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Abs t rac t - -Pyro lys i s  experiments were conducted on immature petroleum source rocks under various 
conditions to evaluate the role of water in petroleum formation. At temperatures less than 330°C for 72 
h, the thermal decomposition of kerogen to bitumen was not significantly affected by the presence or 
absence of liquid water in contact with heated gravel-sized source rock. However, at 330 and 350°C for 
72 h, the thermal decomposition of generated bitumen was significantly affected by the presence or 
absence of liquid water. Carbon-carbon bond cross linking resulting in the formation of an insoluble 
bitumen (i.e., pyrobiturnen) is the dominant reaction pathway in the absence of liquid water. Conversely, 
thermal cracking of carbon-carbon bonds resulting in the generation of saturate-enriched oil, which is 
similar to natural crude oils, is the dominant reaction pathway in the presence of liquid water. This 
difference in reaction pathways is explained by the availability of an exogenous source of hydrogen, 
which reduces the rate of thermal decomposition, promotes thermal cracking, and inhibits carbon-carbon 
bond cross linking. The distribution of generated n-alkanes is characteristic of a free radical mechanism, 
with a broad carbon-number distribution (i.e., C5 to C35) and only minor branched alkanes from known 
biological precursors (i.e., pristane and phytane). The generation of excess oxygen in the form of CO2 
in hydrous experiments and the high degree of hydrocarbon deuteration in a D20 experiment indicate 
that water dissolved in the bitumen is an exogenous source of hydrogen. The lack of an effect on product 
composition and yield with an increase in H + activity by five orders of magnitude in a hydrous experiment 
indicates that an ionic mechanism for water interactions with thermally decomposing bitumen is not 
likely. Several mechanistically simple and thermodynamically favorable reactions that are consistent 
with the available experimental data are envisaged for the generation of exogenous hydrogen and excess 
oxygen as CO2. One reaction series involves water oxidizing existing carbonyl groups to form hydrogen 
and carboxyl groups, with the latter forming CO2 by decarboxylation with increasing thermal stress. 
Another reaction series involves either hydrogen or oxygen in dissolved water molecules directly inter- 
acting with unpaired electrons to form a hydrogen-terminated free-radical site or an oxygenated functional 
group, respectively. The latter is expected to be susceptible to oxidation by other dissolved water 
molecules to generate additional hydrogen and CO2. In addition to water acting as an exogenous source 
of hydrogen, it is also essential to the generation of an expelled saturate-enriched oil that is similar to 
natural crude oil. This role of water is demonstrated by the lack of an expelled oil in an experiment 
where a liquid Ga-In alloy is substituted for liquid water. Experiments conducted with high salinity water 
and high water/rock ratios indicate that selective aqueous solubility of hydrocarbons is not responsible for 
the expelled oil generated in hydrous pyrolysis experiments. Similarly, a hydrous pyrolysis experiment 
conducted with isolated kerogen indicates that expelled oil in hydrous pyrolysis is not the result of 
preferential sorption of polar organic components by the mineral matrix of a source rock. It is envisaged 
that dissolved water in the bitumen network of a source rock causes an immiscible saturate-enriched oil 
to become immiscible with the thermally decomposing polar-enriched bitumen. The overall geochemical 
implication of these results is that it is essential to consider the role of water in experimental studies 
designed to understand natural rates of petroleum generation, expulsion mechanisms of primary migra- 
tion, thermal stability of crude oil, reaction kinetics of biomarker transformations, and thermal maturity 
indicators in sedimentary basins. Copyright © 1997 Elsevier Science Ltd 

1. I N T R O D U C T I O N  

Within the crust of the earth, water is ubiquitous in rock 
pores, fractures, and hydrated minerals. This ubiquity was 
demonstrated by the German continental drilling project 
(KTB),  where an abundance of brine waters flowed into the 
borehole from fractures in hard basement rock at depths 
greater than 8 km (Kerr, 1994). Less dramatic evidence for 
the wide-ranging presence of water in the earth's crust stems 
from its essential role in geological processes spanning a 
wide range of temperature and pressure conditions from rock 
weathering (Drever, 1984) at the surface to regional meta- 
morphism Ferry 1983) and magma generation (Wyllie, 
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1977) deep within the crust. Intermediate to these extreme 
conditions, water plays a particularly important role in the 
subsurface of sedimentary basins as a reactant and transport 
media for a multitude of inorganic diagenetic reactions in- 
cluding pervasive dolomitization (Machel and Mountjoy, 
1987), silica transformations (Williams and Crerar, 1985), 
smectite illitization (Whitney, 1990), cement/porosity for- 
mation (Loucks et al., 1984), and stratabound ore deposition 
(Garven et al., 1993). 

Despite the importance of water and its ubiquity in sedimen- 
tary basins, the notion that oil and water do not mix appears 
to have encouraged organic geochemists to neglect its signifi- 
cance in petroleum formation. This neglect is surprising when 
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one considers early reports that water vapor reduced the rate 
of oil generation in oil-shale retorts (Gavin, 1922) and water 
fluid enhanced the soluble yield from heated coals by an order 
of magnitude (Fischer, 1925). Jurg and Eisma (1964)  were 
the first to suggest that water had a role in natural petroleum 
generation. They based this conclusion on differences in the 
products of thermal decomposition of behenic acid in the pres- 
ence and absence of liquid water with bentonite clay at tempera- 
tures from 200 ° to 275°C. Low-molecular-weight hydrocarbons 
generated in the presence of water were indicative of a free- 
radical mechanism, with n-alkanes predominating over iso- 
alkanes as observed in natural crude oils. Conversely, low- 
molecular-weight hydrocarbons generated in the absence of 
water were indicative of a carbonium-ion mechanism with iso- 
alkanes predominating over n-alkanes. Experiments by Hesp 
and Rigby (1973)  went one step further by showing that the 

destruction of crude oil to gas was significantly inhibited by 
the presence of water. 

Lewan et al. (1979)  reported that heating organic-rich 
rocks at 330°C for 72 h in the presence of liquid water 
resulted in generat ion and expulsion of a petroleum-like oil. 
This expelled oil is similar to natural crude oils and accumu- 
lates on the water surface above the submerged rock within 
the reactor. The significance of this type of  pyrolysis is the 
expulsion of oil f rom an organic-r ich rock without  em- 
ploying methods that are not operative in the natural system 
(i.e., organic solvent refluxing, cryogenic trapping, or carrier 
gas f lushing).  This type of pyrolysis is referred to as hydrous 
pyrolysis,  and by definition requires liquid water, not H20 
vapor or supercritical fluid, to be in contact  with the heated 
sample (Lewan,  1993a).  

Al though hydrous pyrolysis has provided information on 
stages of petroleum formation (Lewan,  1985) ,  kinetics of 
oil generat ion (Hunt  et al., 1991),  maturat ion of organic- 
carbon isotopes (Lewan,  1983),  b iomarker  t ransformations 
(Peters et al., 1990; Lewan e ta l . ,  1986),  thermal  maturat ion 
indices (Lewan,  1985),  primary migrat ion and expulsion of  
oil (Lewan,  1987 ), and oil generat ion from coal ( Kuangzong 
et al., 1994; Teerman and Hwang,  1991 ), the role of water 
in petroleum formation remains uncertain.  In an effort to 
evaluate the role of water, Hoering (1984)  conducted a series 
of hydrous pyrolysis experiments  with pulverized rock, 
model  compounds,  and D20. This study clearly demon-  
strated that deuter ium exchanged with hydrogen in hydrocar-  
bons that were cleaved from decomposing  kerogen, but  the 
specific role of water in the pyrolysis reactions and its ability 
to promote oil expulsion from an organic-rich rock was not 
determined.  The objective of this study is to address this 
uncertainty through a series of experiments  designed to eval- 
uate various roles water  may play in petroleum formation. 
The experiments  compare  hydrous pyrolysis with anhydrous 
pyrolysis, confined-pressure anhydrous pyrolysis, liquid- 
metal anhydrous pyrolysis, and hydrous pyrolysis ex- 
per iments  using saline water, D20, molecular  hydrogen,  low- 
pH water, and isolated kerogen. 

2. METHODS 

2.1. Sample Description 

The sample used in these experiments is from a road cut on 
Interstate Highway 1-35 through the Woodford Shale on the south 

flank of the Arbuckle Anticline in Carter County, Oklahoma. Wood- 
ford Shale is of Devonian-Mississippian age, and at this locality it 
is thermally immature in the pre-oil generation stage (Lewan, 1987 ). 
A fresh unweathered sample was collected from a 14-cm thick bed 
3.4 m below the upper contact with an overlying greenish-gray shale. 
The collected sample is a quartzose claystone with an organic carbon 
content of 22.39 wt% and an extractable bitumen content of 0.85 
wt%. Spherical phosphate concretions measuring 2 to 3 cm in diame- 
ter are common in the sampled bed and contain 5.9 weight percent 
organic carbon. These concretions were easily removed by hand at 
the outcrop to insure a homogenous shale sample. The sample was 
crushed into gravel-sized chips (0.5 to 2.0 cm), thoroughly mixed, 
and designated as WD-26. Amorphous Type-II kerogen accounts for 
more than 95 volume percent (vol%) of the organic matter in this 
sample. The kerogen has an atomic H/C ratio of 1.12 and an atomic 
O/C ratio of 0.10. Seventy-five reflectance measurements on vitrinite 
macerals found dispersed in the amorphous kerogen gave a mean 
%Ro of 0.41 with a standard deviation of _+0.05. Rock-Eval pyroly- 
sis of the original rock sample yielded 0.55 wt% volatile hydrocar- 
bons (i.e., SI peak), 11.69 wt% generated hydrocarbons (i.e., $2 
peak), and a T-max of 423°C. 

2.2. Experimental Conditions 

All of the experiments were conducted in stainless-steel 316 or 
Hastelloy C-276 reactors with carburized surfaces as advised by 
Lewan (1993a). Table 1 gives the conditions of the experiments 
used in this study. After the reactors are sealed, they are filled with 
at least 6.9 MPa of He and leak checked with a thermal-conductivity 
leak detector before employing the designated head-space medium 
given in Table 1. The initial vacuum ( 1-2  kPa) on anhydrous experi- 
ments 2, 4, 6, and 8 was established with a drive-belt vacuum pump 
after the loaded reactor was leak checked with 6.9 MPa of He. 
Temperatures were monitored with type J thermocouples that were 
calibrated against national standards at 300, 330, and 360°C. Experi- 
ments containing a liquid phase at experimental temperatures typi- 
cally had a standard deviation less than 0.5°C, and experiments 
containing only a gas phase at experimental temperatures typically 
had a standard deviation less than 1.5°C. 

The high confining pressure generated from the pyrolysis gases 
in anhydrous experiment 8 was obtained by pressing 500 g of crushed 
rock into a 543-cm 3 reactor with a hydraulic press. Purity of the 
D20 used in experiment 13 was 99.8 wt% deuterium, and 176 g 
rather than 160 g were used to compensate for its density difference 
with H20. The liquid metal used in experiment 14 is a gallium alloy 
containing 24.5 wt% indium, which has a high wettability, low 
melting point (15.7°C), high boiling point ( >  2000°C), and negligi- 
ble thermal expansion below 400°C. Using a calculated density of 
6.253 g/cm 3 for the liquid metal, it was determined that an initial 
He pressure of 1138 kPa was needed in the head space to obtain a 
pressure of at least 10 MPa at 330°C. A nickel/chromium screen 
was fitted over the sample within the reactor to keep the rock sub- 
merged in the liquid metal throughout the experiment. All of the 
hydrous experiments use deionized ASTM type-I water. This quality 
of water was also used as the source of steam in experiment 9 and 
to mix the 5 wt% NaC1 solution used in experiment 15. The 0.1 N 
HC1 solution used in experiment 16 was analytical grade, with a 
reported normality range from 0.0999 to 0.1001. 

The kerogen used in experiment 18 was isolated from sample 
WD-26 by methods described elsewhere by Lewan (1986). This 
isolated organic matter is slightly hydrophobic, which makes it dif- 
ficult to submerge in the water at the start of the experiment. Prior 
to loading the reactor, the 40 g of kerogen used in the experiment 
were mixed with 30 g of isopropyl alcohol, which made the kerogen 
hydrophilic. The isopropyl alcohol was then removed by filtering 
1.2 L of deionized water through the kerogen. The water-wet kerogen 
and additional water were then added to the reactor, where the 
kerogen sank to the bottom of the reactor. 

2.3. Collection Procedure 

After the experiments cooled to room temperature, pressure and 
temperature were recorded and a sample of head-space gas was 
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Table 1. Experimental conditions under which rock chips (0.5-2.0 cm) of Woodford Shale (WD-26) were pyrolyzed. 
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Experiment Temperature Duration Median employed a Rock Reactor b Final pressure c 
no. (°C) (h) (gas [kPa]/liquid [g]) (g) (cm3/S-H) (MPa) 

1 300.4 72.00 He[241]/H20[320] 400.0 1000/S 9.76 
2 300.1 72.00 Vacuum/anhydrous 400.0 1000/S 2.17 
3 329.7 72.00 He[241]/H20[320] 400.0 1000/S 15.89 
4 330.0 72.00 Vacuum/anhydrous 400.0 1000/S 4.24 
5 350.3 72.00 He[241]/H20[320] 400.0 1000/S 21.13 
6 350.6 72.00 Vacuum/anhydrous 400.0 1000/S 5.69 
7 350.5 72.00 He[7722]/anhydrous 400.0 1000/S 23.48 
8 349.7 72.00 Vacuum/anhydrous 500.1 534/S 21.76 
9 350.6 72.00 He[241 ]/H20[75] 400.0 1000/S 18.31 

10 330.0 70.70 He[241]/H20[160] 200.0 534/H 15.48 
11 329.7 70.70 He[241]/H20[160] 200.0 534/H 15.34 
12 329.9 70.85 He[241]/HzO[450] 200.0 1000/H 14.17 
13 330.1 70.57 He[241]/D20[176] 200.0 534/H 15.69 
14 330.0 70.60 He[1138]/Ga-ln[1507] 200.0 534/H 10.31 
15 329.9 70.55 He[241]/5% NaCI[ 160] 200.0 534/H 16.17 
16 329.5 70.70 He[241]/0.1 N HCI[160] 200.0 534/H 15.79 
17 327.6 70.70 Hz[1482]/H20[160] 200.0 534/H 13.93 
18 330.0 72.00 He[241]/H20[254] 40.0 a 534/H 14.86 

"Media refers to headspace gas in reactor and liquid in contact with crushed rock. 
b S = stainless-steel 316 and H = Hastelloy C-276. 
c Pressure in reactor at experimental temperature at the end of the experiment. 
d Sample is isolated kerogen from sample WD-26. 

collected in an evacuated 30-cm 3 stainless-steel cylinder. Expelled 
oil generated in the hydrous pyrolysis experiments was collected in 
three steps. First, the majority of expelled oil was collected from 
the surface of the water in the reactor with a Pasteur pipet. Second, 
the water and minor amounts of expelled oil not collected with the 
pipet were decanted into a glass separatory funnel. The separated 
oil was concentrated at the stop cock of the funnel, where it was 
collected with the same Pasteur pipet used to collect the oil on the 
water surface. Third, the thin film of expelled oil on the reactor 
walls, separatory funnel, Pasteur pipet, and rock chips was rinsed 
with benzene at room temperature. This benzene rinse was filtered 
through a 0.45 #m polytetrafluoroethylene (PTFE) filter and the 
expelled oil was concentrated by rotary vacuum evaporation of the 
benzene. The isolated kerogen in experiment 18 did not include a 
benzene rinse of the remaining bitumen-kerogen mixture or the reac- 
tor walls below the water surface. The decanted water was filtered 
through a 0.45 #m cellulose-acetate/nitrate filter. Immediately fol- 
lowing its filtration, the pH was determined with pH and single- 
junction reference electrodes and the Eh was determined with a 
platinum redox combination electrode. Electrode responses were 
measured on a Orion 901 benchtop meter. Rock chips were removed 
from the reactor and dried in a vacuum oven at 50°C for 24 h. The 
dried rock chips were pulverized and bitumen was extracted in a 
Soxhlet apparatus for 72 h with an azeotropic mixture of benzene and 
methanol (60:40 wt%). The reftuxed solvent was filtered through a 
0.45 #m PTFE filter and the bitumen was concentrated by rotary 
vacuum evaporation. Rock chips recovered from the liquid metal in 
experiment 14 contained patches of the metal alloy on their surfaces 
that could not be removed. In order to correct for this additional 
weight in the bitumen extraction, an aliquot of the pulverized rock 
chips was analyzed for Ga and In by ICP/mass spectrometry within 
a detection limit of 1 ppm (X-ray Assay Laboratories). Based on 
these analyses, the amount of bitumen extracted from this rock was 
corrected for the addition of 81,200 ppm of Ga and 25,500 ppm of 
In sorbed on the rock. 

