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Abstract

The Permian source rocks in the Junggar Basin are widely developed, especially the Fengcheng Formation,
which is the most significant source rock in the basin. However, due to insufficient research on the hydrocarbon
generation (HG) and hydrocarbon expulsion (HE) characteristics of the source rocks, it is unclear whether a
significant amount of retained hydrocarbons remain within shales. In general, the original organic matter abun-
dance and kerogen type control hydrocarbon generation potential (HGP) and HE capacity in lacustrine shales.
Therefore, the degradation rate method was used to establish the original organic carbon recovery model for
different types of kerogen. Combined with the geologic and geochemical characteristics of the source rock, the
HG, HE, and shale oil resource potential of the Fengcheng shale have been evaluated. We have found that the
Fengcheng shale is mainly carbonate-type mudstone widely distributed with an average thickness greater than
100 m. The Fengcheng shale is composed of type II kerogen and reached the mature to high-mature thermal
maturity stage, with the maximum original organic carbon exceeding 4.0 wt%. Meanwhile, the amount of re-
tained hydrocarbons within shales is abundant according to the HGP model. Monte Carlo simulation finds that
the shale oil resources of the Fengcheng shale are 23.30 × 108 t. Free oil resources account for 60%, reaching
13.75 × 108 t, indicating tremendous shale oil exploration potential.

Introduction
Global energy demand is continuously rising, and un-

conventional oil resources have become a key target for
petroleum exploration. According to previous works,
shale oil resources are abundant in the world (Wende-
bourg et al., 2017). Unlike conventional petroleum, shale
oil is the self-sourced and self-retained hydrocarbons in
lacustrine shales (Li et al., 2019; Jin et al., 2022). These
shales are characterized by ultralow porosity and per-
meability. Thus, only after hydraulic fracturing stimula-
tion can the oil in shale reservoirs be better recovered
(Jin et al., 2022). At present, most of the production of
shale oil comes from marine formations. Furthermore,
the successful exploitation of shale oil in America and
Canada has brought lacustrine shales into focus. Com-
pared with marine shales, the lacustrine shale systems
have the unique characteristics of a limited target area,
strong heterogeneity, low tomoderate maturity, and high

clay mineral content (Katz and Lin, 2014; Liang et al.,
2017; Hu et al., 2018, 2022a; Li et al., 2019). However, pre-
vious studies have shown that the thicknesses of lacus-
trine shales often are significantly greater than marine
shales (Katz and Lin, 2014). Therefore, there may be
potential exploration targets if the lacustrine shales have
suitable geologic conditions. Lacustrine shales are
widely developed in China, such as Qingshankou Forma-
tion (Songliao Basin), Chang 7 member (Ordos Basin),
Shahejie Formation (Bohai Bay Basin), and Lucaogou
Formation (Junggar Basin) (Liang et al., 2017; Huang
et al., 2020a; Hu et al., 2022b). At present, these key hori-
zons have achieved breakthroughs in the shale oil field,
especially in the enrichment mechanism, occurrence
state, sweet spot selection, and evaluation (Liang et al.,
2017; Zhang et al., 2019; Guo et al., 2021; Hu et al., 2021a;
Jin et al., 2022; Wu et al., 2022a). Meanwhile, in the en-
gineering field, horizontal well and volume fracturing, as
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well as in-situ heating conversion in organic-rich shale,
are constantly being tested (Hu et al., 2020). However,
due to insufficient research on hydrocarbon generation
(HG), hydrocarbon expulsion (HE), and hydrocarbon re-
tention (HR) mechanism of lacustrine shales, the predic-
tion of hydrocarbon-enriched sweet spots and shale oil
resource potential has not been well explained.

The HG and HE processes are extremely complex
(Chen et al., 2015; Huang et al., 2017; Xue et al., 2022).
Previous studies have shown that there are principally
two factors that control HG and HE: (1) organic matter
(OM) properties, i.e., organic abundance, kerogen type,
and thermal maturity, and (2) inorganic characteristics,
i.e., mineral constituents, fractures, formation tempera-
ture, and pressure, etc. (Huang et al., 2017, 2020b, 2021;
Milliken et al., 2021; Xue et al., 2022). Many researchers
have tried to analyze the HG and HE processes of source
rocks using different approaches. Physical simulation ex-
periments, such as the gold tube simulated thermal ex-
periment, can be used to evaluate the HG and HE (Xiang
et al., 2016). However, due to the differences between
the heating rate and experimental condition parameters,
the calculated results may be quite different from the
geologic conditions (Zheng et al., 2019; Xue et al., 2022).
Some scholars also use basin modeling software (e.g.,
PetroMod) to study the HG and HE characteristics of
source rocks (Hakimi et al., 2020). However, PetroMod
requires many key parameters that rely on physical sim-
ulation experiments, such as kinetic parameters. Pang
et al. (2005) propose a hydrocarbon generation potential
(HGP) method based on the mass-balance approach. It
can be used to quantitatively analyze the characteristics
of HG and HE during geologic history. Moreover, the
method requires only a few easily accessible parameters
(abundant pyrolysis data). Thus, the HGP method has
been widely used in many basins (Zheng et al., 2019;
Chen et al., 2020). In this study, the HGP method was
used to evaluate the HG and HE characteristics of the
Fengcheng Formation (P1f) in the Junggar Basin.

