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Abstract

The Menilite Shales (Oligocene) of the Polish Carpathians are the source of low-sulfur oils in the thrust belt and some high-sulfur oils
in the Carpathian Foredeep. These oil occurrences indicate that the high-sulfur oils in the Foredeep were generated and expelled before
major thrusting and the low-sulfur oils in the thrust belt were generated and expelled during or after major thrusting. Two distinct organ-
ic facies have been observed in the Menilite Shales. One organic facies has a high clastic sediment input and contains Type-1I kerogen.
The other organic facies has a lower clastic sediment input and contains Type-IIS kerogen. Representative samples of both organic facies
were used to determine kinetic parameters for immiscible oil generation by isothermal hydrous pyrolysis and S, generation by non-iso-
thermal open-system pyrolysis. The derived kinetic parameters showed that timing of S, generation was not as different between the
Type-1IS and -II kerogen based on open-system pyrolysis as compared with immiscible oil generation based on hydrous pyrolysis. Apply-
ing these kinetic parameters to a burial history in the Skole unit showed that some expelled oil would have been generated from the
organic facies with Type-IIS kerogen before major thrusting with the hydrous-pyrolysis kinetic parameters but not with the open-system
pyrolysis kinetic parameters. The inability of open-system pyrolysis to determine earlier petroleum generation from Type-IIS kerogen is
attributed to the large polar-rich bitumen component in S, generation, rapid loss of sulfur free-radical initiators in the open system, and
diminished radical selectivity and rate constant differences at higher temperatures. Hydrous-pyrolysis kinetic parameters are determined
in the presence of water at lower temperatures in a closed system, which allows differentiation of bitumen and oil generation, interaction
of free-radical initiators, greater radical selectivity, and more distinguishable rate constants as would occur during natural maturation.
Kinetic parameters derived from hydrous pyrolysis show good correlations with one another (compensation effect) and kerogen organic-
sulfur contents. These correlations allow for indirect determination of hydrous-pyrolysis kinetic parameters on the basis of the organic-
sulfur mole fraction of an immature Type-II or -IIS kerogen.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Source rocks in the Oligocene Menilite Shales have
been shown to be responsible for petroleum accumula-
tions in the Outer Flysch Carpathians of Poland (ten Ha-
ven et al., 1993). This structurally complex area consists
of folded and thrusted strata of Cretaceous to late Mio-
cene age. A series of imbricate nappe-thrust sheets extend
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north to northeast over strata of late Oligocene to Sar-
matian age. Fig. 1 shows the location of the major nap-
pe-thrust sheets that are referred to as ““units” and are
named from south to north as the Magura, Grybdw,
Dukla, Silesian, Skole, Stebnik, and Zglobice (Ksiazkie-
wicz, 1977; Oszczypko, 1997). The northern-most thrust
boundaries denote the start of the Carpathian Foredeep.
Palinspastic reconstructions indicate the folding and
thrusting reduced the original flysch basin by 31-58 per-
cent (Nemcok et al., 2001). Variations in thickness and
sedimentary facies of the flysch deposits within and
among the major nappe-thrust sheets indicate subbasins
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Fig. 1. Generalized geological map (modified after Ksiazkiewicz, 1977 and Oszczypko, 1997) of the eastern Polish Carpathians showing the location of

major tectonic units, sample sites, and cross-section.

existed during deposition of the Menilite Shales prior to
late Miocene thrusting (KusSmierek, 1996). These subba-
sins may have been separated by shallow or emergent pa-
leo-highs developed during Late Cretaceous to Paleocene
Laramide activity.

Within these subbasins, several organic facies of the
Menilite source rocks have been recognized through the
study of outcrop samples and crude oils (Curtis et al.,
2004). Two of the recognized organic facies contain oil-
prone kerogen and are differentiated by their organic-sulfur
content, stable carbon isotopes, and biomarker constitu-
ents (Curtis et al., 2004). Samples of the high-sulfur organic
facies are found in outcrops of the western part of the
Skole unit (Fig. 1), where the exposed lower Menilite
source rocks have less clastic input and a greater domi-
nance of diatomaceous shale, diatomite, and chert (Ko-
tlarczyk and Le$niak, 1990; Kusmierek, 1996). Kerogen
isolated from samples in this part of the section has atomic
H/C, O/C, and S,,,/C ratios indicative of Type-IIS kerogen
(Curtis et al., 2004). Samples of the low-sulfur organic fa-
cies are found in the Silesian unit (Fig. 1), where the ex-
posed Menilite source rocks have a greater clastic input
characterized by argillaceous shale with interbedded sand-
stone. Kerogen isolated from samples in this part of the

section has atomic H/C, O/C, and S,,,/C ratios indicative
of Type-II kerogen (Curtis et al., 2004).

Oils generated from these two organic facies are differen-
tiated by their sulfur content (Curtis et al., 2004), with
Type-IIS kerogen in the less clastic facies generating oils
higher in sulfur than Type-II kerogen in the more clastic fa-
cies. The latter is considered to be responsible for the low-
sulfur oil accumulations that are dominant in the nappe-
thrust sheets, particularly the Silesian, and the former is
considered to be responsible in part for the high-sulfur
oil accumulations that are dominant in the Foredeep.
Thickening of the section as a result of folding and thrust-
ing was critical for Menilite source rocks to reach sufficient
thermal maturities to generate petroleum in the thrust
sheets (Bessereau et al., 1996). However, Foredeep oils that
correlate to Menillite source rocks (ten Haven et al., 1993)
indicate that these oils were generated prior to thrusting
and have migrated long distances (Lafargue et al., 1994).

It has been reported that Type-IIS kerogen generates oil
at considerably lower thermal maturities than Type-II
kerogen as a result of labile sulfide bonds in the former ini-
tiating early free-radical cracking of carbon bonds (Lewan,
1998). The emerging scenario is that the organic facies with
Type-1IS kerogen was responsible for early generation and
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subsequent migration of high-sulfur oil into the Foredeep
before major thrusting. The objective of this study is to test
this scenario by determining kinetic parameters for oil-gen-
eration by laboratory pyrolysis of Menilite source rocks
representing the two organic facies and evaluate them with-
in the context of a pre-thrusting and thrusting burial histo-
ry. Oil-generation kinetic parameters were determined
using isothermal hydrous-pyrolysis and non-isothermal
open-system pyrolysis.

2. Samples and methods
2.1. Description of samples

The two samples used in this study are from a larger col-
lection of samples reported by Curtis et al. (2004). Table 1
gives analyses characterizing the rocks and their kerogen.
Both rock samples have total organic carbon (TOC) con-
tents in excess of 17 wt%. These samples contain Type-
IIS and Type-II kerogen with minimal amounts of Type-
III kerogen as indicated by their atomic elemental ratios
(H/C, O/C, and S,,,/C) and Rock-Eval hydrogen index
(HI) and oxygen index (OI). Their Ty, mean random
%R,, production index (PI), and atomic elemental ratios
(H/C and O/C) indicate thermal immaturity.

Sample ST-4[u] was collected from a bank cut on the
north side of the Lubenka Stream at the eastern end of
Straszydle in the voivodeship of Fore-Carpathian
(Fig. 1). The outcrop exposes Lower Menilite of the Lysa
Gora anticline, which occurs on the south limb of the Bta-
zowa-Przylaska syncline in the Skole thrust (Kotlarczyk
and Lesniak, 1990). The outcrop consists of alternating
beds of black diatomaceous shale, diatomite, and chert.
The sample represents a 14-cm thick black diatomaceous
shale near the base of the outcrop. Once the outer few cen-
timeters of fissile shale were removed, a fresh slabby to
blocky 10-kg sample with no saprolite rinds was collected
in accordance with sampling criteria established by Lewan
(1980). Petrographic analysis indicates the sample is shale

Table 1

Description of Menilite samples

Sample designation RR-45[2] ST-4[u]
Kerogen analyses

Classification Type-11 Type-11IS
Atomic H/C ratio 1.29 1.43
Atomic O/C ratio 0.065 0.132
Atomic Soro/[C + Sore] 0.020 0.047

Mean random %R, 0.28 0.28

313C (per mil, PDB) -27.2 —28.0
Whole rock analyses

TOC (wt%) 17.3 17.2
HI (mgS,/gTOC)* 601 731
OI (mgSs/gTOC)* 7 19
PI (S1/[S; + S,)* 0.03 0.03
Tmax (°C)* 431 414

# Rock-Eval analyses.

with less than 25 vol% silt- to sand-sized quartz and some
well-rounded glauconite grains. X-ray diffraction analysis
and dilute HCI treatment indicate the sample contains clin-
optilolite and 23 wt% calcite. According to Lewan (1978),
this rock may be classified as a calcareous zeosiallitic clay-
stone. As shown in Table 1, this sample contains Type-IIS
kerogen with an organic-sulfur mole fraction (Sy./
[Sorg + C]) of 0.047.

