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a b s t r a c t

Vitrinite reflectance (VR, Ro%) measurements from residual kerogen of pyrolysis experiments were per-
formed on immature Maoming Oil Shale substituted the samples for the gas-prone source rocks of Yach-
eng formation of the Qiongdongnan Basin in the South China Sea. The work was focused on
determination an upper limit of maturity for gas generation (ULMGG) or ‘‘the deadline of natural gas gen-
eration’’. Ro values at given temperatures increase with increasing temperature and prolonged heating
time, but DRo-value, given a definition of the difference of all values for VR related to higher temperature
and adjacent lower temperature in open-system non-isothermal experiment at the heating rate of 20 �C/
min, is better than VR. And representative examples are presented in this paper. It indicates that the
range of natural gas generation for Ro in the main gas generation period is from 0.96% to 2.74%, in which
DRo is in concordance with the stage for the onset and end of the main gas generation period correspond-
ing to 0.02% up to 0.30% and from 0.30% up to 0.80%, respectively. After the main gas generation period of
0.96–2.74%, the evolution of VR approach to the ULMGG of the whole rock for type II kerogen. It is equal
to 4.38% of VR, where the gas generation rates change little with the increase of maturation, DRo is the
maximum of 0.83% corresponding to VR of 4.38%Ro, and the source rock does not nearly occur in the end
process of hydrocarbon gas generation while Ro is over 4.38%. It shows that it is the same the ULMGG
from the whole rock for type II kerogen as the method with both comparison and kinetics. By comparing
to both the conclusions of pyrolysis experiments and the data of VR from the source rock of Yacheng for-
mation on a series of selected eight wells in the shallow-water continental shelf area, it indicate that the
most hydrocarbon source rock is still far from reaching ULMGG from the whole rock for type II kerogen.
The source rock of Yacheng formation in the local areas of the deepwater continental slope basin have
still preferable natural gas generative potential, especially in the local along the central depression belt
(namely the Ledong, Lingshui, Songnan and Baodao sags from southwest to northeast) from the depocen-
ter to both the margin and its adjacent areas. It help to evaluate the resource potential for oil and gas of
the hydrocarbon source rock in the deepwater continental slope of the Qiongdongnan Basin or other
basins with lower exploration in the northern of the South China Sea and to reduce the risk in
exploration.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

There are many maturation parameters available, such as VR,
spore coloration, Tmax from Rock–Eval pyrolysis, Apatite Fission
Track Analysis, but VR is the most commonly used (Carr and
Williamson, 1990; Huang, 1996). Traditionally, the current wisdom
is to consider VR as a function of temperature and time (Hunt,
1979; Tissot and Welte, 1984). And some observations confirm
ll rights reserved.
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that the development of VR is controlled more by temperature
than time, especially the importance of temperature as opposed
to time in controlling maturation has been presented (Ritter,
1984; Huang, 1996), which is consistent with kinetically based
models of VR in which reflectance is exponentially related to tem-
perature, but only linearly related to time. Furthermore, many
maturity models which explorationists have developed are either
Lopatin’s Time–Temperature Indexes (TTIs) produced by calibrat-
ing the maturity with time and temperature in basins (Waples,
1980; Goff, 1983), or kinetically based (Ritter, 1984; Sweeney
and Burnham, 1990; Li et al., 2008). Recently, more laboratory
studies focus on the effects of pressure on VR (Price and Wenger,
1992; Hao et al., 1995) which have shown that pressure or over-
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pressure can be incorporated into a kinetic model (Dalla Torre
et al., 1997; Carr, 1999, 2000; Zou and Peng, 2001), and on any
other parameters capable of influencing the maturity, e.g. heating
rate, lithology, hydrogen index and dry or wet conditions in
laboratory pyrolysis (Khorasani and Michelsen, 1994; Huang,
1996; Lewan, 1998). Generally, these methods for modeling the
behavior of organic matter at depth in the source kitchens, in that
exploration drilling rarely encounters the source kitchens respon-
sible for hydrocarbon generation.

The hydrocarbon source rock of Yacheng formation (early
Oligocene) in the Qiongdongnan Basin (QDNB) of the South China
Sea (SCS) is buried deeply at the high subsidence rate during
Oligocene–Quaternary (Sun, 1994; Gong et al., 1997; Yuan et al.,
2008) and matured rapidly, and had been at high-maturity or
over-mature stage (Huang, 1999). According to the classic theory
and modeling on the hydrocarbon generation by kerogen ther-
mo-decomposition by Tissot and Welte (1984), it can be assumed
that a large quantity of liquid hydrocarbons and natural gases
had been generated during the mature stage from the organic mat-
ter of these source rocks. The questions remaining are how much
Fig. 1. Map showing: (a) the locations of the Qiongdongnan in the South China Sea and M
No. 11 fault and No. 12 fault in the Qiongdongnan Basin; (c) total and tectonic subsidence
Maoming basin and sampling site. ((b) Is revised after Yuan et al., 2008 and Zhang et al
the gas generative potential is during Oligocene–Quaternary, and
how much the gas generative potential is at the high-maturity or
over-mature stage, and whether or not they could form commer-
cial natural gas pools. To answer these questions will not only help
to resolve many problems in mechanism of hydrocarbon accumu-
lation of the SCS, but also determine whether the layer system and
blocks of the exploration in deepwater areas of the QDNB select or
not. And it is one of the key issues whether or not enhance to
launch the large-scale exploration in the deepwater region of the
QDNB.