The Junggar Basin is located in northwest China and
comprises abundant petroleum resources (Cao et al.,
2006; Liu et al., 2016). The P1f and Wuerhe Formation
(P2w) are the most important source rocks in the Mahu
sag (Liu et al., 2016; Xiang et al., 2016; Tao et al., 2019;
Wu et al., 2022a). Among them, the P1f source rock is
the most famous and is considered to be deposited in
the oldest-known alkaline lake globally (Yu et al., 2019;
Cao et al., 2020). Compared with traditional lacustrine
sediments, the alkaline lacustrine environment can in-
duce the development of a large number of special bio-
logical species, including bacteria and algae (Cao et al.,
2020; Guo et al., 2021), resulting in the enrichment of
OM and the formation of high-quality source rocks
(Guo et al., 2021). In recent years, the PetroChina Xin-
jiang Oilfield continuously expanded oil and gas explo-
ration areas, and drilling has been carried out in the
deep sedimentary units of the Mahu sag. Active oil and
gas displays and industrial oil production indicate that
P1f has considerable shale oil resources (Tang et al.,

2021b). In addition, the core samples produced by these
wells provide an opportunity to study the HG and HE
mechanisms of the shales. Moreover, alkaline lake
source rocks differ from traditional freshwater and salt-
water lake source rocks, but it is unknown whether
their HG models are consistent with traditional models.
Therefore, the evaluation of HG and HE of the P1f is a
controversial subject that needs to be resolved and ur-
gently needs to be studied. This research analyzes the
HG and HE characteristics of the P1f shale and evalu-
ates the shale oil resource potential in combination with
the known geologic conditions.

Geologic setting
The Junggar Basin is the second-largest sedimentary

basin in northwestern China, covering an area of ap-
proximately 1.3 × 105 km2 (Figure 1a) (Wu et al., 2014;
Guo et al., 2021). The basin presents a triangular shape,
surrounded by the Qinggridi Mountains to the east, the
Zaire Mountains to the west, the Yilinheibiergen and
Bogda Mountains to the south, and the Altai Mountains
to the north (Figure 1b) (Tang et al., 2021a; Wu et al.,
2022b). It is a large superimposed basin that has under-
gone many cycles of tectonic evolution during geologic
history (Wu et al., 2014; Yu et al., 2019; Imin et al., 2020;
Tang et al., 2021a). There are six different tectonic units
in the basin (Figure 1a). The Mahu sag is located in the
northwestern part of the central depression, with an ex-
ploration area of approximately 5000 km2 (Figure 1b). It
is adjacent to the fault zone in the northwest, the Zhong-
guai uplift in the southwest, and the Dabasong and
Xiayan uplifts in the southeast (Wu et al., 2022b). At
present, the sag appears to be a monoclinic slope in the
southeast direction. There are multiple sets of source
rocks developed in the Mahu sag (Figure 2). Among
them, P1f is the most important source rock, forming
several large oil and gas fields (Cao et al., 2006; Tao
et al., 2019; Tang et al., 2021b).

Samples and methods
Samples and experimental methods

In this study, 188 core samples are selected from di-
verse wells. Most of these rocks are formed in shallow
lake areas and deeper lake facies. This study uses the
total organic carbon (TOC) content, Rock-Eval pyroly-
sis, and organic petrology analysis to determine the OM
abundance, kerogen type, and thermal maturity. All ex-
periments were carried out at the State Key Laboratory
of Petroleum Resources and Prospecting, China Univer-
sity of Petroleum (Beijing).

The samples are initially surface-cleaned and then
ground to 200 meshes before TOC and pyrolysis experi-
ments. A small amount of the powdered sample (0.10 g)
is analyzed using a LECO CS230 apparatus that can in-
vestigate the TOC content. The process of pyrolysis is
as follows: the sample is divided into two fractions after
being crushed to powder. The first fraction is directly
used for the pyrolysis experiment. The second fraction
is used for pyrolysis after approximately seven days of
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solvent extraction with dichloromethane. The pyrolysis
experiment is carried out using a Rock-Eval VI instru-
ment. Initially, the temperature of pyrolysis was main-
tained at 300°C, and then the pyrolysis temperature was
raised to 600°C at an interval of 25°C/min. The free hy-
drocarbon S1, the cracking hydrocarbon of kerogen S2,
and the thermal maturity parameter Tmax are obtained.

