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In the comparison research of hydrocarbon regeneration, a low maturity carbonate source rock is
heated to different temperatures in a gold tube to obtain a series of samples with different maturities.
Then, the heated samples, before and after extraction, are subjected to Rock-Eval pyrolysis through a
thermal simulation of hydrocarbon regeneration in order to inspect pyrolysis characteristics and probe
into the characteristics of the chemical kinetics of each sample. The results indicate that, whether
hydrocarbon regeneration peak is delayed or advanced, the potential of hydrocarbon regeneration is
closely related to the expulsion amount and breakdown maturity of primary hydrocarbon generation.
After extraction, the average activation energy of artificially maturated samples increases with the in-
creasing maturity, but the chemical kinetic properties of un-extracted samples decrease. The calibrated
chemical kinetic models that describe extracted and un-extracted samples are applied to the Bohai Bay
and the Songliao Basin, and the results indicate that the combination of the two models can explain
some contradictory conclusions previously reported. These results also facilitate the quantitative

evaluation of the amount of hydrocarbon regeneration by the chemical kinetic method.
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Many hydrocarbon-bearing basins, especially in carbon-
ate rocks basins, are multistage basins in China. These
kinds of basins usually undergo complicated and multi-
stage tectonic movements, so the hydrocarbon regenera-
tion of organic matter is a common issue in superim-
posed basins. It is also one of the scientific “hard nuts to
be cracked” in hydrocarbon source rock evaluation and
petroleum exploration. As a result, the knowledge and
research on this issue are very significant to superim-
posed basin evaluation, especially to the carbonate rock
related to the petroleum exploration prospect and the
exploration direction. Because of this issue, in recent

[1-15]
years a number of scholars "=

have been conducting
massive discussions about this matter in terms of simu-
lation experiments and geological analysis in China.

Currently, no reports from abroad about using the labo-
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ratory thermal simulation method to study the functional
mechanism of hydrocarbon regeneration are available.

It is generally agreed that the prerequisite of organic
matter existing in the source rock undergoing hydrocar-
bon regeneration is that the reheated temperature should
reach the termination point of primary hydrocarbon
generation. Because the compensation relationship be-
tween time and temperature in the course of hydrocar-
bon generation is complicated, the relationship between
re-startup critical point of hydrocarbon regeneration and
hydrocarbon generation efficiency is highly uncertain.
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As a result, there is a strong disputation2—% about the
hydrocarbon regeneration onset of source rock, its po-
tential, and the appraisal method.

One viewpoint is that the hydrocarbon regeneration
function does not follow the track of primary hydrocar-
bon generation but it bears an obvious hysteresis, the
extent of which is related to the initial maturity of the
source rock during (upon the occurrence of) hydrocar-
bon regeneration. The results of adding the quantity of
primary hydrocarbon to that of hydrocarbon regenera-
tion are not equal to the results of successive hydrocar-
bon generation®!. Another viewpoint is that the hy-
drocarbon regeneration is closely followed by primary
hydrocarbon generation, and the hydrocarbon regenera-
tion peak has no obvious “hysteresis” or “advancement”.
The hydrocarbon regeneration function does not affect
the results of hydrocarbon generation'®”. But Zou Yan-
rong™ deems that the delay or advancement of the hy-
drocarbon regeneration peak temperature correlates to
the maturity after primary hydrocarbon generation.

There are several factors leading to the above contra-
dictory conclusions. First, samples with a narrow scope
of maturity used in the thermal simulation cannot make
up a natural section of evolution; therefore, it is difficult
to reveal the function mechanism of hydrocarbon regen-
eration through the experimental results. The explana-
tion of experimental results is, to some extent, unilateral.
Second, the experimental methods employed are entirely
different (e.g. high-pressure experiment, normal-pres-
sure experiment, closed-system experiment, and open-
system experiment). The experimental results obtained
from hydrous experiments in the autoclave closed sys-
tem and the prevailing gold tube experiments are re-
garded as the best results indicative of geological fact.
The closed system experimental method cannot accu-
rately measure light hydrocarbon (C¢—Cj4) components,
which are generated in large quantities in these experi-
ments. The advantages of open system experimentation
are that all experimental results can be measured accu-
rately online. Third, the hydrocarbon retention quantity
in samples is different. Because these samples, which
possess the same quality and maturity, come from dif-
ferent geological sections and have different hydrocar-
bon retention quantities in closed and open system
simulation experiment, there will be vast differences in
the hydrocarbon generation appearance point, peak,
yield, and curved shape in subsequent experiments.