So, as a maturation parameters available of VR (Ro), the work
was focused on determination a ULMGG or the deadline of gas gen-
eration by pyrolysis experiments under various conditions for the
hydrocarbon source rock of Yacheng formation in the QDNB. To
obtain the geological conditions of a sedimentary basin, we analyze
the geologic, thermal and buried history of the hydrocarbon source
rock and the geological features in deepwater area of the QDNB on
the comprehensive research of the previous. It can be checked by
comparing different pyrolysis experiments of one sample, in order
to accelerate the prospecting of oil and gas in the deepwater basin
aoming basin; (b) tectonic units, locations of the wells and the No. 1 fault, No. 5 fault,
rate of selected seismic profile in the Qiongdongnan Basin; (d) the geological map of
., 2010, (c) Is revised after Gong et al., 1997 and (d) Is cited after Guo et al., 2009).
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of the SCS. It will help to forecast preferable prospect area and to
establish exploration strategy. Especially some large-scale oil and
gas fields in the deepwater continental slope of the petroliferous
basins around the world were found one after the other.
2. Geologic setting

The QDNB is one of the oil–gas bearing basins in the northern
continental margin of the SCS. The basin is lying between Hainan
Island and the Xisha Islands (Fig. 1a and b), covering an area of
about 30,000 km2. The geology of the QDNB has been reported
(Yu et al., 1999; Yuan et al., 2008; Zhu et al., 2008; Zhang et al.,
2010). Briefly, it is separated from Hainan uplift by the No. 5 fault
in the north (Fig. 1b), Xisha–Zhongsha uplift by the No. 11 fault in
the south, Yinggehai Basin by the No. 1 fault in the west and Pearl
River Mouth Basin by the No. 12 fault in the east (Li and Zhu,
2005). Its western part is a deep depression containing Cenozoic
strata more than 10 km thick, especially the maximum of burial
depth with prominent local sag in the central depression belt is
about 12 km, according to drilling data and seismic data (Zhu
et al., 2008; Zhang et al., 2010). The central depression belt include
the Ledong, Lingshui, Songnan, and the Baodao sags from southwest
to northeast. The basement of the basin is dominated by the granite
forming in Yanshan period with a few Paleozoic sedimentary and
metamorphic rocks, which is buried at depth 9–13 km in the
Ledong sag, 8–12 km in the Lingshui sag, 7–10 km in the Songnan
sag and 7–11 km in the Baodao sag (Yu et al., 1999). Its sedimentary
sequences, from bottom to top, are Eocene, Yacheng formation
(early Oligocene), Lingshui formation (late Oligocene), Sanya for-
mation (early Miocene), Meishan formation (middle Miocene),
Huangliu formation (late Miocene), Yinggehai formation (Pliocene),
and Ledong formation (Quaternary), respectively. It experienced
multi-episodic extensional rifting, and therefore multi-episodic
heating events in Cenozoic time (He et al., 2001; Yuan et al.,
2009). The initial, early, and late rifting phases corresponded to
the Paleocene, Eocene, and Oligocene heating events, respectively.

The current geothermal field in the QDNB have been discussed in
a series of studies (He et al., 2001; Shi et al., 2003; Yuan et al., 2009;
Mi et al., 2009; Zhang et al., 2010). It synthesized the recent ad-
vances in researches is associated with ‘‘hot basin’’ by
high-maturity, high heat flow and high geothermal gradient with
respect to the basin developed in the South China continent. The
distribution of the present geotemperature at the bottom of
Yacheng formation reported is about 100–400 �C (Zhang et al.,
2010). The heat flow of the basin reaches the value of
72.9 ± 14.2 mW/m2, about 79 mW/m2 in the central depression
estimated (Shi et al., 2003) and its geothermal gradient varies from
19.7 �C/km and 39.5 �C/km with an average of 31.9 ± 5.6 �C/km
(Yuan et al., 2009). The heat flow and geothermal gradient of the
basin tend to increase from the continental shelf to continental
slope (Shi et al., 2003; Yuan et al., 2009). It is the combination of
the Cenozoic lithospheric thinning (He et al., 2001; Shi et al.,
2003) and the magnitude of the lithospheric thinning through
adjustment of the stress field at depth in the SCS (Zhan et al.,
2006). Moreover, it was controlled by the magmatic activities and
faulting during the Neotectonic event that the present-day geother-
mal field in the QDNB (Mi et al., 2009). The Neotectonic period oc-
curred in the Pliocene (Yu et al., 1999; Zhang et al., 2007), which
accounts for the rapid subsiding in the QDNB since 10.5–5.3 Ma
(Yuan et al., 2008). And the final episode of rapid subsiding event
started earlier in the west than that in the east. The Ledong sag of
western QDNB started the third rapid subsiding at �10.5 Ma, while
the central and eastern QDNB did not begin to sink until 5.3 Ma.