2.4. Pyrolysate Analyses 

Gas compositions were determined on a CEC 103 mass spectrome- 
ter using an enhanced version of the ASTM D2650-88 method to 
determine mole percentages, which were converted to mole concen- 
trations assuming ideal gas behavior at room temperatures. Anhy- 
drous experiments generated no expelled oil, but generated a bitumen 

within the rock chips. In order to compare the pyrolysates from 
hydrous and anhydrous experiments in an equitable manner, a pro- 
portionally representative composite of bitumen and expelled oil 
from hydrous experiments 1, 3, and 5 was prepared for gas chroma- 
tography/mass spectrometry (GC/MS) comparisons with the bitu- 
men from anhydrous experiments 2, 4, and 6. This mixture of ex- 
pelled oil and bitumen is based on the weight percent yields given 
in Table 2 and is referred to as composited pyrolysate to distinguish 
it from the bitumen of anhydrous experiments. Compositional differ- 
ences between expelled oil and bitumen from hydrous experiments 
have been demonstrated (Lewan, 1983; Lewan et al., 1986; Peters 
et al., 1990), but in this study they were combined to facilitate an 
easier comparison with anhydrous experiments. Composited pyroly- 
sates and bitumens were separated on a 40-cm alumina (MCB Alcoa 
F-20) column. The saturate fraction was eluted with 275 mL of n- 
heptane, the aromatic fraction was eluted with 275 mL of benzene, 
and the polar (NSO) fraction was eluted with an equal volume 
mixture of benzene and methanol. Eluting solvents and light hydro- 
carbons (i.e., C6-C~3) are removed by rotary vacuum evaporation. 
Saturate and aromatic fractions were analyzed on a Hewlen-Packard 
5996A GC/MS. Instrument conditions and operation are discussed 
elsewhere by Lewan et al. (1986). 

2.5. Kerogen Analyses 
Kerogen was isolated from pulverized rock chips by a series of 

HC1 and HF treatments followed by a heavyqiquid separation. Spe- 
cifics on this procedure are given by Lewan (1986). Elemental 
analyses of isolated kerogen include carbon, hydrogen, nitrogen, and 
oxygen. Determinations were made on a Carlo Erba 1106 elemental 
analyzer with acetanilide as the standard for C, H, and N, and benzoic 
acid as the standard for oxygen. Stable carbon isotopes (6~3C) of 
the isolated kerogens were determined relative to the PDB standard 
as described by Lewan (1983). Vitrinite reflectance measurements 
were made on polished slides of isolated kerogens as described by 
Buchardt and Lewan (1990). The ratio of aromatic ring carbons to 
total carbons (fa) was determined by NMR on the isolated kerogens 
by Spectral Data Services. 

3. EXPERIMENTAL RATIONALE AND RESULTS 

3.1. Hydrous Versus Anhydrous 

Gas,  expe l led  oil, b i tumen,  and total pyro lysa te  (i .e. ,  gas  
+ expe l l ed  oil + b i t u m e n )  yie lds  are g iven  in Table  2 for  
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Table 2. Types and amounts (wt% rock) of pyrolysates generated in hydrous and anhydrous experiment. 

Temp./Time 300°C/72 h 330°C/72 h 350°C/72 h 

Condition hydrous anhydrous hydrous anhydrous hydrous anhydrous 
Experiment no. 1 2 3 4 5 6 

Bitumen Extract 8.35 8.66 8.19 6.62 5.71 3.30 
Expelled Oil 0.65 0.00 2.79 0.00 4.15 0.00 
Generated Gas 0.43 0.78 1.05 1.74 1.68 2.40 
Total Pyrolysate 9.43 9.44 12.03 8.36 11.54 5.70 

72-h hydrous and anhydrous experiments at 300, 330, and 
350°C (experiments 1 through 6). Lack of an expelled oil 
and greater amounts of gas in anhydrous experiments relative 
to hydrous experiments are the most obvious differences in 
yields. In addition, total pyrolysate yields of the hydrous 
experiments gradually exceed those of the anhydrous experi- 
ments with increasing temperature. Total pyrolysate yields 
for the hydrous and anhydrous experiments are essentially 
the same after 72 h at 300°C (experiments 1 and 2), which 
represent conditions under which kerogen decomposes to 
bitumen (Lewan, 1983, 1985). The similar amounts (Table 
2) and compositional character (Table 5) of the bitumens 
suggest that bitumen generation is not significantly influ- 
enced by the presence of water. However, the more generated 
hydrocarbon gas (Table 2), reduced whole-rock $2 peak 
(Table 3), lower kerogen atomic H/C ratio (Table 4),  and 
higher kerogen NMR aromiticity index (Table 4) under an- 
hydrous conditions indicate that the residual kerogen may 
be influenced by the presence of water. The bitumen content 
decreases at the higher temperatures under hydrous and an- 
hydrous conditions, but the bitumen decrease is greater under 
anhydrous conditions with no expelled oil or significant 
quantity of generated gas to account for this decrease. The 
amount of expelled oil increases in the hydrous experiments 
from 330 to 350°C as the bitumen content decreases. These 
differences at 330 and 350°C indicate that bitumen decompo- 
sition results in oil generation under hydrous conditions and 
insoluble-bitumen (i.e., pyrobitumen) generation under an- 
hydrous conditions. At 350°C after 72 h, the total pyrolysate 
yield under hydrous conditions is twofold greater than the 
total pyrolysate yield under anhydrous conditions. 

Rock-Eval pyrolysis data also shows significant differ- 
ences between hydrous and anhydrous experiments (Table 
3). Volatile hydrocarbons denoted by the $l peak decrease 
under anhydrous conditions from 2.31 to 1.67 wt% of rock 
with increasing experimental temperature. Conversely, the 
Sl-peak hydrocarbons increase under hydrous conditions 
from 1.81 to 2.57 wt% of rock with increasing experimental 
temperature. Generated hydrocarbons denoted by the $2 peak 
decrease with increasing temperature for hydrous and anhy- 
drous experiments, but the values are consistently lower un- 
der anhydrous conditions. The hydrous to anhydrous ratio 
of the $2 peak increases from 1.37 at 300°C to 3.79 at 350°C 
after 72 h. These results support the observation that anhy- 
drous conditions reduce the hydrocarbon yield of a rock 
relative to hydrous conditions. Production indices (i.e., 
S ~ / [ S 1 + $2 ] ) increase under both conditions, but are consis- 
tently higher in the anhydrous experiments. As an oil-genera- 

tion index, this ratio suggests that oil generation occurs at a 
lower thermal stress under anhydrous conditions than under 
hydrous conditions. This observation is supported in part by 
the higher T-max value for the anhydrous experiment at 
330°C. Another important difference between hydrous and 
anhydrous conditions is the amount of hydrocarbons ex- 
pelled from the recovered pyrolyzed rocks as calculated from 
the Rock-Eval data by the method proposed by Cooles et al. 
(1986). Lewan et al. ( 1995 ) have previously shown that this 
method overestimates the amounts of hydrocarbon expelled 
from rocks subjected to hydrous pyrolysis by more than a 
factor of two. Similarly, the calculated values for the hydrous 
pyrolysis experiments at 330 and 350°C for 72 h in Table 3 
(experiments 3 and 5) also give exaggerated amounts of 
calculated expelled hydrocarbon compared with the mea- 
sured amounts of total expelled pyrolysates. However, the 
amount of exaggeration between hydrous and anhydrous py- 
rolysis is significantly different, with anhydrous pyrolysis 
yielding calculated amounts of expelled oil that are 6 to 
more than 7 times greater than the actual amounts of total 
expelled pyrolysate (Table 3). 

Results from various analyses conducted on kerogens iso- 
lated from rocks recovered from the hydrous and anhydrous 
experiments are given in Table 4. The stable carbon isotopes 
of kerogens in both hydrous and anhydrous experiments 
show a slight depletion in 12C with increasing thermal stress. 
As noted by Lewan (1983), this isotopic shift is not signifi- 
cant and is typically within the analytical error for kerogen 
determinations. No significant difference occurs in this isoto- 
pic shift between the hydrous and anhydrous experiments. 
Similarly, atomic N/C, O/C, and Org S/C ratios from the 
elemental analyses of the isolated kerogens show no signifi- 
cant differences between hydrous and anhydrous experi- 
ments (Table 4). However, the atomic H/C ratio is consis- 
tently lower under anhydrous conditions. This difference 
suggests that kerogens pyrolyzed under anhydrous condi- 
tions develop a more aromatic and condensed structure than 
kerogens pyrolyzed under hydrous conditions. Solid state 
13C-NMR spectra also showed a significantly higher carbon 
aromaticity (f~) for the isolated kerogens pyrolyzed under 
anhydrous conditions (Table 4). Reflectance measurements 
made on minor to trace amounts of vitrinite dispersed within 
the predominantly amorphous kerogen gave consistently 
higher mean reflectance values under anhydrous conditions 
(Table 4). Although these vitrinite reflectance values are 
suppressed (Lewan, 1993b), they support the findings from 
the NMR data and atomic H/C ratios that kerogen aroma- 
tizes and condenses more readily under anhydrous conditions 
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Table 3. Total organic carbon (TOC) and Rock-Eval pyrolysis data on recovered rock from hydrous and 
anhydrous experiments. 
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Temp./Time 300°C/72 h 330°C/72 h 350°C/72 h 

Condition hydrous anhydrous hydrous anhydrous hydrous anhydrous 
Experiment no. l 2 3 4 5 6 

TOC (wt% rock) 21.53 21.33 19.44 19.79 17.75 19.54 
S rPeak (wt% rock) 1.81 2.31 2.27 2.17 2.57 1.67 
S2-Peak (wt% rock) 10.46 7.61 3.23 1.65 1.48 0.39 
S~/(S~ + Sz) 0.15 0.23 0.4l 0.57 0.63 0.81 
T-Max (°C) 439 440 444 466 408 411 
Calculated expelled 

hydrocarbons 
(wt% rock) - 1.05 3.13 9.43 12.92 10.42 15.93 

Measured expelled 
oil and gas b 
(wt% rock) 1.08 0.78 3.84 1.74 5.83 2.40 

a Based on method described by Cooles et al. (1986) using an inert carbon fraction of 0.538 from Rock- 
Eval data on the original unheated sample. 

b Sum of expelled oil and generated gas given in Table 2. 

than under hydrous conditions at the same experimental ther- 
mal stress levels. 

GC/MS parameters measured on the bitumen from the 
anhydrous experiments, and the composited pyrolysate from 
the hydrous experiments show the former to be at a higher 
thermal maturity than the latter at the same level of  thermal 
stress (Table 5).  The m/z 57 ion chromatograms (Fig. 1) 
show the anhydrous bitumens have a more condensate-like- 
n-alkane distribution (n C ~5/n C25, Table 5 ) and a more rapid 
reduction in acyclic isoprenoids relative to n-alkanes (nCj7/  
Pristane, Table 5) than the hydrous composited pyrolysates. 
Similarly, biomarker indices also show higher levels of  ther- 
mal maturity under anhydrous conditions. The triaromatic 

steroid cracking index reaches its maximum of 1.00 at 330°C 
after 72 h under anhydrous pyrolysis, and at 350°C after 72 
h under hydrous pyrolysis (TAS-Index,  Table 5; Fig. 2).  
Similarly, phenanthrene indices (MPI-1 and MPR, Table 5; 
Fig. 3 ) and terpane indices (TT-Index and TPT-Index, Table 
5; Fig. 4) consistently indicate higher maturity levels in 
the anhydrous bitumens relative to the hydrous composited 
pyrolysates. These higher maturities in the anhydrous bitu- 
mens are also reflected in the relative abundances of  bio- 
markers. Steranes in the m/z 217 ion chromatograms after 
72 h at 330°C are indistinguishable from background noise 
under anhydrous conditions (Fig. 5e),  but are distinguish- 
able under hydrous conditions (Fig. 5b).  Similarly, mono- 

Table 4. Analyses of kerogens isolated from rocks after hydrous and anhydrous experiments. 

Temp./time 300°C/72 h 330°C/72 h 350°C/72 h 

Condition hydrous anhydrous hydrous anhydrous hydrous anhydrous 
Experiment no. 1 2 3 4 5 6 

Kerogen Carbon a 
(wt% ext. rock) 17.67 17.23 14.96 16.38 15.05 17.53 

Elemental analyses 
(wt% kerogen) 

Carbon 75.1 75.8 77.4 78.3 78.8 79.5 
Hydrogen 6.2 5.7 4.7 4.1 3.9 3.8 
Nitrogen 2.9 3.2 3.7 3.9 4.0 3.9 
Oxygen 9.3 8.9 8.2 8.0 8.1 8.0 
Org. Sulfur b 6.5 6.5 6.0 5.7 5.2 4.8 

Atomic Ratios 
H/C 0.99 0.90 0.72 0.64 0.60 0.57 
N/C 0.03 0.04 0.04 0.04 0.04 0.04 
O/C 0.09 0.09 0.08 0.08 0.08 0.08 
Org. S/C 0.03 0.03 0.03 0.03 0.02 0.02 

Aromaticity (NMR-Ca) 0.31 0.45 0.53 0.65 0.69 0.82 
Vitrinite (% R0) 0.60 0.65 0.72 1.02 1.22 1.51 
613C (%o vs PDB) -31.5 -31.3 -30.7 -30.6 -30.5 -30.5 

Organic carbon of recovered rock after bitumen extraction. 
~' Determined from total iron and total sulfur analyses on the basis of organic S = total 

1.148). 
S - (total Fe )< 
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Table 5. Molecular GC/MS ratios of total pyrolysates from hydrous and anhydrous experiments. 

Temp./time 300°C/72 h 330°C/72 h 350°C/72 h 

Condition hydrous anhydrous  h y d r o u s  anhydrous  h y d r o u s  anhydrous 
Experiment no. 1 2 3 4 5 6 

nCls/nCz5 ~ 7.62 8.10 6.58 8.58 7.14 11.50 
Pristane/phytane" 1.88 2.03 1.79 1.86 1.77 2.00 
nC JPristane" 1.81 2.33 3.09 5.00 5.36 8.71 
TAS-Index b 0.38 0.52 0.74 1.00 1.00 1.00 
MPI-1 c 0.77 0.82 0.84 0.96 0.93 0.97 
MPR d 0.87 0.93 0.96 1.14 1.00 1.24 
TT-Index e 0.25 0.37 0.42 0.60 0.70 1.00 
TPT-Index f 0.13 0.15 0.34 0.63 1.00 PBDL 

Ratio calculated from peak heights on the m/z 57 ion chromatograms with pris. = pristane and phy. = 
phytane. 

h Triaromatic steroid index = (C20 + C20/Cz0 + C2~ + C26+ C27 + C2~) peak heights from the m/z 231 
ion chromatograms. 

c Methyl phenanthrene index = 1.5 (2MP + 3MP)(/P + IMP - 9MP) peak heights from the m/z 178 
+ 192 composite ion chromatograms. 

d Methyl phenanthrene ratio = 2MP/1MP peak heights from the m/z 192 ion chromatogram. 
e Tricyclic terpane index = C19/(C~9 + C23) peak heights from the m/z 191 ion chromatogram. 
f Tricyclic/pentacyclic terpane-index = C19/(C~9 + C30) peak heights from the m/z 191 ion chromatograms. 
PBDL = peaks below detection limit. 

aromatic steroids in the m / z  253 ion chromatograms (Fig. 
6) after 72 h at 330°C are dwarfed by n-alkanes under 
anhydrous conditions (Fig. 6e), but distinguishable under 
hydrous conditions (Fig. 6b). Although dilution of these 
biomarkers by increased pyrolysate yields (Table 2) may 
account for some of their apparent degradation in the hydrous 
experiments, the decreasing pyrolysate yields (Table 2) in 
the anhydrous experiments indicates thermal degradation 
predominates over dilution. The pristane/phytane ratio, 
which is commonly used to evaluate organic-source input 
of source rocks (Peters and Moldowan, 1993), is the only 
measured parameter that does not change significantly with 
thermal stress or pyrolysis conditions. 

Compositions of head-space gas generated during the hy- 
drous and anhydrous experiments are given in Table 6. An- 
hydrous experiments consistently have more hydrocarbon 
gases, molecular hydrogen, and hydrogen sulfide than hy- 
drous experiments. Conversely, hydrous experiments consis- 
tently have more carbon dioxide than anhydrous experi- 
ments. Methane content in both hydrous and anhydrous ex- 
periments consists of approximately 50 mol% of the 
hydrocarbon gases, which is significantly lower than that 
observed in natural gas as discussed by Tannenbaum and 
Kaplan (1985). C2 through C4 alkenes are present in trace 
quantities in both hydrous and anhydrous experiments, but 
their variability shows no correlation with experimental con- 
ditions. Except for the hydrous experiment at 330°C (experi- 
ment 3), which had no detectable C2 through C4 alkenes, 
propene is the most dominant of these three alkenes in both 
the hydrous and anhydrous experiments. Concentrations of 
these three alkenes are higher in the hydrous experiments at 
300°C for 72 h, but are lower in the hydrous experiments at 
350°C for 72 h. Molecular hydrogen concentrations increase 
as experimental temperatures increase for both hydrous and 
anhydrous experiments. However, the molecular hydrogen 
concentration increases more rapidly under anhydrous condi- 

tions, with the anhydrous concentration being almost twice 
that of the hydrous concentration at 350°C after 72 h (Table 
6). These results indicate that more hydrogen is either being 
generated under anhydrous conditions or consumed under 
hydrous conditions. 