Sample RR-45[2] was collected from an extensive Meni-
lite outcrop in the Iwonicz Zdroj-Rudawka Rymanowska
fold along the west bank of the Wistok River between Pastw-
iska and Rudawka Rymanowska in the voivodeship of
Fore-Carpathian (Fig. 1). This outcrop is in the Silesian unit
where the Cergowa Sandstone member of the Lower Meni-
lite Shales is exposed (§laczka and Kaminski, 1998, p. 112).
This member consists of sandstone with interbedded black
siliceous shale. The sample represents anl18-cm thick black
siliceous shale about 3 m below a 0.5-m thick sandstone.
Once the outer 25-35 cm of fissile and platy shale with jaro-
site coatings were removed, a fresh slabby to blocky 10-kg
sample with no saprolite rinds was collected in accordance
with sampling criteria established by Lewan (1980). Petro-
graphic analysis indicates the sample is shale with less than
25 vol% silt- to sand-sized quartz and some well-rounded
glauconite grains. X-ray diffraction analysis and dilute
HCI treatment indicate the sample contains no zeolites
and only 3 wt% carbonates. According to Lewan (1978), this
rock may be classified as an argillaceous claystone. As
shown in Table 1, this sample contains Type-II kerogen with
an organic-sulfur mole fraction (Sere/[Sorg + CJ) of 0.020.

2.2. Isothermal hydrous pyrolysis

Rocks were crushed to gravel-sized chips (0.5-2 cm) and
were not pre-extracted. An average bulk density was deter-
mined for the rock chips of both samples and used to cal-
culate the amount of water needed to maintain liquid water
in contact with the rock before, during, and after the exper-
iments in 1-L reactors composed of 316-stainless steel or
Hastelloy-C276 (Lewan, 1993). Hydrous pyrolysis of sam-
ple ST-4[u] required 350 g of rock and 360 g of distilled/de-
ionized water and sample RR-45[2] required 300 g of rock
and 360 g of distilled/deionized water. After loading and
sealing the reactor, the remaining headspace was evacuated
to less than 4 kPa and then filled with 7 MPa of helium.
The pressurized reactor was checked for leaks using a ther-
mal conductivity detector and then depressurized to a
recorded helium pressure between 200 to 210 kPa. The
reactor was then placed in an electric heater and brought
to the desired experimental temperature within 0.83—
1.16 h. The temperature was monitored and controlled by
two J-type thermocouples in the thermal well of the reac-
tor. Temperatures were recorded to 0.1 °C every 30 s from
the turning on of the electric heaters to at least the first 10 h
of cool down. Isothermal heating was conducted at temper-
atures between 300 and 365 °C with standard errors less
than +0.5 °C. Experimental times represent the duration
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from the time the reactor gets within 0.5 °C of the desired
experimental temperature during the warm up to the time
the reactor falls below 0.5 °C of the desired experimental
temperature after turning off the heater. Cool-down times
range from 18 to 24 h.

As previously described (Lewan and Ruble, 2002), the
hydrous-pyrolysis kinetic parameters are based on the
generation of an expelled immiscible oil that is physically,
chemically, and isotopically similar to natural crude oils.
The generated expelled oil is immiscible with the water-
saturated bitumen within the rock and as a result is ex-
pelled from the bitumen-impregnated rock as a separate
immiscible oil phase (Lewan, 1997). Hydrous pyrolysis
distinguishes between the initial thermal decomposition
of insoluble kerogen to soluble polar-rich bitumen and
the subsequent thermal decomposition of the polar-rich
bitumen to immiscible hydrocarbon-rich oil (Lewan,
1985, 1993; Ruble et al., 2001). Increasing hydrous-pyro-
lysis temperatures on aliquots of an immature rock reveal
these two overall sequential reactions by the initial de-
crease in kerogen content with a corresponding increase
in bitumen content (i.e., kerogen to bitumen), followed
by no change in the kerogen content with a decrease in
bitumen content and a corresponding increase in the
immiscible oil content (i.e., bitumen to oil). These two
sequential overall reactions were originally recognized in
oil-shale retorting studies (McKee and Lyder, 1921;
Franks and Goodier, 1922; Maier and Zimmerley, 1924)
and latter recognized in natural source-rock maturation
studies (Louis and Tissot, 1967; Tissot, 1969). Bitumen
generation from kerogen occurs at relatively low ther-
mal-stress levels (<330 °C for 72 h) and calculated activa-
tion energies are typically less than 20 kcal/mol (e.g.,
Maier and Zimmerley, 1924; Braun and Rothman,
1975; Butler and Barker, 1986). Although more rigorous
studies on types, mechanisms, and kinetics of bond cleav-
age in kerogen to form bitumen are needed (Miknis and
Turner, 1995), the bonds are significantly weaker and
more readily cleaved than covalent-bond cleavage respon-
sible for oil generation from bitumen. This difference ap-
pears to be great enough that kerogen decomposition to
bitumen is not a rate-controlling overall reaction in oil
generation. As a result, hydrous-pyrolysis kinetic param-
eters derived in this study are for the overall reaction of
bitumen to oil.

At the end of the experiments and following gas collec-
tion, the immiscible oil was quantitatively removed from
the water surface in the reactor with a Pasteur pipette
and a benzene rinse (Lewan, 1993). Immiscible oil is the
sum of the expelled oil recovered by the pipette and ben-
zene rinse. Previous studies have shown that variations in
rock-chip size, water pH, water/rock ratios, and reactor-
wall composition have no significant effect on the amount
or composition of the generated immiscible oil (Lewan,
1993, 1997). These replicate experiments have a standard
deviation of +0.25 g for immiscible-oil yields between 5
and 14 g.

Two types of experiments were conducted; (1) tempera-
ture runs, and (2) time runs. Temperature runs consisted of
72-h experiments at 300, 310, 320, 330, 340, 350, 355, 360,
and 365 °C. Results from these experiments were used to
determine the character of an immiscible-oil curve, the
maximum immiscible-oil yield for calculating transforma-
tion ratios (i.e., fraction of reaction), and the appropriate
temperatures to use for the time runs. The time runs consist
of isothermal experiments conducted at various times be-
tween 36 and 108 h at 320, 330, 340, and 350 °C. Results
from these experiments were used to further evaluate max-
imum immiscible-oil yields and to determine rate constants
at each of the time-series temperatures. The natural log of
the resulting reaction-rate constants (k) was plotted against
the reciprocal of their temperature in degrees Kelvin (K) to
determine activation energy (F,) from the slope and fre-
quency factor (A4,) from the intercept of the Arrhenius
equation:

Ink =1nd, — E,/RK, (1)

where R is the ideal gas constant.
2.3. Non-isothermal open-system pyrolysis

Humble Geochemical Services conducted non-isother-
mal kinetic analyses with a SR Analyzer (Jarvie et al.,
1996). Powdered aliquots of the two source-rock samples
were pre-extracted with an azeotropic mixture of dichlo-
romethane and methanol. The SR Analyzer initially heats
10- to 20-mg aliquots of the extracted powder for 5 min
at 250 °C to remove existing volatile organic components
(S; products) that may not have been removed by the
pre-extraction step. Aliquots were then heated to
650 °C at heating rates of 1, 5, 15, 30, and 50 °C/min,
with duplicate runs being made at 1 and 50 °C/min.
For sample RR-45[2], three replicate runs at 50 °C/min
were conducted. The alloy oven and electronics maintain
a uniform temperature in the sample crucible with a stan-
dard error of +1 °C. The organic components generated
(i.e., S, products) during this non-isothermal heating are
vaporized as a result of the low near-atmospheric pres-
sures in the oven and are swept by a helium-carrier gas
into a flame ionization detector (FID). The FID electron-
ic response is calibrated with a hydrocarbon standard
from which a quantitative yield is determined for the
S, component.