Since the Neotectonic period, QDNB is characterized with a
large subsidence, the deposition at high-speed rate and a wide
sedimentary range, together. Its total subsidence rate is over
200 m/Ma (Sun, 1994) in the central depression belt and up to
550 m/Ma, such as seismic profile (Gong et al., 1997) in the QDNB
(Fig. 1c). The maximum of the tectonic subsidence rate was as high
as 257 m/Ma in the Ledong sag of western QDNB, decreased to
179 m/Ma in the Lingshui sag of central QDNB and was as low as
29 m/Ma in eastern QDNB (Yuan et al., 2008). It is prominent that
the sag in the western parts of the QDNB in the late period is dom-
inated profoundly by the Neotectonic event. So, the hydrocarbon
source rock of Yacheng formation (early Oligocene) in the QDNB
was buried deeply at the high subsidence rate and matured rapidly
and had been at a high-maturity or over-mature stages (Huang,
1999). The basin is filled with the source rocks of the lacustrine
mudstones in Eocene, lacustrine facies, limnetic facies and transi-
tional facies in Oligocene and deposits in Miocene (Zhu et al.,
2008; He et al., 2009). The hydrocarbon source rocks of Yacheng
formation with kerogen of II2–III type is one of the major hydrocar-
bon source rocks which have great contribution to oil and gas gen-
eration (Gong et al., 1997; Zhang et al., 2007; Zhu et al., 2008).
3. Experiment

3.1. Substituted sample

Because of the lower exploration of oil and gas in the deepwater
continental slope area and a high-maturity of the hydrocarbon
source rock from petroleum exploration wells in the shallow-water
continental shelf region in the QDNB (Zhu et al., 2008; He et al.,
2009), we cannot collect the samples reliable for the experiments.
And in view of insufficient well logging data and shortage of geo-
logical information for the deepwater continental slope area (He
et al., 2009), the same work of the ULMGG as statistical rules from
the hydrocarbon source rocks of various types of kerogen and dif-
ferent maturation with the presence of considerable amounts of
samples cannot do as the previous study (Wang et al., 2005; Chen
et al., 2007). But it is one of the urgent problems need to be
answered what is the ULMGG from the hydrocarbon source rock
to current prospect and exploration for oil and gas in the deepwa-
ter continental slope basin of the broad areas in the ocean of China.
Therefore, a oil shale sample substituted for Yacheng formation
collected from the Maoming basin (Fig. 1d), where the basic geo-
logical conditions of the source rock for the same history of sedi-
mentary, parent material, and depositional environment and
accumulation in basin are similar to QDNB by comparison to large
geological information of the SCS and adjacent areas in China. On
the other hand, the experiments are conducted by the direct use
for the immaturity hydrocarbon source rock of whole rock accord-
ing to the compositions of the inorganic substances under the geo-
logical conditions and requirements of measuring accuracy for the
thermal simulation products (Geng et al., 2005). The genesis and
structure of Maoming Oil Shale have been extensively studied in
the last two decades (Fu et al., 1985; Hou et al., 1989; Yu et al.,
2000; Guo et al., 2009), providing good reference data for our
study. The analysis of sedimentary environments of Maoming
basin shows that the source rock is formed in semi-deep to deep
lacustrine and limnetic environments. Especially, Youganwo for-
mation in Oligocene is one of the major hydrocarbon source rocks
in Maoming basin (Guo et al., 2009).

The sample thus used in the present experiments is under depth
about 80 m from surface of the upper fault in a famous oil-shale
producing mining area in Jintang of Maoming basin. And at this
locality it is thermally immature in the pre-oil generation stage.
A fresh unweathered sample was collected from a 20 cm thick
bed 30 cm below the upper contact with an overlying gray mud-
stone. The collected sample is a brown rock with an organic carbon



Table 1
Total organic carbon (TOC) and Rock–Eval pyrolysis data on the sample using in closed and open system experiments.

Location of samples Stratum TOC (%) S1-peak (mg/g rock) S2-peak (mg/g rock) Ro (%) Tmax (�C)

Mining area in Jintang of Maoming basin Youganwo formation 11.40 1.24 55.36 0.44 431

206 L. Su et al. / Journal of Asian Earth Sciences 54–55 (2012) 203–213
content of 11.40%, and Ro is 0.44%. And type II kerogen of the
Maoming Oil Shale has an atomic H/C ratio of 1.65 and an atomic
O/C ratio of 0.19 as Hou et al. (1989). General organic geochemical
characteristics of the original rock sample from Rock–Eval pyroly-
sis are summarized in Table 1. VR and Tmax-value clearly indicate
that the organic matter of the rock is immature.

3.2. Experimental conditions

3.2.1. Hydrous pyrolysis in the closed-system of autoclave
The hydrous pyrolysis experiment in the closed-system were

performed in 200 ml autoclaves of Hastelloy GCF-0.25 L reactor
(made in Dalian city, Liaoning province of China). The samples
were grounded to 80 mesh. In each experiment about 50 g of the
powdered samples material of whole rock and deionized water gi-
ven 12, 10, 8, 6 and 4 ml at maximum heating temperature were
used as advised by Qin et al. (2002), respectively. Before closing,
the autoclaves were purged with helium. After the oven tempera-
ture was programmed from air temperature about 20 �C to 300 �C
(an initial heating) and to the next temperature at 3 �C/min, and
then held at this temperature for 72 h. Then the next temperature
was increased in steps of 50 �C up to the final temperature for each
experiment, maximally to 500 �C. Different duration (72, 144 and
216 h) were used at the final temperature level (500 �C) in order
to obtain the rate of hydrocarbon gas generation and evolution of
VR under the same temperature against various duration. The
autoclaves were air-cooled to ambient temperature overnight be-
fore sampling and analyses. Temperatures were monitored with
type XMT-131 thermocouples that were calibrated against na-
tional standards at the final temperature for each experiment. After
the experiments cooled to room temperature, pressure and tem-
perature were recorded and a sample of head-space gas was col-
lected in an evacuated 30 cm3 stainless-steel cylinder.