In order to properly compare concentrations of H2S and 
CO2 in hydrous and anhydrous experiments, the amounts of 
these gases and their related aqueous species dissolved in 
the water of the hydrous experiments must be determined. 
Table 7 shows that methane, ethane, and molecular hydrogen 
have only a minor dissolved aqueous component, whereas 
CO2 and H2S have a dissolved component that typically 
exceeds their head-space gas concentrations. Total CO2 (i.e., 
aqueous species plus gas) is consistently higher in the hy- 
drous experiments than in the anhydrous experiments. This 
difference at 350°C is more than one order of magnitude. 
This exceptional amount of CO2 generated under hydrous 
conditions at 350°C raises the issue of whether H20 interacts 
with organic matter to generate additional oxygen in the 
form of CO2. Mass balance calculations based on the oxygen 
lost from kerogen during the experiments were made to ad- 
dress this issue. Results in Table 8 show that 307 mmol of 
oxygen are lost from the original kerogen and that 480 mmol 
of oxygen are formed as CO2 after 72 h at 350°C under 
hydrous conditions. This excess of 173 mmol of oxygen at 
350°C after 72 h indicates that an additional source of oxygen 
is needed. The excess oxygen is a minimum value because 
additional CO2 dissolved in bitumen and expelled oil are not 
included in the calculations. The additional oxygen occurring 
as CO2 dissolved in the bitumen and oil of experiment 5 is 
approximately 8 mmol as determined by the Peng-Robinson 
equation-of-state (Peng and Robinson, 1976) as facilitated 
by the EQUI-PHASE program (D. B. Robinson Research, 
Ltd., Edmonton, Alberta). The additional oxygen occurring 
in C2 through C5 aliphatic monocarboxylic acids dissolved 
in the surrounding water of experiment 5 is approximately 
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Fig. 1. m/z 57 ion chromatograms of the saturate fraction of the total pyrolysates from hydrous (a, b, and c) and 

anhydrous (d, e, and f) experiments. Prominent peaks represent normal alkanes with n-Cj5 denoted by ©; n-C2(~ 
denoted by A; n-C25 denoted by D; and n-C30 denoted by V. Peaks representing acyclic isoprenoids with 13 through 
20 carbons are denoted by e, with the exception of the Ctv-isoprenoid, which is not present. 

33 mmol based on maximum acid yields from hydrous pyrol- 
ysis of the Phosphoria Retort Shale (Lewan and Fisher, 1994, 
Table 3). Therefore, the total excess oxygen in the form of 
CO2 or aqueous carboxylic acids is approximately 521 mmol. 
The lack of carbonate minerals in the original rock (i.e., 
<0.05 wt% carbonate carbon) leaves only H20 as the source 
of this excess oxygen. 

Except for the experiments at 300°C for 72 h, total HzS 
(i.e., aqueous species plus gas) is greater in the hydrous 
experiments than in the anhydrous experiments. This differ- 
ence at 350°C is only twofold as compared with the tenfold 
difference reported for CO2. A sulfur-mass balance (Table 
8) also indicates an excess of sulfur in the form of H2S 
relative to the amount of organic sulfur lost from the origi- 
nal kerogen under hydrous conditions at 350°C after 72 h. 
However, this excess is relatively small and may be ex- 
plained by dissolution of pyrite exposed to water at the 

surface of the rock chips. Similar to the mass balance calcu- 
lations for oxygen, the amount of S remaining in the kero- 
gen is greater under anhydrous than hydrous conditions at 
350°C after 72 h. These results indicate that sulfur, like 
oxygen, is more readily released from the original organic 
matter under hydrous conditions than under anhydrous con- 
ditions. A nonisothermal pyrolysis study from 300 to 500°C 
with lignite also shows that more than three times as much 
sulfur is incorporated into the residual semicoke under a 
stream of argon than under a stream of water vapor (Min- 
kova et al., 1991 ). 

3.2. Confined Pressure Versus Hydrous 

Final pressures at experimental temperatures are higher in 
the hydrous experiments than in the anhydrous experiments 
(Table 1 ). This difference is a result of the hydrous pressures 
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Fig. 2. m/z 231 ion chromatograms of aromatic fraction of the total pyrolysate from hydrous (a, b, and c) and 
anhydrous (d, e, and f) experiments. The peak designations are in reference to ABC-ring triaromatic steroid hydro- 
carbons: a = C2o; b = C21; c = C26 (20S); d = C26 (20R) plus C27 (20S); e = C2~ (20S); f = C27 (20R); and g 
= C28 (20R). 

being made up of water vapor, generated gas, and added 
helium, with the anhydrous pressures only being composed 
of generated gas. The significance of this pressure difference 
is examined in three experiments (7, 8, and 9) at 350°C for 
72 hours. Experiment 7 is under anhydrous conditions with 
an initial helium pressure of 7.72 MPa. After 72 h at 350°C, 
the final pressure is 23.48 MPa of generated gas plus the 
initially added helium. Table 9 shows that the higher confin- 
ing pressure results in a slightly lower total pyrolysate yield 
than that of the low-pressure anhydrous experiment 6. The 
gas analyses in Table 10 show that with the exception of 
iso-butane, the amounts of C1 through C4 alkanes, carbon 
dioxide, and hydrogen sulfide are intermediate to those of 
the hydrous and low-pressure anhydrous experiments 5 and 
6, respectively. Molecular hydrogen, ethene, and propene are 
significantly more abundant, which suggests less interaction 
between hydrogen and cleaved ethyl and propyl functional 
groups in the He-pressurized anhydrous (experiment 7). 
These results indicate that the major differences in types and 
amounts of yield between hydrous and anhydrous conditions 

at 350°C after 72 h (experiments 5 and 6) cannot be attrib- 
uted to differences in the experimental gas pressures. 

Experiment 8 considers the conclusion by Monthioux et 
al. (1985) that confinement of generated gas in anhydrous 
experiments produces results similar to those in hydrous 
experiments. This experiment involves reducing the avail- 
able gas volume by mechanically pressing 500 g of crushed 
rock (0 .5-1.0  cm; WD-26) into a 534-cm 3 reactor, which 
was then evacuated. After 72 h at 350°C, the pressure of the 
generated gas was similar to that of the hydrous experiment 
(experiment 5, Table 9). However, similar to the He-pres- 
sured anhydrous experiment 7, the total pyrolysate yield is 
slightly lower than that of the low-pressure anhydrous exper- 
iment 6 and less than that of the hydrous experiment 5 by 
more than a factor of 2 (Table 9). The generated gases in 
experiment 8 (Table 10) contain significantly lower concen- 
trations of propene and molecular hydrogen than the hydrous 
or anhydrous experiments (Table 6, experiments 5 and 6). 
Relative to the anhydrous experiment 6, the He-pressured 
anhydrous experiment 7 has greater amounts of propene and 
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Fig. 3. m/z 178 + 192 composited ion chromatograms of aromatic fraction of the total pyrolysates from hydrous 

(a, b, and c) and anhydrous (d, e, and f) experiments. The peak designations are a = phenathrene; b = 3-methyl 
phenanthrene plus 1-methyl dibenzothiophene; c = 2-methyl phenanthrene; d = 9-methyl phenanthrene; and e = 1- 
methyl phenanthrene. 

molecular hydrogen and a lesser amount of  methane. Con- 
versely, the confined-pressure anhydrous experiment 8 has 
the least amount of  alkenes and molecular hydrogen and the 
greatest amount of  methane. 

Experiment  9 has a confining pressure comprised of  water 
vapor and generated gas. This experiment is not considered 
hydrous because of the lack of  liquid water in contact with 

the rock. The amount of water used in this experiment is 
sufficient only to generate water vapor, and is therefore re- 
ferred to as steam pyrolysis. Although no expelled oil was 
generated in this experiment (Table 9),  the total pyrolysate 
yield is intermediate to that of  the hydrous and anhydrous 
experiments (experiments 5 and 6, respectively).  Similarly, 
nonisothermal pyrolysis experiments from 300 to 500°C with 
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Fig. 4. m/z 191 ion chromatograms of the saturate fraction of the total pyrolysates from hydrous (a, b, and c) and 
anhydrous (d, e, and f) experiments. The peak designations are a = C]9-tricyclic terpane; b = C20-tricyclic terpane; 
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tricyclic terpane; h = C24-tetracyclic terpane; i = C26-tricyclic terpanes; j = 18a(H)-trisnorneohopane; k = 17a(H)- 
trisnorhopane; 1 = 17a(H),21/3(H)-norhopane; m = 17/3(H),21a(H)-norhopane; n = 7a(H),21B(H)-hopane; o 
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pentakishomohopanes S and R at C-20. Peaks j through u will be collectively referred to as pentacyclic terpanes, and 
peaks p, r, s, t, and u will be collectively referred to as extended hopanes. 

lignite, bituminous coal, and oil shale, show liquid product 
yields are, respectively, 40, 52, and 73 wt% higher under a 
stream of water vapor than under a stream of argon (Min- 
kova et al., 1991 ). The amounts of  generated C, through C6 
alkanes, molecular hydrogen, hydrogen sulfide, and total gas 
are also intermediate to those of  the hydrous and anhydrous 
experiments as shown in Table 10 (experiments 5 and 6).  
The CO2 content of this experiment is higher than that of  
the hydrous experiment (5) ,  but this difference can be attrib- 
uted to the lower amounts of aqueous CO2 in the steam 
experiment during collection at room temperatures. As 
shown in Table 7, a considerable amount of  CO2 can be 
dissolved in the aqueous phase, which is less in the steam 
experiment by a factor of 4.27 (Table 1 ). Taking into ac- 
count this dissolved component, the total CO2 (i.e., gaseous 
+ aqueous) in the steam experiment also occurs intermediate 
to the hydrous and anhydrous experiments. 

3.3.  W a t e r  C h e m i s t r y  

In order to develop an understanding of  the role of  water 
in the hydrous pyrolysis, a series of experiments was con- 
ducted with different water chemistries (Table 11 ). Dupli- 
cate experiments at 330°C for 70.7 h (experiments 10 and 

11 ) with deionized water show the variation in yield one 
may expect in these experiments (Table 11 ). Although it 
has previously been demonstrated that the size of the rock 
chips have no appreciable effect on the product yield 
(Lewan, 1993a), no data have been presented on the effect 
of  water / rock ratios on the amount of product yield under 
hydrous conditions. Experiment 12 has a water/rock ratio 
2.8 times greater than the water / rock ratio of 0.8 used in 
experiments 10 and 11. As shown in Table 11, this difference 
does not have a significant effect on the yields of expelled 
oil and generated gas. The lower gas yield relative to experi- 
ments 10 and 11 may be attributed to more gas being dis- 
solved in the greater mass of water used in experiment 12. 
It is also noteworthy that although these experiments are 
scaled down from experiment 3 by a factor of 2, they have 
similar expelled-oil yields. The slightly higher yields in ex- 
periment 3 may be attributed to its longer duration (Table 
1 ). Higher gas yields in experiments 10, 11, and 12 relative 
to experiment 3 are most likely the result of improved head- 
space volume and pressure determinations developed over 
the 2-year period between experiment 3 and the other experi- 
ments (10, 11, and 12). 

The importance of  hydrogen as H* and Hz under hydrous 
conditions is examined in experiments 16 and 17, respec- 
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Fig. 5. m/z 217 ion chromatograms of the saturate fraction of the total pyrolysates from hydrous (a, b, and c) and 
anhydrous (d, e, and f) experiments. The peak designations are a = 24-methyl- 13/3(H), 17oz( H ) -diacholestane ( 20S ) ; 
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of a 24-methyl-diacholestane; d = 14/3(H),17/3(H)-cholestane (20R) plus possible coelution of a 24-methyl-dia- 
cholestane; e = 14/3(H),17/3(H)-cholestane (20S) plus possible coelution of a 24-methyl-diacholestane; f 
=14o~(H),17o~(H)-cholestane (20R); g = 24-ethyl-13/3(H),17a(H)-diacholestane (20R); h = 24-methyl- 
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collectively referred to as steranes, and compounds a, b, g, and possible coeluting compounds in peaks c, d, e, and i 
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tively. The pH values in experiments 1, 3, and 5 (Table 7) 
increase from 5.8 to 7.2 as the amount of expelled oil in- 
creases with temperature (Table 2).  This covariance sug- 
gests H + ions may be important to the generation of expelled 
oil. The importance of  this ion is considered in experiment 
16 by using a 0.1 N HC1 solution in place of  deionized water 
at 330°C for 70.7 h. As shown in Table 1 l, the final pH of 
this experiment increased to 4.7, but this final increased 
uptake and initial five-orders of magnitude increase in H + 
ions have no significant effect on the amounts of  expelled 
oil and generated gas relative to experiments 10, 11, and 12. 
In addition, gas chromatograms of  the expelled oils from 

these experiments (Fig. 7) show no significant composi- 
tional differences. 

In its molecular form, hydrogen has been shown to en- 
hance oil yield and reduce aromatization and condensation 
during anhydrous pyrolysis of oil shale (Hershkowitz et al., 
1983 ). Experiment 17 examines the role molecular hydrogen 
plays in hydrous pyrolysis by heating an aliquot of  WD-26 
at 330°C for 70.9 h with an initial 1.48 MPa of H2 in the 
head-space of  the reactor instead of  the usual 241 kPa of  He 
at the start of  the experiment. Expelled oil and generated 
gas yields from this experiment (Table 11 ) are similar to 
the other hydrous experiments ( 10, l 1, 12, and 16), with the 
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Fig. 6. m/z 253 ion chromatograms of the saturate fraction of the total pyrolysate from hydrous (a, b, and c) and 
anhydrous (d, e, and f) experiments. The peak designations are in reference to C-ring monoaromatic steroid hydrocar- 
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exception of the additional molecular hydrogen. The slightly 
lower yields are most likely the result of the lower tempera- 
ture attained in this experiment compared to those attained 
in experiments 10 and 11 (Table 1 ). Gas chromatograms of 
the expelled oils in Fig. 7 show no significant compositional 
variations between hydrous pyrolysis with and without the 
additional molecular hydrogen. These results indicate that 
the addition of H2 does not influence the product yields under 
hydrous conditions as observed under anhydrous conditions. 

The solubility of oil in water increases with increasing 
temperature (Price, 1976), but at 350°C the solubilities of 
the C14-C2o, C19-C25, and C 2 4 - C 3 4  distillation fractions of 
a 35.3 ° API gravity oil are only 0.85, 0.54, and 0.24 wt%, 
respectively (Price, 1981). Experiment 15 evaluates the in- 
fluence of solubility by employing a 5.0 wt% NaC1 solution. 
Substituting this saline solution for deionized water in the 

experiment reduces the solubility of most hydrocarbons and 
oils by a factor of 2 (Whitehouse, 1984; Price, 1981; Sutton 
and Calder, 1974). The results in Table 11 show that the 
reduced oil solubility in experiment 15 enhances rather than 
reduces the expelled oil yield. At room temperatures under 
which the products are collected from the experiments, the 
solubility differences between deionized and saline waters 
may account in part for the slightly higher amounts of head- 
space gas, but they can not account for the significantly 
higher amount of expelled oil (Table 1 1 ). Comparisons of 
the gas chromatograms in Fig. 7 show that the expelled oil 
from experiment 15 has a composition similar to the other 
hydrous experiments (experiments 10, 16, and 17), with the 
exception of higher concentrations of C5 through C7 hydro- 
carbons. These results indicate that aqueous solubility of 
hydrocarbons is not responsible for the expelled oil gener- 
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300°/72 h 330°C/72 h 350°C/72 h 

Condition hydrous anhydrous  h y d r o u s  anhydrous  h y d r o u s  anhydrous 
Experiment no. 1 2 3 4 5 6 

Methane 13.57 20.70 38.19 80.67 78.41 138.12 
Ethane 8.19 13.75 25.63 49.78 43.57 1.54 
Propane 3.44 6.12 9.34 18.43 16.17 25.88 
/-butane 0.57 1.21 0.91 1.62 2.37 2.20 
n-butane 1.53 1.90 2.83 6.07 4.52 10.71 
Pentanes 0.48 0.82 1.39 2.10 0.79 1.95 
Hexanes 0.00 0.21 0.00 0.00 0.00 0.00 
C7 + 0.16 0.19 0.00 0.07 0.57 0.59 
Ethene 0.02 0.00 0.00 0.00 0.14 0.10 
Propene 0.45 0.23 0.00 0.00 0.4 l 0.56 
Butenes 
Pentenes" 0.17 0.19 0.38 0.56 0.00 0.00 
Hexenes a 0.00 0.01 0.00 0.00 0.00 0.00 
Butadienes 0.01 0.03 0.07 0.00 0.03 0.03 
CO2 20.07 14.39 31.17 20.88 44.01 21.56 
CO 0.00 0.00 0.00 0.00 0.41 0.42 
H2 5.06 5.38 5.89 8.25 6.07 11.86 
H2S 0.14 33.71 19.69 52.90 23.76 57.87 
NH3 0.00 0.36 0.00 0.00 0.00 0.03 

Total 53.96 99.20 135.49 241.38 222.94 346.00 

Cyclic alkanes plus alkenes. 

ated during hydrous pyrolysis. This finding is also supported 
by the results from experiment 12, which showed no signifi- 
cant increase in product yields with an increase in the water/ 
rock ratio (Table 11 ). 

