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Are time and temperature the only constraints to the simulation of
organic matter maturation?

P. LaNDAIS, R. MicHELS and M. ELIE
CNRS-CREGU, B.P. 23, 54501 Vandoeuvre lés Nancy Cedex, France

Abstract—Confined pyrolysis, hydrous pyrolysis and high pressure hydrous pyrolysis were performed with
various samples (Toarcian shale and kerogen, Woodford shale and kerogen, Mahakam coal) and under
different experimental conditions, in order to test the effects of pyrolysis variables on the simulation of
maturation of organic matter. Results show that: (i) experimental time and temperature are not
exchangeable parameters as suggested by first order kinetic law models; (ii) increasing confining pressure
(300-1300 bars) in gold cell experiments performed on Woodford samples has a limited influence on the
reduction rate of the oil potential, the TSOM (Total Soluble Organic Matter) yield and the structure of
the polars; (i) the presence of excess liquid water (0~100 weight%) in confined pyrolysis experiments does
not significantly influence organic matter maturation. However, comparisons with classic hydrous
pyrolysis (200 weight% water) could indicate major differences in timing and composition of the TSOM
(bitumen + expelled fraction) as well as of the solid residue. It appears that excess water is not necessary
to simulate organic matter maturation when the system is sufficiently confined. Hydrous pyrolysis
conditions (low partial pressure of products) delay Woodford kerogen conversion. In addition, results
concerning the Mahakam coal suggest that the structure of the organic matter plays an important role
concerning the water effect; (iv) increasing water pressure in hydrous conditions (220-1300 bars)
drastically lowers and delays Woodford kerogen maturation. Quantitative analysis of the water produced
during confined pyrolysis and comparison of the extent of aromatization in hydrous and confined pyrolysis
suggests that two competing hydrogen transfer mechanisms occur during organic matter pyrolysis. This
study shows that additional parameters must be defined when comparing the results of the experimental
simulation of organic matter maturation.
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INTRODUCTION

The respective roles of time and temperature are
recognized as critical in the processes of organic
maturation and hydrocarbon generation. Pioneering
experimental work performed in the beginning of the
century suggested that time and temperature were
two essential parameters of coalification (Bergius,
1913). More recently, laboratory experiments
allowed the different coalification and hydrocarbon
generation stages to be evidenced on time—
temperature diagrams (Bostick, 1973). Such obser-
vations, experimentally or empirically (Connan,
1974; Wright, 1980), relate time and temperature by
thermal maturity scales (Lopatin, 1971) or by math-
ematical models based on a first order Arrhenius law
(Tissot and Espitalié, 1975). Recent developments
in kinetic modelling of hydrocarbon generation
(Ungerer and Pelet, 1987; Burnham and Braun, 1990)
have assumed that the transformation of organic
matter during thermal treatment can be depicted by
a series of parallel and successive reactions involving
primary and secondary cracking of kerogen and
bitumen (Carlsen et al., 1993). Subsequent calcu-
lations of distributed activation energies allowed the
kinetic evolution of organic matter to be described.
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However, the use of these kinetic parameters is still
questionable because there is no proof that kerogen
and oil cracking follow a first order reaction. Such
theoretical and experimental results are currently
used in order to predict the maturity of a source rock
and to reconstruct the thermal history of sedimentary
basins.

Parallel to these heating experiments—generally
conducted in open systems—pyrolysis devices dedi-
cated to reproduce natural maturation of organic
matter have been developed. It has been shown that
the simple heating of source-rocks, coals or kerogens
did not lead to satisfactory evolution of the geo-
chemical parameters (especially concerning the re-
lease of liquid hydrocarbons). Different experimental
studies demonstrated that the simulation of natural
maturation may be achieved when excess water press-
ure or high confinement are applied to organic matter
(Monthioux ef al., 1985; Lewan, 1979, 1993a;
Horsfield et al., 1989; Landais et al., 1989a; Vanden-
broucke et al., 1993). Artificial maturation exper-
iments provided adequate data sets for describing the
different maturation stages and quantifying the oil
and gas yields (Monin ez a/., 1990). Such data cannot
always be derived from a natural series of samples.
Comparison of artificial and natural series allowed
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overall similarities between geologically and exper-
imentally matured samples to be identified (Landais
et al., 1989b; Monthioux er al., 1985, 1986, 1988;
Vandendroucke et al., 1993) and “oil-like pyroly-
zates” to be generated (Lewan, 1979, 1993a). Exper-
imental systems that are able to yield geochemical
data compatible with natural systems use high pyrol-
ysis temperatures (200-500°C), heating times ranging
between a few hours and several years, medium to
high pressures (tens to thousands of bar) and different
pressurizing fluids (water or organic matter prod-
ucts). As a result of this large range of experimental
conditions, one can expect scattered geochemical
data. However, few studies offered the opportunity to
adjust and control these different parameters in order
to evaluate their influence on the thermal maturation
of kerogens and source-rocks. Besides time and tem-
perature, the crucial parameters in artificial matu-
ration, the time-temperature pair, the pressure and
the nature of the pressurizing fluid may significantly
modify the data provided by artificial maturation
experiments.

The present paper summarizes the results of
confined and hydrous pyrolysis experiments dedi-
cated to re-evaluate the validity of the simulation
technique and to determine the influence of the
experimental conditions.

EXPERIMENTAL

Samples used in the pyrolysis experiments are (i)
immature Upper Devonian Woodford Shale
(H/C=1.12; O/C=0.063; HI =528 mgHC/gTOC),
collected in the Anadarko basin, Oklahoma contain-
ing 22% Total Organic Carbon, (ii) immature shale
from the Toarcian of the Paris Basin (France) con-
taining 3.7% of organic carbon (H/C=1.18;
O/C =0.131; Hl=660mg/g), (iii) immature and
low ash content humic coal from Mio-Pliocene of
the Mahakam delta (Kalimantan, Indonesia)
(H/C=0.97, O/C =0.21; HI = 335 mg/g). Kerogens
from Woodford and Paris basin shales were isolated
by HCI-HF acid treatment following the method
detailed by Durand and Nicaise (1980).

Confined pyrolysis

One gram of shale (crushed to 1-2 mm in size), or
200 mg of pure kerogen previously vacuum dried,
were sealed under argon atmosphere in gold cells
(L =5cm, i.d. =1cm). The gold cells were placed
into high-pressure autoclaves filled with a mixture of
water and oil (pressurizing medium), and were
rapidly heated up to the targeted temperature. After
about 45 min thermal equilibrium was reached and
the hydrostatic pressure adjusted by means of a
pressure pump. The samples were isothermally heated
during times ranging between Sh and 100 days at
temperatures ranging between 200 and 400°C at
hydrostatic pressures of 300, 700 or 1300 bars. Pro-
cedure and pyrolysis apparatus are described in detail

by Landais ef al. (1989a). Once the end of the run was
reached, the autoclave was rapidly air-cooled, the
gold cells recovered and carefully cleaned with hot
chloroform for one hour. The gold cells were then
opened either in a thermodesorption oven (250°C) or
at ambient temperature. Pyrolysed samples were then
pulverized and extracted with hot chloroform for
1.5 h.

