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a b s t r a c t

Pyrolysis of two kerogens isolated from the E2-3s3
3 and E2-3s1

4 source rocks in the Niuzhuang sag, Dongying
Depression, Bohai Bay Basin, China, was performed in a confined system. The products were extracted
with solvent and separated using micro-column chromatography into group-type fractions (saturates,
aromatics, resins and asphaltenes) with the kerogen residue in each case undergoing swelling with a vari-
ety of solvents. The kinetics for generation and retention of crude oil and its group-type fractions from the
kerogens were studied and the kinetic parameters applied to modeling generation and retention of crude
oil and its fractions from the E2-3s3

3 and E2-3s1
4 source rocks on the basis of burial and thermal history of the

Niuzhuang sag. The results show that the ‘‘normal oil’’ was generated at about 4.26 Ma and 24.85 Ma ago,
but expelled at about 3.96 Ma and 17.46 Ma ago, respectively, from E2-3s3

3 and E2-3s1
4 source rocks. The cur-

rent proportions of the expelled saturates, aromatics and NSOs are about 60%, 15% and 25%, respectively.
� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Petroleum formation from source rocks is generally attributed to
progressive catagenesis of kerogen and bitumen with increasing
temperature and depth of burial in sedimentary basins (Tissot
and Espitalié, 1975). Since numerous reactions occur in source
rocks, simulation requires products to be grouped and assumptions
to be made for modeling cracking kinetics. Several models have
been described (Lopatin, 1971; Tissot and Espitalié, 1975; Quigley
et al., 1987; Burnham and Braun, 1990; Braun and Burnham,
1990, 1992; Behar et al., 1991a,b, 1997; Pepper and Corvi, 1995a;
Pepper and Dodd, 1995). It is widely accepted (Tissot and Welte,
1984) that thermal evolution of petroleum is controlled by the
kinetics of cracking reactions that occur in sedimentary basins at
low temperature (100–200 �C) over time (typically a few million
years). Detailed information about such alteration is of prime
importance in relation to exploration of petroleum resources and
prediction of oil and gas quantity and quality. Such processes are
simulated under laboratory conditions, i.e., at higher temperature,
usually between 250 and 600 �C, since under such conditions reac-
tions are sufficiently rapid that cracking can be monitored within
an acceptable time frame (Tissot and Espitalié, 1975; Burnham
and Braun, 1990; Ungerer, 1990; Behar et al., 1991a,b, 1997; Hors-
field et al., 1992; Lewan, 1993; Schenk et al., 1997a,b; Waples,
2000). Empirical kinetic schemes, commonly used by petroleum
ll rights reserved.

: +86 20 85290706.
geochemists, consist of determination of global stoichiometric
equations that can be extrapolated to basin temperatures, assum-
ing that cracking reactions follow a first order kinetic law, in which
the rate of kerogen degradation, dc/dt, is proportional to the con-
centration c0 of oil,

dc0=dt ¼ �k0c0 ð1Þ

The rate constant k is described by the Arrhenius equation:

k0 ¼ A0 expð�E0=RTÞ ð2Þ

where A is the frequency factor (s�l), E the activation energy
(J mol�1), R (8.31441 J mol�1 K�l) the universal gas constant and T
the absolute temperature (K). For a given reaction, A may be con-
ceptually considered to be proportional to the vibrational frequency
of the reactants, whereas E is proportional to the bond energy.

Kinetic laws are therefore routinely considered as the mathe-
matical links between high temperature, short-time and low tem-
perature, long-time configurations, allowing extrapolation from
laboratory to natural heating conditions.

Pyrolysis techniques are frequently used to study oil and gas
generation under controlled laboratory conditions. With the intro-
duction of mathematical kinetic models, hydrocarbon formation in
experiments can be accurately modeled and the resulting kinetic
parameters can be extrapolated to predict the rate and timing of
hydrocarbon generation in sedimentary basins (Braun and
Burnham, 1990; Burnham and Braun, 1999).

It has been shown that coals are macromolecular systems
which can be studied by techniques developed in polymer science
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(Takanohashi et al., 1996, 2000; Cody and Painter, 1997; Otake and
Suuberg, 1997) and their application to primary migration (Sandvik
et al., 1992) and kerogen (Larsen and Li, 1997a,b) has been
attempted. One object of this study was to apply the swelling theory
to predict retention and expulsion of petroleum and its fractions. In
past years, many kinetic studies of oil and gas generation have been
carried out, but few focused on the kinetics of petroleum and its
fractions. Here, both total products and their fractions were analyzed
to obtain kinetic parameters, which were then extrapolated to geo-
logical conditions. Generation, retention and expulsion of the total
products and their group-based fractions are also discussed.

2. Geological background

The Dongying Depression lies in the southeast of the Bohai Bay
Basin and has an area of 5850 km2 (Fig. 1A). It is one of the most oil
rich rift areas in the east of China. In total, 32 oilfields and 2 gas
fields have been discovered, with the total petroleum reserve being
estimated at 23.4E+8 tons.