In addition, recent simulation experiment researchers

concentrate on revealing the mechanism and process of
hydrocarbon regeneration from coal samples, especially
focusing on secondary gas generation from coal sam-

79=14 The involved studies of the hydrocarbon re-

ples
generation from organic matter in carbonate rocks are
not systematic or revealing. In view of the common high
maturity of carbonate source rock in China, it is difficult
to obtain samples with maturity ranging from low-ma-
turity to over-maturity. Systematic analysis of the issue
of hydrocarbon regeneration in terms of experiment and
chemical kinetics is not available, which obviously af-
fects the evaluation of hydrocarbon regeneration results
and resource potential.

Based on this background information, this study em-
ploys limestone with high organic matter and low ma-
turity, which comes from the Permian carbonate in the
Santanghu Basin of Xinjiang, China. The gold tube ex-
periment is employed because it is considered to be con-
tiguous with the development of geology. First, samples
are heated in gold tubes to different temperatures (pri-
mary hydrocarbon generation). Next, a series of samples
from low-maturity to over-maturity are obtained through
the thermal simulation experiment using different tem-
peratures of the closed gold-tube system under high
pressure. Then, the heated samples are divided into two
groups: one is treated by extracting and the other is not.
They are both put into Rock-Eval for the thermal simu-
lation experiment of hydrocarbon “regeneration”. While
examining the relationships between the product pro-
ductivity of pyrolysis and the initial maturity, the heated
temperature, and the heating rate, this experiment also
probes into the characteristics and the significance of
diverse chemical kinetics.

1 Samples and experiments

The surveyed limestone sample comes from the Permian
limestone (Carbonate extent: 73.75%. See Table 1 for
essential geochemical characteristics) in the Santanghu
Basin of Xinjiang, China. The low maturity (R,=0.59%)
and high organic matter of the sample are its most valu-
able features. It is one of China’s only carbonate sam-
ples with such a low maturity level; therefore, it is the
most suitable carbonate sample for the simulation ex-
periment of the hydrocarbon generation mechanism.

1.1 Simulation experiment of primary hydrocarbon
generation

The experimental procedure begins by selecting geo-
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Table 1 Essential geochemical characteristics of original and artificially matured samples

Samples_ TOC(%)  Toa(C)  Si(mg/gC)  Sy(mg/gC) S+ (mg/gC) HC(mg/eC)  HI(mg/gC)

R, (%) Processing method

0.59 3.882 443 0.07 10.95 11.02 1.8 282.07
0.82 = 3.829 443 0.23 11.19 11.42 6.01 292.24
0.95 &é 3.239 445 4.41 16.24 20.65 136.15 501.39
1.45 4 2.734 436 9.01 3.2 12.21 329.55 117.04
1.96 E 2.355 557 1.42 0.49 1.91 60.3 20.81
2.41 P 2.538 590 0.78 0.16 0.94 30.73 6.3
2.56 1.807 600 0.05 0.06 0.11 2.77 3.32
0.82 3.542 447 0.05 20.73 20.78 1.41 585.26
0.95 B 2.593 447 0.05 4.89 4.94 1.93 188.58
1.45 § 2.434 462 0.05 0.57 0.62 2.05 23.42
1.96 & 2.187 569 0.07 0.3 0.37 3.2 13.72
2.41 1.916 594 0.05 0.1 0.15 2.61 5.22

logically sectioned samples with different maturities as
samples for experimental simulation. In China’s strati-
fied rock basins, it is almost impossible to obtain a per-
fect series of low- to over-mature carbonate samples for
this experiment™®. Therefore, using the artificial
maturation method to obtain different samples in matur-
ity is the only feasible strategy. Using the “gold-tube”
method (an accurate imitation of genuine geological
evolution)™®  limestone samples (Santanghu Basin,
Xinjiang, China) with low maturity and an abundance of
highly organic matter are artificially heated (viz. primary
hydrocarbon generation) to different temperatures under a
closed system and high pressure (50 MPa) for 48 hours
(namely: 300°C, 330°C, 360°C, 400°C, 450°C, and 500
C), resulting in 6 carbonate samples with different ma-
turities. Then the heated samples are divided into two
groups. In order to compare the difference between the
two groups, one group is treated by extraction and the
other is not. This method avoids the difficulty in explain-
ing and comparing experiment results. The difficulty is
usually caused by the hydrocarbon retention quantity in
samples after the primary hydrocarbon generation.