Hydrous pyrolysis

Four grams of rock chips were placed into 30 cm’
stainless steel autoclaves. An excess of highly pure
water was added to the shale. The water/rock ratio
averaged 1.9 to ensure that liquid water covered the
entire sample during the run. The head space of the
autoclave was filled with helium at atmospheric press-
ure in order to evacuate the air. The samples were
placed in an oven previously heated to the pyrolysis
temperature which was controlled by means of a
thermocouple placed near the autoclaves. Runs were
performed at 260, 300, 330, 350 and 365°C with 72 h
soaking time. In hydrous pyrolysis, the internal press-
ure is provided by the expansion of water and to some
extent by the generated oil and gases. Therefore, the
maximum pressure does not exceed 300 bars (on line
pressure measurements give a maximum value of 250
bars at 365°C-72 h with Woodford shale). Once the
experiment was ended, the autoclave was cooled
down and opened up. The oil floating on top of the
water was recovered with a pipette, and the rock
chips were washed with cold chloroform for 30s in
order to recover the adsorbed fraction. Both were
mixed and named “expelled o0il”’. The shale was then
pulverized and extracted in the same way as for
confined pyrolysis samples in order to obtain the
bitumen fraction. The amount of expelled plus bitu-
men fractions are referred to as Total Soluble Or-
ganic Matter (TSOM in weight% of rock). The
procedure is described in detail in Lewan (1993a).

High pressure hydrous pyrolysis

In this newly developed system, 4 g of shale were
loaded into a titanium—chrome basket and placed in
contact with a corrosion resistant thermocouple. The
sample basket and thermocouple were placed into the
30 cm® stainless steel autoclave previously filled with
high purity water. The head space (about 5 cm®) was
flushed with helium at atmospheric pressure in order
to evacuate the air. The autoclave was then connected
to the pressure line previously flushed and filled with
highly pure water. The pressure device was composed
of a manually driven high pressure piston filled with
water which was able to withstand pressures up to
2 kbars. The sample was rapidly heated to reach
the targeted isotherm. Water expansion allowed the
hydrostatic pressure to rise and the pressure value
(controlled by a pressure gauge connected to the
reactor) adjusted by adding or removing water from
the autoclave by means of the pressure pump. Exper-
iments were performed at 300, 330, 350, 365-C at 300,
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700 and 1300 bars during 72 h. The procedure for
collecting the expelled oil and bitumen was similar
to that previously described.

Gas analysis

After confined pyrolysis, one set of gold cells
was pierced at 250°C in a thermodesorption—
multidimensional gas-chromatograph system (TD-
MDGC) (Landais et al., 1991) in order to analyse in
a single injection the C,—C, hydrocarbons H,O, CO,,
H,S (TCD detector) and hydrocarbons in the C,—C,,
range (FID detector). The gold tubes were carefully
cleaned with chloroform and placed into the ther-
mostated thermodesorption chamber. The air in the
chamber was evacuated and as soon as the tempera-
ture was stabilized at 250°C, the gold tube was
pierced. After 30 min of thermodesorption 0.5 ml of
products were injected via a Valco valve sampling
loop and a capillary silica transfer line into a Siemens
Sichromat 2-8 multidimensional gas chromatograph.
Inside the gas chromatograph, two individual ther-
mostated ovens were both equipped with different
columns (ovenl: OVI1, S0 m x 0.32 mm; oven2: para-
plot Q, 23 m x 0.32 mm) connected by a pneumatic
live switching system. After injection of the sample,
a selected portion of the products in column 1
containing partially resolved components (Ar, CO,,
H,S, H,0, C,-C, hydrocarbons) was transferred to
column 2 for complete separation and detection by a
TCD (Thermal Conductivity Detector). The other
components (C,~C,, hydrocarbons) were separated
by column 1 and directly transferred to a FID (Flame
Ionization Detector). The weight loss was measured
after thermodesorption.

Analysis of the solid residue and chloroform extract

The extracted solid residues were characterized by
elemental analysis and Rock-Eval pyrolysis. Aliquots
of the chloroform-soluble organic matter were
analysed using an latroscan apparatus in order to
determine the saturate, aromatic and polar contents.
The remaining bitumen was fractionated by thin-
layer chromatography or column chromatography in
order to recover the saturate and aromatic hydro-
carbon fractions. The hydrocarbon fractions were
analysed by gas-chromatography [HPS890A or
Siemens Sichromat 2-8 gas-chromatography; on-
column injector; fused silica DBS5S column
(50 m x 0.32 mm i.d.), 0.25 um DBS film; tempera-
ture program: 40-130°C at 15°C/min followed by
130-300°C at 3°C/min and isothermal at 300°C for
10 min—FID  detector] and gas-chromatrogra-
phy—mass spectrometry [same GC conditions as pre-
viously described, performed with a HP 5890A
connected to a HP 5971 mass spectrometer used in
fullscan mode]. Solid residues were characterized by
C, H, O analysis, Rock-Eval pyrolysis and flash
pyrolysis—gas chromatography. Flash pyrolysis was
performed using the CDS pyroprobe system. The
kerogen samples were pyrolysed at 800°C for 20s
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while the products were flushed into the injector
system of the Varian 3300 GC. The oven was held at
—25°C during pyrolysis, then heated at 4°C/minute
up to 300°C and kept at 300°C for 10 min. The fused
silica. WCOT column (30m x 0.32mm id.) was
coated by a DBS phase (1 um film). Products were
analysed by a flame ionisation detector (FID) and a
flame-photometric detector (FPD).

RESULTS AND DISCUSSION

Effects of the time—temperature pair

Because the rate of chemical processes involved in
organic matter maturation are governed by a first
order Arrhenius law, long geological times should be
compensated by higher temperatures than those oc-
curring in natural environments (Waples, 1983). Fur-
thermore, as suggested by geological case histories,
time and temperature are to some degree interchange-
able, oil being formed at lower temperatures when the
cooking time of sediments was longer (Philippi, 1965;
Connan, 1974). Such observations allowed pyrolysis
techniques and artificial maturation systems to be
developed. However, the choice of the heating time
(during isothermal experiments) and of the sub-
sequent pyrolysis temperature has not been discussed
in detail. The first order Arrhenius law suggests that
there is an infinite number of time—temperature pairs
that can lead to the same level of maturation. Even
if most of the artificial maturation experiments have
been carried out for times ranging between 1 and 10
days, longer (several years; Saxby et al., 1986) as well
as shorter (few hours) durations were also used. As
a function of the selected temperature (isothermal
conditions), primary cracking reactions or both pri-
mary and secondary reactions may be involved
during the pyrolysis of organic matter in closed
vessels. Artificial maturation experiment studies have
shown that the boundary between these two processes
occurred in the 330-350°C temperature range for
24-72 h cxperiments (Landais et al., 1989a; Behar
et al., 1992; Lewan, 1993a). From an experimental
standpoint, it was then interesting to test whether the
choice of the time-temperature pair could signifi-
cantly influence the yield and distribution of the
products generated during confined pyrolysis of or-
ganic matter and to check whether time is a crucial
parameter in artificial maturation experiments.

