable contributions from secondary reactions. For reference, the expelled gas/oil
ratio at point where half of the ultimately expelled oil has been expelled equals 0.10
kg/kg for a source rock with 10 wt% lacustrine kerogen and 0.60 kg/kg for a source rock
with 10 wt% marine kerogen. The latter figure seems rather high and is discussed
further below. The amount of unexpelled gas at 200°C is roughly independent of original
organic content. For the 1 wt% of marine kerogen, even though most of the oil was
cracked to gas, the excess volume generation was insufficient to expel most of the gas.
All these results depend on the equilibrium porosity-depth relationship, of course, but we
have not yet investigated that dependence.

These geological results have been presented without comparison to field results.
We intend to do extensive comparisons in the future, but a few initial comparisons are
given here. The maximum C]5+ concentrations of 100-300 mg/g lacustrine TOC is
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similar to that reported by Tissot et al. (1978). The corresponding range of 50-75 mg/g
marine TOC is on the low side but similar to that reported by Larter (1988) for North Sea
Viking Graben Kimmeridge clay samples. The discrepancy may be due to the possibility
that our calculated oil concentrations relate more directly to hydrocarbon concentrations
than total extract, for reasons discussed in the next paragraph. Leythaeuser et al. (1988)
show maximum C] 5+ hydrocarbon concentrations of 40 to 80 mg/g TOC in the
Kimmeridge clay from the Brae field area. Our thresholds for significant oil expulsion are
significantly higher than the 0.8 mg/g (15 bbl/acre-ft) minimum given by Momper (1978).
His low value is inconsistent with our assumptions of a 5-10% porosity during generation
and a relative permeability that requires about 30% oil saturation before much oil is
expelled. Momper's conclusion would tend to support a comment by J. Burris following
the presentation of this work that oil expulsion from shales may be quite efficient at 20%
oil saturation. However, our results agree with Talukdar et al. (1987), who state that the
beginning of oil migration in the La Luna formation is at 200 mg bitumen/g TOC, which
corresponds to 10 mg/g rock for 5% TOC (about average for that formation).

A serious issue is whether PYROL is accurately calculating the maximum possible
geological oil yield. Our reaction parameters require that all cokable oil is converted to
gas and coke fairly easily in the geological environment. This means that the maximum
oil yield for geological conditions is 674 mg/g for lacustrine kerogen and 169 mg/g for
marine kerogen. These are substantially lower than typical Rock-Eval hydrogen indices,
especially for the marine shale. The corresponding "primary" gas yields are also higher
than generally assumed. We agree with Cooles et al. (1986) that oil expulsion efficiency
can be a very efficient process, but we think that much of their observed efficiency for
marine shale may be due fo gas expulsion, both natural and that occurring during
sample retrieval. Our reaction network is also in conflict with the proposal by Cooles et
al. (1986) that laboratory pyrolysis produces the same amount of or more coke than
geological maturation. The conversion of kerogen to oil, gas and coke can be considered
to be a disproportionation reaction. For a specified H/C ratio in kerogen, oil and coke,
the ratio of oil to coke depends on the fraction of hydrogen consumed by making gas (and
water). If the geological mechanism really produces less gas than predicted by PYROL,
then more oil would be possible. For lacustrine kerogen, our calculated oil yields agree
well with both hydrous pyrolysis and the 1°C/week sealed-vessel experiments of Saxby
(1986), so the evidence seems to support us. For marine kerogen, although our
treatment of hydrous pyrolysis is consistent with the amount of expelled oil, we
underestimate the amount of bitumen for Woodford shale in the later stages. This could
indicate that our oil coking reaction (and perhaps oil cracking reaction) should be
inhibited by water, and Lewan (1989} has recently presented evidence for the Woodford
shale that water does indeed play such a chemical role. The maximum oil potential is
such an important question that further evidence is desirable.