3.4. Liquid Gallium-Alloy 

Determining whether water in the hydrous experiments 
acts only as a liquid medium into which expelled oil is 
physically transferred requires an anhydrous experiment 
with a nonaqueous liquid. To ensure comparable results, the 
nonaqueous liquid should have a melting point below room 
temperature, a low solubility for hydrocarbons, a supercriti- 
cal temperature above 330°C, and a specific gravity equal to 
or greater than one. Organic liquids like n-decane, isopropyl 
benzene, butyric acid, and heptanol maintain a suhcritical 
liquid phase between 25 and 330°C, but have a high hydro- 
carbon solubilities. Conversely, inorganic liquids like stannic 
chloride, hydrogen fluoride, and sulfuric acid have relatively 
low hydrocarbon solubilities, but are not in the subcritical 
liquid phase over the temperature range of 25 to 330°C. 
Liquid metals like gallium and mercury offer the most prom- 
ising comparison with water because of their liquid state 
within the desired temperature range and low hydrocarbon 
solubilities. In addition, gallium wets most surfaces includ- 
ing glass and has been reported to quickly diffuse into some 
metal crystal lattices (de la Breteque, 1978). Although its 
boiling point is 2200°C, the 30°C melting point results in a 
solid phase at typical room temperatures (i.e., 20 to 26°C). 
This problem is alleviated by using a gallium alloy con- 
taining 24.7 wt% indium (Indalloy 60, Indium Corporation 
of America), which has a melting point of 15.7°C. Results 

from experiment 14 with the gallium alloy at 330°C for 70.6 
h are compared in Table 12 with results from the average 
of hydrous experiments 10 and 11 and anhydrous experiment 
4. No expelled oil was observed on the surface of the gal- 
lium-alloy liquid at the end of the experiment, but a floating, 
light-gray and reddish brown solid crust was observed and 
collected. This thin crust showed no signs of an oil or char 
film. X-ray diffraction identified the reddish-brown solid as 
In2S3 and the light-gray solid as a mixture of 6- and/3-Ga203. 

The amount of bitumen generated in this experiment is 
relatively high, but the lack of an expelled oil on the surface 
of the gallium-alloy liquid results in a total pyrolysate yield 
that is intermediate to those of the hydrous and anhydrous 
experiments. The amount of hydrocarbon gases generated in 
this experiment are similar to those generated in the anhy- 
drous experiment (4, Table 12). However, amounts of non- 
hydrocarbon gases are significantly different. The most obvi- 
ous difference is the 106 mmol of molecular hydrogen gener- 
ated in the Ga-alloy experiment. It is this high partial 
pressure of H2 that may account for the higher amount of 
bitumen relative to the anhydrous experiment and the inter- 
mediate amount of total pyrolysate. Although experiment 17 
shows that molecular hydrogen under hydrous conditions 
has no significant effect on yields of total expelled products 
(Table 11 ), yields of condensable oil from retorting of oil 
shales are increased by the presence of molecular hydrogen 
under anhydrous conditions (Hershkowitz et al., 1983). 

The anomalously large amount of molecular hydrogen 
generated in the Ga-alloy experiment is most likely the result 
of gallium oxidation by water. This reaction is sluggish at 
100°C but rapid at 200°C (de la Breteque, 1978). The overall 
reaction involves water oxidizing gallium to a gallium 
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Table 7. Millimole of gas (g) and dissolved gas species (aq) generated from 400 g of Woodford Shale 
sample WD-26. Gas quantities are from Table 6 and dissolved species quantities are calculated as footnoted 
assuming ideal gas behavior at 25°C and an ionic strength of zero. Total gas quantities do not include 
species dissolved in expelled oil or bitumen. Dissolved species in minor amounts of water evolved during 
anhydrous pyrolysis are negligible relative to mmole units and are therefore not included in table. 

300°C/72 h 330°C/72 h 350°C/72 h 

Condition hydrous anhydrous hydrous anhydrous hydrous anhydrous 
Experiment no. 1 2 3 4 5 6 

COa(g) 20.07 14.39 31.17 20.88 44.01 21.56 
CO2(aq)" 15.06 0.00 49.12 0.00 196.14 0.00 

Total CO2 35.13 14.39 80.29 20.88 240.15 21.56 
HaS(g) 0.14 33.71 19.69 52.90 23.76 57.87 
HaS(aq) b 0.26 0.00 48.11 0.00 106.37 0.00 

Total HaS 0.40 33.71 67.80 52.90 130. l 3 57.87 
Ha(g) 5.06 5.38 5.89 8.25 6.07 11.86 
Ha(aq) ~ 0.07 0.00 0.08 0.00 0.08 0.00 
pH 5.84 0.00 6.59 d 0.00 7.18 0.00 

Total H2 5.15 5.38 5.97 8.25 6.15 I 1.86 
CH4(g)  13.57 20.70 38.19 80.67 78.41 138.12 
C H4(aq )  ~ 0.15 0.00 0.92 0.00 1.89 0.00 

T o t a l  CH4 13.72 20.70 39.11 80.67 80.30 138.12 
C2H6(g) 8.19 13.75 25.63 49.78 43.57 71.54 
CaH6(aq) c 0.26 0.00 0.82 0.00 1.40 0.00 

Total C2H6 8.45 13.75 26.45 49.78 44.97 71.54 

a CO2(aq) = H2CO3 + HCO3 + CO~ = KHPc02 { 1 + (K~[H+]) + (KIK2/[H+]2}, where Pc02 = CO2 gas 
partial pressure (atm), KH = 10 -L47° mol/l-atm (Butler, 1982), [H +] = hydrous ion concentration (mol/1), 
K~ = 10 6.352 for H 2 C O  3 disassociation (Butler, 1982), and Kz = 10 -m329 for HCO3 diassociation (Butler, 
1982). 

b H2S(aq) = H2 SO q- HS- + S- = /~HPHS { 1 -I- (KJ[H+]) + (KIK2/[H+]2}, where PHs = HaS gas partial 
pressure (atm), Kh = 10 -°99 mol/1 atm (Carroll and Mather, 1989), [H +] = hydrogen ion concentration 
(mol/L), Ki = 10 -6983 for HaS disassociation (Hershey and others, 1988), and /(2 = 10-1857 for HS 
disassociation (Schoonen and Barnes, 1988). 

Moles of dissolved gas (mi) determined by m, = [mHo (P/Kni)]/[I - (P/KH3], where Pi = partial 
pressure of gas i, mH2o = moles of HaO (320 q/18 amu = 17.778 tool), and KH~ = Henry's Law constant 
for gas i(70073.5 atrn/mole fraction for i - H2, Drummond, 1981; 39185.6 atm/mole fraction for i = CH4, 
Rettrich et al., 1981; 29286.7 atrn/mole fraction for i = Cal l6 ,  Rettich et al., 1981). 

d This is the mean pH of experiments 10 (6.61) and 11 (6.58), which were conducted under the same 
experimental conditions as experiment 3 (Table 1). 

sesquioxide and the hydrogen in the water reducing to molec- 
ular hydrogen: 

2Gao~ + 3H20(g~ ~ Ga203(~ + 3H2(g~ (1) 

Water vapor in this experiment, as well as in the other anhy- 
drous experiments (2, 4, 6, 7, and 8),  is from pore and 
mineral waters in the original rock, and to a lesser extent, 
from dehydration of  the kerogen. This water vapor condenses 
as liquid-water droplets on top of  the inside of  the reactor 
as it cools to room temperature. Semiquantitative collection 
of  this intrinsic water typically accounts for about 1 wt% of 
the original rock after being heated at 300 and 330°C. This 
quantity of  water is similar to that obtained from oil shales 
by Fischer assay (Coburn et al., 1989). 

Another reaction responsible for the gallium sesquioxide 
is the interaction of COz with the gallium: 

2Ga<j) + 3CO2(g)~ Ga203~ + 3CO~g~ (2) 

Thermodynamics indicate this reaction is less favorable than 
reaction 1, but the generation of anomalous amounts of  CO 
(Table 12) indicate this reaction may be a source of minor 
amounts of  the gallium sesquioxide. Despite the loss of some 

C O  2 by this reaction, the amount of C O  2 i s  intermediate to 
that of the hydrous and anhydrous experiments (Table 12). 

Although InzO3 has a crystal structure analogous to meta- 
stable 6-Ga203, no significant solid solution between these 
oxides occurs (Roy et al., 1952). Thermodynamic data indi- 
cate that Ga has a greater affinity for oxide formation than 
In (Srivastava and Farber, 1978), and that In has a greater 
affinity for sulfide formation than Ga (Mukdeeprom and 
Edwards, 1987). These different affinities explain the ab- 
sence of In-oxides and the presence of In-sulfide in the float- 
ing solid crust. The preferred interaction of  In with H2S is 

2 In~  + 3H2S(g~--* In2S3(~ + 3H2~g~ (3) 

which results in the generation of molecular hydrogen and 
In2S3. As a result of this reaction, the amount of H z S  r e c o v -  

e r e d  from this experiment is reduced relative to the anhy- 
drous experiment (4, Table 12). 

3.5. D20-Experiment 

Hoering (1984) conducted experiments using D20 and 
pre-extracted Messel Shale with and without molecular 
probes to gain insight on the role of  water in hydrous pyroly- 
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Table 8. Mass balance of sulfur and oxygen lost from pyrolyzed kerogen realtive to the amount of H2S 
and COz generated under hydrous and anhydrous conditions. 

3705 

Temp./time 300°C/72 h 330°C/72 h 350°C/72 h 

Condition hydrous anhydrous hydrous anhydrous hydrous anhydrous 
Experiment no. 1 2 3 4 5 6 

Kerogen S remaining a (mmol) 208.60 199.33 156.09 157.56 129.81 135.10 
Kerogen S lost b (mmol) 20.32 29.59 72.83 71.36 99.11 93.82 
S as Total H2S c (mmol) 0.40 33.71 67.80 52.90 130.13 57.87 

AS ° (mmol) +19.92 -4.12 +5.03 +18.46 -31.02 +35.95 
Kerogen O remaining e (mmol) 590.45 544.56 414.40 440.12 382.98 441.76 
Kerogen O lost t (mmol) 99.23 145.12 275.28 249.56 306.69 247.92 
O as Total CO2 c (mmol) 70.26 14.39 160.58 41.76 480.30 43.12 

AO d (retool) +28.97 +116.34 + 114.70 +207.80 - 173.61 +204.80 

Mililmoles of kerogen sulfur in recoverd rock = 31.19 {SK/CKICE/(100 - B)]}{W~ - E - G}, where 
SK and CK are, respectively, the weight percent organic sulfur and carbon of isolated kerogen (Table 4), 
CE is weight percent of kerogen carbon of solvent-extracted rock (Table 4), B is weight percent of bitumen 
in recovered rock (Table 2), E and G are, respectively, wt% of expelled oil and gas from original rock 
(Table 21, W~ = grams of original rock (Table l), and 31.19 is the reciprocal of the atomic mass of S 
multiplied by 103 . 

h Difference between organic S in kerogen of the original 400 grams of rock (i.e, 228.92 retool) and 
kerogen S remaining in recovered rock. 

c Values include gas and dissolved gas species from Table 7. 
a f notation refers to differences between kerogen S or O lost and S or O as total H2S or CO2, respectively. 
e Millimoles of kerogen oxygen in recovered rock = 62.5 {OK/CK[Cz/(100 -- B)]}{ W i - -  E G}, where 

CK, Cz,  B, W,, E, and G are the same as defined in footnote a, and OK is the weight percent oxygen of 
isolated kerogen (Table 4). The coefficient 62.5 is the reciprocal of the atomic mass of O multiplied by 
10 ~. 

* Difference between O in kerogen of the original 400 grams of rock (i.e., 689.68 mmol) and kerogen O 
remaining in recovered rock. 

sis experiments. Results from these experiments demonstrate 
that deuterium substitution with hydrogen in the hydrocarbon 
products is not a simple homogeneous exchange reaction, but 
instead involves deuteration of  hydrocarbon radicals cleaved 
from the pyrolyzed kerogen. Hoering (1984) suggested ex- 
change of hydrogen radicals with D20 to yield deuterium 
radicals, which deuterate and terminate hydrocarbon radi- 
cals. The shale sample used in his experiments was ground 
in a ball-mill and the organic matter in the resulting rock 
powder would be well exposed to the D20. Petrographic 
studies of  rock chips and cores subjected to hydrous pyroly- 
sis indicate rock matrices become impregnated with bitumen 
and devoid of  interstitial water during the early stages of 
bitumen generation (Lewan, 1993a, 1987). This bitumen 
saturation limits the contact between water and organic mat- 
ter to the outer surface of  the rock chips or core. Experiment 
13 was conducted to determine the degree of  deuteration of  

organic matter embedded in the gravel-sized (0.5 to 2.0 cm) 
rock chips of sample WD-26. As shown in Table 13, amounts 
and types of  product from this experiment are similar to 
those from the H20 experiments conducted at similar time 
and temperature conditions ( l0 and 11 ). 

The amounts of deuterium in the expelled oil, extracted 
bitumen, and isolated kerogen from experiment 13 with D20 
and experiment 11 with H20 were determined by deuterium- 
NMR analyses (Spectral Data Services, Inc.). None of  the 
pyrolysate products from the H20 experiment (experiment 
11 ) contained detectable amounts of  deuterium. Conversely, 
all of  the pyrolysate products from the D20 experiment (ex- 
periment 13) contained detectable amounts of  deuterium. 
Quantification of  deuterium content of  the kerogen was not 
performed, but the NMR spectrum of the kerogen isolated 
from the recovered rocks in experiments 11 and 13 (Fig. 8) 
show that the kerogen in the D20 experiment was highly 

Table 9. Types and amounts (wt% of rock) of pyrolysates generated in hydrous, anhydrous, and confined 
pressure experiments on Woodford Shale sample WD-26 at 350°C for 72 h. 

Vacuum He-pressured Confined-gas Steam 
Conditions Hydrous anhydrous anhydrous anhydrous pyrolysis 
Final pressure a (MPa) 21.13 5.69 23.48 21.76 18.31 
Experiment no. 5 6 7 8 9 

Bitumen extract 5.71 3.30 2.99 2.27 6.0 I 
Expelled oil 4.15 0.00 0.00 0.00 0.00 
Generated gas 1.68 2.40 2.18 2.57 2.08 
Total pyrolysate 11.54 5.70 5.17 4.84 8.09 

Pressure in reactor at 350°C after 72 h. 
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Table 10. Concentration (mmol/400 g rock) of gases collected from reactor headspace after hydrous, 
anhydrous, and steam experiments cooled to room temperature. 

Vacuum He-pressured  Confined-gas b Steam 
Conditions Hydrous a n h y d r o u s  a n h y d r o u s  a n h y d r o u s  pyrolysis 
Final pressure 

at 350°C (MPa) 21.13 5.69 23.48 21.76 18.31 
Experiment 5 6 7 8 9 

Methane 78.41 138.12 114.76 206.26 88.14 
Ethane 43.57 71.54 59.67 72.07 53.33 
Propane 16.17 25.88 23.69 23.73 19.17 
/-butane 2.37 2.20 7.42 2.34 2.26 
n-butane 4.52 10.71 7.71 5.16 7.67 
Pentanes 0.79 1.95 0.00 2.02 0.86 
Hexanes 0.00 0.00 0.00 0.00 0.00 
C7+ 0.57 0.59 4.85 0.00 0.79 
Ethene 0.14 0.10 3.99 0.12 0.17 
Propene 1.71 2.58 11.70 0.00 2.77 
Butenes 0.41 0.56 0.00 0.00 0.45 
Pentenes" 0.00 0.00 0.00 0.44 0.00 
Hexenes" 0.00 0.00 0.00 0.00 0.00 
Butadienes 0.03 0.03 0.00 0.00 0.00 
COz 44.01 21.56 23.12 42.98 51.97 
CO 0.41 0.42 1.14 0.00 0.55 
H2 6.07 11.86 15.13 1.59 8.66 
H2S 23.76 57.87 29.40 37.46 38.44 
NH3 0.00 0.03 1.43 0.00 0.10 

Total 222.94 346.00 304.01 394.17 274.33 

Cyclic alkanes plus alkenes. 
b Recalculated on the basis of 400 g of rock. 

deuterated. An internal standard of deuterated dichlorometh- 
ane was used to quantitatively determine deuterium contents 
of 10.3 wt% for the expelled oil and 6.6 wt% for the extracted 
bitumen. Calculating the total weight percentages of deute- 
rium on a molar basis with the yields in Table 13 gives 141 
and 312 mmol of deuterium for the expelled oil and extracted 
bitumen, respectively. Assuming the hydrogen contents of 
the expelled oil are similar to the 13 wt% average for crude 
oil (Hunt, 1979) and that the extracted bitumen is similar 
to the 10 wt% average for asphalt (Hunt, 1979), deuterium 
substitution for hydrogen is approximately 40% for the ex- 
pelled oil and 33% for the extracted bitumen. These percent- 
ages are only approximations, but they indicate deuteration 
is not limited to the outer surface of the rock chips, and 
some form of deuterium (e.g., D', D2, HDO, and D20) 
penetrates the rock through its bitumen network. The impli- 
cation here is that while the movement of oil and bitumen 
is outward from within the rock, the movement of some 
form of deuterium is inward into the bitumen impregnated 
rock from the surrounding D20 liquid. Generated hydrocar- 
bon gases including methane were also deuterated, but no 
attempt was made to quantify their degree of deuteration. 
Although the separation of D2 from He was marginal for 
quantification by mass spectrometry, an analysis of the gen- 
erated gas gave a D2 content of 1 tool%. 