In order to compare natural and artificial matu-
ration series, different common maturity parameters
such as Corrected Organic Carbon (% COC = %C/
(%C + %H + %0)) (Monthioux er al, 1985;
Landais ef al., 1989c), H/C atomic ratio or *C NMR
aromaticity factor (Vandenbroucke et al., 1993) have
been used. However, the evolution of such intrinsic
parameters may also be affected by the variations
of the experimental conditions. Then it is more
suitable to define a maturity parameter that mainly
depends on the combination of time and temperature.
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Nomographs developed by Bostick (1973) and the
Time-Temperature Index defined by Lopatin (1971)
and Waples (1980) allowed the thermal history to be
integrated in order to predict the oil generation in
sedimentary basins. More recently, a Time Tempera-
ture Index (TTIArr) based on both time-temperature
history and kinetic parameters (Arrhenius) was calcu-
lated by Wood (1988) as follows:

TTIL Arr = dt - A exp'~E8D
A = Preexponential factor (Ma™ ')
E = Activation energy (kJ/mol)
R = gas constant (8314 kJ/mol/K)

Arrhenius TTU was calibrated as a function of
hydrocarbon production zones, the main oil zone
occurring between 107! and 10 (Wood, 1988).
weighted mean activation energy (225 kJ/mol) and
preexponential factor corresponding to type 11
kerogen from the Paris Basin were deduced from
activation energy distribution determined by open-
pyrolysis experiments (Ungerer and Pelet, 1987).
While it has been shown that distributed activation
energy calculations provide a better match with ob-
served results in geological systems, the Arrhenius
TTI calculation offers the opportunity of comparing
experimental results on the simple basis of
time—temperature data. The choice of both the pre-
exponential factor and the activation energy may be
debated as far as these kinetic parameters are de-
duced from open pyrolysis and applied to confined
pyrolysis data. However, the goal of this study is not
to investigate in detail the validity of the kinetic
parameters but to evaluate the influence of exper-
imental conditions on the analytical results. Further-
more, in a TTIArr vs COC cross-plot (Fig. 1), these
two parameters exhibit a straight line correlation in
the 107'-10-2 TTIArr range when most of the
modifications discussed later, occur. Similar corre-
lation has been obtained between TTIArr and the
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Fig. 1. Correlation between the percentage of Corrected
Organic Carbon (% COC = %C/%C 4+ %H + %C) and the
TTIArr for the Paris Basin kerogen pyrolysed in confined
conditions. Note the linear correlation between
TTIArr = 10~ and TTIArr = 10 as well as the absence of
variation associated with the time choice.

H/C atomic ratio. Because these two parameters are
frequently used in order to compare artificial and
natural series of maturation (Monthioux et al., 1985;
Vandenbroucke et al., 1993), such correlations may
account for the validity and the appropriateness of
the TTIArr approach.

Experiments of Sh, 24h, 10 days and 100 days
have been performed on immature type II source-
rock and isolated kerogen from the Paris Basin at a
constant pressure of 700 bars in order to determine
the influence of the time-temperature pair on the
oil generation process during confined pyrolysis.
Temperatures have been calculated in order to
provide a wide range of Arrhenius TTI for each
duration of experiment (Table 1).

For both source-rock and isolated kerogen, results
indicate that whatever the experiment duration is, the
main phase of petroleum potential (HI) reduction
always occurs in the 107°-10 TTI range. However,
some discrepancies can be noticed during the diage-
netic and early catagenetic stages when HI generally
remains higher for longer experiments (Table 2).
Conversely, the percentage of total soluble organic
matter is significantly higher for short-time exper-
iments at the maximum of production (TTI =10"!
for kerogen and TTI =1 for source-rock: Table 2).
On the other hand, the evolutions of the geochemical
parameters obtained on the solid residue (Rock-Eval
Tmax, H/C and O/C atomic ratios, % COC) do not
exhibit variations related to the time-—temperature
pair choice (Fig. 1).

The composition of the extractable phase (TSOM)
clearly depends on the time-temperature conditions
especially for TTI ranging between 10~' and 10°
corresponding to the oil and gas production zones
(Table 3). Long duration (10 days and 100 days)
experiments extracts are enriched in saturates
(Fig. 2) and to a lesser extent in aromatics while
short duration experiments (5 h and 24 h) extracts are
enriched in polar compounds (Table 3). Furthermore,
the distribution of the Cj; saturates as well as the
pristane/n C,, (Fig. 3) and phytane/nC; ratios do not
depend on the time-temperature pair. Similar results
were found by Landais (1991) on a type 111 Mahakam
coal. The composition of the C-C,, hydrocarbons
phase was analysed by TD-MDGC. The overall
evolution of the C,~C,, aromatics, C,~C,, saturates,
C,—C¢ and C, fractions are similar. However, in the
10'-10° TTI range, short time experiments are charac-
terized by (i) an earlier decrease of the C,—C,, satu-
rates occurring at TTI =10 (Fig. 4), (ii) earlier

Table 1. Choice of the pyrolysis temperature ( C) as a function of
TTI, time and main stages of thermal maturation

Time/TTI 1007 107 10! 1 10 10° 10°

5 hours 261 286 345 379 417 460 508
24 hours 245 269 324 355 391 430 475

10 days 223 245 295 324 355 391 430
100 days 203 223 269 295 324 355 391
STAGES IMMATURE MAIN OIL ZONE GAS ZONE
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Table 2. Rock-Eval Hydrogen Index (HI) and Total Soluble Organic Matter (TSOM in % of initial organic matter) obtained after confined
pyrolysis of the Paris Basin kerogen at various TTIArr (see Table 1 for time-temperature pairs)

TTI Arr 10-* 10-? 107}

Times 5h 24h 104 100d Sh 24h  10d 100d S5Sh 24h 104 100d

HI (mg/g TOC) 346 507 499 547 336 444 414 457 107 178 212 189

TSOM (%) 6.5 4.0 5.7 1.6 4.6 73 8.1 30 318 343 274 278

TTIL Arr 1 10 102 10°

Times 5h 24h  10d 100d S5h 24h 104 100d Sh 24h 10d 100d Sh 24h 10d 100d
HI (mg/gTOC) 27 37 42 44 21 14 17 15 18 13 24 13 23 9 I 12
TSOM (%) 275 259 238 253 145 124 148 143 6.5 6.1 7.1 44 46 38 36 35