3.2.2. Anhydrous pyrolysis in the open-system non-isothermal
experiment

The method of anhydrous pyrolysis under open-system condi-
tions provides probably the closest approach to primary cracking
reactions. In each experiment the organic material of whole rock
was pyrolyzed in the open-system non-isothermal pyrolysis as
described by Krooss et al. (1995) on a new apparatus, which has
been built in 2009 by the Key Laboratory of Petroleum Resources
Research in Institute of Geology and Geophysics of Chinese
Academy of Sciences. Fig. 2 shows a scheme of the experimental
set-up. The equipment consists of an open system pyrolysis furnace
with ultra-high temperature as well as a computerized remote con-
trol and data sampling unit. For rock pyrolysis, an open system
pyrolysis unit designed for dry non-isothermal experiments was
Fig. 2. Scheme of the experimental system used in
used and heated from 250 �C (an initial heating) and up to
1100 �C (an final heating), increasing in steps of 50–1100 �C by con-
trolling the oven temperature with Eutrotherm™ during the exper-
iments. It was carried out in sealed quartz glass reactor of the
apparatus with low pressures, and very large reaction volumes rel-
ative to the large amounts of reactants about 30 g of the powdered
samples material.

The reactor was heated in a horizontal single furnace. It was
equipped with an internal metal coat to homogenize the tempera-
ture field around the rock material. Based on NiCr–Ni thermocou-
ples within the metal coat and directly dipping into the sample, the
accuracy of the temperature measurement resulted in an error of
about ±2 �C. The quartz glass reactor was then closed and flushed
with helium current for 50 min to remove atmospheric gas and
permanently flushed with 30 ml/min helium as carrier gas during
the pyrolysis. After setting the constant heating rates of 8 or
20 �C/min, maximum temperature and checking the flange leak-
age, the experiment commenced and ran automatically. And the
higher heating rate of 20 �C/min was designed on the basis of the
high geothermal field in the QDNB. For compositions of gas phase
products analyses, gas samples were taken off-line from experi-
ments performed. During time intervals (approximately 6 and
2.5 min corresponding to heating rate of 8 and 20 �C/min) gaseous
pyrolysis products together with helium were flushed through an
annulations equipped with two stopcocks linked to a group of glass
sampling flask (250 ml). After regular intervals gas was expanded
into a glass sampling flask and it was closed for No. 1 at 250 �C
and to No. 18 at 1100 �C. For every gas samples a new glass flask
was installed.

For compositions of hydrocarbon gas analyses, and the gas sam-
ple of carrier gas was injected from the glass flask into a gas chro-
matography (HP 6890) unit and gaseous hydrocarbons were
separated and quantified system analysis by gas chromatographic
analysis. The rates of generation for methane, ethane, propane
and heavy hydrocarbons (C4–6) using the respective peak areas
and the known concentration of the components in the calibration
standard above. Measurements were carried out using the method
of continuous flow. Due to the reproducibility of the experiment, a
repeat run at 20 �C/min was performed for about 30 g of the pow-
dered samples not only measuring compositions of hydrocarbon
gas but also obtaining VR of residual kerogen from the pyrolysis
experiment at every given temperature. During the experimental
procedure, all glass apparatus, flask and vials were thoroughly
cleaned and baked at 550 �C for 4 h before using in order to avoid
any possible laboratory contamination.

Additionally, VR of original sample and pyrolysis residues from
the anhydrous and hydrous experiments were measured using
microscope photometer of type UMSP-50 in accordance with the
the open-system non-isothermal experiment.
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State Standard of China SY/T 5124-1995 (equivalent to ISO 7404-
5:1994). The evaluation of the experimental data was performed
according to the scheme and yielded an activation energy distribu-
tion and one common pre-exponential factor for the entire set of
parallel reactions with the special kinetics software (edition in
2005) as the model of LLNL (Lawrence Livermore National
Laboratory) in USA.

4. Results and discussion

4.1. Kinetic parameters of hydrocarbon gas generation

The method used in this kinetic study was open-system non-
isothermal pyrolysis as Krooss et al. (1993). The temperature of
the generation yields for methane obtained is range from 250 to
1100 �C. In order to obtain the ULMGG, the temperature is avail-
able up to 1100 �C in the present. Kerogen pyrolyzed thoroughly
under this ultra-high temperature and gaseous pyrolysis products
are expelled from the reactors by helium as carrier gas while they
are generating from the pyrolyzed rocks and could be recorded
completely. The hydrocarbon gas generation maximum was there-
fore sufficiently defined with respect to its peak shape and the
overall generation potential. Based on the experimental generation
yields activation energy distributions for the generation of meth-
ane, ethane, propane and heavy hydrocarbon components (C4–6)
from the samples were determined.

The kinetic evaluation of the experimental data is under the
simplifying assumptions that: (i) the generation reactions of both
gases could be explained by a set of parallel first-order reactions
with Arrhenius-type temperature dependence, (ii) the pre-expo-
nential factor for all reactions are identical, and (iii) the sequence
of reactions in the laboratory is the same as in nature, where much
more time is available and where temperatures are much lower.
The precision of the kinetic parameters, in particular the pre-expo-
nential factor, can be improved by performing pyrolysis experi-
ments at different heating rates of 8 and 20 �C/min, which the
latter is high on the basis of the present-day high geothermal fields
in the QDNB.