Assuming the yield curves for each heating rate are a
composite of parallel, first-order reactions with a common
frequency factor, a discrete distribution of activation ener-
gies with a single frequency factor was computed by an
iterative series of non-linear regression calculations. This
computation assigns a fractional portion (x;) of the overall
yield to each prescribed activation-energy increment (E,;).
Increments of 1-kcal/mol were prescribed between 40 and
70 kcal/mol, and the frequency factor was unconstrained.
These curve-fitting computations were made with the
Kinetics2000 program. Specifics on these curve-fitting pro-
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cedures and their development are given in Burnham and
Braun (1999).

2.4. Burial history

The burial history used to evaluate the kinetic parame-
ters determined in this study is from the Paszowa-1 well,
which penetrates the Menilite Shales in the south-central
part of the Skole unit (Fig. 2), which hosts low-sulfur oil
accumulations derived from the Menilite Shales (ten Haven
et al., 1993; Bessereau et al., 1996; Curtis et al., 2004).
More than 95 wt% of this low-sulfur oil in the Skole unit
occurs in the Kliwa Sandstone (Karnkowski, 1999, p. 76),
which occurs within the Menilite Shales. The Skole unit
is the first regionally extensive thrust sheet bordering the
Carpathian Foredeep, which hosts some high-sulfur oils
derived from the Menilite Shales (ten Haven et al., 1993;
Bessereau et al., 1996; Curtis et al., 2004). According to iso-
pach and paleostructure maps by Kusmierek (1996), the
Paszowa-1 well penetrates the Menilite Shales in a major
Paleogene depocenter prior to major folding and thrusting.
This location represents one of the deeper parts of the
depocenter but not necessarily the deepest part.

The burial history for the Paszowa-1 well (Table 2) is
based on thicknesses, uplifts, and erosion events deter-
mined by Kusmierek and Mackowski (1995) and Kusmier-
ek (1996). The thermal histories were reconstructed based
on thermal parameters presented by Plewa (1976, 1991)
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and Majorowicz and Plewa (1979) that were calibrated
with available vitrinite reflectance measurements and
Rock-Eval Ty,. temperatures. The burial history given in
Table 2 for this well includes three main stages responsible
for the current Polish Carpathians. The first stage is sedi-
mentation of Cretaceous through Middle Miocene flysch
and molasse. Krosno and/or Transitional beds were depos-
ited on the Menilite Shales between 26.5 and 23.2 Ma. This
first stage ended with regional uplift and erosion designated
as event A. The second stage represents the folding and
northward thrusting of the sedimentary sequence onto it-
self, Precambrian or Paleozoic-Mesozoic basement, and
part of the autochthonous Foredeep Miocene rocks (Slacz-
ka, 1996; Oszczypko and Slaczka, 1989). This thrusting oc-
curred over a distance of at least 40 km resulting in the
major nappe-thrust units shown in Fig. 1 (Ksiazkiewicz,
1977; Oszczypko, 1997). The third and final stage is post-
inversion, which involves two periods of uplift and erosion
designated as events B and C. Uplift and erosion event C
represents the final overthrust of the orogenic belt on the
autochthonous Miocene rocks of the Carpathian Foredeep
(Oszczypko, 1997).

Timing of oil generation was determined for the base of
the Menilite Shales. Organic facies with Type-IIS kerogen
in the Menilite Shales have been documented with certainty
in the northwestern part of the Skole unit (Curtis et al.,
2004), and lithofacies maps by Kotlarczyk and Lesniak
(1990) indicate that their chert facies thins to the southeast

SKOLE UNIT NE

Precambrian and Paleozoic-
+_+_] Mesozoic basement

autochthonous Miocene

sediments
Stebnik Unit well
m (folded Miocene) I depth (m)

m Flysch sediments
E Menilite Shales -

== smes Main overthrust
dislocation and/or
internal overthrust

stratigraphical and
lithological boundaries

Fig. 2. Generalized cross-section of the Skole unit (modified after Cieszkowski et al., 1985 and Kruczek, 1999) and location of the Paszowa-1 well.

Table 2
Base of the Menilite Shales burial history in Paszowa-1 well

Geologic event Thickness gained or lost (m)

Geologic age (Ma)

Thermal gradient (°C/km) Surface temperature (°C)

Menilite Shale 580 33.7-26.5
Krosno + transitional 2280 26.5-23.2
Uplift/erosion A -300 23.2-19.0
Folding + thrusting 2770 19.0-15.5
Uplift/erosion B —170 15.5-10.8
Uplift/erosion C —260 10.8-0.0

37.5 11
33.0 10
31.0 10
31.0 10
25.5 9
25.5 9
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but does occur in the location of the Paszowa-1 well.
Assuming their chert facies corresponds to the clastic-poor
rocks with Type-IIS kerogen in the northwest, organic fa-
cies with Type-IIS and Type-II kerogen are considered in
the burial history.

3. Results
3.1. Hydrous pyrolysis

Fig. 3 shows the product yields of bitumen, immiscible
oil, and headspace gas for the temperature-series experi-
ments at 72 h. As previously demonstrated (Lewan, 1985;
Huizinga et al., 1988; Ruble et al., 2001), the bitumen yields
increase during the initial stages of thermal maturation with
apparent maximum yields occurring at 330 °C or less for 72-
h experiments. Similar to previously reported results
(Lewan, 1985), apparent maximum bitumen yield occurs
at a lower temperature for Type-1IS kerogen (<300 °C) than
for Type-II kerogen (Fig. 3). At or prior to these apparent
maximum bitumen yields, the bitumen decomposes to
immiscible oil that is expelled from the bitumen-impregnat-
ed rock. Gas generation monotonically increases with
increasing thermal maturation with no abrupt changes asso-
ciated with the start or end of bitumen or oil generation.
Fig. 4 shows the distinct compositional differences between
the polar-rich bitumen and the hydrocarbon-rich immiscible
oil. These two distinct organic phases have been previously
reported in hydrous-pyrolysis experiments and emphasize
the importance of water in distinguishing kerogen decompo-
sition to bitumen and bitumen decomposition to oil.

Yields of immiscible oil generated from samples ST-4[u]
and RR-45[2] for all the experiments are, respectively, giv-
en in Tables 3 and 4 along with the experimental condi-
tions. Maximum yields determined from these experiment
are 347.8 mg/g TOC for ST-4[2] at 360 °C after 72 h and
324.3 mg/g TOC for RR-45[2] at 365°C after 72 h. As
demonstrated by Ruble et al. (2003), errors as high as 5
percent in determining the maximum yield of a source rock
have a negligible effect on the resulting kinetic parameters.
Concern that the maximum yields may be reduced by sec-
ondary cracking at the higher temperatures (i.e., 350-
365 °C) is not significant as shown by the similarity in slope
and distribution of the C,4—Csq n-alkanes in the immiscible
oils generated at all of the temperatures for 72-h durations
(Fig. 5). If significant cracking of the oil had occurred, the
distributions would systematically loose their odd-carbon
preference and steepen in slope as the higher alkanes are
preferentially cracked with increasing experimental temper-
ature. The lack of any abrupt changes in headspace gas
generation (Fig. 3) or proportions of hydrocarbons and po-
lars in the immiscible oils (Fig. 4) also indicate insignificant
cracking of the immiscible oil at the higher temperatures.