A possibly important observation in this regard is that the yield of normal alkanes
plus alkenes from our self-purging reactor is only about 2% of the kerogen TOC for both
Kimmeridge and Phosphoria shales (Burnham, 1989). The total amount of normal
moieties of reasonable length (determined by 13C NMR) is only about 5% of the kerogen
TOC. Corresponding values for Green River shale are 9.6% and 22%, respectively. We
also know that the isoprenoid/normal ratios from these experiments are similar to those
in natural petroleum (Burnham and Singleton, 1983). Therefore, if normal alkanes are to
make up 5-10% of a crude oil from a marine kerogen and much more of a waxy crude oil
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from a lacustrine kerogen, and secondary generation of long-chain isoprenoids is not
easy, natural crude oil yields must be significantly lower than those produced by rapid
pyrolysis. Therefore, geological pyrolysis must be producing more coke and more gas
than typical laboratory pyrolysis.

CONCLUSIONS

Laboratory experiments can be used, when properly analyzed, to develop a fairly
complete kinetic picture of kerogen pyrolysis. We have summarized our understanding
into a detailed kinetic model called PYROL. Both lacustrine and marine kerogens
pyrolyze to oil, gas, and coke with a mean activation energy of about 51 kcal/mol. The
frequency factor for marine kerogen is greater, possibly related to a more branched
kerogen structure, and an activation energy distribution is required. Mass transport
contributes to the observed volatilization rate in many experiments and can lead to an
apparent activation energy that is higher than the true value. Also, it is not certain that
there is enough excess volume generated for bulk flow to be the only important
mechanism of oil expulsion during normal (no lithostatic load) hydrous pyrolysis
experiments,

Extrapolation of our understanding of oil and gas generation to geological
conditions by using PYROL gives some interesting results. Bulk flow does appear to be a
fairly effective means to expel petroleum from rich source rocks. For lean source rocks, a
large amount of oil cracking is required to generate sufficient excess volume, so lean
lacustrine and marine source rocks are a better source of gas than oil. For very lean
rocks, most of the generated gas remains in the rock as long as the porosity is several
percent. Our calculated oil/gas ratios depend crucially on whether more or less coke and
gas iIs formed geologically than in the laboratory. The role of water in the inhibition of
coke formation from marine kerogen is a major factor which needs to be clarified for more
reliable predictions for marine shales.
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Table 1. Comparison of activation energies (kcal/mol) and
distributions (% of E,) determined by various techniques

Sample Fluidized Pyromatll  Oil evolution Hydrous
bed E, c E, o pyrolysis

AP24 51.0a 52.6 13 57.5 2.0 66.5€

NAKY 50.3b 53.0 2.1

KIMR 54.3 2.7 56.7 3.1

PHOS 56.3 3.8 62.5 3.5 42.7d

WNZN 51.4 2.5 55.7 2.7

LLNA 52.1 2.6 58.2 2.8

WDFRD 54.7 3.3 52.2d

a. reaction order of 1.18

b. reaction order of 1.44

c. From Peters (1986) for a similar Green River shale

d. Lewan (1985). The Woodford samples are similar but

Lewan'’s Phosphoria sample has a higher org S/TOC ratio
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Table 2. Observed and calculated yields of oil and gas
(% of TOC) from pyrolysis of New Albany shale or other

marine shales at various heating rates

Conditions observed calculated
oil gas oil gas
Fluidized bed 45 5 43 4
Fischer assaya 33 7 33 4
2°C/minP 29 11¢ 31 7
2°C/hb 22 13¢ 25 9

a. 12°C/min, no sweep

b. 50% porosity and no gas sweep

c. by difference
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Table 3. Effective rate parameters derived from kinetic
analysis of PYROL calculations.

A Eg G
(s-1) (kcal/mol) (% of E)

Green River

PYROL Input:
early oil (5%) 1.0x1013 47.0 —
late oil (95%) 1.0x1013 51.0 —
KINETICS Output:
Slow sweep 2.5x1013 52.1 2.0
Autogenous 8.2x1013 53.7 2.0
Hydrous pyrolysis@ 1.2x1017 63.7 —
Marine
PYROL Input 2.4x1013 51.0 3.0
KINETICS Output:
Slow sweep 4.7x1013 51.7 3.5
Autogenous 1.3x1014 53.1 3.4
Hydrous pyrolysisa 5.2x109 41.8 —

a. first-order kinetic analysis of calculated oil vapor yields
from Figures 5 and 6
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Table 4. Calculated products for lacustrine and marine shales as a function of organic content and geclogical heating rate