Krooss et al. (1993) have been reported activation energy distri-
butions for the generation of nitrogen and methane but not related
to that ethane, propane and heavy hydrocarbons (C4–6) as interme-
diate pyrolysis products. In this study, we calculated activation en-
ergy for the generation of not only methane but also ethane,
propane and heavy hydrocarbons (C4–6) from oil shale sample.
For the kinetic evaluation of the experimental data it is assumed
that the generation of hydrocarbon gas from organic matter can
be described by a set of parallel reactions following a first-order
rate law (Braun and Burnham, 1987). The reaction rate, ri, of the
ith parallel reaction is expressed as:

ri ¼ dmi=dt ¼ kiðm0i �miÞ ð1Þ

where m0i is the total amount of gas that can be generated from the
oil shale (ultimate gas yield) via reaction i and mi is the amount of
gas that has been generated by this reaction until time t. The tem-
perature dependence of the rate coefficients (k) of kerogen matura-
tion (Sweeney and Burnham, 1990) and petroleum generation
Table 2
Kinetic parameters of hydrocarbon gas generation results for type II organic matters.

Parameters C1

Distribution of activation energy (kcal/mol) 38–86
Dominant frequency of activation energy (kcal/mol) 52
Percent of dominant frequency of activation energy (%) 20.44
Pre-exponential factor (s�1) 6.47 � 1011

C1: Methane; C2: Ethane; C3: Propane; C4–6: Heavy hydrocarbons.
reactions is commonly expressed by the semi-empirical Arrhenius
equation which represents a good approximation of relationships
derived on a more rigorous theoretical basis:

ki ¼ Ai expð�Ei=RTÞ ð2Þ

where Ai is pre-exponential factor of the ith reaction (‘frequency
factor’) (s�1), Ei is activation energy of the ith reaction (J/mol), T is
absolute temperature (K), R is the gas constant (J/mol/K). Evalua-
tions were carried out assuming up to 25 parallel reactions (i = 1–
25) each of which was attributed a specific activation energy.

In order to reduce the number of parameters the same pre-
exponential factor A was taken for all reactions (Ai = A for all i).
The sample was pyrolyzed at two different heating rates in order
to achieve a more reliable determination of the kinetic parameters,
in particular the pre-exponential factor. Using a non-linear least-
squares fit procedure (Schaefer et al., 1990) the generation poten-
tials (m0i) for the i reactions and the common pre-exponential fac-
tors were adjusted to obtain the best fit of the calculated
generation yields to the experimental curves for two heating rates
with the special kinetics software. The results of the kinetic evalu-
ation for hydrocarbon gas generation from the oil shale in terms of
an activation energy distribution are shown in Table 2 and Fig. 3.
The activation energies and corresponding pre-exponential factors
for methane, ethane, propane, and heavy hydrocarbons (C4–6) ob-
tained from this evaluation are in the range from 38 to 86 kcal/
mol at 6.47 � 1011 (1/s), 44 to 92 kcal/mol at 2.70 � 1012 (1/s), 43
to 77 kcal/mol at 1.10 � 1015 (1/s) and 46 to 70 kcal/mol at
8.39 � 1015 (1/s), respectively. These pre-exponential factors are
similar with values of around 1011–1012 (1/s) to those reported
by Pepper and Corvi (1995) and slightly higher values of 1013–
1015 (1/s) (Espitalié et al., 1988; Forbes et al., 1991; Braun and
Burnham, 1992; Béhar et al., 1997).

Activation energy distributions of hydrocarbon gas generation
show an asymmetrical appearance. In order of methane, ethane
and propane of all evaluations performed, the dominant frequency
of activation energy and its percent for those hydrocarbon gases
increasing gradually are from 52 to 63 kcal/mol and from 20.44%
to 42.50%, respectively. And corresponding pre-exponential factors
increased exponentially from 6.47 � 1011 to 1.10 � 1015. Further-
more, comparison to methane, ethane and propane both the
decrease of activation energy and the exponential increase of
pre-exponential factor for heavy hydrocarbons will have a greater
contribution to the constant of the reaction rate (R) according to
Eq. (2). Further measurements to verify these kinetic parameters
are in progress.

4.2. Expression and determination of the main generation period for
natural gas

It is difference between the hydrocarbon generation and the
evolution for various types kerogen. Even if the same type of kero-
gen, the previous studies have shown that it is different between
the hydrocarbon generation process and gas generation rates in
various stages by using different simulation systems (Hu et al.,
2004; Zhao et al., 2005). Therefore, the main gas generation period
under different experimental systems must be obtained first accu-
C2 C3 C4–6

44–92 43–77 46–70
54 63 48
38.04 42.5 25.05
2.70 � 1012 1.10 � 1015 8.40 � 1015



Fig. 3. Kinetic parameters of hydrocarbon gas generation: (a) Methane; (b) Ethane; (c) Propane; (d) Heavy hydrocarbons.
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rately linked necessarily to the ULMGG for the source rock deter-
mined during the natural gas maturation process.

4.2.1. Expression of the main gas generation period
The predecessors usually expressed the formation of oil and gas

by using geological time (Ma), Ro (%), temperature (�C) and burial
depth (m). Organic matter will be cracked to hydrocarbon in the
geological history with a certain burial depth, and ground temper-
ature increasing rapidly (Zheng et al., 2003), and the thermal evo-
lution speeding up simultaneously. It is chemical reactions in the
process of type II kerogen cracking macromolecules, and further
cleavage of small molecules. Gas generation yield is different in a
various thermal stage, which is the process of amount of thermo-
genic gas of methane-based generated after oil generation. A large
number of natural gas will generate in a certain stage, which most
of gas products yield is generated. And it is the main period that
the hydrocarbon source rocks generate gas, namely the main gas
generation period (Wang et al., 2005). Hydrocarbon gas generated
from types II kerogen in the deepwater continental slope of the
QDNB, the VR expresses generally both the stage in gas generation
and the range of the main gas generation period. But the key prob-
lem is how to determine the boundary of Ro in the main gas gen-
eration period.