The depression is an asymmetric ‘‘dustpan-shaped’’ lacustrine
basin (Fig. 1B). It can be divided into five secondary tectogenes
from north to south, i.e., steep slope zone, northern sag zone, cen-
tral anticline zone, south sag zone and gentle slope zone (Wang
and Qian, 1992). According to the tectonic history and sedimentary
sequences, the basin evolution can be divided into three stages: (i)
pre-rift stage, when Lower Paleozoic marine platform sediments
Fig. 1. Oil and gas fields (a) and N–S structural cross-section (b) in the Dongyi
and Upper Paleozoic paralic facies of coal measures were devel-
oped on the Precambrian crystalline basement, (ii) rift stage, when
abundant Mesozoic and Paleogene fluvial–lacustrine sediments
were deposited, and (iii) depression stage, when Neogene fluvial
sediments were developed (Pan et al., 2003). Geochemical evi-
dence supports the conclusion that the Paleogene lacustrine sedi-
ments at the rift stage are the main hydrocarbon source rocks
(Wang and Qian, 1992; Chen et al., 1994; Zhang et al., 2003).

The Paleogene stratigraphy in the depression comprises the
Kongdian (E1-2k), Shahejie (E2-3s) and Dongying (E3d) formations
(Fig. 1B). Detailed descriptions of the Paleogene stratigraphy have
been presented by authors such as Pang et al. (2003) and Zhang
et al. (2004). Studies suggest that three sub-members of E2-3s,
including the upper E2-3s4, lower E2-3s3 and middle E2-3s3, are the
main source rocks. The upper E2-3s4 member consists of brackish
to saline lacustrine sediments with a thickness of about 40–
300 m. The lithology is dominated by brownish-gray, gray to black
shales, calcareous mudstones and mudstones, intercalated with
light gray to gray dolostone and marlstone. The lower E2-3s3 mem-
ber consists of brackish to fresh water lacustrine sediments with a
thickness of about 100–300 m. The main lithology corresponds to
gray to black shales, gray to black calcareous mudstones and mud-
stones. The middle E2-3s3 member consists of freshwater lacustrine
to prodelta sediments with a thickness of 300–500 m. The main
lithology corresponds to gray to black calcareous mudstones and
mudstones (Wang et al., 1992; Liu et al., 2003).
ng Depression, Bohai Bay Basin, China (after Li, 2004; Zhang et al., 2009).
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The source rocks are mainly confined to three stratigraphic
intervals, i.e., lower Sha-3(E2-3s3

3), middle Sha-3(E2-3s2
3) and upper

Sha-4 Members (E2-3s1
4), which can be divided into two types.

One is massive mudstone, developed within the high stand system
tracts of third-order sequence, the other is oil shale, developed
within the transgressive system tracts of the lake. The former is
thick (up to several hundred meters) but varies in thickness region-
ally. In contrast, the latter is thin (generally less <100 m) and has a
regular thickness distribution on a regional scale, to such degree
that it can be traced over the entire depression. As one of the con-
densed sections, the oil shale is an excellent source rock since it
shows high oil generating potential.

3. Samples and experiments

3.1. Samples

The source rock samples were collected from Well Wang120
and Well Niu15 in the Dongying Depression. The samples were
ground to 0.175–0.150 mm (80–100 mesh) and demineralized
using HF and HCl, followed by cleaning with distilled water to iso-
late the kerogen. The total organic carbon (TOC) content of the two
kerogens was 85.1% (Niu15) and 49.3% (Wang120). An aliquot (70–
100 mg) of each source rock sample was weighed for Rock–Eval VI
analysis. The geochemical data for the source rocks are presented
in Table 1.

3.2. Pyrolysis

The pyrolysis experiment was conducted in a confined system,
following the procedures described in detail by Behar et al.
(1991a,b). The kerogen sample (70–100 mg) was sealed in a gold
tube (50 mm � 4 mm i.d.), which was welded on one end. The tube
was flushed (ca. 15 min) with Ar to insure complete removal of air
and the remaining end sealed in an argon atmosphere, using arc
welding. Thereafter, the sealed gold cells were put into autoclaves
and water (ca. 10 ml) was put into each autoclave that was con-
nected to a pressure waterline. The pressure device consists of an
air compressor, and an increment pump which drives high pres-
sure water to fill the autoclaves. The samples in the autoclaves
were heated in a single oven to the targeted temperature. During
pyrolysis the pressure in the autoclaves was adjusted by adding
water from the pump or removing water through a leakage valve.

The pressure was kept at 50 MPa, with an error of <5 MPa being
observed during the whole pyrolysis procedure. The temperature
was programmed to increase at 2 �C/h and 20 �C/h, respectively,
with final target temperatures ranging from 320–420 �C. The heat
circulating fan placed at the bottom of the oven can make a differ-
ence of <1 �C among the autoclaves. Finally, the autoclaves were
removed from the oven one at a time, and quenched in a cold water
bath.