The relation between maximum immiscible-oil yields
from hydrous pyrolysis and the hydrogen index (HI; S,/or-
ganic carbon) from open-system pyrolysis of the original
unheated samples is in good agreement with published data
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Fig. 3. Changes in hydrous-pyrolysis products generated at different
temperatures (300-365 °C) for 72-h durations from samples (A) ST-4[u]
and (B) RR-45[2]. Yields are calculated in milligrams of product per gram
of original total organic carbon (TOC). General trend curves are best-fit
polynomials with no theoretical basis. Bitumen yields were determined on
pulverized (<0.2 mm) recovered rock (~10 g) that was extracted with a
dichloromethane/methanol mixture (93:7 v/v) using a Soxtec apparatus.
The extraction procedure consisted of a 2-h boiling followed by a 3-h
rinse. Bitumens were concentrated by evaporation of the extracting
solvent at ambient temperatures under a fume-hood until a constant
weight was obtained. Generated gas yields are based on gas collected from
reactor headspace and analyzed on a Wasson-Ece/Hewlett-Packard 6890
gas chromatograph using two thermal conductivity detectors and one
flame ionization detector.

on other source rocks containing Type-II and -IIS kerogen
(Fig. 6). This 2:1 relation is attributed to the higher concen-
tration of polars (i.e., resins and asphaltenes) included in S,
generated by open-system pyrolysis. Behar et al. (1997)
have shown that 59 wt% of the S, generated by open-sys-
tem pyrolysis consists of polars (Fig. 4), which by some
definitions are considered to be non-hydrocarbons (e.g.,
Tissot and Welte, 1984, p. 180). Conversely, immiscible
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Fig. 4. Ternary diagram of C,s saturate, aromatic, and polar (i.e., resins + asphaltenes) fractions of immiscible oils and bitumen generated by hydrous
pyrolysis for 72-h durations at 300-365 °C for samples ST-4[u] and RR-45[2]. Saturate, aromatic, and resin fractions were determined by column
chromatography using alumina/silica gel (2:1 v/v) columns (0.8 x 25 cm) and eluting solvents of hexane, benzene, and benzene: methanol (1:1 v/v),
respectively. Asphaltenes were precipitated with n-hexane. The boxed field denotes compositions for S, products generated by open-system pyrolysis at
475, 500, 530, and 600 °C as reported by Behar et al. (1997).

Table 3

Hydrous pyrolysis conditions, immiscible oil yields, and decimal fraction of reaction for sample ST-4[u]

Series and Temperature Warm-up Temp. std. Time (h) Immiscible oil Fraction of
experiment no. (°C) time (h) dev. (£°C) (mg/gTOC) reaction”® (X)
Temperature series

HP-2749 365.1 1.000 0.2 72.095 343.37 NA
HP-2751 360.1 1.008 0.5 72.136 347.81 1.0000
HP-2752 355.1 1.014 0.3 72.128 347.49 0.9991
HP-2754 350.1 0.978 0.2 72.099 328.99 0.9459
HP-2755 340.0 0.983 0.4 72.116 263.11 0.7565
HP-2767 329.8 0.958 0.5 72.091 175.73 0.5053
HP-2753 320.1 0.949 0.3 72.099 108.57 0.3122
HP-2750 310.0 0.971 0.2 72.053 74.40 0.2139
HP-2748 300.0 0.851 0.5 72.186 46.98 0.1351
Time series

HP-2757 319.8 0.873 0.4 36.154 90.23 0.2594
HP-2762 320.1 1.041 0.2 108.128 151.45 0.4354
HP-2766 330.2 0.973 0.3 36.070 118.90 0.3419
HP-2761 330.0 0.972 0.3 108.120 187.61 0.5394
HP-2756 340.0 0.887 0.3 36.095 208.17 0.5985
HP-2764 340.0 0.908 0.2 108.120 287.94 0.8279
HP-2759 350.0 0.921 0.4 24.000 257.16 0.7394
HP-2758 350.1 0.966 0.3 48.100 314.73 0.9049

Maximum expelled-oil yield given in bold print. NA = not applicable.
# X = immiscible oil yield/347.81.

oil generated by hydrous pyrolysis contains between 15 and  of the relation in Fig. 6 is that hydrous-pyrolysis maximum
25 wt% polars (Lewan, 1993; Ruble et al., 2001), which is ~ immiscible-oil yields for rocks with Type-II and -1IS kero-
closer to the 14-19 wt% average for natural crude oils (Tis- gen can be reasonably estimated from the Rock-Eval HI of
sot and Welte, 1984, p. 381). A particularly useful attribute the original immature rock.
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Hydrous pyrolysis conditions, immiscible oil yields, and decimal fraction of reaction for sample RR-45[2]

Series and Temperature Warm-up Temp. std. Time (h) Immiscible oil Fraction of
experiment no. (°C) time (h) dev. (+°C) (mg/gTOC) reaction® (X)
Temperature series

HP-2725 365.1 1.158 0.2 72.108 324.30 1.000
HP-2726 360.0 1.108 0.2 72.058 299.44 0.923
HP-2727 355.1 1.025 0.2 72.108 303.29 0.935
HP-2728 350.2 1.006 0.1 72.099 253.80 0.783
HP-2729 340.2 0.983 0.1 72.091 172.25 0.531
HP-2740 330.0 0.875 0.2 72.108 101.08 0.312
HP-2737 320.0 1.058 0.2 72.133 50.46 0.156
HP-2730 310.2 0.925 0.1 72.074 33.10 0.102
HP-2736 299.6 0.833 0.3 72.191 19.29 0.059
Time series

HP-2742 320.2 1.020 0.2 36.029 35.65 0.110
HP-2734 320.0 0.916 0.2 108.078 78.30 0.241
HP-2741 330.4 0.908 0.6 36.087 61.08 0.188
HP-2735 330.0 0.958 0.3 108.186 135.88 0.419
HP-2744 340.2 1.029 0.3 36.104 94.41 0.291
HP-2738 340.0 1.066 0.2 108.095 217.57 0.671
HP-2733 350.1 1.007 0.2 36.104 179.50 0.553
HP-2739 350.0 0.975 0.3 108.037 268.61 0.828

Maximum expelled-oil yield given in bold print.
# X = immiscible oil yield/324.3.

In accordance with Lewan and Ruble (2002), a first-
order reaction rate for generation of immiscible oil was
evaluated with the time-series experiments including the
72-h runs. A first-order rate constant (k7) for a given
temperature (7)) can be expressed as

kr = (Lo{1/[1 = X7]})/t, (2)

where ¢ is the duration of the experiment and X is the frac-
tion of reaction completed at a given temperature (7).
Using the maximum yields for ST-4[u] and RR-45[2], the
fraction of reaction (X; transformation ratio) can be deter-
mined for each of the experimental yields as given in Tables
3 and 4. Plotting these values versus the duration for each
time-series experiment results in a linear relation for each
temperature considered in the time-series experiments
(i.e., 320, 330, 340, and 350 °C). As shown by Eq. (2), the
slope of this linear relation for each temperature is the rate
constant.

Fig. 7 shows that a first-order reaction rate describes the
immiscible oil generated from sample ST-4[u] in the time-
series experiments. The slope of these linear expressions
gives the rate constants for the temperatures used in the
time-series experiments (Table 5). The intercepts at time
zero represent the amount of reaction that occurred during
the warm-up and cool-down periods. The decrease in inter-
cept (b) with decreasing experimental temperature (K) can
be described by the empirical expression:

Ln b = —19817.32(1/K) + 31.4716. (3)

This intercept at temperatures of 275 °C or less is insignif-
icant (X' <0.01), and therefore, not critical in determining
timing and extent of immiscible-oil generation under natu-
ral burial conditions in the subsurface. Using Eq. (3) to
determine intercepts and Eq. (2) to determine the first-or-

der reaction expression, rate constants for the tempera-
ture-series (72 h) experiments at 300 and 310 °C were be
determined. These rate constants are given in Table 5.

Plotting the natural log of all of the rate constants versus
the reciprocal of their experimental temperature (1/K)
yields an Arrhenius plot. As shown in Fig. 8, a linear
expression adequately describes the rate constants accord-
ing to the Arrhenius expression (Eq. (1)) with the slope
equating to an activation energy (E,) of 42.784 kcal/mol
and the intercept equating to a frequency factor (A,) of
2.414x 102 h".