Table 3. Composition of the TSOM fraction (Total Soluble Organic Matter) of the
Paris Basin kerogen at two stages of maturation (TTI=1 and TTI = 10) versus

pyrolysis time. TTI = Time Temperature

Index (Wood, 1988). SAT = saturates;

ARO = aromatics; POL = polars. Relatives abundances are given in weight percent

of TSOM
TTI=1 TTI=10
Time SAT. (%) ARO. (%) POL. (%) SAT. (%) ARO. (%) POL. (%)
S hours 12.1 21.3 59.2 19.9 379 389
24 hours 14.6 27.6 59.9 21.3 39.7 35.5
10 days 18.5 299 47.8 274 435 26.3
100 days 23.1 332 41.7 30.2 452 20.6

maximum yields of C,—C,, aromatics and C,~Cq
hydrocarbons occurring at TTI = 10? (Fig. 5), (iii) a
significantly higher yield of methane as soon as
TTI = 10>. Water as well as CO, yields are not
affected by the time~temperature choice.

Such results indicate that the choice of the
time—-temperature pair in artificial maturation signifi-
cantly influences the timing of hydrocarbons gener-
ation as well as their composition. Two major effects
can be observed: (i) when TTI < 10!, i.e. maximum
pyrolysis temperature remains below 380°C (Table 1),
increasing the residence time in the pyrolysis system
enhances the transformation of high molecular
weight polar compounds into saturated and aromatic
hydrocarbons (Fig. 2; Table 3), this exemplifies the
effect of secondary cracking of bitumen in closed
pyrolysis vessels; (ii) when TTI > 10?, high tempera-
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Fig. 2. Saturates content (in weight%) of the bitumen

extracted from the Paris Basin Toarcian shale as a function

of maturation level (TTIArr = Time Temperature Index,

Wood, 1988). 5SH, 10D = pyrolysis time in hours and days
respectively.

tures used for short duration experiments (5 and 24 h,
Table 1) induce an early cracking of C{ hydrocar-
bons and to a lesser extent of the C,—C, fraction into
low molecular weight species (mainly CH,) (Figs 4
and S5). Experiments on oils (or kerogen extracts)
(Behar et al, 1991) have already investigated the
secondary cracking of hydrocarbons and evidenced
similar reactions to those suggested by our studies.

However, as far as the results obtained in this
study are concerned, no major influence of the
time—temperature pair on the evolution of the solid
residues has been evidenced (Fig. 1). The higher HI
values and lower TSOM yields (Table 2) may also be
attributed to the lower temperatures used in long
term experiments (100 days) which precludes low
energy bonds from being broken during the early
stages of pyrolysis.
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Fig. 3. Pristane/nC17 evolution of the Paris Basin Toarcian

kerogen as a function of maturation level (TTIArr = Time

Temperature Index). SH, 10D = pyrolysis time in hours and

days respectively. Data were derived from peak integration
of saturates gas-chromatograms.
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Fig. 4. C7-Cl4 saturates content (in weight% of initial

organic matter) of the pyrolysates from the Paris Basin

Toarcian kerogen as a function of maturation level

(TTIArr = Time Temperature Index). 5SH, 10D = pyrolysis
time in hours and days respectively.

These conclusions indicate that caution must be
taken when choosing the time-temperature con-
ditions for routine artificial maturation experiments.
For example, secondary cracking reactions occur at
temperatures lower than 350°C when the residence
time in the gold tube reaches 100 days and TTTarr
values for maximum production of different classes of
compounds can depend on the pyrolysis time. On the
other hand, parameters such as %COC or H/C at.
that are commonly used to compare natural and
artificial series of maturation do not seem to depend
on the time-temperature choice. Then, the validation
or the extrapolation to natural conditions of exper-
imental results may not be as accurate as expected.

Effects of products pressure

Although hydrostatic and lithostatic pressures oc-
curring in sedimentary basins are not considered as
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Fig. 5. C2-C6 hydrocarbons content (in weight% of initial

organic matter) of the pyrolysates from the Paris Basin

Toarcian kerogen as a function of maturation level

(TTIArr = Time Temperature Index). SH, 10D = pyrolysis
time in hours and days respectively.
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major controls on the oil generation rate, it is ac-
cepted that pressure may induce a retardation effect
(Goffé and Villé, 1984; Dominé, 1991; Price and
Wenger, 1992) on the organic matter breakdown and
should influence the hydrocarbon expulsion efficiency
(Blanc and Connan, 1992).

In confined pyrolysis, the hydrostatic pressure is
applied on the gold tube but the pressurizing fluid is
not in contact with the organic matter. The pressure
inside the gold tube is transmitted by the products
(polars, liquid and gaseous hydrocarbons, H,O, CO,,
H,S . ..) generated during the transformation of both
the kerogen and rock (trapped water, clay minerals).
In this type of experimental system, before pyrolysis,
the gold cell is totally flattened by the applied press-
ure: the dead volume is minimal (sample porosity).
During pyrolysis, when products are generated, the
high flexibility of the gold allows a swelling of the cell.
The subsequent slight volume change allows the
internal hydrostatic pressure to be permanently ad-
justed to the controlled external pressure. Therefore,
confined pyrolysis in gold tubes can also be con-
sidered as a product-pressured pyrolysis. As far as no
contact exists between the pressurizing fluids (water
or inert gases) and the organic matter in the gold cell,
this system is suitable for studying the effects of
hydrostatic over-pressure developed by the source-
rock products on oil generation.

Monthioux et «l. (1985, 1986) have observed that
pressure has no significant effect during the confined
pyrolysis of an immature coal from the Mahakam
Delta. Extract yield (Fig. 6) as well as extract compo-
sition and hydrocarbon distribution were not affected
by a pressure increase from 0.5 to | kbar. However at
higher pressures (3 and 4 kbar), Monthioux (1986)
noticed that increasing pressure induced a decrease of
the thermovaporizable hydrocarbons and gas yields.
Complementary experiments testing the influence of
the internal pressure by increasing the amount of coal
to be pyrolysed in the gold cell without modifying the
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Fig. 6. Chloroform extract yield in mg/g of total organic

carbon as a function of pyrolysis temperature. Experiments

performed on Mahakam coal in confined conditions at

hydrostatic pressures of 0.5 and | kbars during 24 h. Data
from Monthioux (1986).
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cell volume led to the same conclusions, i.e. product
pressure has no significant effect on the behaviour of
coal during confined pyrolysis.