3.6. Isolated Kerogen Experiment 

Some minerals within source rocks have been advocated 
as catalysts in petroleum formation (Brooks, 1952; Gold- 
stein, 1983). Tannenbaum et al. (1986) conducted hydrous 

pyrolysis experiments on artificial mixtures of minerals and 
isolated kerogens in borosilicate glass tubes at 300°C for 
durations from 2 to 1000 h. Pyrolysate yields from these 
hydrous experiments were essentially the same for kerogens 
heated with and without minerals. As discussed by Lewan 
(1993a), the use of borosilicate glass tubes, the inability 
to collect expelled oil, and the unconsolidated state of the 
powdered mixtures makes these experiments difficult to 
compare with whole-rock hydrous experiments, which are 
more representative of natural petroleum formation. In order 
to make a more appropriate evaluation of the effects mineral 
matter has on the role of water in petroleum formation, ex- 
periment 18 was conducted with a kerogen isolated from 
sample WD-26. As described in section 2, precautions were 
taken to insure that a water-wet kerogen resided at the bottom 
of the reactor during the experiment. The experiment was 
conducted at 330°C for 72 h under hydrous conditions. An 
expelled oil similar to that generated from whole-rock exper- 
iments was present on the water surface at the conclusion 
of this experiment. After the generated gas, expelled oil, and 
water were collected, a glossy black, vesicular solid was 
removed from the bottom of the reactor. This solid was 
brittle, which allowed it to be broken up for Soxhlet extrac- 
tion to determine its bitumen content. The amounts of pyro- 
lysates generated in this experiment are given in Table 13 
on the basis of an equivalent rock weight to facilitate com- 
parisons with the other experiments in this study. Relative 
to the whole-rock experiments (10 and 11 ), the amounts 
of bitumen, expelled oil, and gas generated in the kerogen 
experiment are slightly greater (Table 13). The slightly 
greater amounts of bitumen and expelled oil in the kerogen 



Role of water in petroleum formation 3707 

Table l 1. Experimental conditions and expelled product (expelled oil and gas) yields of hydrous pyrolysis experiments with various water 
chemistries. 

Water/rock Water/rock Water/rock 0.1 N HCI H2-pressured 5 wt% NaCI 
Condition ratio 0.8 ratio 0.8 ratio 2.25 hydrous hydrous hydrous 
Experiment l0 11 12 16 17 15 

Temperature (°C) 330.0 329.7 329.9 329.5 327.6 329.79 
Duration at temperature (h) 70.70 70.70 70.85 70.70 70.70 70.55 
Initial pH 5.65 a 5.65" 5.65 a 1.00 5.65" 5.65 ~ 
Final pH 6.61 6.58 6.21 4.68 6.70 6.00 
Expelled oil (wt% rock) 2.66 2.69 2.75 2.61 2.53 3.80 
Gas (wt% rock) 1.55 1.40 1.29 1.36 1.27 1.53 
Total expelled product (wt% rock) 4.21 4.09 4.04 3.97 3.80 5.33 
Gas composition (retool/400 g rock) 
Methane 49.34 48.51 36.24 45.87 39.97 52.38 
Ethane 32.62 30.91 25.27 30.63 29.79 34.36 
Propane 12.23 11.74 10.20 11.40 10.17 12.46 
/-butane 1.85 1.77 1.89 1.43 1.03 0.90 
n-butane 3.44 3.39 3.97 3.79 3.51 4.30 
Pentanes 1.12 l. 14 1.68 1.76 1.62 1.88 
Ce+ 0.00 0.14 0.37 0.07 0.00 0.00 
Ethene 0.00 0.58 0.05 0.00 0.00 0.00 
Propene 0.00 0.00 0.32 0.00 0.02 0.00 
Butenes 0.00 0.00 0.03 0.00 0.00 0.00 
Pentenes b 0.55 0.35 0.53 0.37 0.37 0.62 
Hexenes b 0.00 0.00 0.35 0.16 0.27 0.00 
Butadienes 0.00 0.07 0.05 0.07 0.08 0.00 
CO2 48.67 40.86 39.68 39.74 32.75 44.66 
CO 0.97 0.00 0.00 0.61 0.58 0.00 
H2 4.32 6.25 11.32 6.53 49.93 7.94 
H2S 37.78 32.56 29.61 30.10 34.36 36.48 
NH3 0.50 0.00 0.64 0.45 0.65 0.18 

~' Values assume deionized (ASTM Type-l) water is in equilibrium with atmospheric CO~ according to calculations by Butler (1982). 
h Alkenes plus cyclic alkanes. 

experiment may be attributed to the lack of adsorptive min- 
eral surfaces, which have been shown to reduce the amounts 
of extractable bitumen (Spiro, 1984; Huizinga et al., 1987) 
and volatile hydrocarbons (Espitalie et al., 1980; Horsfield 
and Douglas, 1980) from pyrolyzed mineral-kerogen mix- 
tures. The slightly greater amount of generated gas in the 
kerogen experiment is a result of all the gas components 
increasing to different degrees, with the exception of the 
decrease in methane (Table 14). As observed in other com- 
parisons between gas generated from rocks and their isolated 
kerogens (Lewan, 1993a), alkene gas concentrations are 
higher in the isolated kerogen experiment. Based on these 
results, the role of water in generating bitumen and expelled 
oil is slightly influenced by the presence of a mineral matrix. 
However, the presence of a mineral matrix has a more nota- 
ble influence on the composition and quantities of gener- 
ated gas. 

4. DISCUSSION 

Hydrous pyrolysis experiments at temperatures between 
240 and 365°C for 72 h on aliquots of Woodford Shale 
(Lewan, 1983), Phosphoria Shale (Lewan et al., 1986), 
Monterey Shale (Baskin and Peters, 1992), and Green River 
Shale (Huizinga et al., 1988; Ruble, 1996) show that petro- 
leum formation can be described by two overall reactions 
that generate distinctly different products. The first reaction 
involves the partial decomposition of the kerogen to bitumen 

at temperatures equal to or less than 330°C after 72 h. As 
the bitumen content increases during this overall reaction, 
the initial kerogen content decreases proportionally. There 
is a net volume increase resulting from this reaction which 
causes the generated bitumen to impregnate the available 
porosity in the rock and form a continuous bitumen network 
throughout the rock matrix (Lewan, 1987). The generated 
bitumen remains in the rock matrix and consists of a viscous 
tar enriched in high-molecular-weight polar components and 
deficient in saturated hydrocarbons. The second reaction in- 
volves the partial decomposition of the bitumen to oil at 
higher thermal stress levels (e.g., ->330°C after 72 h). As 
the amount of expelled oil increases during this overall reac- 
tion, the bitumen content decreases proportionally and the 
kerogen content remains essentially constant. The net vol- 
ume increase caused by this reaction, and the lack of porosity 
due to the impregnating bitumen, results in the expulsion of 
generated oil from the rock. This expelled oil accumulates 
on the water surface and typically consists of a free-flowing 
liquid enriched in saturated hydrocarbons and deficient in 
high-molecular-weight polars. These two overall reactions 
have long been recognized in oil shale retorting (Engler, 
1913; Hershkowitz et al., 1983) and have been suggested 
in natural petroleum formation (Louis and Tissot, 1967). 
Distinguishing and understanding these two overall reactions 
is an important prerequisite to evaluating the role of water. 
The yields given in Table 2 and previously reported hydrous- 
pyrolysis yields on the Woodford Shale (Lewan, 1983 ) indi- 



3708 

C6 

i 

M. D. Lewan 

C10 (a) 

C16 

I,g 

Z 
0 
I1, 

U,I n" 

E 

(b) 

(c) 

111 
R E T E N T I O N  T I M E  > 

Fig. 7. Gas chromatograms of expelled oils from (a) hydrous experiment 10; (b) 0.1 N HC1 experiment 16; (c) 
Ha-pressured experiment 17, and (d) 5 wt% NaC1 hydrous experiment 15. Prominent peaks represent n-alkenes with 
carbon numbers denoted for n-hexane (C6), n-decane (C~0), n-hexadecane (C]6), and tetracosane (Ca4). Solid dots 
(@) denote acyclic isoprenoids with 13 through 16 and 18 through 20 carbon atoms. 

cate that experiment 1 at 300°C for 72 h represents the first 
overall reaction (i.e., kerogen to bitumen) and experiments 
3 and 5 at 330°C and 350°C for 72 h represent the second 
overall reaction (i.e., bitumen to oil). The following discus- 
sion evaluates the role of water in different phases, bitumen 
generation, oil generation, hydrogen generation, and oil sep- 
aration from bitumen. 

4.1. W a t e r  P h a s e s  

Before discussing the specific role of water in petroleum 
formation, it is important to evaluate the water phases that 
occur within the experiments. The two most obvious water 
phases that occur within the hydrous pyrolysis experiments 
are liquid and vapor water. As described by Lewan (1993a), 
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Table 12. Product yields and gas analyses of the gallium-indium 
(Ga/In) experiment 14 compared to vacuum anhydrous experiment 
4 and the average of hydrous experiments 10 and 11. 

Conditions Hydrous Anhydrous Ga/In 
Experiment no. 10 _+ l 1 4 14 

Product yields 
(wt% of Rock) 

Bitumen 7.85 6.62 8.12 
Expelled 2.68 0.00 0.00 
Gas 1.48 1.74 1.88 
Total pyrolysate 12.01 8.36 10.00 

Gas analyses 
(mmol/400 g rock) 

Methane 48.93 80.67 80.86 
Ethane 31.77 49.78 53.40 
Propane 11.99 18.43 19.79 
/-butane 1.81 1.62 2.52 
n-butane 3.42 6.07 5.40 
Pentanes 1.13 2.10 1.77 
Hexanes 0.07 0.00 0.00 
C7+ 0.00 0.07 0.00 
Ethene 0.29 0.00 0.00 
Propene 0.00 0.05 0.00 
Butenes 0.00 0.00 0.00 
Pentenes ~ 0.45 0.56 0.91 
Butadienes 0.03 0.00 0.00 
CO2 44.77 20.88 37.86 
CO 0.49 0.00 2.52 
H2 5.29 8.25 105.94 
H2S 35.17 52.90 33.62 
NH3 0.25 0.00 0.25 

Total 185.86 241.38 344.84 

a Cyclic alkanes plus alkenes. 

the amount of rock and water added to a reactor are predeter- 
mined to ensure that the rock remains submerged in liquid 
water at ambient and experimental temperatures. Water va- 
por is restricted to the gas head-space above the liquid-water 
surface, which constitutes approximately 30 to 15 vol% of 
the reactor volume at typical experimental temperatures. Su- 
percritical water is avoided in the experiments by employing 
experimental temperatures less than 374°C (i.e., critical tem- 
perature for pure water) or by employing NaC1 solutions, 
which can elevate the supercritical temperature of water 
(Sourirajan and Kennedy, 1962; Haas, 1976). 

Another important aspect of these experiments that must 
be considered in discussing the rote of water is that the 
reactions responsible for petroleum formation occur within 
the bitumen-impregnated, gravel-sized rock chips and not 
within the water surrounding the rock chips. Although ancil- 
lary reactions involving the surrounding water with mineral, 
bitumen, or kerogen exposed on the outer surfaces of the 
rock chips may occur, the principal reactions are occurring 
within the bitumen-impregnated rock, as is the condition in 
natural systems. The external water surrounding the rock 
chips in the experiments may be considered analogous to 
the water in regional fractures that commonly dissect source 
rocks in the natural system. The subordinate role of the 
external water is demonstrated by the lack of change in 
types and amounts of yield when the water to rock ratio is 
approximately tripled in experiment 12, and when the area 
of exposed rock surface is increased by using a smaller sized 
rock chip in the experiments (Lewan, 1993a). Realizing that 
the bulk liquid water phase in these experiments is external 
to reaction sites within the heated rock becomes important 
when comparing the results of this study with experiments 
that use finely-ground rock powders (e.g., Hoering, 1984), 
unconsolidated mixtures of mineral and kerogen powders 
(e.g., Tannenbaum et al., 1986), and model compounds 
(e.g., Siskin et al., 1990). In these experiments, the contact 
of reacting organic matter with a bulk liquid water phase is 
maximized and not representative of the natural system. 
Model compound studies present an additional complication 
in that the studied compounds may react as aqueous species 
dissolved in the liquid water. Although this condition may 
represent localized conditions during secondary migration or 
entrapment of petroleum in the natural system, it is not likely 
to represent the conditions under which petroleum is gener- 
ated in bitumen-impregnated source rocks. 

Prior to the generation of bitumen, the porosity of the 
heated rock contains liquid water that may or may not be in 
communication with the external water surrounding the rock, 
depending on the permeability of the rock. This porewater 
will remain liquid water during hydrous pyrolysis but will 
become undersaturated water vapor during anhydrous pyrol- 
ysis. The latter condition results in condensation of the water 
vapor to liquid water droplets that occur on rock and reactor- 
wall surfaces after anhydrous experiments have cooled to 

Table 13. Type and amounts (wt%) of pyrolysates generated at 300°C from WD-26 rock and isolated 
kerogen under hydrous conditions with D20 or H20. 

Condition D20-Rock H20-Rock H20-Kerogen b 
Experiment 13 10 + 11 18 

R o c k  Pyrolysate R o c k  Pyrolysate R o c k  Pyrolysate 
basis basis basis basis basis basis 

Wt% 
Bitumen" 9.44 69.3 9. l I 68.7 9.18 67.1 
Expelled oil 2.73 20.0 2.68 20.2 2.74 20.0 
Gas 1.46 10.7 1.48 11.1 1.76 12.9 

Total pyrolysate 13.63 100.0 13.27 100.0 13.68 100.0 

a Bitumen is extracted in a Soxtec apparatus with dichlormethane, rather than in a Soxhlet apparatus with 
benzene/methanol, which was used to derive the bitumen values in Tables 2, 9, and 12. 

b Yields are calculated as wt% of rock based on the isolated kerogen comprising 29.56 wt% of the rock. 
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Fig. 8. D-NMR spectra of kerogen isolated from recovered rocks 
from hydrous pyrolysis experiments conducted at 330°C for 72 h 
with H20 (experiment 11) and D20 (experiment 13). 

room temperatures. These condensed water droplets were 
observed in all the anhydrous pyrolysis experiments, includ- 
ing the one employing liquid metal (experiment 14). Porosi- 
ties of thermally immature shales vary from 5 to 20 vol% 
(Rieke and Chilingarian, 1974), which equates to approxi- 
mately 2 to 10 wt% pore water, assuming a grain density of 

Table 14. Concentration (mmol/400 g rock) of gases collected 
from reactor headspace after heating at 330°C for 72 h. 

Conditions H20-rock a H20-kerogen b 
Experiment no. 10 + l l  18 

Gas components 
(mmol/400 g rock) 

Methane 48.93 44.09 
Ethane 31.77 33.30 
Propane 11.99 18.03 
/-butane 1.81 2.82 
n-butane 3.42 5.92 
Pentanes 1.13 2.17 
Hexanes 0.07 0.68 
C7+ 0.00 0.65 
Ethene 0.29 0.48 
Propene 0.00 4.51 
Butenes 0.00 0.00 
Pentenes c 0.45 0.51 
Butadienes 0.03 0.00 
CO2 44.77 48.40 
CO 0.49 0.45 
H2 5.29 8.70 
H2S 35.17 39.07 
NH3 0.25 1.16 

Total 185.86 210.92 

a Mean of experiments 10 and 11. 
b Calculated on the basis of 29.56 wt% of the rock containing 

kerogen. 
Cyclic alkanes plus alkenes. 
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Fig. 9. Solubility (mol%) of water in glyceride-rich plant oils 
[open diamonds described by 2-degree polynomial curve (a), Hilder, 
1968, 1971]; aromatic hydrocarbons [open triangles described by 
2-degree polynomial curve (b), Guerrant, 1964; Brady et al., 1982; 
Tsonopoulos and Wilson, 1983]; aliphatic hydrocarbons [open cir- 
cles described by 2-degree polynomial curve (c), Guerrant, 1964; 
Brady et al., 1982; Tsonopoulos and Wilson, 1983; Skripka and 
Boksha, 1976]; refined oil fractions including gasoline, kerosine, 
diesel, heavy diesel, and lubricating oil [open squares; Guerrant, 
1964; Skripka, 1976; Griswold and Kasch, 1942], and solubility 
(mol%) of refined crude oil distillation fractions designated as C~- 
C10 [solid circles described by linear curve (d)]; C6-C10 [solid 
triangles described by linear curve (e)]; C~0-C~5 [solid squares 
described by linear curve (f)]; C~4-C20 [solid diamonds described 
by linear curve (g)]; C~9-C25 [solid crosses described by linear 
curve (h)]; and C24-C34 [solid stars described by linear curve (i)] 
in water (Price, 1981). 

2.3 g /cm 3 . As bitumen expands into the rock matrix with 
increasing thermal maturity, the porewater is displaced by 
and dissolved in the impregnating bitumen. The amount of 
water displaced and dissolved depends on the proportionality 
of generated bitumen to porewater, the type of organic mat- 
ter, and the experimental conditions. The low solubility of 
hydrocarbons in liquid water (Price, 1981) intuitively sug- 
gests that displacement is the dominant process. However, 
the solubility of water in hydrocarbons is two orders of 
magnitude higher than the solubility of hydrocarbons in wa- 
ter (Griswold and Kasch, 1942; Guerrant, 1964; Brady et 
al., 1982). As shown in Fig. 9, the solubility of water in 
various types of organic liquids increases exponentially with 
increasing temperature. Aromatic hydrocarbons can solubi- 
lize more water than aliphatic hydrocarbons, and organic 
liquids rich in heteroatom functional groups (e.g., glyceride- 
rich plant oils) can solubilize more water than aromatic hy- 
drocarbons. At 250°C, aliphatic hydrocarbons can solubilize 
30 mol% water, and glyceride-rich oils can solubilize 65 
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mol% water (Fig. 9). These mole percentages indicate that 
for every ten methylene units (i.e., -CH2-) in a bitumen 
molecule there are 3.3 to 14.4 dissolved water molecules at 
250°C. Therefore, a significant amount of water may be 
available in the bitumen network of a maturing source rock 
during hydrous pyrolysis. This dissolved phase is especially 
important in providing a means by which D20 can penetrate 
a bitumen-impregnated rock and extensively deuterate the 
bitumen and kerogen within a rock as observed in experiment 
13. The external water acts only as a source of dissolved 
water that maintains a water-saturated bitumen within a rock, 
and as an accommodating media in which generated oil may 
be expelled. 