The data in Table 1 also give the geochemical char-
acteristics of the primary artificially matured samples
after extraction. The data also show that the six different
artificially matured samples contain maturities of 0.59%,
0.82%, 0.95%, 1.45%, 1.96%, 2.41% and 2.56%, re-
spectively. These samples represent all maturity stages
from low to high, indicating that they can accurately
represent all the possible initial maturities of hydrocar-
bon regeneration found in the stratified rock basin.

1.2 Simulation experiment of hydrocarbon regen-
eration

After artificially maturated samples are divided into ex-
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tracted and un-extracted parts, they are put in the OGE-
IT workstation. This workstation is an improvement on
the French Rock-Eval-III by the Research Institute of
Petroleum Exploration and Development of China Na-
tional Petroleum Corporation. Samples are heated from
250°C to 600°C at the heating rates of 5°C, 15°C, 30°C,
and 50°C per minute to stabilize hydrocarbon regenera-
tion in order to accurately maintain correlation between
the productivity of hydrocarbon generation and tem-
perature (Figure 1). Precision enhances the study and
comparison of the relationship among the threshold ma-
turities of hydrocarbon regeneration, heating rates, and
heating temperatures. At the same time the experimental
data aids in calibrating the chemical kinetic models.

2 Results and discussions

2.1 Hydrocarbon conversion characteristics of hy-
drocarbon regeneration

Due to the limited space, Figure 1(a), (b) shows the
relationship between hydrocarbon “regeneration” pro-
ductivity and temperature through heating extracted and
un-extracted samples with different maturities in
Rock-Eval pyrolysis. (Because of the same relationship
among different heating rates, only 5°C per minute
heating rate is given). In Figure 1(a), (b), the hydrocar-
bon conversions of different samples are normalized in
relation to the original samples. After primary hydro-
carbon generation, the hydrocarbon regeneration starting
temperatures of extracted samples become higher with
the increasing maturities of samples (hysteresis). This
phenomenon, perhaps, has something to do with the
lower activation energy of components first consumed in
the process of primary hydrocarbon generation. The
hysteresis is also in agreement with the gradually
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Figure 1 Relationships between temperatures and HC conversion rates of artificially matured (heating rate: 5°C/min ). (a) Un-extracted samples; (b)

extracted samples.

increasing activation energy calibrated from chemical
kinetic models of the samples. During hysteresis, the
produced hydrocarbon amounts decrease. The samples
heated at temperatures higher than 360°C (the corre-
sponding R, is higher than 1.41%) have limited hydro-
carbon regeneration potential. However, the un-extracted
samples are quite different from the extracted ones in
hydrocarbon regeneration characteristics. For the sam-
ples heated at 330°C and 360°C, the corresponding R,
are 0.95%, 1.45%, respectively. Because preponderant
hydrocarbons produced from primary hydrocarbon gen-
eration still exist in samples, starting temperatures are
obviously lower in the process of “hydrocarbon regen-
eration”. Because the sample under the temperature of
300°C has low hydrocarbon amounts, and because
hydrocarbon-generating potential of samples over 400°C
has been mostly consumed and even the primary prod-
ucts have been expulsed under the high experiment
temperature, there is little difference between the ex-
tracted and un-extracted samples. Regardless of the fact
that the total hydrocarbon amounts are less than those
from the primary samples, there is still a substantial hy-
drocarbon increase in relation to the extracted samples.

2.2 Chemical kinetic model of hydrocarbon genera-
tion and calibration

The parallel first-order reaction model with a wide ap-
plicability and the Variable-yardstick principle of opti-

mality and algorithm®*=2!

aid in the calibration and
discussion of the chemical kinetic model used to de-
scribe the hydrocarbon regeneration of different maturity
samples. The calibration program employed is the soft-
ware developed by author in the early 1990s and per-
fected over the decade (contact the author for more in-
formation). Figure 2 shows the activation energy distri-