Fig. 9 shows that a first-order reaction rate describes the
immiscible oil generated from sample RR-45[u] in the time-
series experiments. Similar to ST-4[u], the slope of these lin-
ear expressions gives the rate constants for the tempera-
tures used in the time-series experiments (Table 5). The
intercepts at time zero represent the amount of reaction
that occurred during the warm-up and cool-down periods.
With the exception of the 340 °C-time series, the decrease
in intercept (b) with decreasing experimental temperature
(K) can be described by the empirical expression:

Ln b = —13859.59(1/K) + 19.7764 4)

These intercepts are considerably less than those for the
ST-4[u] sample (Eq. (3)). Intercepts at temperatures of
295 °C or less are insignificant (X <0.01), and therefore,
not critical in determining timing and extent of immiscible
oil generation under natural burial conditions in the sub-
surface. Using Eq. (4) to determine intercepts and Eq. (2)
to determine the first-order reaction expression, rate con-
stants for the temperature-series (72 h) experiments at 310
and 355 °C were be determined. These rate constants are
given in Table 5. The negative intercept for the 340 °C-time
series did not agree with Eq. (4), which gives an intercept of
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Fig. 5. Distribution of n-C,4 to n-Cs, alkanes based on normalized gas-
chromatogram peak heights from n-C; to n-Cs, n-alkanes in immiscible
oils generated by hydrous pyrolysis at 300-365 °C for 72-h durations from
samples (A) ST-4[u] and (B) RR-45[2]. Immiscible oils were analyzed as
whole oils in a split mode on a DB1 column of a Hewlett-Packard 6890 gas
chromatograph.

0.059. Forcing a first order expression through this calcu-
lated intercept value yields a slightly lower rate constant
as shown in Table 5 and Fig. 9. However, this reduction
in rate does not make a significant difference in the Arrhe-
nius plot as shown in Fig. 10. A linear expression adequate-
ly describes the rate constants according to the Arrhenius
expression (Eq. (1)), with an activation energy (E,) of
53.946 kcal/mol and a frequency factor (4,) of
1.814x 10" h™".

Fig. 11 shows that the activation energies (E,) and
frequency factors determined for samples ST-4[u] and
RR-45[2] have the same compensation effect reported for
Type-II, -1IS, and -I kerogen in other source rocks (Lewan
and Ruble, 2002). The slope of the relationship equates to
an isokinetic temperature (B) of 393 °C for immiscible oil

1000

RE HI = 2.028 (HP Max. Oil)
corr. coef. =0.971
for Ty pe-ll and IS kerogen

900

sooé
700%
600% DG
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400%
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Fig. 6. Plot of maximum immiscible-oil yield from hydrous pyrolysis
versus the Rock-Eval hydrogen index of the original immature sample
used in the hydrous-pyrolysis experiments. Data points include samples
ST-4[u] (S) and RR-45[2] (R) from this study, samples of Woodford Shale
(W), New Albany Shale (N), Phosphoria Fm. (P), Monterey Fm. (M), and
Alum Shale (A) from Lewan and Ruble (2002), and a sample of the
Ghareb Limestone (g) from Amrani et al. (2005).

generation. As the name implies, the rate of immiscible
oil generation is the same for all kerogen types at this tem-
perature. However, irrespective of different time-tempera-
ture conditions, the timing of oil generation from each of
the kerogen types will follow the same order as long as
the temperatures do not exceed 393 °C. Therefore, below
this isokinetic temperature, the Monterey sample (M) will
always generate oil before the Phosphoria sample (P),
and the ST-4[u] sample will always generate oil before the
RR-45[2] sample.

The compensation relation is attributed to a common
reaction mechanism that varies in rate as a result of dif-
ferences in the types or concentrations of catalysts,
inhibitors, initiators, or solvents. The statistical signifi-
cance of the compensation effect has been debated as re-
viewed by Connors (1990). However, as suggested by
Lasaga (1998, p. 79), narrow compensation relations
as observed in Fig. 11 indicate a common overall mech-
anism. Organic sulfur content of a immature kerogen
appears to be a major cause of this relation. Lewan
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Fig. 7. Plot of first-order rate function versus time at designated
temperatures for sample ST-4[u] (Type-IIS kerogen).

Table 5

First-order rate constants (k), zero-time intercepts, and correlation
coefficients for immiscible oil generation from samples ST-4[u] and RR-
45[2]

Temperature (°C) k(x1073h) Zero-time Correlation
(Ln{1/1 — X7}) coefficient

ST-4[uj

350 32.696 0.6334 0.987

340 12.062 0.4991 0.994

330 5.377 0.2550 0.943

320 3.771 0.1331 0.952

310* 2.224 0.0804 NA

300* 1.395 0.0444 NA

RR-45[2]

355* 36.558 0.1019 NA

350 19.994 0.0844 NA

340 10.659 —0.0308 1.000

340P 9.593 0.0588 0.995

330 4.637 0.0406 1.000

320 2.219 0.0274 0.981

310* 1.239 0.0184 NA

NA = not applicable.
4 Based on 72 h experiment and calculated intercept.
® Corrected for calculated zero-time intercept of 0.0588.

(1998) has shown that increasing the concentration of
sulfur-radical initiators enhances the rate of free-radical
reactions, and this enhancement can explain the negative
correlation between activation energies for immiscible-oil
generation and the kerogen organic-sulfur content. The
relation between activation energies (E,) and kerogen
organic-sulfur mole fraction (Sore/[Sorg T C]) of the
ST-4[u] and RR-45[2] samples agrees with the previously
reported relation by Lewan and Ruble (2002) as shown

-2
' ST-4[u] Menilite Sh.
Type-IIS
1 Ln =-21532.15(1/K) + 30.815
corr. coef, =0.9794
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<
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Fig. 8. Arrhenius plot of rate constants versus the reciprocal of temper-
ature for sample ST-4[u].
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Fig. 9. Plot of first-order rate function versus time at designated
temperatures for sample RR-45[2] (Type-II kerogen).

in Fig. 12. This relation allows for indirect determina-
tion of hydrous-pyrolysis activation energies of source
rocks with Type-1I, -IIS, and -I kerogen on the basis
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Fig. 10. Arrhenius plot of rate constants versus the reciprocal of
temperature for sample RR-45[2]. Regression line includes both 340 °C-
rate constants given in Table 5.

of their organic-sulfur content (Soe/[Sorg + C]). The
appropriate frequency factor can then be indirectly
determined from the compensation relation (Fig. 11).
This indirect determination of hydrous-pyrolysis kinetic
parameters may prove particularly useful when sufficient
time or sample is not available for complete experimen-
tal determinations.

3.2. Open-system pyrolysis

The discrete activation energies and frequency factors
for samples ST-4[u] and RR-45[2] are given in Table 6.
The frequency factors are similar for the two samples but
their activation-energy distributions are different. The acti-
vation-energy distribution for sample ST-4[u] is broad with
activation energies ranging from 42 to 59 kcal/mol. Sample
RR-45[2] has a narrower activation-energy distribution
ranging from 52 to 57 kcal/mol. More than 87 percent of
S, generation from sample RR-45[2] is determined by one
activation energy of 52 kcal/mol. Conversely, 90 percent
of S, generation from ST-4[u] requires activation energies
from 48 to 55 kcal/mol. Irrespective of these differences,
S,-generation curves calculated from the E, distributions
replicate the measured S,-generation curves for all five
heating rates (Fig. 13).

Fig. 14 shows the frequency factors and weighted-mean
activation energies for both samples plot near the compen-
sation relation for the hydrous-pyrolysis kinetic parameters
(Fig. 12). However, the open-system kinetic parameters
plot closer to one another than the hydrous-pyrolysis kinet-
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Fig. 11. Plot of compensation relation between activation energies (E,)
and log of frequency factors (A4, in 1/h) derived by hydrous pyrolysis for
samples ST-4[u] (S) and RR-45[2] (R) from this study, and samples of
Green River Fm. (G), Woodford Shale (W), New Albany Shale (N),
Phosphoria Fm. (P), Monterey Fm. (M), and Alum Shale (A) from Lewan
and Ruble (2002).

ic parameters. As a result, kinetic parameters determined
by open-system pyrolysis show less difference in mean S,-
generation rates than oil-generation rates determined by
hydrous-pyrolysis kinetic parameters. This result is in
agreement with the comparative study of other source
rocks by Lewan and Ruble (2002).