The peculiar structure and the low oil potential of
coal may, however, hide some pressure effects
(Monthioux and Landais, 1987), therefore, additional
experiments have been performed on the Woodford
shale and its isolated type II kerogen. Raw shale and
isolated kerogen were pyrolysed for 72 h at tempera-
tures ranging between 260 and 400°C and pressures
of 300, 700 and 1300 bars. The analysis of the solid
residues as well as liquid and gaseous pyrolysis
products reveals that product-pressure effects are
generally limited (Michels er al., 1994). Increasing
pressure from 300 to 1300 bars induces a lower
reduction of the oil potential (Rock-Eval HI, Fig. 7),
a decrease of the TSOM yield at 300°C from 25.5 to
20 wt%, and a slight decrease of the percentage of C{;
saturates in the chloroformic extract from 13.5 to
10.5% (chiefly at the maximum of oil production:
350-365°C range). Results obtained after confined
pyrolysis of the Woodford shale (whole rock) in
identical  time—temperature—pressure  conditions
indicate similar or even lower pressure-related vari-
ations concerning the TSOM yields. Although no
significant effects of increasing pressure on aromatics
and polar concentrations are observed, the abun-
dance of C{; saturates is reduced. However, pristane/
nC,,, phytane/nC, (Fig. 8), pristane/phytane ratios
as well as the commonly used biomarkers parameters
Ts/(Ts + Tm) (Fig. 9) (Seifert and Moldowan, 1986)
are not affected by pressure.

3C NMR and FTIR analyses of the TSOM recov-
ered after kerogen pyrolysis revealed that some struc-
tural differences can be observed as a function of
increasing pressures. It is observed that the percent-
age of aromatic carbons that increases with pyrolysis
temperature is always higher at high pressure
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Fig. 7. Rock-Eval Hydrogen Index in mg of hydrocarbons
per gram of organic carbon as a function of pyrolysis
temperature. Experiments were performed on Woodford
shale at 300, 700 and 1300 bars hydrostatic pressure during
72h. W.S. =the Hydrogen Index value of the unheated
Woodford shale is plotted at 250°C for convenience.
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Fig. 8. Evolution of the Phytane/CI8 n-alkane ratio in

TSOM obtained after confined pyrolysis of Woodford shale

under 300, 700 and 1300 bars pressure at various tempera-

tures during 72 h. Data were derived from peak integration
of saturates gas-chromatograms.

(Michels et al., 1994). Furthermore, low pressures
favour the concentration of protonated aromatic
carbons (Michels et al., 1994) while high pressure
favours the preservation of alkyl-substituted aro-
matic carbons. FTIR investigations confirm these
observations when the aliphatic CH/aromatic CH
ratio (Fig. 10) decreases with increasing pressure.
Such differences mainly occur in the 300-350°C range
i.e. when polar compounds represent between 40 and
70% of the TSOM. So far few pressure effects have
been noticed with hydrocarbon evolution, the above
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Fig. 9. Evolution of the Ts/(Ts + Tm) ratio (Seifert and
Moldowan, 1986) in TSOM obtained after confined pyrol-
ysis of Woodford shale under 300, 700 and 1300 bars
pressure at various temperatures during 72 h. Data were
derived from peak integration of m/z = 191 chromatograms
obtained after gas chromatography—-mass spectrometry of
the saturates fraction. Ts: [8x(H)-22,29,30-trisnorhopane
Tm: 17a(H)-22,29,30-trisnornechopane.
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Fig. 10. Relative contributions of CH aliphatic bands over

CH aromatic bands in FT-IR spectra of the bitumen

fractions obtained after confined pyrolysis of Woodford

kerogen under 300, 700 and 1300 bars pressure at various

temperatures during 72h. vCHal.: FTIR CH aliphatic

bands (3000-2800 cm “!). yCHar.: FTIR CH aromatic
bands (920-720 cm™').

pressure-dependant variations possibly being related
to structural features of resins and asphaltenes.

The extent of products pressure-related organic
matter transformations is limited in the pressure
range investigated (300-1300 bars). Several geochem-
ical parameters (HI and substitution pattern of aro-
matic carbons), indicate that pressure can induce an
apparent retardation of the maturation process.
Moreover, as far as experiments on Woodford shale
and kerogen are concerned, pressure effects seem
to be slightly enhanced on pure kerogen and may
be overprinted by catalytic effects related to clay
minerals.

Effect of excess water

It has been suggested that the presence of excess
liquid water in simulation experiments (hydrous
pyrolysis) was a crucial factor to obtain oil-like
pyrolyzates from source rocks (Lewan, 1993a). On
the other hand, experiments performed with confined
pyrolysis system also provide artificial maturation
series that follow the natural trends. In confined
pyrolysis, the amount of water present in the reaction
cell (the water/rock weight ratio ranges between 1
and 8%) depends on the nature (isolated kerogen,
coal or source-rock) and on the chemical composition
of the starting material. It is generated during the
early stages of diagenesis and mainly originates from
organic matter deoxygenation and clay minerals
dehydration. In our hydrous and high-pressure hy-
drous pyrolysis experiments, the water/rock weight
ratio is much higher and averages 2 and 4-7 respect-
ively. Then, if excess water plays a crucial role in
artificial maturation experiments, major differences
should be observed as a function of the pyrolysis
conditions.

In order to obscrve the effects of excess water
during confined pyrolysis of a type III coal,
Monthioux (1986) added 25-50 weight% of pure
deoxygenated water in the gold tubes. Analytical
results evidenced that the effects of additional water
are limited and may induce an increase of the gas
yield and a slightly faster defunctionalization of the
kerogen. Similar experiments were conducted on the
Paris Basin and Woodford shale. Addition of 12
weight% of pure water to the Paris Basin Toarcian
shale induced a decrease of the TSOM yield (Fig. 11).
Addition of 3-100 weight% of pure water to the
Woodford shale pyrolysed at 330°C (maximum of
bitumen generation) induced only slight changes in
the TSOM yield. However, the variations observed
stayed at an average value of 9.5 weight% within a
+1 weight% range: the extent of the TSOM vari-
ations could not be directly correlated to the amount
of added water. The results observed on both Paris
Basin and Woodford shale may be explained by the
quenching of the catalytic effects of minerals when
sufficient excess water is added in the reaction cell
(Tannenbaum and Kaplan, 1985). This quenching
effect may be more pronounced in the Paris Basin
shale probably because of its high smectite and
mixed-layer minerals content whereas the less abun-
dant clay fraction of the Woodford shale is mainly
constituted by a kaolinite-illite assemblage.