Organic Heating Maximum Oil APl Hydrocarbon gas expelled Hydrocarbon gas retained
carbon rate Cis+ conc. expelled gravity
wt%) (°C/My) (mg/gTOC) (mg/gTOC) (°API) (mg/gTOC) (m3/kg oil expelled) (mg/gTOC) (m3/Mg rock)

Lacustrine
10 10 126 605 31 100 0.16 42 4.2
3 112 613 32 113 0.18 27 3.4
1 105 611 32 124 0.20 20 2.7
3 10 265 461 36 109 0.22 119 3.3
3 233 481 37 141 0.28 72 2.7
1 217 498 36 157 0.31 48 2.0
1 10 299 136 47 96 0.62 330 3.1
3 280 192 47 171 0.83 196 2.5
1 271 228 47 218 0.95 130 1.8

Marine

10 10 57 113 37 114 1.0 69 7.8
3 53 120 36 133 1.1 50 6.6
1 50 125 36 146 1.2 38 5.4
3 10 72 50 46 80 1.6 138 4.5
3 67 65 45 116 1.8 91 3.6
1 65 74 44 140 2.0 67 2.8
1 10 72 6 49 14 2.0 227 2.4
3 68 10 50 42 4.8 182 2.4

1 68 14 51 85 7.0 140 2.0
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Figure 1. Schematic representation of four types of experiments used in this work to
determine oil evolution kinetics. Hydrous pyrolysis results were taken from the
literature, the self-purging reactor was operated at 2°C/min and 2°C/h, Rock-Eval and
Pyromat instruments were used for nonisothermal micropyrolysis, and the fluidized bed
was an LLNL design. In addition, gas evolution kinetics were determined by analyzing
the effluent of a small pyrolysis apparatus by tandem mass spectrometry.
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Figure 2. A schematic representation of the chemical reaction framework of PYROL.
The complete model consists of time derivatives of 32 vapor species, 32 liquid species,
19 solid species, and 67 other variables, including pore pressure, pore volume, and
diagnostics.
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Figure 3. Schematic representation of the compaction model used in PYROL. P is the
pore pressure, Py, the lithostatic pressure, PH the hydrostatic pressure, ¢ the porosity,
K% the leak constant, and K¢ the compaction constant.
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Figure 5. Measured (points) and calculated (lines) bitumen and expelled oil yields for
Green River shale pyrolyzed for 72 h at the specified temperature. The experimental
data is from Huizinga et al. (1988). The calculated bitumen values (solid line peaking at
330°C) are the sum of virtual bitumen, liquid oil and semicoke concentrations from
PYROL. The solid curve peaking at 350°C is the quantity of oil vapor calculated by
PYROL. The dashed curve is the expelled oil calculated from the excess volume

generated by pyrolysis, using an initial porosity of 3% and relative permeability values
of Ungerer et al. (1984).
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Figure 6. Measured bitumen and expelled oil yields from Woodford shale (Lewan, 1985)
compared to PYROL calculations for generic marine shale with the same organic
content. Experiments and calculations for 360°C and lower are for 72 h pyrolysis, while
the values at 365°C are for 808 h. The solid and dashed curves represent the same
quantities as defined in Figure 5.
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Figure 7. Calculated porosities and cumulative water expelled from generic marine
shale containing 10, 3, and 1 wt% organic carbon heated at 3°C/My assuming a
constant geothermal gradient of 25°C/km. Water expulsion is given per unit of initial
dry rock (kerogen plus inorganics). The deviation of porosity from an exponential
decline with depth is cause by a pressure buildup during oil and gas generation.
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Figure 8. Calculated pore pressures for the same cases shown in Figure 7.
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Figure 9. Distribution of generated oil into its various fates, as a function of
temperature. The eleven boiling-point oil fractions in the source rock are summed into
Cs-C14 and Cj154 fractions. The calculation corresponds to generic marine shale
containing 3 wt% TOC being heated at 3°C/My in a geothermal gradient of 25°C/km.
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Figure 10. Summary of the oil expulsion curves for generic marine shale with varying
organic content. The left, middle, and right curve of each group is at 1, 3, and
10°C/My, respectively.