3.3. Burial histories

Before extrapolating these kinetic parameters into the
structurally complex burial history of the Paszowa-1 well,
a simple hypothetical burial history will provide a more lu-
cid comparison of these different kinetic parameters and
their geological implications. Temperature and time are
the two critical geological inputs considered in the Arrheni-
us equation (Eq. (1)). They can be treated collectively as a
heating rate (°C/m.y.), which typically ranges from 1 to
10 °C/m.y. in sedimentary basins (Gretener and Curtis,
1982). Using these two geological heating rates, hypotheti-
cal burial histories were constructed using the kinetic
parameters derived from open-system and hydrous pyroly-
sis. As shown in Fig. 15, generation curves span a broad
time interval (37-101 m.y.) at the slower heating rate and
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Fig. 12. Relation between organic-sulfur mole fraction (Sore/[Sore + CJ) of
immature kerogen and activation energy derived from hydrous pyrolysis
for generation of immiscible oil from samples ST-4[u] (S) and RR-45[2]
(R) of this study, and from samples of Green River Fm. (G), Woodford
Shale (W), New Albany Shale (N), Phosphoria Fm. (P), Monterey Fm.
(M), and Alum Shale (A) of Lewan and Ruble (2002).

Table 6
Open-system kinetic parameters determined for first-order reactions with a
discrete activation-energy distributions for samples ST-4[u] and RR-45[2]

Discrete E, (kcal/mol) ST-4[u] (x;) RR-45[2] (x;)

42 0.0008 0.0
43 0.0013 0.0
44 0.0066 0.0
45 0.0 0.0
46 0.0101 0.0
47 0.0253 0.0
48 0.0610 0.0
49 0.0703 0.0
50 0.1273 0.0
51 0.0993 0.0
52 0.1965 0.8786
53 0.1463 0.0
54 0.1407 0.1144
55 0.0612 0.0
56 0.0249 0.0
57 0.0158 0.0070
58 0.0 0.0
59 0.0126 0.0
Weighted-mean E, (kcal/mol) 51.8 52.3

Frequency factor 4, (h™1) 2.57x 10"7 8.496 x 10'°
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Fig. 13. Plot showing the observed (solid line) and calculated (dashed line)
S, generation at five heating rates for (A) sample ST-4[u] and (B) sample
RR-45[2]. The observed curves are from the SR analyzer (open-system
pyrolysis) and the calculated curves are derived from the discrete activation-
energy distributions and single frequency factors given in Table 6.

a narrow time interval (4-10.5 m.y.) at the faster heating
rate.

Although the time span is significantly reduced at the
fast heating rate, the generation curves for the different
kinetic parameters maintain their same relative position
among one another. Using the transformation ratio (TR)
of 0.50 (i.e., 50% generation) as a reference point, hy-
drous-pyrolysis kinetics for Type-IIS and -II kerogen
(i.e., samples ST-4[u] and RR-45[2], respectively) determine
the earliest and latest times for oil generation, respectively.
The open-system pyrolysis kinetic parameters occur be-
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Fig. 14. Plot of mean-weighted activation energies (E, in kcal/mol) and
log of single frequency factors (A4, in 1/h) derived from open-system
pyrolysis (open centered points) of samples ST-4[u] (S) and RR-45[2] (R)
from this study, and samples of Green River Fm. (G), Woodford Shale
(W), New Albany Shale (N), Phosphoria Fm. (P), Monterey Fm. (M), and
Alum Shale (A) from Lewan and Ruble (2002). Solid points and line are
compensation relation for kinetic parameters derived from hydrous
pyrolysis as shown in Fig. 11.

tween the curves derived from the hydrous-pyrolysis kinetic
parameters, with the Type-IIS curve occurring earlier than
the Type-II curve (Fig. 15). At both heating rates, the hy-
drous-pyrolysis curves remain essentially parallel to one
another. Conversely, the open-system pyrolysis curves con-
verge at a transformation ratio (TR) of about 0.8, with
Type-1I kerogen generating sooner than Type-IIS kerogen
at higher transformation ratios (Fig. 15). Another
difference is the time span determined for generation. At
1 °C/m.y., the open-system pyrolysis kinetic parameters
for Type-1IS and -II kerogen generate (TR = 0.01-0.99)
over time spans of 101 and 51 m.y., respectively. The
hydrous-pyrolysis kinetic parameters for Type-IIS and -II
kerogen generate over a narrower time span of 39 and
37 m.y., respectively. At 10 °C/m.y., the open-system pyro-
lysis kinetic parameter for Type-IIS and -II kerogen gener-
ate (TR =0.01-0.99) over time spans of 10.5 and 5.5 m.y.,
respectively. The hydrous-pyrolysis kinetic parameters for
Type-IIS and -1 kerogen again generate over a narrower
time span of 4.5 and 4 m.y., respectively.

The average heating rate for the base of the Menilite
Shales in the Paszowa-1 well prior to uplift and erosion
event B is ~10 °C/m.y. Based on the hypothetical burial
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Fig. 15. Generation curves for immiscible oil generation from hydrous-
pyrolysis (HP) kinetic parameters and S, generation from open-system
pyrolysis (OS) kinetic parameters for samples ST-4[u] (Type-IIS kerogen)
and RR-45[2] (Type-II kerogen) at natural heating rates of 10 and
1 °C/m.y. Surface temperature for both heating rates is 15 °C.

histories in Fig. 15, the differences in timing of generation
among the open-system and hydrous-pyrolysis Kkinetic
parameters for Type-IIS and -II kerogen will be small. This
is confirmed in the burial history for the Paszowa-1 well
(Fig. 16), which shows open-system and hydrous-pyrolysis
kinetic parameters for both kerogen types generate within a
1.4-m.y. interval at 50% generation (TR = 0.5). This max-
imum spread is defined by the hydrous-pyrolysis kinetic
parameters for Type-1IS kerogen at 17.2 Ma and Type-II
kerogen at 15.8 Ma. Open-system pyrolysis kinetic param-
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Fig. 16. Generation curves for immiscible oil generation from hydrous-
pyrolysis (HP) kinetic parameters and S, generation from open-system
pyrolysis (OS) kinetic parameters for samples ST-4[u] (Type-1IS kerogen)
and RR-45[2] (Type-II kerogen) at the base of the Menilite Shales in the
Paszowa-1 well as described in Table 2.
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eters generate over a narrower range of 0.45 m.y. within the
1.4-m.y. interval determined by the hydrous-pyrolysis
kinetic parameters at a TR of 0.5 (Fig. 16).

Although differences between generation curves deter-
mined by open-system and hydrous-pyrolysis kinetic
parameters for Type-IIS and -II kerogen are small at high
heating rates, their determined times of generation influ-
ences interpretations of petroleum occurrences in a struc-
turally complex area like the Polish Carpathians. Fig. 16
shows that all of the kinetic parameters generate within
the major folding and thrusting event (19-15.5 Ma), but
only hydrous-pyrolysis kinetic parameters for Type-IIS
kerogen predict complete generation during this time
(TR =0.99 at 16.6 Ma). The other kinetic parameters
reach TRs between 0.9 and 0.95 by the end of the event
(15.5 Ma). Early and complete generation of the Type-IIS
kerogen as predicted by the hydrous-pyrolysis kinetic
parameters could result in a greater loss of its high-sulfur
oils because of the absence of early-formed traps, tectonic
breaching of early traps, or erosion of traps higher in the
thrust sheets. Conversely, late generation of the Type-II
kerogen as predicted by the hydrous-pyrolysis Kkinetic
parameters could result in less loss of its low-sulfur oil be-
cause of diminishing tectonic activity resulting in more sta-
ble traps that are less vulnerable to being breached. This
interpretation is in general agreement with only low-sulfur
oil accumulations (Curtis et al., 2004) occurring predomi-
nantly in interbedded sandstone of the Menilite Shales in
folds and stratigraphic traps near the southwestern border
of the Skole thrust unit (Karnkowski, 1999). Admittedly,
this timing of events is intricate, but it and other renditions
become untenable using the narrower times determined by
the open-system pyrolysis kinetic parameters. As shown in
Fig. 16, the small 0.45-m.y. difference in generation be-
tween Type-IIS and -IT kerogen at a TR of 0.5 diminishes
to nothing by a TR of 0.8 and then reverses order at higher
TR values. This narrower time difference between genera-
tion from Type-IIS and -II kerogen would suggest that
both high- and low-sulfur oils would exist in the Skole unit,
which is not observed.