The ends of the gold tubes were cut off at ambient temperature
(<28 �C), and the samples were removed, wrapped with filter paper
Table 1
Geochemical data for source rocks from Dongying Depression, Bohai Bay Basin, China.

Sample Stratum Age Lithology TOCa (%) Tmax
b (�C) S1c (mg/g)

Niu15 Lower Sha-3 E2-3s3
3

Mudstone 13.12 444 4.34

Wang120 Upper Sha-4 E2-3s1
4

Mudstone 4.72 432 0.99

a Total organic carbon.
b Temperature of maximum release of hydrocarbons from cracking of kerogen.
c Amount of free hydrocarbons (gas and oil).
d Amount of hydrocarbons generated through thermal cracking.
e Amount of CO2 pyrolysis of kerogen.
f Hydrogen index.
g Oxygen index.
and extracted (36 h) in a Soxhlet apparatus with a ternary solvent
(MeOH:benzene:acetone, 2:1:1 v:v:v). Finally, the solvent was
evaporated from the extracts and the extracts weighed.

3.3. Separation of C14+ fractions

Micro-column chromatography is one of the easiest, fastest,
most economical and effective methods for separation of crude
oil fractions (Bastow et al., 2007). In this study, soluble organic
matter extracted from the pyrolyzed kerogen was weighed and
separated by using micro-column chromatography into saturates,
aromatics, resins and asphaltenes following the procedures de-
scribed by Xu and Sun (2006). The proportions (%) were calculated
by way of normalization; and the yields are listed in Table 2.

3.4. Solvent swelling experiments

Each extracted kerogen sample was introduced into a glass tube
(5 � 15 mm), plugged with quartz wool at both ends. The tube was
immersed into organic solvent (30 �C, 24 h) and centrifuged at
4000 rpm for 10 min. The initial weight (w1) and swollen weight
(w2) could be determined by electronic microbalance, the subtrac-
tion method applied and the swelling behavior of the solvent esti-
mated from the volumetric swelling ratio, which was calculated
from the following equation (Hamurcu and Baysal, 1993):

Qv ¼ 1þ q2 � ðw2 �w1Þ=q1 �w1 ð3Þ

where w1 is the initial weight of the kerogen before swelling, w2

equilibrium weight of the swollen kerogen, q1 and q2 are the den-
sity of the solvent and the residual kerogens, respectively. For type I
kerogen, the density range is from 1.05–1.25 within the ‘‘oil win-
dow’’ according to the density and elemental composition of algi-
nite isolated by density gradient centrifugation (DGC) separation
(Han and Krugr, 1999). In this study, the density of the residual ker-
ogens are estimated as 1.15 g/cm3 by a middle density. The swelling
data of the residual kerogens shown in Appendix 1.

4. Results and discussion

4.1. Total hydrocarbon conversion

Petroleum is generated from kerogen with disordered struc-
tures, due to heat effect on the various heteroatomic bonds and
carbon bonds. Oil and gas generation can occur at a certain temper-
ature range and significant quantities of hydrocarbons would be
generated once the temperature threshold is exceeded.

Two heating rates, 20 �C/h and 2 �C/h, were selected for kerogen
pyrolysis. Table 2 shows the relationships between pyrolysis tem-
perature and cumulative yields at the two different heating rates
and that yield increases progressively with increasing pyrolysis
temperature up to the maximum yield. For example, the maximum
yield from Niu15 kerogen is reached at 355 �C for 2 �C/h heating
rate, while the maximum yield occurs at 380 �C for pyrolysis at a
S2d (mg/g) S3e (mg/g) HIf (mg/g TOC) OIg (mg/g TOC) Kerogen type

104.18 0.71 794 5 I

40.6 0.45 860 10 I



Table 2
Pyrolysates and group-type composition of Niu15 kerogen and Wang120 kerogen at different temperatures and different heating rates.

Temp.
(�C)

Niu15 kerogen (E2-3s3
3) Wang120 kerogen (E2-3s1

4)

Pyrolysate
(mg/g C)

Saturates
(mg/g C)

Aromatics
(mg/g C)

Resin
(mg/g C)

Asphaltene
(mg/g C)

Pyrolysate
(mg/g C)

Saturates
(mg/g C)

Aromatics
(mg/g C)

Resin
(mg/g C)

Asphaltene
(mg/g C)