4.2. Bitumen Generation 

The formation of bitumen as an intermediate to kerogen 
decomposition and oil generation involves the breaking of 
weak bonds within the kerogen, rather than mineral catalysis. 
Mineral catalysis is not likely because the same amount of 
bitumen is generated from isolated kerogen as from kerogen 
within the mineral matrix of a rock subjected to hydrous 
pyrolysis at 330°C for 72 h (Table 13, experiments 10, 11, 
and 18 ). The nature of weak bonds in kerogens has not been 
resolved, but low activation energies less than 20 kcal/mol 
have been determined on extractable bitumen from naturally 
matured source rocks (Ea = 11.7 to 20.0 kcal/mol; Tissot, 
1969; Connan, 1974), extractable bitumen from hydrous 
pyrolysis experiments (Ea = 17.1 kcal/mol; Barth et al., 
1989), and nonvolatile soluble bitumen from oil shale re- 
torting (Ea = 10.7 to 19.0 kcal/mol; Braun and Rothman, 
1975; Cummins and Robinson, 1972). These low activation 
energies are not representative of covalent-bond cleavage 
(i.e., >50 kcal/mol; March, 1985), and suggest that weak 
noncovalent bonds (e.g., multiple hydrogen bonds and elec- 
tron donor/acceptor complexes) may be responsible. Weak 
noncovalent bonds have been proposed to explain the reten- 
tion of bitumen as an insoluble component in coal structures 
at low thermal maturities (Kirchko and Gagarin, 1990). In 
addition, reductions in the molecular weights of well-charac- 
terized hydrocarbon polymers during the early stages of their 
thermal decomposition have been attributed to weak nonco- 
valent bonds (Madorsky, 1964; Malhotra et al., 1975). Chi- 
antore et al. (1985) report an activation energy of 7 kcal/ 
mol for the several-fold reduction in molecular weight of 
polystyrene during the early stages of its thermal decomposi- 
tion. 

Although low activation energies of this magnitude can 
not be reasonably extrapolated to natural conditions in sedi- 
mentary basins (e.g., Lewan and Fisher, 1994), they indicate 
that kerogen decomposition to bitumen occurs at lower ther- 
mal stress levels than bitumen decomposition to oil, which 
typically has activation energies more representative of cova- 
lent bond cleavage. Despite these uncertainties in bond types 
and mechanisms responsible for bitumen generation, water 
does not appear to have a significant role on the overall 
amount of bitumen generated, as shown by the similar bitu- 
men yields generated under hydrous and anhydrous condi- 
tions at 300°C after 72 h (Table 2, experiments 1 and 2). 
However, the measured biomarker parameters (Table 5) 

show that the anhydrous condition promotes molecular 
changes within the bitumen that reflect higher thermal matu- 
rities. Similarly, a higher amount of generated gas (Table 
2), lower Rock-Eval $2 peak (Table 3), lower kerogen 
atomic H/C ratio, and higher kerogen NMR aromaticity (Ta- 
ble 4) produced under the anhydrous condition at 300°C 
after 72 h (experiment 2) indicate that maturation within the 
residual kerogen is enhanced in the absence of water. 

4.3. Oil Generation 

Kinetic studies on the partial decomposition of bitumen 
to oil give activation energies that range from 34 to 69 
kcal/mol (Lewan, 1985, 1989; Lewan and Buchardt, 1989; 
Huizinga et al., 1988; Ruble, 1996). These values are similar 
to those determined for the thermal cracking of hydrocarbon 
and acrylate polymers (Madorsky and Straus, 1954; Mador- 
sky, 1953), and indicate that cleavage of covalent bonds are 
responsible for the overall reaction of bitumen to oil. It is 
in this overall reaction that water plays its most obvious role 
and distinguishes hydrous pyrolysis from anhydrous pyroly- 
sis. At 330 and 350°C after 72 h, the total pyrolysate yields 
(i.e., bitumen + oil + gas) from the WD-26 sample by 
hydrous pyrolysis are, respectively, 1.4 and 2.0 times greater 
than by anhydrous pyrolysis (Table 2, experiments 3 - 6 ) .  
Similar differences in total pyrolysate yields from oil-prone 
kerogens have also been observed in other studies comparing 
hydrous and anhydrous pyrolysis, with total pyrolysate 
yields from hydrous pyrolysis being 1.7 and 1.8 times greater 
than total pyrolysate yields from anhydrous pyrolysis 
(Comet et al., 1986; Tannenbaum et al., 1986). Results from 
anhydrous and hydrous pyrolysis experiments at 330 and 
350°C for 72 h show that these differences are reflected not 
only in the lack of an expelled oil in anhydrous pyrolysis 
but also in a reduced extractable bitumen (Table 2). More 
gas is generated by anhydrous pyrolysis, but the increased 
amount is insufficient to make up for the reduced bitumen 
and oil yields (Table 2). 

This total-pyrolysate deficit from anhydrous pyrolysis in- 
dicates that a portion of the potential product capable of 
being generated under hydrous conditions as an expelled oil 
is instead becoming an insoluble product under anhydrous 
conditions. Cross-linking reactions, in which covalent bonds 
develop between adjacent inter- or intra-molecular carbons, 
are the most likely cause of this reduced yield. Conversely, 
cracking reactions, in which carbon-carbon bonds are bro- 
ken, are the cause of enhanced yields due to oil generation 
under hydrous conditions. Both of these reaction pathways 
compete under the same thermal stress conditions, with the 
thermal-cracking pathway resulting in lower-molecular- 
weight soluble products (i.e., expelled oil) and the cross- 
linking pathway resulting in higher-molecular-weight insolu- 
ble products (i.e., pyrobitumen or char). Understanding 
these two competing reaction pathways has been critical to 
optimizing product yields in coal liquefaction (Bockrath et 
al., 1987) and oil-shale retorting (Stout et al., 1976). Open- 
system pyrolysis of oil-shales and coals promotes the crack- 
ing pathway at the expense of the cross-linking pathway 
by heating samples rapidly to high temperatures under low 
pressures and removing vaporized products quickly from the 
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Fig. 10. Generalized reaction scheme for pyrolysis of a hypotheti- 
cal bitumen molecule (a). As extraneous free radicals (R') abstract 
hydrogen (It ')  from the molecule, a transition-state molecule (b) 
with free-radical sites develops. The transition-state molecule may 
react with available molecular hydrogen to form the original bitumen 
molecule (a), undergo thermal cracking at the E-positions of the 
free-radical sites to form lower-molecular-weight hydrocarbon mole- 
cules (c), or undergo cross linking between radical sites and adj acent 
carbons to form a more cyclic and insoluble molecule (d). 

heated sample to lower-temperature collection sites (Camp- 
bell et al., 1978; Solomon et al., 1990). Closed-system pyrol- 
ysis, as used in this study, can promote the cracking pathway 
at the expense of the cross-linking pathway by increasing 
the amount of molecular hydrogen within a reactor (Hersh- 
kowitz et al., 1983). 

The wide distribution of molecular-weight n-alkanes (i.e., 
C5-C37 ) and the low concentration of branched alkanes in 
the products generated by hydrous and anhydrous pyrolysis 
(Fig. 7) are indicative of a free-radical mechanism (Greens- 
felder and Voge, 1945; Beltrame et al., 1989). The two 
reaction pathways may be simply described by a free-radical 
mechanism as shown in Fig. 10. The initiation step in both 
reaction pathways is the formation of free-radical sites on a 
bitumen molecule by abstraction of hydrogen atoms through 
encounters with free radicals (e.g., R" = HsC~, H3C', HS', 
S', H ' )  formed by the cleavage of weaker bonds. At this 
transition state (Fig. 10b), the radical sites may be termi- 
nated by abstraction of hydrogen from neighboring mole- 
cules, especially molecular hydrogen, which will return the 
transition molecule to its original state (Fig. 10a). Free radi- 
cal sites that are not immediately terminated in the transition 
state may undergo either thermal cracking (Fig. 10c) or 
cross linking (Fig. 10d). Thermal cracking results in the 
formation of lower-molecular-weight molecules through/3- 
scission of the carbon-carbon bonds adjacent to the free- 
radical sites. The resulting cleaved molecular free-radical 
fragments may undergo either further /3-scission to form 
smaller molecules, termination by abstracting hydrogen from 
other molecules to propagate the reaction, or termination by 

formation of a double carbon bond. The latter termination 
results in the formation of alkenes, which are common prod- 
ucts in open-system pyrolysis. However, the scarcity of al- 
kenes in the products from closed-system pyrolysis under 
hydrous and anhydrous conditions at 300 to 350°C for 72 h 
suggests they are neither a significant reaction product nor 
intermediates in the formation of alkanes. With double-bond 
formation not being a significant termination reaction in 
closed-system pyrolysis, an exogenous source of hydrogen 
is essential to the generation of hydrogen-saturated mole- 
cules by the thermal cracking pathway (Fig. 10c). 

Conversely, hydrogen is generated when free-radical sites 
undergo the cross-linking pathway (Fig. 10d). Cross linking 
involves termination of a free-radical site by formation of a 
covalent bond between the free-radical carbon and an adja- 
cent intra- or inter-molecular carbon. This reaction pathway 
is considered responsible for reductions in the amounts of 
tar and extractable products generated from pyrolyzed coals 
(Sunberg et al., 1987; Solomon et al., 1990), and for reduced 
oil yields from pyrolyzed oil shale (Weitkamp and Gutberlet, 
1970). That cross linking can occur at low temperatures is 
demonstrated by irradiation of alkanes. The high free-radical 
activity induced by radiation results in alkanes becoming 
infusible and insoluble at 70°C because of cross linking 
(Charlesby, 1954, 1960). The lower total-pyrolysate yields 
from anhydrous pyrolysis relative to hydrous pyrolysis of 
the Woodford Shale at 330 and 350°C after 72 h (Table 2) 
indicates that in the absence of liquid water, cross linking 
is promoted and thermal cracking is retarded within the bitu- 
men network of the rock. This preference for the cross- 
linking pathway in anhydrous pyrolysis is also reflected in 
the lower hydrogen indices and higher production indices 
from Rock-Eval pyrolysis of the recovered rocks (Table 3) 
and lower atomic H/C ratios of the kerogens (Table 4). 

The differences in molecular composition (Table 5) of 
composited pyrolysates from hydrous pyrolysis and bitu- 
mens from anhydrous pyrolysis may also be related to the 
reactions presented in Fig. 10. However, the lack of absolute 
concentrations makes the assignment of specific reactions to 
the relative changes in ratios equivocal. As an example, the 
more condensate-like character (nCis/nC25) and lower n- 
alkane/isoprenoid (nC~7/pristane) ratio of the bitumens 
from anhydrous pyrolysis may be interpreted as a result 
of enhanced free-radical quenching (Fig. 10a,b) in hydrous 
pyrolysis or enhanced cross linking (Fig. 10d) in anhydrous 
pyrolysis. Initially, the former may be considered more likely 
because of the preponderance of high-temperature/low pres- 
sure pyrolysis studies that emphasize cracking, but the latter 
may be more likely at lower temperatures and higher pres- 
sures. Radiation experiments at low temperatures (i.e., 70°C) 
have shown that the susceptibility of alkanes to cross linking 
increases significantly as their carbon number and degree of 
branching increases (Chapiro, 1962). The other molecular 
ratios (Table 5 ) also indicate higher thermal maturities under 
anhydrous conditions, but interpretation of specific mecha- 
nisms responsible for their relative changes will require more 
quantitative data related to absolute concentrations. 

The simple reactions presented in Fig. 10 show that the 
availability of hydrogen is critical in determining which of 
these two pathways dominate. With no exogenous source of 
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hydrogen, two cross-linking reactions are needed to supply 
the balance of hydrogen needed for one thermal-cracking 
reaction. Conversely, with an exogenous source of hydrogen, 
formation of the transition state (Fig. 10b) and cross linking 
(Fig. 10d) are retarded and thermal cracking is promoted 
(Fig. 10c). The ability of an exogenous source of hydrogen 
to promote the thermal cracking pathway and impede the 
cross-linking pathway has been demonstrated by the en- 
hancement of liquid products and reduction of char products 
in coal liquefaction and oil-shale retorting with increasing 
additions of molecular hydrogen (Bockrath et al., 1987; Wen 
and Kobylinski, 1983; Hershkowitz et al., 1983; Vernon, 
1980). The importance of hydrogen is also demonstrated in 
the gallium-alloy experiment 14 in which the oxidation of 
gallium by water vaporized from the rock pores generated 
a high concentration of molecular hydrogen. The total pyro- 
lysate (gas + oil + bitumen) from this experiment was 
intermediate to those obtained from hydrous pyrolysis and 
anhydrous pyrolysis at the same experimental conditions 
(Table 12). The lack of any significant increase in total- 
pyrolysate yield during hydrous pyrolysis with the addition 
of 1.48 MPa of molecular hydrogen in the head-space of the 
reactor suggests that in the presence of liquid water the 
system is fully saturated with hydrogen and that additional 
molecular hydrogen has no effect (Table 11, experi- 
ment 17). 

Although the cross-linking reactions generate sufficient 
hydrogen in anhydrous pyrolysis to ensure that alkene forma- 
tion does not occur, they do not generate sufficient hydrogen 
to enhance thermal-cracking reactions in the formation of 
an expelled oil as observed in hydrous pyrolysis. Table 7 
shows that at 350°C after 72 h there is twice as much molecu- 
lar hydrogen in the anhydrous pyrolysis than in the hydrous 
pyrolysis, despite the greater total pyrolysate yield in the 
latter. This excess of molecular hydrogen in anhydrous py- 
rolysis suggests that hydrogen generated by cross linking 
occurs too late in the reaction series to enhance thermal 
cracking. The need of an exogenous source of hydrogen to 
retard cross linking, the generation of excess oxygen in the 
form of CO2, and the high degree of hydrocarbon deuteration 
in D20 pyrolysis experiments all indicate that water is an 
exogenous source of hydrogen that is critical to the thermal 
decomposition of bitumen to oil. 

4.4. Water-Derived Hydrogen 

Before discussing mechanisms by which water can act as 
a source of hydrogen, it is important to emphasize that the 
reactions take place within the rock chips where water occurs 
as dissolved molecules within the bitumen network. The bulk 
liquid water surrounding the rock chips may act as a reservoir 
to ensure the bitumen is always saturated with dissolved 
water, but its role as a reactant appears to be insignificant 
based on the results from experiments 12 and 16 (Table 11 ). 
In addition, the mineral matrix of the rock does not appear 
to play a significant role in the reactions as shown by the 
similar pyrolysate yields from the isolated-kerogen experi- 
ment (Table 13, experiment 18). The similar high concentra- 
tions of CO2 generated in this experiment (Table 14, experi- 
ment 18) also indicates that the mineral matrix is not respon- 

sible for the excess oxygen needed to account for the CO2 
generated under hydrous conditions. Therefore, in addition 
to being the source of hydrogen, water is also a source of 
excess oxygen in the form of CO2. 

Steam-methane reactions such as the 

CH4(g) q- H20~g~ ~ CO~g~ + 3H2(g~ 

and the water-gas shift reaction 

(4) 

CO(g) ~- H20(g ) --* CO2(g ) h- H2(g ) ( 5 )  

yield CO, C02, and H2 from the interaction of water vapor 
with methane and carbon monoxide gases. Reaction 4 is not 
likely during hydrous pyrolysis because it is only operative 
at 650 to 900°C over a nickel catalyst (Comley and Reed, 
1963) and is thermodynamically not possible at temperatures 
below 627°C (Wagman et al., 1945). Reaction 5 is thermo- 
dynamically possible at 350°C (Wagman et al., 1945), but 
as shown in Table 6, the similar low concentrations of CO in 
both hydrous and anhydrous experiments at 350°C indicate 
sufficient quantities of CO are not generated for this reaction 
to be a significant source of H2. Another related reaction 
sequence involves graphite, 

C<~) + H20(g)--' CO(g) + H2fg ) (6) 

followed by the water-gas shift reaction (reaction 5). Collec- 
tively, these two reactions may occur at temperatures as low 
as 227°C with the aid of a catalyst (Cabrera et al., 1982), 
but uncatalyzed conditions require temperatures in excess of 
900°C for initiation of reaction 6 (Yates and McKee, 1981 ). 
Although thin carburized layers ( <3.9 #m) of graphitic car- 
bon on reactor-wall surfaces are in contact with water vapor 
during hydrous pyrolysis, comparison of gases generated 
in carburized and fresh-metal reactors show no significant 
differences in amounts of generated COz and H2 (Lewan, 
1993a, Table 5). An additional concern in calling upon wa- 
ter-gas reactions to provide an exogenous source of hydrogen 
in hydrous pyrolysis is the occurrence of these gas reactions 
in the head-space of the reactor, rather than within the rock 
chips. As demonstrated in experiment 17, the addition of H2 
gas in the head-space of the reactor had no significant effect 
on the pyrolysate yields under hydrous conditions (Table 
11, Fig. 7). 