In order to investigate in more detail the effects of
larger amounts of excess liquid water, the Woodford
shale was pyrolysed in both confined (P = 300 bars)
and hydrous (P < 250 bars) systems for 72 h in the
260-370°C range. Major differences are observed
(Table 4): (i) the TSOM yield and the polars content
are slightly higher for hydrous pyrolysis but the
maximum is shifted to higher temperatures; (ii) the
decrease of the Rock-Eval Hydrogen Index occurs
at a lower rate during hydrous pyrolysis; (iii) the
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Fig. 11. Total Soluble Organic Matter yield (expelled frac-

tion + bitumen) vs maturation scale (TTIArr = Time Tem-

perature Index; Wood, 1988). Experiments were performed

on Paris Basin Toarcian shale under 700 bars confining

pressure during 10 days with dry rock and rock + [2
weight% of pure water.
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Table 4. Comparison of total yield, Rock-Eval and Tatroscan data

obtained after confined pyrolysis (CP) and hydrous pyrolysis (HP)

of Woodford shale at various temperatures during 72 hours. In order

to obtain a mature sample after hydrous pyrolysis. an experiment
was performed at 350'C during one month

TSOM TSOM HI HI T, T,

max max

CP HP CP HP CP HP

7(CO)
260 22 1.0 469 323 424 423
300 8.8 3.8 316 328 433 428
330 10.1 12.0 95 274 446 436
350 7.1 1.6 41 152 467 444
365 4.7 8.6 30 99 516 447
400 1.6 — It nd 526 —
350'C 1 month — 23 — 61 — 530
%Sat  %Sat %Aro %Aro %Pol %Pol
CP HP CP HP CP HP
T(C)
260 6.1 5.8 266 295 674 655
300 33 3.7 237 193 730 770
330 6.5 3.0 357 148 578 836
350 9.5 5.8 448 184 461 758
365 12.0 7.9 529 279 351 642
400 6.1 — 69.6 — 243 —
350°C 1 month — 1.1 — 657  — 333

CP: Confined pyrolysis performed at 300 bars pressure; HP: hydrous
pyrolysis performed at water pressure between 220 and 300 bars
(“"classic hydrous pyrolysis); TSOM: Total Soluble Organic
Matter (bitumen + expelled fraction) in weight percent of whole
rock: HI: Rock-Eval Hydrogen Index performed on extracted
whole rock. Results are given in mg of hydrocarbons per gram
of organic carbon; T, : temperature of the maximum of S2 peak
during Rock-Eval pyrolysis; %Sat, %Aro. %Pol: respectively
percentages of saturates, aromatics and polars in TSOM, deter-
mined by latroscan.

aromatics and saturates contents of the TSOM frac-
tion are higher in confined pyrolysis; (iv) the Tmax
values obtained during hydrous pyrolysis increase at
a lower rate and do not reach confined pyrolysis
values until high maturation stages (350°C-1 month
experiment); (v) pyrolysis—gas chromatography and
FT-IR spectroscopy performed on the extracted solid
residues evidence major differences between hydrous
and confined pyrolysis. When the Woodford shale is
pyrolysed between 330 and 365°C in confined con-
ditions, pyrolysis—gas chromatography of the ex-
tracted solid residue indicate a rapid enrichment in
aromatic compounds (Fig. 12). These changes are not
observed after hydrous pyrolysis performed at identi-
cal time—temperature conditions: the corresponding
pyrograms are still very similar to low maturity
samples (strong dominance of the alkene-alkane
doublets, Fig. 12). FT-IR analysis of Woodford shale
hydrous pyrolysis extracted residual kerogen indicate
that they do not undergo major changes in the
time—temperature—pressure range investigated, even
after the main stage of oil generation. For example,
aromatic yCH and vC=C vibrations intensity
(Fig. 13) is much lower in the FT-IR spectra of
hydrous pyrolysis residues compared to confined
pyrolysis residues.

A similar comparison has been carried out on
ash-free type III coal from the Mahakam delta
that was pyrolysed in both confined (P = 700 bars)
and hydrous (P <250 bars) systems for 72h in
the 280-370°C range (Michels and Landais, 1994).
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Fig. 12. Evolution of the relative abundances of aromatic

over aliphatic + aromatic in the extracted residual kerogen

as determined by flash pyrolysis—gas chromatography. Data

are based on FID peak integration. Monoaro: monoaro-

matics (benzene + toluene + xylene peak area). Aliph: ali-

phatics (sum of C6 to C20 n-alkenes and n-alkanes peak
area).

Results indicate that both pyrolysis systems provide
very similar results concerning the evolution of the
solid residue: carbon content, Rock-Eval Tmax and
vitrinite reflectance follow similar trends (Table 5)
that are compatible with the natural evolution. The
TSOM yields obtained by hydrous and confined
pyrolysis are similar except at 370°C when hydrous
pyrolysis TSOM yield remains slightly higher (Table
5). Several differences between hydrous and confined
pyrolysis are noticed concerning (i) a slightly higher
rate of decrease of the petroleum potential in hydrous
pyrolysis (Table 5) and (ii) a shift in the distribution
of C n-alkanes towards lower molecular weight
compounds in hydrous pyrolysis (Michels and
Landais, 1994). This suggests that thermal matu-
ration of the Mahakam coal proceeds slightly
faster in hydrous pyrolysis. Such observations could
be related to the lower pressure used in hydrous
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Fig. 13. Evolution of the aromatic C =C infrared band

(1620-1575 cm™") from the extracted residual kerogen of

the Woodford shale after confined pyrolysis (300 bars) and

hydrous pyrolysis (220-300 bars). W.S. for raw extracted
kerogen.
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Table 5. Mean vitrinite reflectance (R, %). Rock-Eval Hydrogen

Index (HI in mg of hydrocarbons per g of organic carbon) and

TSOM yield (Total Soluble Organic Matter = expelled frac-

tion + bitumen in weight percent of the initial coal) obtained after

confined pyrolysis (CP) and hydrous pyrolysis (HP) of Mahakam
coal at various temperatures during 72 hours

R, (%) HI (mg/g) TSOM (%)
Pyrolysis
T(C) HP CpP HP CP HP CP
280 0.70 0.70 211 256 6.1 6.5
330 111 1.12 122 150 14.7 15.5
350 1.50 1.45 57 103 14.9 13.9
370 1.70 1.70 39 78 13.5 11.0

pyrolysis (<250 bars) when compared to confined
pyrolysis (700 bars). As a matter of fact, the study of
pressure effects on kerogen has shown that pressure
lowers the reduction rate of the oil potential (HI) and
inhibits the high molecular weight n-alkanes break-
down during confined pyrolysis (Fabuss et al., 1964;
Dominé, 1991; Blanc and Connan, 1992).