Heating rate 2 �C/h
320 60.83 19.83 10.66 27.55 2.79 140.83 56.72 28.61 45.38 10.12
325 121.13 51.90 22.68 38.71 7.84 210.83 98.45 41.64 52.10 18.63
330 184.18 88.85 34.23 47.12 13.98 298.23 153.74 56.32 58.44 29.73
335 283.55 148.90 53.38 57.21 24.06 377.54 205.03 70.10 62.34 40.07
340 359.11 198.07 66.02 62.90 32.12 438.52 242.60 83.30 65.88 46.75
345 453.21 261.68 81.67 66.67 43.19 492.50 277.28 94.50 68.52 52.20
350 524.52 308.56 95.56 69.79 50.61 511.73 296.27 100.18 60.86 54.42
355 578.66 342.64 107.16 73.38 55.48 447.23 257.88 98.68 49.22 41.45
360 504.00 280.83 114.12 67.18 41.87 385.03 219.39 91.87 45.58 28.20
365 429.44 224.09 118.62 58.00 28.73 340.07 194.25 86.10 40.53 19.19
370 351.16 169.61 119.84 45.39 16.32 302.34 177.29 75.76 36.57 12.71
375 323.85 159.72 110.73 40.90 12.50 273.13 167.76 61.97 31.80 11.60
390 271.95 133.29 94.60 34.95 9.11 234.38 136.12 60.90 26.93 10.43
400 234.42 118.55 80.96 27.63 7.28 221.54 126.59 57.74 26.82 10.39

Heating rate 20 �C/h
340 46.22 16.77 8.95 18.36 2.13 112.84 46.61 24.01 33.78 8.44
345 73.09 30.18 13.19 25.34 4.37 157.45 72.38 30.32 40.81 13.94
350 108.99 47.61 20.42 33.79 7.18 205.38 100.16 38.86 47.28 19.09
355 162.64 78.11 31.31 41.20 12.03 267.63 139.65 48.15 52.79 27.05
360 225.96 115.73 43.77 48.07 18.39 333.02 180.57 59.69 56.99 35.76
365 317.53 173.26 60.65 55.58 28.05 392.45 219.11 70.02 60.16 43.17
370 388.93 220.25 71.13 61.35 36.19 440.76 248.64 81.38 63.17 47.57
375 460.10 269.66 81.97 64.03 44.44 479.06 279.03 92.96 54.60 52.48
380 524.26 310.71 94.61 67.44 51.49 453.63 264.98 91.66 51.01 45.98
385 494.08 280.98 105.88 63.50 43.72 415.69 246.47 85.12 45.48 38.62
390 444.62 242.48 111.97 55.56 34.61 364.18 212.69 81.59 43.04 26.87
395 403.18 216.17 108.51 50.52 27.98 331.97 194.48 75.90 41.91 19.68
410 304.40 175.49 78.33 35.53 15.05 285.98 163.75 68.05 37.14 17.04
420 211.17 114.84 54.95 32.55 8.83
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faster rate, the maximum yield from Wang120 kerogen is reached
at 350 �C and 375 �C for 2 �C/h and 20 �C/h heating rates, respec-
tively. The yield decreases after the maximum is reached, which
is associated with secondary hydrocarbon cracking in the confined
system. The maximum yield at 2 �C/h is 578.7 mg/g TOC and
511.7 mg/g TOC for Niu15 and Wang120 kerogen, respectively.
However, the maximum yield at 20 �C/h is lower than that at
2 �C/h, being 524.3 mg/g TOC and 479.1 mg/g TOC for Niu15 and
Wang120 kerogen, respectively.

4.2. Kinetic parameters

Petroleum formation or hydrocarbon generation is a process of
progressive transformation, which can be described as a function
of time and temperature (Juntgen and Klein, 1975; Tissot and
Welte, 1984; Tissot et al., 1987; Schenk et al., 1997a,b), while char-
acterization of hydrocarbon generation of a known organic matter
sample can be described by way of chemical kinetics in terms of
activation energy and frequency factor. This generation process is
accompanied by cracking of numerous covalent bonds (e.g., C–C,
C–O, C–S), each having a distinct activation energy. The energy
for a given bond type is related to the structure of the source or-
ganic matter and the distribution of covalent bonds in its matrix.
The progress of hydrocarbon generation can be predicted by deter-
mining the activation energy distribution and the frequency factor
on the basis of pyrolysis experiments. Conventional kinetic models
use either a single activation energy and frequency factor set
(Welte and Yalcin, 1988), or multiple activation energies with a
single frequency factor (Tissot et al., 1978; Delvaux et al., 1990;
Reynolds et al., 1995; Dieckmann, 1998; Schenk and Horsfield,
1998; Vandenbroucke et al., 1999), to model hydrocarbon genera-
tion. Models containing a distribution of activation energy values
and a distribution of frequency factor values have also been ap-
plied (Dieckmann et al., 2002; Dieckmann, 2005).

The yields of the total hydrocarbons and the group-based frac-
tions for the pyrolysates generated from the two kerogens were
obtained from the experiment. The experimental data and fitting
data of conversion are given in Table 2 and illustrated in Fig. 2,
which clearly show that the calculated yields agree well with the
measured values. As a result, the kinetic parameters of hydrocar-
bon generation can be reasonably extrapolated from the laboratory
conditions to geological conditions.