4.2.2. Determination of the main gas generation period
The progressive process of the hydrocarbon gas generation un-

der the closed-system conditions at different temperature can be
determined by obtaining the evolution of hydrocarbon gas with
the cumulative and phase rate of hydrocarbon gas products (Hu
et al., 2004; Zhao et al., 2005). In contrast, the interval process of
hydrocarbon gas generation obtained at different temperature un-
der the open-system conditions is conducive to accurately under-
stand the different characters in the stages of the evolution of
hydrocarbon gas generation (Liu et al., 2009). Natural gas produced
during the main gas generation period can attribute to 60–80% of
the total gas production derived from hydrocarbon source rocks
(Wang et al., 2005; Zhao et al., 2005).

As the integrated research on the geological conditions in the
deepwater continental slope of the QDNB and the analysis of
experimental results, the present study to determine the main
gas generation period for type II kerogen include that: (i) Natural
gas produced during the main gas generation period can attribute
to no less than 60% of the total gas production; (ii) what is the
inflexion between the slope of the curve of natural gas generation
rate and its transformation ratio. As pointed out above for the pres-
ent study on kinetics of the experimental data from type II kerogen
in the deepwater continental slope of the QDNB, it is assumed that
the transformation ratio of natural gas generation is the same 20%
and 80% of the total gas production corresponding to the onset and
end of the main gas generation period as Wang et al. (2005) and
Zhao et al. (2005).

4.3. The ULMGG of the whole rock from type II kerogen

4.3.1. Determination of the ULMGG by comparison method
Reflectance measurements made on minor to trace amounts of

vitrinite dispersed within the predominantly amorphous kerogen
gave consistently higher mean reflectance values under anhydrous
conditions. To set up the entire thermal evolution of the whole
rock as a potential gas source in the QDNB, VR of pyrolysis residues
was recorded with range from 0.50% to 5.05% under hydrous
closed-system conditions at different temperature for 72 h and at
the final temperature level (500 �C) for different duration (72,
144 and 216 h).
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The cumulative rates of methane observe in Fig. 4a increasing
gradually with increasing maturation and predominantly higher
than that of ethane, propane and heavy hydrocarbons from type
II kerogen. Evidently, Ro related to the peak maximum of the phase
rates for the former is equal to 3.0% more than that of the latter,
which is 2.53% (Fig. 4b). The cumulative and phase rates of ethane,
propane and heavy hydrocarbons decrease gradually over 2.53%Ro
and cease completely about 3.0%Ro. Experimental results indicate
that methane generated from ethane, propane and heavy hydro-
carbons after the VR of 2.53%Ro at 400 �C except for degradation
of kerogen under the closed-system conditions. It is the time for
natural gas generation that peaks maximum of the hydrocarbon
gas generation in the maturity process is the highest transforma-
tion ratio of hydrocarbon gas generation. Experimental results
indicate that the ULMGG of the whole rock for type II kerogen is
more than 3.0%Ro, which is peak maximum of methane yield.
The previous studies show that amounts of liquids hydrocarbon
(e.g., crude oil) cracking during the main gas generation period
was the involvement of thermal cracking of C2+ by the close-sys-
tem pyrolysis (Hu et al., 2004; Zhao et al., 2005), which is pro-
longed the peak maximum of hydrocarbon generation to higher
stages of the thermal evolution for 3.0%Ro due to the presence of
secondary methane. The cumulative rate of methane has increased
dramatically at 500 �C for 144 h (Ro = 4.38%) more than for 72 h
Fig. 4. Characteristics of the hydrocarbon gas generation rates in the pyrolysis experimen
the closed-system experiment; (c) the cumulative rates in the open-system experiment
open-system experiment is 20 �C/min related to the present-day high geothermal fields
(Ro = 4.06%), but changed little for 216 h (Ro = 5.05%), where corre-
sponding final pressure recorded are 10.2, 10.4, and 10.4 MPa,
respectively. When Ro is between 0.50% and 4.38%, the increasing
range of methane is very large but very low over 4.38% for Ro. And
hydrocarbon gas generation from the hydrocarbon source rock
does not nearly occur in the end evolution of Ro over 4.38%. There-
fore, the ULMGG of type II kerogens is equal to 4.38%Ro.

In addition, compared to the experimental results in the closed
system pyrolysis, Fig. 4c and d shows the hydrocarbon gas genera-
tion curves for methane, ethane, propane and heavy hydrocarbons.
Those curves are obtained in the open-system non-isothermal
pyrolysis with the heating rate of 20 �C/min. The cumulative rates
of hydrocarbon gas generation increased gradually with increasing
maturation in the range from 0.50% to 5.79%Ro. Ro related to the
peak maximum of those hydrocarbon gas generation except for
propane (1.29%) is equal to 1.62%Ro. It is obvious that the peak
maximum is lower in the open system than in the closed system
for 3.0%Ro. Experimental results support that the conclusions of
the experimental data of hydrocarbon gas generation from degra-
dation of kerogen more earlier than from liquid hydrocarbons
cracking, such as crude oil (Hu et al., 2004; Zhao et al., 2005).

Furthermore, Fig. 4d exhibit that the main generation period for
ethane, propane and heavy hydrocarbons is very narrow and con-
spicuous in the range from 450 to 650 �C. It is worthy of discussion
ts: (a) the cumulative rates in the closed-system experiment; (b) the phase rates in
; (d) the phase rates in the open-system experiment. The high heating rate of the
in the Qiongdongnan Basin.



Table 3
The data on DRo (%) related to Ro (%), and temperature (�C) in the open-system non-
isothermal experiment at the heating rate of 20 �C/min.