Comparison of hydrous and confined pyrolysis
experiments on type II kerogen and type III coal
shows that the presence of excess liquid water is not
necessary to simulate organic matter thermal matu-
ration when the pyrolysis system is properly confined
(high partial pressure of products). In confined con-
ditions, the presence of excess liquid water has only
minor effects and probably affects the catalytic prop-
erties of clay minerals (Tannenbaum and Kaplan,
1985; Huizinga et al., 1987). In the time—temperature
range investigated (72 h-260-365°C), when pyrolysis
of a type II source rock is performed in the presence
of excess liquid water without high confinement of
the products (hydrous pyrolysis conditions), major
differences appear when results are compared to
confined pyrolysis and concern the timing of TSOM
generation, its composition as well as the transform-
ations of the solid residue. Moreover, hydrous con-
ditions induce a delay of the conversion of type II
kerogen and bitumen. Results with a type III coal
suggest that the structure of the organic matter is also
an important factor concerning the effects of the
presence of large amounts of liquid water on the
pyrolysis results (Michels and Landais, 1994). In this
case, the delay of kerogen and bitumen conversion
induced by hydrous conditions is less pronounced
and evolutions of the geochemical parameters investi-
gated are similar to those observed in confined con-
ditions.

Effect of water pressure

The analytical results deduced from confined py-
rolysis show quite limited effects of both product
pressure and addition of excess water in the reaction
cells. Comparison with hydrous pyrolysis performed
at water liquid—vapour equilibrium pressure showed
major differences concerning the Woodford shale.
Besides the different partial pressure of products in
both systems, experiments were not performed under
the same pressure conditions. Thus, experiments on
the Woodford shale involving high liquid water press-

ures (300, 700 and 1300 bars) have been carried out
in order to test the possible effects of water pressure
on organic matter transformation during artificial
maturation.

Results indicate that increasing the liquid water
pressure induces major variations: (i) the TSOM yield
is strongly lowered (Fig. 14): the maximum of the
TSOM yield decreases from 12% down to 5.5% and
is shifted to higher temperatures; (ii) the reduction of
the Rock-Eval Hydrogen Index is significantly low-
ered (Table 6); (iii)) the TSOM composition is de-
pleted in polars and enriched in aromatics and
saturates (Table 6); (iv) the Rock-Eval Tmax de-
creases when pressure is increased from classic con-
ditions (P < 250 bars) to 300 bars, but no additional
effects are observed when pressure is increased from
300 bars to 1300 bars (Table 6).

The comparison of high pressure hydrous pyrolysis
results with confined pyrolysis (product pressure)
show that the nature of the pressurizing medium is an
important factor. While product pressures induce
only slight variations, high water pressures inhibit the
organic matter breakdown as well as the aromatiza-
tion reactions and shift the maximum of TSOM
production to higher temperatures. The delay in the
TSOM generation and the bitumen breakdown ob-
served during hydrous pyrolysis (HP) compared to
confined pyrolysis (CP) could be related to the pres-
ence of high amounts of water in an unconfined
system. Moreover, as far as the TSOM yield
decreases in the order HP y55uac > CPuoy 1300 bars >
HP 300 ur > HP1g0 paes > HP 1300 burs (Fig. 14), the higher
yields obtained during classic hydrous pyrolysis may
be related to lower pyrolysis pressures (P < 250 bars)
than in confined conditions (300-1300 bars). When
results are compared to those observed in confined
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Fig. 14. Total Soluble Organic Matter (expelled frac-
tion + bitumen) yield in weight% shale vs pyrolysis tem-
perature. Experiments were performed under hydrous
pyrolysis (HP) conditions at 300, 700, 1300 bars and classic
(220 bars < P < 250 bars) hydrostatic pressure as well as
under confined conditions (CP) with 700 bars pressure. The
sample used is Woodford shale and pyrolysis duration is
72 h. The classic hydrous pyrolysis yield corresponding to a
350°C-one month run is plotted at 385°C for convenience.
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Table 6. Rock-Eval and latroscan data obtained after pyrolysis of Woodford shale under high water pressures
(300, 700 and 1300 bars) at various temperatures during 72 hours

HI (mg/gOC) T (C)
Water pressure 300b 700b 1300b 300b 700b 1300b
T(0O)
300 294 307 316 430 430 426
330 194 190 270 433 432 432
350 185 170 207 434 431 431
365 136 168 177 435 432 434
%Saturates % Aromatics %Polars
Water pressure 300b 700b 1300b 300b 700b 1300b 300b 700b 1300b
7(C)
300 4.46 292 5.41 21.27 18.31 23.43 74.27 76.91 71.17
330 4.11 495 6.83 21.70 19.48 21.37 74.19 75.58 71.80
350 5.20 4.97 7.13 23.94 24.59 28.61 70.98 70.44 64.26
365 5.19 6.17 7.63 26.56 31.24 27.71 68.26 62.60 64.66

HI: Rock-Eval Hydrogen Index performed on extracted whole rock. Results are given in mg of hydrocarbons
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per gram of organic carbon; T,,,: temperature of the maximum of 82 peak during Rock-Eval pyrolysis;
%Saturates, % Aromatics, %Polars: relative composition of the TSOM (expelled fraction + bitumen) as
measured by Iatroscan; 7 ("C): hydrous pyrolysis temperature. Water pressures are given in bars.

pyrolysis—including those concerning the effects of
additional water—it appears that water plays a
double role in hydrous pyrolysis: (i) as a dilution
medium that lowers the partial pressure of products
(limited confinement) and induces a delay in kerogen
and bitumen evolution; (ii) as a medium whose
pressure regulates the amount of TSOM generated.
Concerning type III kerogen, these effects are rather
limited compared to Woodford shale. Although the
water pressure effect has not yet been tested, compari-
son with confined experiments indicate that low water
pressure (<250 bars) favours coal conversion.

Is water necessary in artificial maturation experiments?

Several authors have suggested that during pyrol-
ysis, water is involved in hydrogen transfer reactions,
promotes the saturation of the free radicals generated
during kerogen and bitumen breakdown, therefore
prevents from extensive char formation and leads to
higher pyrolysate yields (Hoering, 1984; Lewan,
1993a, b). However, in confined pyrolysis, despite no
addition of excess liquid water to the samples, artifi-
cial maturation series exhibited characteristics similar
to the natural series (Monthioux er a/., 1985). In this
case hydrogenation reactions were thought to be
promoted by the intimate contact between the prod-
ucts themselves or between the products and the solid
residue, especially during aromatization and conden-
sation processes (Monthioux, 1988). The quantitation
of the absolute aromatization rate of organic struc-
tures cannot be accurately determined as far as the
geochemical parameters used to characterize the
kerogen and bitumen aromaticities ("*C NMR aro-
maticity factor, relative intensity of the vC = C FTIR
band, amount of soluble or pyrolysable aromatic
compounds ...) also account for the preferential
removal of aliphatic structures. However, in confined
pyrolysis, results based on spectroscopic investi-
gations (Benkhedda et al, 1992; Monthioux and
Landais, 1988; Landais er al., 1988) suggest that
aromatization chiefly occurs after the main phase of

bitumen generation. Furthermore, condensation of
aromatic structures that can be evidenced by "*C
NMR (contribution of bridgehead aromatic car-
bons), synchronous u.v. fluorescence (size of the
aromatic clusters in bitumen) or FTIR (shift of the
1600cm~' vC=C band) occurs much later i.e.
during the wet and dry gas generation zones
(Benkhedda er al., 1992; Landais et al., 1988). Then,
another mechanism may account for the hydrogen
transfer reactions occurring prior to extended aroma-
tization and condensation processes.