Based on the calculated activation energies and frequency fac-
tors derived from the kinetic experiments with the kerogens, the
experimental data were processed with special kinetics software.
The cumulative conversion of the total hydrocarbons or any of
the group-based fractions for a certain geological period under a
known paleo-geothermal history can be obtained on the basis of
information about the thermal history of the source rocks. KINET-
ICS 2000 software was employed to fit the kinetic parameters,
including activation energy distributions and frequency factors
for the total hydrocarbons, saturates, aromatics, resins and
asphaltenes from the two kerogen samples (Fig. 3). It is noted that
two heating rates are fitted simultaneously (Fig. 2) and the activa-
tion energies (Fig. 3) are derived from a simultaneous fit by KINET-
ICS 2000. Kinetic constants were derived in all cases using a fixed
frequency factor for comparison, and manual iterations indicated
that a frequency factor of A = 5.0E+15 s�1 worked best. As shown
in Fig. 3, the Ea of the liquid products generated from the two ker-
ogens exhibit similar distribution patterns varying in the range 55–
60 kcal/mol. The difference is that Ea is higher for Niu15 kerogen
than for Wang120 kerogen. For example, the predominant Ea is
56 kcal/mol for the total hydrocarbons from Niu15 kerogen
(Fig. 3a), but becomes 55 kcal/mol for the total hydrocarbons from



Fig. 2. Experimental and calculated conversion of pyrolysates at heating rates of 2 �C/h and 20 �C/h respectively (a, Niu15 total hydrocarbon; b, Wang120 total hydrocarbon;
c, Niu15 saturates; d, Wang120 saturates; e, Niu15 aromatics; f, Wang120 aromatics; g, Niu15 resins; h, Wang120 resins; i, Niu15 asphaltenes; j, Wang120 asphaltenes).
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Wang120 kerogen (Fig. 3b). In addition, Ea for the group-based
fractions demonstrates a sequence of saturates > aromat-
ics > asphaltenes > resins. Behar et al. (2010) observed that the
mean Ea value for Type I kerogen is 56 kcal/mol, corresponding
to an A value of 5.64E+14 s�1, as Ea ranges from 48 to 66 kcal/mol,
while others (Ungerer and Pelet, 1987; Braun et al., 1992;
Sundararaman et al., 1992) found that the mean value of Ea for
Type I kerogen is 54 kcal/mol. Therefore, our results are very close
to the parameters found by previous researchers for Type I
kerogen.



Fig. 3. Kinetic parameters for products generated from kerogen pyrolysis (a, Niu15 total hydrocarbon; b, Wang120 total hydrocarbon; c, Niu15 saturates; d, Wang120
saturates; e, Niu15 aromatics; f, Wang120 aromatics; g, Niu15 Resins; h, Wang120 resins; i, Niu15 asphaltenes; j, Wang120 asphaltenes). Note: 1 kcal/mol = 4.2 kJ/mol). For
comparison, the pre-exponential factor is fixed as A = 5.0000E+15 s�1 in all cases.
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4.3. A geological application

4.3.1. Hydrocarbon generation history
When organic matter is affected by a variety of factors, such as

paleotemperature and geological time, complicated chemical reac-
tions occur and finally result in petroleum generation. These reac-
tions are actually chemical processes occurring on the geological
time scale. It is generally assumed that a reaction occurring under
geological conditions would show similar chemical kinetic
properties (e.g., activation energy E and frequency factor A) to the
reaction occurring under controlled conditions in the laboratory.
Therefore, based on the kinetic parameters acquired from the
laboratory experiments for hydrocarbon generation, geochemical
processes of hydrocarbon generation can be simulated and
reproduced (Behar et al., 1991a,b; Tang et al., 1996).

The Niuzhuang sag is in the southern part of the depression,
which is a secondary level sag in the Dongying Depression
(Fig. 1). The Cenozoic stratigraphy in the sag consists mainly of
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two sets of source rocks E2-3s3 and E2-3s4, and the dark mudstone of
lower E2-3s3 (E2-3s3

3) and upper E2-3s4 (E2-3s1
4) is the major source

rock, with a maximum thickness of about 900 m. The E2-3s1
4 mem-

ber consists of brownish-gray, gray to black shales with a thickness
of about 200 m, and the E2-3s3

3 member consists of gray to black
shales and mudstones with a thickness of about 600 m.

The Cenozoic stratigraphy in the sag experienced continuous
subsidence (Fig. 4; Zhang et al., 1999). Studies have shown that
the ancient temperature at the land surface of the Dongying
Depression was 14 �C and the ancient geothermal gradient
36 �C/km (Editing Committee of Chinese Petroleum Geology, 1987;
Zhang et al., 1999). When the parameters derived for Niu15 kero-
gen are applied to source rocks of E2-3s3