No. T (�C) Ro (%) DRo (%)

Unheated 0.44
1 250 0.5 0.06
2 300 0.54 0.04
3 350 0.59 0.05
4 400 0.61 0.02
5 450 0.96 0.35
6 500 1.29 0.33
7 550 1.62 0.33
8 600 1.92 0.30
9 650 2.74 0.82

10 700 3.55 0.81
11 750 4.38 0.83
12 800 5.18 0.80
13 850 5.26 0.08
14 900 5.35 0.09
15 950 5.44 0.09
16 1000 5.56 0.12
17 1050 5.65 0.09
18 1100 5.79 0.14

210 L. Su et al. / Journal of Asian Earth Sciences 54–55 (2012) 203–213
that methane is characterized by a very broad range during the
main gas generation period. Because methane only remains in
the gas phase due to other hydrocarbon gas cracking to methane
at high maturity levels (Tissot and Welte, 1984). The cumulative
and phase rate of hydrocarbon gas generation for ethane, propane
and heavy hydrocarbons changes little after VR of 4.38% related to
750 �C. So, the experimental results indicate that the ULMGG of the
whole rock of type II kerogen related to VR of 4.38% is reasonable.

A DRo-value, given a definition of the difference between higher
temperature and lower temperature, has been calculated from all
values of Ro in the range from 0.44% to 5.79% in open-system
non-isothermal experiment at the rate of 20 �C/min related to
the present-day high geothermal fields in the QDNB (Fig. 5,
Table 3). VR of all segments had an increasing trend. And the
increasing rate of VR both in segments A–B and C–D is sufficiently
lower than in segments B–C.

Although the thermal evolution of organic matter maturity dur-
ing a pyrolysis can be demonstrated by the evolution curve of the
vitrinite reflectance vs. temperature plot as shown in Fig. 5, it
showed merely an increasing trend and could not properly express
the details. The DRo-value proposed in this paper has advantages
over value of VR for the thermal evolution of organic matter
maturity. And it is more useful for the details described as well
as the cumulative and/or phase rates of hydrocarbon gas
generation vs. temperature curve in Fig. 4c and d, especially in
the maximum increase of the segments B–C of VR.

Furthermore, its evolution exhibited different features in
different stages (Fig. 5 and Table 3). In the first stage, the DRo in
segments E–F had a slight increasing trend, because the corre-
sponding VR in segments A–B was the lower increasing rate. In
the second stage, the steepening of the DRo of segments F–G was
sufficiently fast such that the DRo increased rapidly from 0.02%
to 0.30% during the onset of the main generation period for natural
gas ranging from 0.96% to 2.74%Ro. In the third stage, the DRo of
segments G–H had a slow increasing trend during the middle por-
tion of the main generation period for natural gas. The evolution of
the DRo in the fourth stage of segments H–I was similar to the sec-
ond stage, but the values were much higher, from 0.30% up to
0.80%, during the end of the main generation period for natural
gas. The DRo of the fifth stage for segments I–K was the same as
the third stage, but the values were over 0.80% with a distinct peak
maximum of 0.83% at J point, evidently, where the value corre-
sponding to Ro is equal to 4.38%. Moreover, a clear decrease of
the DRo evolution for Ro over 4.38% is observed in the sixth stage
of segments K–L from 0.80% to about 0.10%. And the DRo evolution
Fig. 5. Vitrinite reflectance and its corresponding DRo-values vs. temperature in
the open-system non-isothermal experiment. The high heating rate of the open-
system non-isothermal experiment is 20 �C/min.
had a slight increasing trend in the value around 0.1% of the final
stage of segments L–M. It is the same value of the ULMGG equal
to 4.38%Ro and corresponding to the maximum of DRo-value for
0.83% as the aforementioned conclusion.

4.3.2. Determination of the ULMGG by kinetics method
As Fu et al. (2002), the curves of the natural gas transformation

ratio in the open-system non-isothermal pyrolysis with two con-
stant heating rates are obtained by kinetic method (Fig. 6). The
main gas generation period for natural gas determined is ranging
from 0.96% to 2.74% by combination the transformation ratio of
natural gas generation (20–80%) with the discontinuity in the slope
of the curve of natural gas generation rate and its transformation
ratio (Fu et al., 2002; Wang et al., 2005; Zhao et al., 2005). It is
the same range as the aforementioned conclusion by comparison
to the experimental results from the gas generation rates under
open system conditions. The natural gas transformation ratio for
ethane, propane and heavy hydrocarbons over 90% changes little
after 750 �C related to VR of 4.38%.

Methane can be destroyed, VR of more than 4.0%, at the last
stage of metamorphism for the source rock, where the constituents
of the residual kerogen are converted to graphitic carbon as Tissot
and Welte (1984). Other extensive hydrocarbon thermal simula-
tion experiments indicate that the gas generation rate from the
mudstone of source rock is slower for VR of about 3.0% (Hu et al.,
2004) and gas will not be generated, VR of about 4.0%. The ULMGG
from type II kerogen of the experimental results is from 4.4% to
4.5% (Wang et al., 2005). Chen et al. (2007) presented in details
the experimental data yielded by Rock–Eval pyrolysis, kerogen
atomic H/C, Py–GC and gold-tube sealing thermal simulation on
the marine Cambrian–Ordovician source rock (the Tarim Basin)
and revealed that the ULMGG or the ‘‘deadline of gas generation’’
for marine types I and II kerogen is equal to 3.0% of VR; while
the ‘‘deadline of gas generation’’ for type III kerogen typically like
coals is as high as 10%Ro (Fig. 7a). It is no wonder there existed var-
ious viewpoints as pointed out above on the upper limit of matu-
rity for different organic matter to generate gases in days gone
by. It has been demonstrated that type III organic matter like coal
releases hydrogen more slowly than the marine type I or II organic
matter during the thermal evolution, suggesting a lower hydrocar-
bon generative rate but a longer thermal evolutionary phase of
hydrocarbon generation. And different organic matter has obvi-
ously different utmost maturities for gas generation. It is therefore
slight different conclusion between the previous and the present



Fig. 6. The cumulative and phase translation ratio of hydrocarbon gas generation in the open-system non-isothermal experiment: (a) Methane; (b) Ethane; (c) Propane; (d)
Heavy hydrocarbons.