bution of extracted and un-extracted samples. Figure 3
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shows the relationships between the weighted average
activation energy and its maturity of extracted and
un-extracted samples. These figures show that the aver-
age activation energy of artificially maturated samples
increases with the increasing maturity after extraction
(viz. all of the hydrocarbon from primary generation is
expulsed), especially at 400°C (R, = 1.96%) and above.
This occurrence is clearly related to the preferential
consumption of components with low activation ener-
gies. It is also in accordance with the initial temperature
when the extracted samples generate hydrocarbon (Fig-
ure 1). But the chemical kinetic characteristics of
un-extracted samples (corresponding to some, or even
most of, the hydrocarbon from the primary generation
retained in the source rock) are opposite. Also, the aver-
age activation energy of most samples is lower than that
of original samples (unheated). An inevitable conclusion
is that the hydrocarbon generation rate of un-extracted
samples reaches a high value (Figure 2). With the in-
creasing maturity, the average activation energy noticea-
bly decreases until the highest point of oil generation (R,)
reaches about 0.95%, and then it has a tendency to in-
crease. Low activation energy indicates a more easily
generated hydrocarbon; therefore, hydrocarbon regen-
eration in artificial samples is easier than that of original
samples. In fact, the first hydrocarbon regeneration is
the product of primary generation in the Rock-Eval ex-
periments rather than the real regeneration. The residual
pyrolysis products gradually release from samples dur-
ing the course of heating, then outflow by the carrier gas
in the experiment.

2.3 [Initial application of chemical kinetic model

Figure 4 shows the relationships between the hydro-
carbon generation conversion and the depth of all ex-
tracted and un-extracted samples. The hydrocarbon gen-
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eration conversions are obtained by combining the cali-
brated chemical kinetic parameters and the geothermal
history of the Bohai Bay basin. The hydrocarbon gen-
eration process of an artificially matured extracted sam-
ple is a little more delayed than that of an original sam-
ple because of the hydrocarbon’s retention quantity
(Figure 4(a)). For this reason, previous researchers came
to the conclusion that activation temperatures of hydro-
carbon regeneration are lower than breakdown tempera-
tures of primary hydrocarbon generation.

Whether the sample is extracted or not, the hydrocar-
bon regeneration potential of over-matured samples is
very low when the temperature is higher than 400°C (R,
=1.96%). Figures 5 and 6 illustrate hydrocarbon genera-
tion history of carbonate rock in the Jiyang Depression
(O) and the Songliao Basin (C-P) calculated by the
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ated from kerogen 30%. The primary hydrocarbon gen-
eration of the Ordovician depression in Jiyang mainly
occurred in the early Jurassic period, and only a little
hydrocarbon regeneration occurred after the deposit of
the Guantao Formation. However, a certain amount of
hydrocarbon regeneration occurred in source rocks of
the Songliao Basin (C-P) during the period of the Den-
glouku Formation deposit (about 150 Ma). Therefore, it
is convenient to quantitatively evaluate the amount of
hydrocarbon regeneration by combining the chemical
kinetic method and geothermal history.
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A

3 Conclusions

The preliminary study shows that the difficulty in ob-
taining series carbonate source rocks with different ma-
turities, which are used to probe into the hydrocarbon
regenera- tion, can be solved by the artificial maturation
method.

The potential of hydrocarbon regeneration and the
delay or advancement of the hydrocarbon regeneration
peak is related to the hydrocarbon expulsion amount and
the breakdown maturity of the primary hydrocarbon
generation. These phenomena are also associated with
expulsion. Little or no expulsion in the amount of hy-
drocarbon will advance the maturity of hydrocarbon
“regeneration” and will increase the potential of hydro-
carbon generation. If the hydrocarbon generation and
expulsion efficiency are high, the hydrocarbon “regen-
eration” will be delayed and the hydrocarbon generation
potential will be low. Over-matured samples tend to
have low hydrocarbon regeneration potential, e.g. when
the artificial temperature is over 400°C, the correspond-
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Figure 6 Hydrocarbon generation history of the source rock in the
Songliao Basin (C-P) calculated by the chemical kinetic model (hydro-
carbon regeneration).

ing R, is 1.96%.

The chemical kinetic characteristics of samples after
primary hydrocarbon generation are also associated with
hydrocarbon generation and expulsion efficiency. In
spite of the fact that the component with lower activa-
tion energy in organic matter is first consumed in the
process of primary hydrocarbon generation. If most of
the generated hydrocarbon is retained in source rock, the
general apparent activation energy of hydrocarbon re-
generation from organic matter will decrease, or the ac-
tivation energy of hydrocarbon regeneration will in-
crease with the process of primary hydrocarbon genera-
tion.

Clearly, in the hydrocarbon regeneration research,

contradictory conceptions and conclusions will be de-
rived if no consideration is taken into the source rock
maturity, primary hydrocarbon generation, and expul-
sion efficiency.
The initial application demonstrates that it is convenient
to achieve the quantitative evaluation of the amount of
hydrocarbon regeneration by combining the chemical
kinetic method and geothermal history.
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