Reactions more likely to be responsible for excess oxygen 
generated as CO2 and exogenous hydrogen in the hydrous 
pyrolysis experiments involve the interaction of dissolved 
water molecules with carbonyl groups in the bitumen. These 
reactions may involve aldehydes: 

H C = O  + H20(bit ) --~ HR + CO2(bit/g ) -~- H2(bit/g) 
I 

R 
(7) 

esters: 

O 

II 
R - - C - - O - - C H 2 - - R '  + 2H20(bit ) 

HR + HR'  + 2CO2(bit/g) h- 2H2(bit/g) (8) 



3714 M.D. Lewan 

or ketones: 

R' 
I 

C ~ O  + H20(bit ) ~ H R  + HR'  + CO2(bit/g ) (9) 
I 

R 

where R and R '  are alkyl or aryl groups in bitumen mole- 
cules and the bit subscript refers to species dissolved in 
bitumen (i.e., bituminous phase). The interaction of water 
with carbonyl groups has been suggested to be responsible 
for increased CO2 concentrations associated with the weath- 
ering of coal in water vapor at low temperatures (150°C; 
Peitt, 1991) and the noncatalytic liquefaction of water- 
treated coals at 350°C (Song et al., 1994). Reactions 7, 8, 
and 9 provide one mole of water-derived oxygen for every 
mole of carbonyl oxygen in the bitumen to form one mole 
of CO2. Aldehydes and esters in reactions 7 and 8 also 
generate one mole of molecular hydrogen for every mole 
of CO2 generated. Robin and Rouxhet (1978) report the 
progressive loss of carboxylic-acid groups, ester groups, and 
carbonyl groups (ketones and aldehydes) from Type-II kero- 
gens with increasing thermal stress. Their results indicate 
that carboxylic-acid groups are less thermally stable than 
ester groups, which are less thermally stable than carbonyl 
groups. The trace amounts of water vapor in the anhydrous 
experiments excludes carbonyl and ester groups as major 
sources of CO2 by reactions 7 and 8, and limits the source 
of CO2 to decarboxylation of carboxylic-acid groups. This 
more thermally labile and limited source of CO2 in the anhy- 
drous pyrolysis experiments is supported by the majority of 
the COz being generated at 300 and 330°C (experiments 2 
and 4 with 14.4 and 20.9 mmol, respectively), with only a 
minor increase in CO2 generation (i.e., 0.68 mmol) from 330 
to 350°C (experiments 4 and 6, Table 7). Decarboxylation of 
carboxylic-acid groups is also a likely source of COz under 
hydrous conditions, but the significance of this source may 
be reduced by preferential generation of aliphatic carboxylic 
acids, which have been reported in hydrous pyrolysis experi- 
ments (Lewan and Fisher, 1994; Barth et al., 1987; Eglinton 
et al., 1987; Lundegard and Senftle, 1987; Cooles et al., 
1987; Kawamura and Ishiwatari, 1985). Assuming that all 
of the CO2 generated in the anhydrous experiments is from 
carboxylic acid groups, an oxygen mass balance may be 
recalculated on the basis of water contributing one oxygen 
atom for every CO2 molecule generated. At 350°C, the total 
CO2 difference between hydrous and anhydrous experiments 
is 219 mmole (Table 7). If this amount of oxygen is derived 
from ester and carbonyl groups in the kerogen that react with 
dissolved water, then the oxygen balance ( A t )  reported in 
Table 8 becomes a surplus of +45 mmol instead of the 
deficit of - 1 7 4  mmole. Most of the surplus 45 mmol can 
be accounted for by the additional 41 mmol of oxygen that 
occurs in the CO2 dissolved in the bitumen and oil ( ~ 8  
mmol) and in the aqueous carboxylic acids (~33  mmol). 
The 219 mmol of oxygen in carbonyl and ester groups of the 
kerogen represents approximately 32% of the total oxygen in 
the original unheated kerogen. This value is reasonable in 
comparison to published carbonyl- and ester- oxygen con- 
tents in immature Type-II kerogens of 34 to 60% (Behar 

and Vandenbroucke, 1987; Tissot and Welte, 1984). The 
amount of water-derived hydrogen generated along with 
these oxidation and decarbonylation reactions is more diffi- 
cult to approximate because of the lack of information on 
the relative proportionality between ketone and aldehyde 
groups in immature Type-II kerogens. However, an estimate 
of 518 mmol of water-derived hydrogen can be made by 
assuming all of the excess oxygen in CO2 and carboxylic 
acids (i.e., 259 mmol) is derived from the oxidation of ester 
and aldehyde groups (reactions 7 and 8, respectively). 

In addition to water reacting with carbonyl groups, alkyl 
carbons adjacent to ether linkages react with supercritical 
water to form alcohols (Townsend et al., 1988). The reaction 
of dibenzyl ether with supercritical water (scf) at 374°C 
yields benzyl alcohol as a major product: 

P h - - C H 2 - - O - - C H 2 - - P h  + H20(scf) 

2 [ P h - - C H 2 - - O H ]  (10) 

Although no molecular hydrogen or CO2 is released from 
this reaction, the results demonstrate that water molecules 
may directly interact with alkyl carbons associated with oxy- 
gen bonds despite the high bond-dissociation energies of 
hydrogen-oxygen bonds of water (119 and 102 kcal/mol, 
Sanderson, 1976). Helgeson et al. (1993) have taken this a 
step further by arguing from a thermodynamic view that 
water may directly react with alkyl carbons irrespective of 
neighboring oxygen atoms. They contend that alkanes with 
nine or less carbon atoms can react with water under reser- 
voir conditions in the subsurface (i.e., ~ 100 to 150°C and 
40 MPa) to form CO2 and alkanes with one less alkyl group: 

25C9H2o~1) + 2H20 ¢0 28C8Hi8~1~ + CO2~aq~ (11) 

Although it is difficult to envisage the mechanism by which 
25 nonane molecules come together in the appropriate align- 
ment with two water molecules to generate 28 octane mole- 
cules in this theoretical reaction, the reaction does provide 
excess oxygen in the form of CO2 and an exogenous source 
of hydrogen from water. 

An alternative to reaction 11 is the direct reaction of dis- 
solved water molecules with free-radical sites on alkyl 
groups: 

CnH2n+l(bit) + H2O(bit) ¢:~ CnH2nO(bit) + 3/2H2(bit) (12) 

This reaction involves oxygen from a water molecule re- 
acting with an unpaired electron at an alkyl radical site to 
form an aldehyde and hydrogen. The hydrogen would be 
available to react with other free radical sites and the alde- 
hyde would react with other water molecules to form a car- 
boxylic acid or CO2. Each molecule of water that reacts with 
a free radical site by this reaction, generates three atoms of 
hydrogen that can terminate or initiate additional free radical 
sites. A subsequent reaction of the resulting aldehyde with 
other water molecules yields two additional hydrogen atoms 
by reaction 7. Therefore, these reactions may collectively 
generate 5 hydrogen atoms for every water-derived oxygen 
that reacts with a free radical site. Available thermodynamic 
data on the constituents of reaction 12 in the vapor phase 
for n = 2 (Benson, 1976; Gurvich et al., 1994) indicate 
the reaction is thermodynamically favorable between 27 and 
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374°C (100 kPa) with Gibbs free energies for reaction of 
-10 .5  and -13.5  kcal/mol, respectively. That this reaction 
does occur in an aqueous phase has been demonstrated ex- 
perimentally by converting ethene to ethane in aqueous solu- 
tion at 325°C and 35 MPa (Seewald, 1994). Other thermody- 
namically favorable water/free radical reactions include 

CnH2n+l(bit ) + H20(bit ) *=} CnH2n+lOH(bit) + I/2H2(bit) (13) 

2C.H~.+l,bit) + H20(bit) ¢=~ 2C.H2.+2~h~t) + 1/2202(bit~ (14) 

Available thermodynamic data on the constituents of reac- 
tions 13 and 14 in the vapor phase for n = 2 (Benson, 1976; 
Gurvich et al., 1994) indicate the reactions are thermody- 
namically favorable. Gibbs free energies for reaction at 27 
and 374°C (100 kPa) are, respectively, - 18.8 and - 11.9 
kcal/mol for reaction 13 and - 27.3 and - 17.8 kcal/mol for 
reaction 14. The water-derived oxygen in the alcohol and 
molecular oxygen released from these reactions may finally 
occur as carbonyls, carboxyls, or CO2 through a series of 
intermediate reactions. Molecular oxygen from reaction 14 
would be highly reactive and prone to generate or terminate 
other free radical sites. Alcohols have not been reported in 
the products of hydrous pyrolysis experiments, but Stalker 
et al. (1994) have reported the generation of phenols from 
water-derived oxygen in H21SO-experiments with kerogen at 
300°C after 72 h. The intent here is not to advocate reactions 
12, 13, and 14 as specific reactions in petroleum formation; 
they simply serve to demonstrate that mechanistically simple 
reactions between alkyl free-radical sites and water are ther- 
modynamically favorable at standard state conditions and 
feasible during petroleum formation. 

The ability of H:O liquid to under go heterolytic cleavage 
to form H + and OH suggests that protons under reducing 
conditions may act as another exogenous source of hydrogen 
through the following series the reactions (Hostettler, 1984; 
Appendix ) 

Hi+q) + OH~aq) ~ H20~aq) (15) 

H:O~aq) + e~aq) ¢=~ OH~aq)+ H~aq) (16) 

H~aq) ¢:* H~g~ (17) 

H~g) ¢:* I/2Hz(g / (18) 

This reaction series reduces to the overall reaction 

2H~q~ + 2eLq ~ ~ H2~g) (19) 

which is used to describe the stability of H20 under reducing 
conditions in the presence of molecular hydrogen gas (Hos- 
tettler, 1984). The occurrence of reaction 19 within the hy- 
drous experiments can be evaluated in part by applying mea- 
sured Eh and pH values to the Nernst equation: 

Eh = E ° + ( R T / n F )  In {frh/[H+] z} 

where E ° is the standard electrode potential, R is the ideal 
gas constant, T is temperature in Kelvin, n is the number of 
transferred electrons, F is the Faraday constant, f.2 is the 
fugacity of molecular hydrogen gas within the reactor (Table 
7), and [H +] is the activity of aqueous hydrogen ions as 
determined by pH measurements (Table 7). At a room tem- 
perature of 25°C, the calculated Eh values are -0 .33 volts 

for the water recovered from the 300°C experiment 1 and 
-0.41 volts for the water recovered from the 350°C experi- 
ment 5. The measured Eh values at room temperature are 
-0 .37  volts for the water recovered from the 300°C experi- 
ment 1 and -0 .40  volts for the water recovered from the 
350°C experiment 5. Although the gas phase from the reactor 
was removed before measuring the Eh and pH of the recov- 
ered waters at room temperatures, similarities between the 
calculated and measured Eh values indicate that the water 
surrounding the rock within the reactor is in equilibrium with 
the coexisting molecular hydrogen gas and that additional 
hydrogen is added to the system through the reduction of 
water. Assuming equilibrium between atmospheric CO, (i.e., 
10 3.5 atm) and the water added to the reactors at the begin- 
ning of the hydrous experiments, the original pH of the 
water would be 5.65 (Butler, 1982). Therefore, assuming 
no exogenous sources of OH-  ions at 350°C in experiment 
5, only 7 × 10 -4 mmol of H + is consumed by reaction 19, 
based on the final pH of 7.18 for the recovered water. The 
unlikelihood that H + or an ionic mechanism plays a signifi- 
cant role in providing an exogenous source of water-derived 
hydrogen in petroleum formation is also supported by the 
lack of any significant change in products when the initial 
H + activity of the added water was increased five orders of 
magnitude to a pH of 1.0 in experiment 16 (Table 11). 
Additional support comes from hydrous pyrolysis experi- 
ments conducted on kerogen by Stalker (1994), which 
showed that no significant differences in degree of deutera- 
tion and amounts of alkanes generated occurred from pyro- 
lyzed kerogen in D20 or D20 plus 0.5 mmol HCI at 315°C 
for 72 h. 

Regardless of the specific mechanism by which water- 
derived hydrogen is generated, oil, bitumen, and kerogen 
molecules are likely to have several water-derived hydrogens 
where terminated free-radical sites prevented/3-scission or 
cross linking. This process would be essentially random, but 
some preferences may be influenced by differences in the 
strengths of specific H - - C  bonds (i.e., primary > secondary 
> tertiary). This scheme would explain the high degree of 
deuteration of the kerogen, bitumen, and oil in the D20 
experiment 13, with each deuterated site representing a free 
radical site that was quenched by D20-derived deuterium. 
This process would be in agreement with the conclusion 
made by Ross (1992) that deuteration of the shale-derived 
alkanes from the D20 experiments by Hoering (1984) indi- 
cate multiple exchanges occurred at essentially the same time 
and at different sites along the same alkane chain. Therefore, 
deuteration is not limited to sites where C - - C  bond cleavage 
occurs, but can also occur where hydrogen abstraction from 
an alkyl carbon generates a free radical site. The relatively 
low degree of deuteration to the added pure hydrocarbons 
(i.e., n-docosane and 1-octadecene) in the molecular probe 
experiments of Hoering (1984) may be explained in part by 
the compounds not experiencing the same free-radical field 
that occurs within the shale bitumen as it decomposes to an 
immiscible oil. 

4.5. Oil Vs. Bitumen 

In addition to providing an exogenous source of hydrogen, 
water also appears to play an important role in expelling a 
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saturate-enriched oil into the surrounding water from a polar- 
enriched bitumen that impregnates the rock. These two dis- 
tinct phases have long been recognized in nature (Louis 
and Tissot, 1967), with their compositional differences best 
illustrated in saturate-aromatic-polar (i.e., resins + asphal- 
tenes) ternary diagrams. This type of diagram in Fig. 1 la  
shows the distinct compositional difference between natural 
crude oils and bitumens extracted from their source rocks. 
Despite the slightly higher polar content of bitumens and 
oils generated by hydrous pyrolysis relative to natural crude 
oils and bitumens, Fig. 1 lb shows that these two distinct 
phases are simulated by hydrous pyrolysis experiments. Ex- 
plaining the separation of these two phases is not a simple 
task when one realizes that oils and bitumens from nature 
and hydrous pyrolysis experiments are mutually soluble with 
one another. Furthermore, no analytical method (e.g., chro- 
matography or molecular sieves) currently known makes a 
separation of phases with these two different compositions 
once oil and bitumen are combined. Explanations for the 
separation of these two phases include preferential sorption 
of minerals and organic matter, gas stripping, selective disso- 
lution by water, and phase immiscibility. 

Anhydrous open- and closed-pyrolysis experiments have 
demonstrated that minerals can affect the amounts and mo- 
lecular-weight distributions of hydrocarbons generated from 
the same kerogen (Espitalie et al., 1980, 1984; Horsfield and 
Douglas, 1980; Huizinga et al., 1987). However, none of 
these experimental studies have shown how the amount or 
type of mineral matter can cause the compositional differ- 
ences between extracted bitumen and expelled oil as shown 
in Fig. 1 I. In addition, experiment 18 shows that hydrous 
pyrolysis of isolated kerogen yields the same amount of 
expelled oil and extractable bitumen as hydrous pyrolysis of 
the kerogen embedded in its natural rock matrix (Table 13 ). 
Although preferential sorption of polars by minerals does 
not appear to be a significant factor in explaining the compo- 
sitional differences between oil and bitumen, some petro- 
leum expulsion models consider preferential sorption of po- 
lars by kerogen a significant factor. Sandivik et al. (1991) 
presented a descriptive model to account for the composi- 
tional differences between expelled oil and bitumen on the 
basis of preferential retention of polars by kerogen within a 
source rock. Although this descriptive model can be formu- 
lated to give expelled oil and bitumen compositions similar 
to, but higher in saturates (Sandivik et al., 1991, Fig. 9) than 
those observed in Fig. 1 l, the experimental results reported 
by Lafargue et al. (1989) do not support the main premise 
that kerogen preferentially retains polars within a source 
rock. A representative experiment from this study involves 
two heating steps. First, bitumen was generated in a core of 
Toarcian source rock by heating it under anhydrous condi- 
tions at 300°C and 100 MPa for 48 h. After the core was 
sampled to determine the composition of the generated bitu- 
men within the rock, the core was again heated under anhy- 
drous conditions at 130°C for 72 h with a confining pressure 
of 200 MPa. Bitumen that was squeezed into an adjacent 
air-filled, fritted-metal reservoir during this second heating/ 
squeezing step was collected to determine its composition. 
Despite the severity of these conditions, which represent 
lithostatic pressures at subsurface depths approaching 9 Km, 

no significant compositional difference was observed be- 
tween the retained and expelled bitumen as formulated by 
Sandvik et al. ( 1991 ) or observed in hydrous pyrolysis and 
nature (Fig. 1 lb) .  