The quantitative analysis by TD-MDGC of the
products generated during confined pyrolysis of coal
and kerogens without addition of excess liquid water
allows a determination of the amount of water in the
reaction cell (Gérard ef al., 1994). Water is produced
by the deoxygenation reactions of organic matter
occurring in the early stages of maturation but can
also be provided by other sources when those are
present in the gold cells (clay minerals, water trapped
in the organic network). Results indicate that water
is produced in significant amounts by 225°C (Fig. 15).
The H, O yield slightly increases until the onset of C;
hydrocarbons generation (300°C) and is followed by
a decrease of the absolute amount of water present in
the gold cell until the maximum of C,~C,; hydrocar-
bons abundance is reached (350°C, Fig. 15). During
the next maturation stage (350-400°C), the absolute
amount of water increases again. This set of results
indicates that some of the water generated is con-
sumed by reactions occurring during the oil window
(roughly 300-350°C). This suggests that water may be
involved in the saturation reactions leading to the
formation of hydrocarbons during this maturation
stage as proposed by several authors (Hoering, 1984;
Lewan, 1993a,b). After the maximum of C—C
hydrocarbons generation (350°C), aromatization re-
actions take over (Benkhedda ez a/., 1992; Monthioux
and Landais, 1988; Landais ez a/., 1988) and it is
suggested that they become a major source of protons
(McMillen, 1992). Conversely, the water yield in-
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Fig. 15. Quantitative analysis (in mg/g of total organic

carbon) of the H,0, C{; and C,-C, hydrocarbons thermo-

desorbed from the gold cells after confined pyrolysis of
Mahakam coal at 700 bars during 10 days.

creases again. Therefore, during confined pyrolysis,
two proton transfer mechanisms may occur: (i)
when aromatization is not an efficient process
(300°C < T < 350°C), a water dependant mechanism
(transfer through acidic catalysts, Ross, 1992; Siskin
et al., 1990; McMillen et al., 1992 especially within
the bitumen; Lewan, pers. comm.) may account for
a part of the protons necessary to saturate the
hydrocarbons generated; (ii) when aromatization is
efficient (T > 350°C), protons are exclusively pro-
vided by transfers from organic compounds to or-
ganic compounds without the involvement of water
(McMillen et al., 1992). The presence of excess liquid
water in the gold cells would then have a very limited
effect on kerogen pyrolysis, because the critical
amount of water necessary to promote saturation
reactions will always be present (even vacuum dried
samples generate sufficient amounts of water), and
once aromatization has started, the presence of water
is no longer critical.

Pyrolysis—gas chromatography (Fig. 12) and
FT-IR analysis (Fig. 13) of Woodford shale hydrous
pyrolysis extracted residual kerogen indicate that
they do not undergo major changes in the
time-temperature—pressure range investigated, even
after the main stage of oil generation. These results
indicate that during hydrous pyrolysis, no major
modifications affect the residual kerogen structure.
Especially, no increase of the aromatic contribution
is observed (higher condensation), leading to the
conclusion that high amounts of water strongly in-
hibit the aromatization reactions in the solid residue.
Therefore, during hydrous pyrolysis performed in the
time-temperature-pressure range investigated, it is
unlikely that aromatization reactions could provide
all the protons necessary to saturate the generated
hydrocarbons. Then, it is suggested that hydrous
conditions strongly emphasize the involvement of
water in the proton transfer process. However, hy-
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drous pyrolysis experiments leading to high matu-
ration stages (350°C~1 month) demonstrate that
aromatization of the TSOM as well as the Tmax
increase (contemporaneous to the reorganization of
the solid residue into a more aromatic structure)
occurs (Table 4). This suggests that at high matu-
ration stages, the proton transfer through aromatic
reactions can be effective, despite the large amount of
water present. Then, proton transfer from organics to
organics and from water to organics (through acidic
catalysis) are two competitive mechanisms, whose
respective efficiency depends on both the confinement
of the system (partial pressure of products), the
amount of water present in the reactor and the
maturation level.

CONCLUSION

The combined use of different pyrolysis techniques
applied on both type II and type III organic matter
allowed several experimental parameters to be con-
strained and their effects on the maturation process
to be studied. Most of the data presented in this paper
follow the expected evolution deduced from the
statistical analysis of natural processes. The dupli-
cation of the different stages of oil and gas generation
suggest that the overall sketch of thermal maturation
is properly simulated by confined and hydrous pyrol-
ysis. Even if time and temperature remain the crucial
parameters in artificial maturation, other factors such
as the time—temperature pair and the nature of the
pressurizing fluid may induce major variations in the
experimental results.

It appears that pyrolysis experiments performed at
low temperatures for long durations are not equival-
ent to those performed at high temperatures for short
durations. This may cast doubt upon the usual
extrapolation of pyrolysis data to geological case
histories, and suggests that great caution must be
exercised when pyrolysis results obtained under
different time—temperature conditions are compared.
Variable products pressure mainly influences the rate
of kerogen decomposition and saturates content of
the extracts. This type of pressure is related to the
physico-chemical properties of the polar phase (vis-
cosity) and could be strongly emphasized in sedimen-
tary basin conditions as suggested by Dominé (1991).
The addition of water (0-100 weight percent) in
confined pyrolysis experiments did not increase kero-
gen conversion as often suggested (Lewan, 1993a, b)
but reduces the catalytic effect of clays. However,
hydrous pyrolysis conditions (200 weight percent of
liquid water) significantly retard kerogen conversion
as a consequence of the decrease of the partial
pressure of organic matter derived products, and
delay the aromatization processes. Increasing the
water pressure up to 1300 bars induces a drastic
decrease of the TSOM yield and shifts its maximum
to higher pyrolysis temperatures. Evidence for the
consumption of water generated during the early
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stages of confined pyrolysis suggests that both water
and aromatization are involved in hydrogenation
reactions during kerogen and bitumen cracking.

Such data show that changing experimental con-
ditions leads to large differences in the pyrolysis
results. The lack of natural reference series that
would allow precise data on the amounts and nature
of the generated products to be obtained, precludes
the experimental conditions to be accurately adjusted
to such ideal natural models. Thus, the hydrocarbon
yields as well as the compositional aspects of the
products generated during artificial maturation can-
not be directly extrapolated to natural conditions
through kinetic models. It is therefore important to
better understand the different mechanisms involved
in artificial maturation of organic matter in order to
better estimate their respective importance in the
natural system and hence to improve the quality of
the simulation procedures.
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