3 and the parameters for
Wang120 kerogen to source rocks of E2-3s1

4, the hydrocarbon gener-
ating history of the Niuzhuang sag, Dongying Depression can be
modeled. The results are indicated in Figs. 5 and 6.
Fig. 4. Burial history of source rocks in Niu11 well, Niuzhuang Sag, Dongying D
The degree to which kerogen is transformed to hydrocarbons
is the transformation ratio, which can be measured based on
the kinetics of the transformation process. Oil generation can be
commonly gauged by the value of the transformation ratio and
divided into three stages, i.e., early generation, main phase and
late generation, corresponding respectively to a transformation
ratio (fraction) of 0.10–0.25, 0.25–0.65 and 0.65–0.90 (Houseknecht
and Hayba, 1998). In addition, a transformation ratio of 0.10
can be established for bulk kinetic analysis of kerogen to mark
the onset of hydrocarbon formation by using kinetic extrapola-
tions (Pepper and Corvi, 1995a). As shown in Fig. 5, the maximum
fraction reacted for E2-3s3

3 and E2-3s1
4 source rocks is 0.63 and 0.98,

respectively, so the source rocks of E2-3s3
3 are in the main phase

of hydrocarbon generation, while the E2-3s1
4 source rocks

have basically completed oil generation. It can also be predicted
that the source rocks of E2-3s3

3 and E2-3s1
4 entered their oil
epression, Bohai Bay Basin, China (modified after Zhang and Zhang, 1999).



Fig. 5. Total hydrocarbon generation history for E2-3s3
3 (a) and E2-3s1

4 source rocks (b).

Fig. 6. Superimposed cumulative hydrocarbon yield vs. geological time curves, showing generation history of hydrocarbon fractions from E2-3s3
3 (a) and E2-3s1

4 source rocks (b)
in Niuzhuang Sag, Dongying Depression, Bohai Bay Basin, China.

8 Z. Wei et al. / Organic Geochemistry 52 (2012) 1–12
generation windows at about 4.26 Ma and 24.85 Ma ago,
respectively (Fig. 5).

It has been observed that the pyrolysis products from kerogen
or lignite degradation are dominated by heteroatomic compounds
(i.e., compounds of nitrogen, sulfur, oxygen and heavy metals),
called ‘NSOs’, of very high molecular weights (Tissot et al.,
1971; Ishiwatari et al., 1977; Tissot and Welte, 1984; Teerman
and Hwang, 1991; Lewan, 1993; Behar et al., 1997, 2003; Lewan
and Ruble, 2002). The results could be confirmed by models pro-
posed by Fitzgerald and van Krevelen (1959) for coal and by
Tissot (1969), Ishiwatari et al. (1977) for kerogen, in which the
NSOs (‘mesophase’ in Fitzgerald and van Krevelen, 1959) are pri-
mary products of kerogen decomposition and that hydrocarbons
are, in fact, generated from secondary cracking of NSOs. This
kinetic scheme was also proposed by Lewan (1997), whereby
kerogen first decomposes into a tarry bitumen enriched in polar
compounds. Then, this bitumen would undergo secondary crack-
ing and generate the main part of the hydrocarbons. However, the
data given in Table 2 and plotted in Fig. 6 do not support this
reaction sequence. It is shown the polars (resins + asphaltenes)
increase with the hydrocarbons (saturates + aromatics) to maxi-
mum yields, and it is not demonstrated that the two step reaction
of kerogen to polar-rich bitumen and subsequent polar-rich bitu-
men to hydrocarbon-rich oil. In fact, the NSOs may be partially
destroyed at the same time they are being generated. At present,
the modeled yields of saturates, aromatics, resins and asphaltenes
generated from E2-3s3

3 source rocks are 222.0 mg/g TOC, 71.3 mg/g
TOC, 62.4 mg/g TOC and 50.0 mg/g TOC, respectively (Fig. 6a),
while those from E2-3s1

4 source rocks are 280.9 mg/g TOC,
96.0 mg/g TOC, 66.8 mg/g TOC and 53.8 mg/g TOC, respectively
(Fig. 6b).

Expulsion is controlled by the capability of kerogen to sorb (ad-
sorb/absorb) petroleum, hence ultimately by the relative propor-
tions of generative (reactive) vs. retentive (inert) kerogen. Pepper
and Corvi (1995b) considered a value of 200 mg HC/g TOC to be
an approximate minimum prerequisite for oil expulsion. Therefore,
it can be estimated that oil began to be expelled from the E2-3s3

3 and
E2-3s1

4 source rocks at about 1.86 Ma and 10.25 Ma ago, respectively
(Fig. 6).

4.3.2. Modeling of expulsion
Volumetric solvent swelling is a method that has been widely

used to characterize solvent–kerogen interaction and the macro-
molecular structure of various kerogens (Larsen and Li, 1994;
Larsen and Li, 1997a,b; Ballice, 2003; Ballice and Larsen, 2003).
The solubility of a compound in a polymer can be defined by a
solubility parameter, d, which is frequently referred to as the
Hildebrand parameter (Hildebrand, 1936). The general rule is that
the closer d values for two compounds become, the better their
mutual solubility would be. As a first approach (Larsen and Li,
1997b), kerogen appears to have a d value ranging between 9.5
and 10 (cal/cm3)1/2. Hence, hydrocarbon compounds with d values
closest to this will be most retained by the kerogen. Generally,
the swelling ratio of a polymer is related to the solubility of its
structural units (polymer chains) in a given solvent. Thus, measur-
ing the swelling ratio values of a polymer with different solvents
provides means of assessing its solubility parameter d. This proce-
dure can also be applied to kerogen.