Start of generation for Type-IIS kerogen in the Pasz-
owa-1 well occurs during the sedimentation of the Krosno
and transitional beds as determined by the open-system
and hydrous-pyrolysis kinetic parameters. However, it is
important to distinguish between the products being con-
sidered by these kinetic parameters when interpreting the
geological implications. Open-system pyrolysis Kinetic
parameters predict generation of S,, which is rich in polars
and more like bitumen than oil (Fig. 4). Therefore, timing
of generation and expulsion are not the same for open-sys-
tem kinetics parameters. Pepper and Corvi (1995) suggest
that expulsion of oil from high-quality source rocks occurs
at transformation ratios of 0.15-0.20. Other models suggest
expulsion occurs at higher transformation ratios at or in
excess of 0.30 (Braun and Burnham, 1991). Using the low-
est prescribed TR of 0.15 for the expulsion of generated oil
in predicted S, generation curves by open-system pyrolysis

kinetic parameters, indicates that no oil from Type-IIS
kerogen would be expelled prior to the major folding and
thrusting in the Paszowa-1 well (Fig. 16). This makes it dif-
ficult to explain the high-sulfur oil accumulations in the
Carpathian Foredeep. These oils are derived in part from
the Menilite Shales and require generation and expulsion
prior to major folding and thrusting (Lafargue et al., 1994).

Conversely, generation curves based on hydrous-pyroly-
sis kinetic parameters are based on generation of expelled
immiscible oil. As observed in hydrous pyrolysis experi-
ments (Lewan, 1987) and advocated in natural maturation
(Momper, 1978), oil expulsion is a direct consequence of oil
generation. This coupling of generation and expulsion is
attributed to the net volume increase in generated oil,
which exceeds available porosity in an already bitumen-im-
pregnated rock (Lewan, 1987). This applies to high-quality
source rocks with organic carbon contents typically in ex-
cess of 2.5 wt% (Lewan, 1987), which would be the case
for source rocks in the Menilite Shales that have a mean
organic carbon content of 6.7 £ 2.9 wt% (Curtis et al.,
2004). As a result, hydrous-pyrolysis kinetic parameters
for Type-1IS kerogen determine generation of expelled
high-sulfur oil prior to the major folding and thrusting in
the Paszowa-1 well (Fig. 16). This early generation and
expulsion from the Type-IIS facies of the Menilite Shales
makes it feasible for high-sulfur oils to migrate into the
Carpathian Foredeep traps prior to folding and thrusting
as suggested by Lafargue et al. (1994).

4. Discussion
4.1. Openness

One of the reasons for the lack of significant differences
in timing of oil generation from Type-II and Type-IIS
kerogen by open-system pyrolysis kinetic parameters has
been attributed to premature removal of early-formed sul-
fur radicals before they initiate cracking reactions involving
bitumen decomposition to oil (Lewan, 1998). Conversely,
early-formed sulfur radicals are confined in the bitumen-
impregnated rock during hydrous pyrolysis and their influ-
ence is reflected in the kinetic parameters for oil generation.
This brings up the issue of whether natural maturation is
better represented by open- or closed-system pyrolysis
(e.g., Schenk et al., 1997). There is little doubt that gener-
ated oil and gas are expelled and migrate away from their
source rock during natural maturation. It is this separation
of expelled products that makes it difficult to correlate oil
and gas accumulations with their source rocks. However,
vaporization of generated polar-rich products at high tem-
peratures (250-650 °C) and low pressures (~100-200 kPa)
in open-system pyrolysis is not likely to occur in natural
maturation.

The openness of natural maturation is also significantly
less than open-system pyrolysis in that heating rates are
more than 10 orders of magnitude slower (ie., 107'*-
10~"" °C/min; Gretener and Curtis, 1982) and petroleum
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migration rates are more than 7 orders of magnitude slower
(ie., 1072107 m/s; England et al., 1991). At these
extremely slow heating and migration rates, natural matu-
ration has more semblances to closed-system pyrolysis than
open-system pyrolysis. In hydrous pyrolysis, generated oil
and gas are expelled from the source rock and, respectively,
accumulate on the liquid-water surface and in the head-
space of the reactor for the duration of the experiments
(Lewan, 1993). These expelled products are separated from
the source rock by liquid water throughout the duration of
the experiment. The foremost closed aspect of hydrous
pyrolysis is that the expelled products remain in the same
temperature and pressure regime as their maturing source
rock. As shown in Figs. 3-5, the thermal and pressure re-
gime in experiments at 300-365 °C for 72-h durations does
not significantly alter the immiscible oil. Although hydrous
pyrolysis is a closed system, it may be more representative
of the degree of openness in natural maturation than that
of open-system pyrolysis.

4.2. Products

The S, product measured by open-system pyrolysis does
not differentiate between initial kerogen decomposition to
polar-rich bitumen and subsequent bitumen decomposition
to hydrocarbon-rich oil. The high polar content of the S,
product (Fig. 4) indicates that a significant amount of the
bitumen generated from the initial decomposition of kero-
gen is volatilized and removed from the open-system before
it can decompose into hydrocarbon-rich oil. As a result, the
kinetic parameters from open-system pyrolysis are highly
influenced by kerogen decomposition to bitumen with
inclusion of some undetermined portion of bitumen
decomposition to oil. This bitumen-rich S, product may
minimize differences in the timing of oil generation that re-
sult in a narrower range of weighted-mean activation ener-
gies (51.8-52.3 kcal/mol, Table 6) and frequency factors
(8.496 x 10'® and 2.57x 10" h~!, Table 6), and the lack
of, a compensation relation (Fig. 14). This is in contrast
to the kinetic parameters based on generation of immiscible
oil in hydrous pyrolysis. These kinetic parameters show a
wider range of activation energies (42.8-53.9 kcal/mole)
that equate to organic-sulfur contents (Fig. 12) and their
frequency factors (Fig. 11).

The skewed distribution of activation energies toward
lower values for Type-IIS kerogen determined by open-sys-
tem pyrolysis (Table 6) does result in earlier S, generation
than the less skewed distribution of the Type-II kerogen.
However, this earlier S, generation is more likely represen-
tative of earlier generation of bitumen from kerogen than
oil from bitumen. At transformation ratios above about
0.1, the parallelism between the S,-generation curves for
Type-IIS and -II kerogen ceases and the early generation
of Type-IIS kerogen begins to lessen and converges on
the generation curve of the Type-II kerogen (Figs. 15 and
16). The generation curve of the Type-IIS kerogen merges
with that of the Type-II kerogen at a transformation ratio

of about 0.8. At higher transformation ratios, the two
curves become sub-parallel to one another with only a
small difference (Figs. 15 and 16). This convergence is inter-
preted as the kinetics for bitumen to oil generation for
Type-1IS and -II kerogen being essentially the same in
open-system pyrolysis, with the earlier S, generation from
Type-IIS kerogen being a result of earlier generation of
bitumen from the sulfur-enriched kerogen. Although this
interpretation is consistent with kinetic data for the sam-
ples with Type-IIS and Type-II kerogen in this study, other
kinetic studies using open-system pyrolysis do not always
show the influence of early bitumen generation from
Type-IIS kerogen (Reynolds et al., 1995; Lewan and Ruble,
2002).

4.3. Temperature

Another consideration is the temperature at which the
kinetic parameters are determined in open-system and hy-
drous pyrolysis. As temperature increases the selectivity
of initiating radicals can diminish significantly (March,
1985, p. 613). Hass et al. (1936) showed that a chlorine rad-
ical is 7 times more likely to abstract a tertiary hydrogen
and 4.3 times more likely to abstract a secondary hydrogen
than a primary hydrogen from an alkane at 100 °C. This
selectivity at 600 °C is significantly reduced with same chlo-
rine radical being only 2.6 times more likely to abstract a
tertiary hydrogen and 2.1 times more likely to abstract a
secondary hydrogen than a primary hydrogen. As a result,
critical rate-controlling reaction mechanisms operating at
the lower temperatures used in hydrous pyrolysis and nat-
ural maturation may not be as discriminating or influential
at the higher temperatures used in open-system pyrolysis.
As a result, the kinetic parameters derived from hydrous
pyrolysis would be more controlled by the selectivity of ini-
tiating radicals and nuances in the molecular structure of a
bitumen.