Another explanation for the compositional difference be- 
tween expelled oil and bitumen is that gases generated within 
a source rock strip out a saturate-enriched phase from the 
bitumen. As these carrier gases are released from the rock, 
their partial dissolution into and migration through the sur- 
rounding water releases the stripped components, which ac- 
cumulate on the water surface as an expelled oil. An im- 
portant implication of this explanation is that the water sur- 
rounding the rock chips in hydrous pyrolysis acts only as a 
collection medium for the expelled oil. Results from experi- 
ment 14, in which a Ga-In alloy liquid was used instead of 
water, indicate that while gas stripping is not a significant 
process, water is a significant part of the process responsible 
for the separation of oil and bitumen. Excess molecular hy- 
drogen generated by the oxidation of gallium by minor 
amounts of generated water vapor appears to have enhanced 
the amount of bitumen generated in the experiment. How- 
ever, this additional bitumen and the higher amounts of gen- 
erated gas (Table 12) resulted in no expelled oil on the 
surface of the Ga-In alloy liquid or on the exposed reactor 
walls. These experimental results indicate that oil expulsion 
by gas stripping is not an important process and that water 
is a critical component in generating an expelled oil. Al- 
though oil expulsion by gas stripping has been proposed in 
some geological settings (Leythaeuser and Poelchau, 1991 ), 
experimental work by Price et al. (1983) indicate that only 
condensates with more than 85 wt% saturates are a likely 
result of this process and relatively high concentrations of 
generated gas are needed. 

Selective dissolution of a saturate-enriched oil by the wa- 
ter surrounding the rocks during the experiments is also not 
a viable explanation. Experimental data by Price (1981) 
indicate that some expelled oil may dissolve in the sur- 
rounding water during hydrous pyrolysis experiments. How- 
ever, the amounts of expelled oil recovered from hydrous 
experiments (e.g., experiments 2 and 5) exceed the amounts 
of oil in the C~4-C20 distillation fraction that can be dissolved 
by factors greater than 6. This oversaturation of expelled oil 
in the surrounding water phase during the hydrous pyrolysis 
experiments is also confirmed by the observation that an 
expelled-oil layer formed a char band around a borosilicate- 
glass liner at the expanded water level in an experiment 
conducted at 330°C for 72 h (Lewan, 1993a). Additional 
support for the inability of selective aqueous dissolution to 
account for the separation of oil and bitumen phases is found 
in the results from experiment 15, which employed a 5 wt% 
NaC1 solution. If aqueous dissolution was a critical factor 
in hydrous pyrolysis, the amount of expelled oil in this exper- 
iment should have decreased proportionally with the twofold 
decrease in oil solubility that is observed for 5 wt% NaCI 
solutions (Price, 1981 ). The results from this experiment 
(Table 11) show no decrease in yield, but an increase in 
amount of expelled oil. Although this increase in yield is 
not understood, it clearly demonstrates that selective aqueous 
dissolution is not a significant factor in hydrous experiments. 
Additional evidence against selective aqueous dissolution is 
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Fig. 11. Gross composition of expelled oils and extracted bitumens plotted on saturate-aromatic-polar ternary 
diagrams. The polar component includes resins and asphaltenes unless otherwise noted. (a) Ternary plot of natural 
crude oils (open symbols) and bitumens extracted from their identified source rock (solid symbols). The natural data 
plotted in this diagram are of Jurassic oils and bitumens from the Parentis basin, France (triangles; Deroo, 1971 ), 
Neogene oils and bitumens from the Mahakam delta, Borneo (squares; Combaz and de Matharel, 1978), and Carbonif- 
erous/Devonian oils and bitumens from the Dniper-Donets basin, Ukraine (circles; J.L. Clayton and T. E. Ruble 
pers. commun.). (b) Ternary plot of expelled oils (open symbols) and extracted bitumens (solid symbols) generated 
by hydrous pyrolysis of the Woodford Shale (circles; Lewan, 1993a; 300 to 365°C for 72 h) and Mahogany Shale 
(triangles; Ruble, 1996; 270 to 365°C for 72 h). Asphaltenes were not precipitated from the Woodford oils and 
bitumens prior to column chromatography, and therefore, some asphaltenes may not have completely eluted with the 
polar component. Diamond symbols denote anhydrous pyrolysis experiments conducted on an immature Toarcian 
shale, Paris basin (Lafargue et al., 1989). The solid-diamond symbol represents the composition of the bitumen 
extracted from the shale after it was heated without water at 300°C and 100 MPa for 48 h. The hatched-diamond 
symbol represents the bitumen expelled from the previously heated shale (i.e., 300°C at 100 MPa for 48 h ) after 
being subjected to a confining pressure of 200 MPa at 130°C for 72 h. 
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the lack of an increase in expelled oil with a threefold in- 
crease in the water:rock ratio of experiment 13 (Table 11 ). 

A more likely explanation for the role of water in separat- 
ing bitumen and oil phases is that saturate-enriched oil be- 
comes immiscible in the H20-saturated, polar-enriched bitu- 
men from which it originates. Figure 9 shows that the solubil- 
ity of H20 in polar organic liquids (e.g., glyceride-rich oils) 
is significant and suggests that more H20 dissolves in the 
bitumen phase than in the expelled oil phase. As oil is gener- 
ated from the thermal decomposition of the H20-saturated 
bitumen, the more saturate-enriched and hydrophobic oil be- 
comes immiscible in the more polar-enriched and hydro- 
philic bitumen. Experiment 18 (with isolated kerogen) 
shows that despite the mutual solubility of bitumen and oil 
under anhydrous conditions, they separate into two distinct 
phases in the presence of water. The oil phase accumulates 
on the water surface and the bitumen phase remains sub- 
merged in the water with the residual kerogen. An example 
of water causing an organic solute to become immiscible 
with an organic solvent is found in cholestrol-triolein solu- 
tions. Jandacek et al. (1977) showed that low concentrations 
of dissolved water (<0.1 wt%) reduced the solubility of 
cholesterol in triolein by 32%. This reduction in solubility 
causes precipitation of an immiscible cholesterol-monohy- 
drate phase from the water-saturated glyceride oil. This phe- 
nomenon has not been previously considered in petroleum 
expulsion and remains a fertile area for future research con- 
cerning petroleum expulsion from source rocks. 

4.6. Geochemical Implications 

The role of water as a source of hydrogen and as an 
essential component in oil expulsion has several important 
geochemical implications regarding natural petroleum for- 
mation in sedimentary basins. The first implication centers 
on the observation that an exogenous source of hydrogen 
from water dissolved in the bitumen of a source rock retards 
the thermal destruction of hydrocarbons by quenching free 
radical sites before they can initiate thermal-cracking and 
cross-linking reactions. As a result, the thermal stability field 
for hydrocarbons can be extended to greater depths within 
sedimentary basins. This stabilizing effect of water has also 
been observed in experiments by Hesp and Rigby (1973), 
in which the thermal destruction of a crude oil to gas was 
reduced by one order of magnitude in the presence of water 
at 375°C. Similarly, Area et al. (1987) observed that the 
activation energy for thermal destruction of poly(pyrrole) 
was enhanced by a factor of two when trace amounts of 
water were present in thermogravimetric experiments up to 
700°C. Price (1993) has also recognized the stabilizing ef- 
fect of water on hydrocarbons and has proposed that the 
presence of water can account for the preservation of trace 
quantities of hydrocarbons (i.e., <2000 ppm) in rocks at 
advanced stages of thermal maturation (i.e., %/?o > 3.0). 
These observations suggest that the amount of water avail- 
able to a source rock can influence the rate its bitumen 
decomposes to oil or pyrobitumen and the rate its generated 
oil decomposes to gas or pyrobitumen. Therefore, the utility 
of kinetic parameters determined under anhydrous condi- 
tions for oil generation (e.g., Ungerer and Pelet, 1987; Braun 

et al., 1991) and destruction (e.g., Kuo and Michael, 1994; 
Horsfield et al., 1991 ) may need further evaluation. 

The second implication involves the net volume increase 
within a source rock that results from the phase separation 
of oil from a water-saturated bitumen. This volume increase, 
along with the increase associated with thermal cracking 
reactions may explain the volume increases observed in hy- 
drous pyrolysis experiments. Lewan (1987) has reported 
expansion of source-rock cores along en echelon partings 
that open parallel to the bedding fabric after hydrous pyroly- 
sis. These partings contain oil droplets which suggest that 
oil generation was responsible for their opening. Tentative 
calculations on the significance of volume increases of or- 
ganic matter for primary migration (e.g., Ungerer et al., 
1983) have not considered the volume changes associated 
with the uptake of porewater as a dissolved component in 
the bitumen of a source rock, or the phase separation of 
oil from water-saturated bitumen. These additional untested 
causes of a net volume increase in organic matter, which are 
observed in hydrous pyrolysis experiments, may provide a 
more viable mechanism for oil expulsion and the overpres- 
suring of maturing source rocks. A more viable mechanism 
is needed especially because the mechanism envisaged by 
Ungerer (1993) in which significant quantities of oil are 
squeezed out of source rocks with burial compaction is sup- 
ported neither by laboratory experiments (Lafargue et al., 
1989) nor porosity losses in naturally compacted fine- 
grained rocks (Hunt, 1996). 

The third implication relates to the effect the amount of 
water dissolved in bitumen has on generating expelled oil. 
Water solubilities in bitumen at the higher temperatures used 
in hydrous pyrolysis are an order of magnitude higher than 
those at the lower temperatures experienced in sedimentary 
basins. These higher concentrations of dissolved water in 
hydrous pyrolysis would provide more exogenous hydrogen 
to minimize cross-linking reactions and more dissolved wa- 
ter to the bitumen to maximize the formation of immiscible 
oil. As a result, it is expected that the amounts of expelled 
oil generated by hydrous pyrolysis will be exaggerated. The 
degree of exaggeration remains to be determined, but it may 
be twofold or more as is suggested by a material-balance 
assessment of petroleum in the Illinois basin (Lewan et al., 
1995). This implication is significant because current meth- 
ods for estimating the amount of oil expelled from a source 
rock (Cooles et al., 1986) are based on anhydrous open- 
system pyrolysis, which give calculated yields of expelled 
oil that are twofold greater than those obtained from hydrous 
pyrolysis (Lewan, 1994). This exaggeration equates to at 
least a fourfold overestimation of expelled oil in sedimentary 
basins (Lewan et al., 1995). 

The final implication relates to the high concentration of 
CO2 generated by hydrous pyrolysis and the consequences 
of this gas in a sedimentary basins. Unlike the generated 
hydrocarbon gases, carbon dioxide is highly soluble in oil 
and water, and is highly reactive with aqueous and solid 
inorganic components in sedimentary rocks. Therefore, it is 
not surprising that COz concentrations are usually low and 
variable in natural gas accumulations (Franks and Forester, 
1984). CO2 generated from maturing source rocks has been 
suggested as the source of acid for secondary porosity forma- 
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tion in sedimentary basins (Schmidt and McDonald, 1979), 
but mass balance calculations by Lundegard et al. (1984) 
indicate that there is insufficient oxygen in kerogens to pro- 
vide the quantities of CO2 needed. The ability of dissolved 
water in bitumen of a source rock to oxidize organic compo- 
nents to carboxylic groups suggests that the amount of CO2 
generated from source rocks is not limited to the initial oxy- 
gen content of a kerogen as used in some studies (Pittman 
and Hathon, 1994). This organically derived CO2 may also 
serve as a source of ~3C-depleted carbon in late-stage carbon- 
ate cements (e.g., Moore and Heydari, 1993; Dixon et al., 
1989; Boles and Ramseyer, 1987; Franks and Forester, 1984; 
Loucks et al., 1981). In addition, this source of CO2 is not 
limited to the early stages of oil generation, as is suggested 
in some reaction schemes (Tissot and Welte, 1984), but 
may continue to be generated throughout the oil-generation 
stage, as shown by the experimental results in this study. 

5. CONCLUSIONS 

Experimental results from this study indicate that water 
dissolved in the bitumen of petroleum source rocks plays a 
chemical and physical role in the generation and expulsion 
of petroleum. Although dissolved water does not appear to 
significantly influence the thermal decomposition of kerogen 
to bitumen through the cleavage of weak bonds, it does have 
a decisive role in determining the reaction pathway by which 
covalent bonds within the bitumen thermally decompose. 
Bitumen decomposition in the presence of water results in 
the generation and expulsion of a saturate-enriched oil. Bitu- 
men decomposition in the absence of water results in the 
generation of insoluble organic matter referred to as pyrobi- 
tureen. These two different reaction products are explained 
by two opposing reaction pathways involving thermal crack- 
ing and cross linking. Thermal cracking dominates in the 
presence of water to generate the expelled oil observed in 
hydrous pyrolysis experiments, and carbon-carbon bond 
cross linking dominates in the absence of water to generate 
the pyrobitumen observed in anhydrous pyrolysis experi- 
ments. An exogenous source of hydrogen during the thermal 
decomposition of bitumen is the controlling factor that deter- 
mines which of these two reaction pathways dominates, with 
hydrogen being consumed by thermal cracking and gener- 
ated by cross linking. 

Dissolved water within the bitumen provides an exoge- 
nous source of hydrogen during hydrous pyrolysis. The 
availability of this exogenous hydrogen retards the progress 
of both reaction pathways by quenching free radical sites 
within the bitumen before cross linking and thermal cracking 
occur. The high degree of deuterated products (i.e., expelled 
oil, bitumen, and kerogen) generated in hydrous pyrolysis 
experiments conducted with D20 is interpreted to represent 
the quenching of free radical sites by water-derived hydro- 
gen. When thermal cracking occurs before a free radical site 
can be quenched, the free radical site generated by the/3- 
scission can be terminated by exogenous hydrogen before 
cross linking with neighboring carbons occurs. Under anhy- 
drous pyrolysis, cross linking is the only source of hydrogen, 
which limits the quenching of free radical sites and allows 
free radical terminations by subsequent cross linking to dom- 
inate. 

The reaction by which dissolved water in the bitumen of 
a rock produces hydrogen remains uncertain, but the reaction 
is accompanied by the generation of excess oxygen in the 
form of CO2. Two overall reaction schemes are suggested. 
The first scheme involves the interaction of dissolved water 
molecules with existing carbonyl groups in the bitumen to 
form an exogenous source of hydrogen and carboxyl groups, 
which decarboxylate at higher thermal stress levels to form 
CO2. Observed CO2 increases associated with coal weather- 
ing in water vapor at 150°C and with noncatalytic liquefac- 
tion of water-treated coals at 350°C have been attributed to 
reactions of this scheme. The second scheme involves the 
direct interaction of dissolved water molecules with free 
radical sites. These reactions may involve either the oxygen 
or hydrogen of the water molecule reacting with unpaired 
electrons to form either allylic hydrogens, carbonyls, or hy- 
droxyls at radical sites. The oxygen and oxygen functional 
groups produced by this reaction scheme are believed to 
react with dissolved water according to the first reaction 
scheme to produce additional hydrogen. Available data on 
the constituents of these water/radical reactions in the vapor 
phase indicate that these reactions are thermodynamically 
favorable at temperatures between 27 and 374°C at 100 kPa. 
Reduction of the water surrounding the rock chips in the 
presence of molecular hydrogen occurs in agreement with 
the Nemst equation, but the amount of exogenous hydrogen 
generated by this reduction is not significant. In addition, 
the lack of a significant change in product yields with ele- 
vated H + activities indicate that ionic mechanisms are not 
critical to petroleum formation. 

In addition to being a source of hydrogen, dissolved water 
in the bitumen of a rock is critical to the formation and 
expulsion of an immiscible oil phase. Pyrolysis on a source 
rock in the presence of a liquid gallium alloy instead of liquid 
water produced an exogenous source of hydrogen from the 
oxidation of gallium by water vapor released from the rock 
pores. This exogenous hydrogen produced pyrolysate yields 
intermediate to those from anhydrous and hydrous pyrolysis 
under the same thermal stress levels. However, an expelled 
oil phase was not observed on the liquid Ga alloy surface 
at the end of the experiment, as observed in hydrous experi- 
ments. The compositional differences between expelled oils 
and bitumen extracts generated naturally and by hydrous 
pyrolysis is one of the most compelling observations that 
indicate water is critical to petroleum generation and expul- 
sion. No closed-system anhydrous pyrolysis method, includ- 
ing squeezing of pyrolysate from mature source rocks at 
excessively high pressures (200 MPa), has been able to 
simulate these compositional differences between oil and 
bitumen. The ability of hydrous pyrolysis to generate a satu- 
rate-enriched oil phase that is immiscible with a polar-en- 
riched bitumen from rocks and their isolated kerogen indi- 
cates that preferential sorption of polars by minerals is not 
significant. Hydrous pyrolysis experiments with varying wa- 
ter:rock ratios and with a 5 wt% NaC1 solution indicate that 
selective aqueous dissolution of a saturate-enriched phase is 
also not a viable explanation for the two phases. At present, 
the most plausible hypothesis is that saturate-enriched oil 
generated from the thermal decomposition of bitumen be- 
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comes immiscible with the residual bitumen because of its 
dissolved water content. 

The overall geochemical implication of these results is 
that it is essential to consider the role of water in experimen- 
tal studies designed to understand natural rates of  petroleum 
generation, expulsion mechanisms of  primary migration, 
thermal stability of  crude oil, reaction kinetics of biomarker 
transformations, subsurface sources of  C02, and thermal ma- 
turity indicators in sedimentary basins. Although the degree 
to which hydrous pyrolysis exaggerates natural interactions 
between maturing organic matter and water in sedimentary 
basins remains to be determined, the ubiquity of  water and 
its interaction with organic matter in the subsurface cannot 
be neglected in developing a complete understanding of pe- 
troleum formation. 
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