Ritter (2003a,b) divided liquid hydrocarbons into heavy satu-
rates, heavy aromatics and NSOs (resins + asphaltenes), with the
solubility parameter d being 6.8 (cal/cm3)1/2, 8.0 (cal/cm3)1/2 and
9.0 (cal/cm3)1/2, respectively. In this study, seven solvents (n-hex-
ane, o-xylene, 2,5-dimethylthiophene, acetone, vinyl acetate, pro-
pan-2-ol and ethanol) with the Hildebrand parameter (d) ranging
from 7.3 to 12.7 (cal/cm3)1/2 were used to obtain swelling ratio
curves, which show relationships among d value, swelling ratio
and pyrolysis temperature. Fig. 7 shows the Gaussian fitted solvent
swelling curves for residual kerogen at different temperatures,
which indicate that the E2-3s3

3 source rock shows a higher retention
yield than the E2-3s1

4 source rock.
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Cai et al. (2007) and Zhang et al. (2008) employed Ritter’s tech-
nique (Ritter et al., 2003a,b) to estimate hydrocarbon (HC) reten-
tion in kerogen, and observed that the retained HC seemed to be
overestimated in many cases. In this study, the solubility parame-
ter d for the total hydrocarbon was calculated by weighting the
contents of group-type fractions at the different pyrolysis temper-
atures with the solubility parameters d for heavy saturates, heavy
aromatics and NSOs (resins + asphaltenes), respectively.

d ¼
X

Widi ði ¼ s; a;nÞ ð4Þ

where Ws, Wa and Wn are the fractions of saturates, aromatics and
NSOs in total HC, respectively; ds, da and dn represent the solubility
parameters of heavy saturates, heavy aromatics and NSOs, respec-
tively. So the solubility parameter d for the total hydrocarbon at
the different pyrolysis temperatures can be calculated (Appendix
2). Taking Niu15 kerogen as an example, when the pyrolysis tem-
perature was 320 �C, the solubility parameter d for the total hydro-
carbon generated is 8.11 (cal/cm3)1/2, the Qv of residual kerogen at
320 �C is 1.3070 by means of the insertion method in Fig. 7a. So
the solubility parameter d for the total hydrocarbon at the different
pyrolysis temperatures was illustrated in Fig. 7 by means of the
insertion method. Therefore, the Qv of residual kerogen at different
pyrolysis temperatures can be derived, and the retention yields of
total hydrocarbon can then be calculated (Fig. 8a and b) by the fol-
lowing equation:

Y ¼ ðQv � 1:0Þ � q1

q2
ð5Þ

where Y is the total hydrocarbon retention; Qv is the swelling ratio
of residual kerogen at different pyrolysis temperatures; q1 and q2

are the density values of total hydrocarbon and the residual kero-
gens, respectively, and the density of the total hydrocarbon is esti-
mated to be 0.9 g/cm3 in this study.
Fig. 7. Swelling ratio curves showing relationships among d value, swelling ratio and py
(a, 2 �C/h Niu15 kerogen; b, 2 �C/h Wang120 kerogen; c, 20 �C/h Niu15 kerogen; d, 20 �C
The retention yield of each oil fraction can be determined by
multiplying the retention yield of total hydrocarbon with normal-
ization of the solubility parameter d for each group-type fraction,
according to the following equation, in order to avoid overestimat-
ing the retention of this particular oil fraction:

Yj ¼ Ydj=
X

di ði; j ¼ s; a;nÞ ð6Þ

where Y is the total hydrocarbon retention. Yj is the retained yield of
fraction j in the kerogen; ds, da and dn represent the solubility
parameters of heavy saturates, heavy aromatics and NSOs, respec-
tively. Thus, the contents of the expelled group-type fractions of
petroleum could also be computed.

In this study, in order to compare with kinetics of hydrocarbon
generation and to build up the kinetic model of oil group-type gen-
eration and expulsion, we regard oil retention as a kinetic process.
As the retention yields in kerogen are gradually decreased with in-
crease in maturation/pyrolysis temperature (Fig. 8a and b), it is
necessary to carry out a simple transformation when the kinetic
parameters are fitted and applied to geological conditions. The ki-
netic parameters for retention of oil and its group-type fractions
are fitted by using KINETICS 2000 software (Fig. 8c and d), follow-
ing the procedures and steps similar to those for generating hydro-
carbon as mentioned above. Based on the burial and thermal
history of the Niuzhuang sag, the retention history of the oil and
its fractions in Niuzhuang sag, Dongying Depression, Bohai Bay Ba-
sin could be simulated. Combining the generation history and
retention history and coupling with the Easy%Ro model (Sweeney
and Burnham, 1990), The kinetic model of hydrocarbon generation,
retention and expulsion were modeled (Fig. 9), and calculated val-
ues were provided in Appendix 3. The results demonstrate that
when Ro% increases to 0.75 and 0.65, the oil starts to be expelled
from the E2-3s3

3 and E2-3s1
4 source rocks at about 3.96 Ma and

17.46 Ma ago, respectively, which means that the E2-3s3
3 and

E2-3s1
4 source rocks are buried at a depth of 3180 m and 2600 m,
rolysis temperature, with high swelling ratio suggesting high HC retaining potential
/h Wang120 kerogen).