In addition to less selectivity at higher temperatures,
the compensation relation (Fig. 11) indicates that reac-
tion rates will converge on the same reaction rate at
an isokinetic temperature, which is 393 °C for the hy-
drous-pyrolysis kinetic parameters. This relation is shown
in Fig. 17 for the kerogen types used in this study and
those reported by Lewan and Ruble (2002). Reaction
rates increase and diverge at temperatures above this iso-
kinetic temperature and decrease and diverge at temper-
atures below this isokinetic temperature. Interestingly,
the succession of kerogen types with respect to their
reaction rates reverses at temperatures greater than the
isokinetic temperature. Faster reacting Type-IIS kerogen
below the isokinetic temperature becomes the slower
reacting kerogen above the isokinetic temperature. This
theoretical reversal has not been verified by experiments.
However, the critical aspects of this relation is that as
experimental temperatures approach or include the isoki-
netic temperature, the reaction rates for the different
kerogen types become less distinguishable.
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Fig. 17. Arrhenius plot showing the extended relations of hydrous-
pyrolysis kinetic parameters to higher and lower temperatures. The
isokinetic temperature (393 °C) as determined by the compensation
relation (Fig. 11) is denoted along with thermal regimes for open-system
and hydrous pyrolysis between TRs of 0.1 and 0.9. Thermal regime for
natural maturation is based on a temperature of 150 °C. Symbols for the
different Arrhenius relations are the same as in Fig. 14.

Superimposed on Fig. 17 are the temperature ranges
representing transformation ratios from 0.1 to 0.9 for
open-system and hydrous pyrolysis and the approximate
temperature range for natural maturation. The broad
range of reaction rates at temperatures below 150 °C indi-
cates that the extrapolated kinetic parameters from hy-
drous pyrolysis have a significant influence on
determining the timing of oil generation during natural
maturation. This significance in natural maturation has
been shown to be particularly important for Type-IIS
kerogen (Lewan, 2002; Lewan and Ruble, 2002) and for
low-sulfur Type-I kerogen (Ruble et al., 2001). The tem-
perature range used to determine rate constants by hy-
drous pyrolysis appears to be the most optimum. They
represent the lowest possible temperatures to obtain rate
constants within practical laboratory times, and they are
sufficiently below the isokinetic temperature to realize
measurable differences between the kerogen types. Assum-
ing some portion of S, generation represents the conver-
sion of bitumen to oil observed in hydrous pyrolysis,

the temperature range used to determine rate constants
by open-system pyrolysis is less optimum. As shown in
Fig. 17, this higher temperature range includes the isoki-
netic temperature and the narrow range of rate constants
on both sides of it. The significance of this difference is
observed by comparing the mean differences in rate con-
stants between the two extreme kerogen types (i.e., Green
River Type-1 (G) and Monterey Type-1IS (M)). Despite
the broader temperature range of the open-system pyroly-
sis, the mean difference in rate constant is only 3.4 h~!
compared with 25.6 h™! for hydrous pyrolysis over a nar-
rower temperature range.

4.4. Concurrence

Although diminished reaction selectivity and reaction-
rate differences at the higher temperatures used in open-
system pyrolysis results in less discriminating kinetic
parameters, these kinetic parameters appear to give compa-
rable timings of oil generation for typical marine source
rocks with Type-II kerogen. This similarity is shown in
the hypothetical (Fig. 15) and Paszowa-1 (Fig. 16) burial
histories. The average mean-weighted activation energy
of the distributions for the two samples in this study and
the six reported by Lewan and Ruble (2002) is
53.31 4= 1.73 kcal/ mol with an average frequency factor
of 2.78 x 10" h™'. These average values are similar to the
kinetic parameters from hydrous pyrolysis of Type-II kero-
gen with S.e/[Sore  C] mole fractions between of 0.02 and
0.03 (i.e., RR-45[2] and Woodford Shale). This is within
the range of typical Type-II kerogen of marine clastic
source rocks (i.e., 0.016-0.030, Orr and Sinninghe-Damsté,
1990). Therefore, kinetic parameters determined by open-
system and hydrous pyrolysis for Type-II kerogen within
this range of Sore/[Sore + C] mole fractions give similar
times of oil generation in natural maturation. It is only
when the So.o/[Sorg  C] mole fractions are greater or less
than this range that deviations in kinetic parameters result
in significant differences for the timing of oil generation
during natural maturation.

5. Conclusions

The Menilite Shales of the Polish Carpathians have
provided an opportunity to compare timing and extent
of petroleum generation from two different organic facies
(Type-II and -IIS kerogen) in a natural high-heating rate
regime with kinetic parameters determined by open-sys-
tem and hydrous pyrolysis. As expected, the high heating
rates minimize the timing differences between the Type-
IIS and -IT kerogen types, but the differences determined
by kinetic parameters derived from hydrous pyrolysis
have significant geologic implications. The most signifi-
cant difference is the early generation of expelled oil
from Type-IIS kerogen prior to major thrusting as deter-
mined by hydrous-pyrolysis kinetic parameters. This tim-
ing explains the high-sulfur oils found in the Carpathian
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Foredeep that have been correlated to the Menilite
Shales. Kinetic parameters derived from open-system
pyrolysis indicate some S, generation would have oc-
curred prior to major thrusting, but the expulsion of
oil would not occur until after the start of major
thrusting.

At transformation ratios greater than 0.5, kinetic
parameters derived from open-system pyrolysis show no
significant differences in S, generation for Type-IIS and -
IT kerogen types. Conversely, kinetic parameters derived
from hydrous pyrolysis show significant and consistent dif-
ferences in immiscible oil generation from transformation
ratios of 0.01-0.99. This difference is similar to those previ-
ously published (Lewan and Ruble, 2002), which suggest
that the effects of sulfur-radical initiators responsible for
oil generation are not fully realized in open-system pyroly-
sis. The lack of significant differences in timing shown by
open-system kinetic parameters for Type-IIS and -1I kero-
gen may also be attributed to bitumen being a prominent
component of the S, product, and to reduced radical selec-
tivity and divergence of reaction rates at the higher operat-
ing temperatures.

Results of this study support previously published rela-
tions that can be used to indirectly determine hydrous-py-
rolysis kinetic parameters. The kinetic parameters for the
Type-1IS and -II kerogen samples used in this study sup-
port the correlation between the So.o/[Sorg  C] mole frac-
tion of kerogen and its activation energy (Lewan, 1998;
Lewan and Ruble, 2002). This relation allows for the indi-
rect determination of activation energies by determining
the organic sulfur and carbon contents of immature
Type-1IS and -II kerogen. The compensation effect previ-
ously reported for kinetic parameters determined by hy-
drous pyrolysis (Lewan and Ruble, 2002) is also
supported by the two samples used in this study. With this
relation, the frequency factor can be determined from the
activation energy determined from the organic-sulfur mole
fraction. Therefore, when limited time or sample precludes
determining kinetic parameters by hydrous pyrolysis, hy-
drous-pyrolysis kinetic parameters can be determined indi-
rectly by determining the Sy.o/[Sore T C] mole fraction of
immature kerogen.

This study also established a reliable correlation
between the maximum yield of immiscible oil generated
by hydrous pyrolysis and the hydrogen index (HI;
S,/organic carbon) obtained by open-system pyrolysis.
Determining the maximum yield of immiscible oil gener-
ated is a required value in deriving kinetic parameters
from hydrous pyrolysis. This relation provides a means
of determining this maximum value from the open-sys-
tem pyrolysis of a source rock containing Type-1IS and
-IT kerogen. The relation indicates that the maximum
amount of immiscible oil generated by hydrous pyrolysis
represents only about one half of the S, generated by
open-system pyrolysis. The other unaccounted for half
of S, generated in open-system pyrolysis consists of polar
components that represent bitumen.
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