Fig. 7. Variations in H/C atomic ratios of coal and marine kerogens with increasing
maturity (revised after Chen et al., 2007).
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(Tissot and Welte, 1984; Hu et al., 2004; Wang et al., 2005; Chen
et al., 2007).

4.4. The potential of Yacheng formation in the deepwater continental
slope basin

Basic geological conditions for the migration and accumulation
model of the deepwater continental slope in the QDNB are similar
to those of the shallow-water continental shelf, nevertheless, the
deeper the sag and fractures, the bigger the dimensions of the
deposits and infillings, and hence the dimensions of the source
rock of Yacheng formation in the deepwater continental slope ba-
sin are larger and can lay an abundant source foundation for oil and
gas generation in the deepwater continental slope. The hydrocar-
bon source rock of Yacheng formation revealed by drilled well in
the shallow-water continental shelf include carbonaceous mud-
stone with coaly organic matter, and dark mudstone. Coal is ubiq-
uitous in the source rock of Yacheng formation, and the cumulative
thickness of coal is about 6 m and the predominant consists of coal
is clarain (Zhu et al., 2007). According to Chen et al. (2007), the
ULMGG for marine types I or II kerogen is equal to 3.0%Ro; while
the ULMGG for type III kerogen typically like coal is as high as
10%Ro. And the ULMGG of the source rock of Yacheng formation
for type II kerogen is equal to VR of 4.38% as the present experi-
mental results.

In addition, Ro on a series of selected 8 wells (Fig. 8) is ranging
from 0.46% to 2.19% and average for 1.02% related to the burial
depth of the source rock of Yacheng formation between 3700
and 5500 m. According to the classic theory by Tissot and Welte
(1984), the hydrocarbon source rock of Yacheng formation is in
the stage of condensate and wet gas formation by further pyrolysis
of dry gas and still effective for generating hydrocarbons. Most of
the hydrocarbon source rock of Yacheng formation is still far from
reaching the ULMGG for type II kerogen according to the present
and previous results (Tissot and Welte, 1984; Hu et al., 2004; Wang
et al., 2005; Chen et al., 2007). The hydrocarbon source rock of



Fig. 8. Vitrinite reflectance from the drilled wells for the source rock of Yacheng
formation in the shallow-water continental shelf of the Qiongdongnan Basin.
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Yacheng formation in the deepwater continental slope basin have
still preferable natural gas generative potential, where Ro is more
than 0.7% (Shan, 2010), especially in the local along the central
depression belt from the depocenter to both the margin and adja-
cent areas in the QDNB of the SCS.
5. Conclusions

As reaction kinetic parameters of the hydrocarbon gas genera-
tion from experimental results, the quantitative model of imma-
ture organic material of the whole rock for type II kerogen at the
different stage of the evaluation in the deepwater continental slope
of the QDNB are obtained. The activation energies and correspond-
ing pre-exponential factors for methane, ethane, propane, and hea-
vy hydrocarbons (C4–6) were in the range from 38 to 86 kcal/mol at
6.47 � 1011 (1/s), 44 to 92 kcal/mol at 2.70 � 1012 (1/s), 43 to
77 kcal/mol at 1.10 � 1015 (1/s) and 46 to 70 kcal/mol at
8.39 � 1015 (1/s), respectively.

The characteristics of the evolution of hydrocarbon gas genera-
tion were analyzed systematically by both comparing to the rates
and study on kinetics of the hydrocarbon gas generation from
the open-system non-isothermal pyrolysis at two constant heating
rates conditions with ultra-high temperature. It indicates that
hydrocarbon gas generation during the main gas generation period
is ranging from 0.96% to 2.74%Ro. DRo-values increased rapidly
from 0.02% up to 0.30% and from 0.30% up to 0.80% related to the
onset and the end of the main gas generation period. The upper
limit of maturity for gas generation of the whole rock for type II
kerogen is equal to 4.38%Ro with a slight difference as the previous
results, where the gas generation rates change little with the in-
crease of maturation, the DRo-value is 0.83% of the maximum re-
lated to VR of 4.38%Ro and the hydrocarbon source rock don not
nearly occur in the end process of natural gas generation while
Ro is over 4.38%. It shows that it is the same the ULMGG from
the whole rock for type II kerogen as the method with both com-
parison and kinetics.

According to the present conclusions, we replied positively the
key questions that the hydrocarbon source rock of Yacheng forma-
tion in the deepwater continental slope basin has still preferable
natural gas generative potential, particularly in the local along
the central depression belt from the depocenter to both the margin
and adjacent areas in the QDNB. It help to evaluate the resource
potential for oil and gas of the hydrocarbon source rock in the
deepwater continental slope with lower exploration in the north-
ern of the South China Sea. And it is very significant to petroleum
exploration and development in the deepwater continental slope
basin of the broad ocean areas in China.
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