Fig. 8. Calculated retention yield of total hydrocarbon at different heating rates and kinetic parameters for total products retained in kerogens (a, Niu15; b, Wang120; c,
Niu15; d, Wang120).

Fig. 9. Retained and expelled oil composition vs. Easy%Ro for Niuzhuang Sag, Dongying Depression, Bohai Bay Basin, China (a, E2-3s3
3 source rock; b, E2-3s1

4 source rock).

Fig. 10. The box-whisker plot for the crude oil type-group fractions (raw data from
Li et al., 2005) based on the values predicted from our expulsion model (circles).
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respectively. If 200 mg HC/g TOC is the minimum prerequisite for
oil expulsion (Pepper and Corvi, 1995b), the generated oil would
begin to be expelled from the E2-3s3

3 source rock and E2-3s1
4 source

rock at about 1.86 Ma and 10.25 Ma ago, respectively (Fig. 6). As
a result, it can be predicted that the present efficiency of petroleum
expulsion only reaches about 50% of the target, since only satu-
rated HC can be expelled (Fig. 9). Our results suggest that the min-
imum prerequisite for oil expulsion is variable and depends upon
the type of source rock and the maturation and thermal history
it undergoes.

As the total hydrocarbon expulsion potential increases with the
increase in Ro%, the E2-3s3

3 and E2-3s1
4 source rocks reached maxi-

mum expulsion yield at 335.6 mg/g TOC and 433.3 mg/g TOC, with
the corresponding Ro% values being 1.00% and 1.22%, respectively.
As shown in Fig. 9, aromatics and NSO compounds demonstrate
lower expulsion potential than saturates, even though the expul-
sion efficiency still increases gradually with increasing maturation.
The proportions of the expelled saturates, aromatics and NSOs are
about 60%, 15% and 25%, respectively, at present. Lu et al. (2003)
studied group compositions of 20 wells crude oil samples from
Dongying Depression and found that the proportions of saturates,
aromatics and NSOs range between 27.0–80.0%, 9.3–6.4% and
5.7–37.8%, respectively. The study on the petroleum system of
the Niuzhuang South Slope (Li et al., 2005) shows similar propor-
tion ranges for group-type fractions. The statistical ranges of the
crude oil group compositions and the predicted values are demon-
strated in Fig. 10, which indicates that the predicted values are
within the acceptable ranges from statistics, although the pre-
dicted NSOs value is slightly higher than that of the crude oil.
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5. Conclusions

The kinetics of crude oil and its group-type fractions were stud-
ied by way of an experimental scheme and associated calculations
for oil expulsion are addressed in this paper. The results of kinetic
modeling show that the E2-3s3

3 and E2-3s1
4 source rocks in the

Niuzhuang sag entered the ‘‘oil window’’ at 4.26 Ma and
24.85 Ma, respectively, the E2-3s3

3 source rocks are still in the main
phase of hydrocarbon generation, while the E2-3s1

4 source rocks
have nearly finished the process of oil generation. At present, the
yields of saturates, aromatics, resins and asphaltenes from E2-3s3

3

source rocks are 222.0 mg/g TOC, 71.3 mg/g TOC, 62.4 mg/g TOC
and 50.0 mg/g TOC, and those from E2-3s1

4 source rocks are
280.9 mg/g TOC, 96.0 mg/g TOC, 66.8 mg/g TOC and 53.8 mg/g
TOC, respectively.

Our results suggest that when Ro% is 0.62 and 0.45 for E2-3s3
3 and

E2-3s1
4 source rocks respectively, the NSO compounds are primarily

generated and retained in the rocks; when Ro% increases to 0.75
and 0.65, the generated hydrocarbons would start to be expelled
at about 3.96 Ma and 17.46 Ma ago, respectively. The expulsion po-
tential for total hydrocarbon increases with increase in Ro%, and
the E2-3s3

3 and E2-3s1
4 source rocks reach maximum expulsion yields

at 335.6 mg/g TOC and 433.3 mg/g TOC, respectively, with the cor-
responding Ro% being 1.00% and 1.22%, respectively.

The aromatics and NSO compounds show considerably lower
expulsion potentials than saturates, even though the expulsion
efficiency also increases gradually with increase in maturation.
The proportions of the expelled saturates, aromatics and NSOs
are about 60%, 15% and 25%, respectively, at present. The method
used, based on swelling experiments and kinetic modeling, could
be used to predict the timing of oil expulsion and the compositions
of the group-type fractions of expelled/retained oil.
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