The vitrinite reflectance (Ro) and maceral composi-
tion examinations were carried out under a microscope
equipped with fluorescence illuminators. The polished
blocks were performed under oil immersion and irradi-
ated with monochromatic light. According to literature
standards, Ro < 0.5%, 1.0% < Ro < 1.2%, and Ro > 1.2%
represent the immature, mature, and postmature stages,
respectively (Hakimi and Ahmed, 2016).

Method of TOC recovery
The OM abundance of source rocks can be changed

during the process of HG (Jarvie et al., 2007). When the
residual total organic carbon (TOCR) is used to evaluate
the quality of source rocks, errors will inevitably be
caused. Thus, restoring the TOCR to the original TOC
(TOCO) is necessary. The TOCO can be
used to quantitatively evaluate key
parameters such as the HGP and the
OM porosity (Jarvie et al., 2007; Chen
et al., 2015). The TOCR at different stages
of maturity is used in the following equa-
tion (Romero-Sarmiento et al., 2013):

TOCO ¼ TOCR þ TOCE; (1)

where TOCE is the quantity of organic
carbon contained in the expelled hydro-
carbons (%).

HG is a process in which organic car-
bon is thermally degraded and converted
into hydrocarbons. As the maturity in-
creases, part of the TOCO will be con-
verted into hydrocarbons and expelled
from the source rock. Consequently,
the TOCR will gradually decrease (Chen
et al., 2015). However, there are two
parts of TOCO in the source rock (Fig-
ure 3): (1) reactive carbon (TOCrea)
can generate hydrocarbons under ther-
mal maturation and (2) nonconvertible
carbon (TOCIne) cannot be converted
into hydrocarbons (Jarvie et al., 2007).
In general, nonconvertible carbon cannot
be thermally degraded (Romero-Sar-
miento et al., 2013). Meanwhile, due to
the different HGP of various types of ker-
ogen, their conversion efficiency to hy-
drocarbons is diverse. This feature in the
HG process of source rocks can be re-
flected by the degradation rate of kero-
gen (D), where D = TOCrea/TOCO, the

ratio of reactive carbon to initial organic carbon.
The residual HGP of the source rock is transformed

from TOCR-rea, which is related to the remaining degra-
dation rate of kerogen (DR) (Chen et al., 2015). Thus,
the following equations are obtained

DR ¼ TOCR-rea=TOCR; (2)

TOCR-rea ¼ 0.083 × ðS1 þ S2Þ: (3)

After transformation,

DR ¼ 0.083 × ðS1 þ S2Þ=TOCR; (4)

where TOCR-rea represents the remaining convertible
organic carbon, with 0.083 as the average carbon in
hydrocarbons.

During the HG process, it is assumed that the abso-
lute content of inert carbon remains unchanged
(Romero-Sarmiento et al., 2013). Moreover, the follow-
ing relationships can be obtained

Figure 1. (a) The location and structural units of the Junggar Basin and (b) the
location of structural units and wells in the sag (after Tao et al., 2019).
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TOCoð1 − DoÞ ¼ TOCrð1 − DrÞ; (5)

ð1 − DrÞ=ð1 − DoÞ ¼ TOCo=TOCr: (6)

The recovery coefficient k of TOC can be expressed
as

k ¼ TOCo=TOCr: (7)

The original degradation rate (DO) is related to the
type of kerogen. The DO of each type of kerogen is ap-
proximately equal to the DR distribution’s top limit for
that type of kerogen (Chen et al., 2015). The kerogen
type in the P1f shale is determined by the crossplot be-
tween Tmax and hydrogen index (HI) (Figure 4a). The D
and Tmax of various kerogen types are shown in Fig-
ure 4b. Moreover, this research established the distribu-
tion characteristics of DO and DRem of various types of
kerogen when they enter the hydrocarbon generation
threshold (HGT). According to the examined sample
data set, the DO values of type I, II1, II2, and III kerogens

are 0.90, 0.70, 0.60, and 0.30, respectively.
The TOC recovery coefficient k can be
calculated according to equation 5.

HG and HE model
In this study, the HGPmodel proposed

by Pang et al. (2005) is used to quantita-
tively analyze the P1f shale (Figure 5). It
is believed that the HGP of source rocks
remains unchanged until the generated
hydrocarbons are expelled during the
maturation process. When hydrocarbons
begin expelling from the source rocks,
the HGP will gradually decrease (Pang
et al., 2005; Chen et al., 2020). Therefore,
the HE process can be investigated by
analyzing the change in HGP.

In general, the HGP can be expressed
by obtaining the pyrolysis parameters
(S1 + S2). The HGP index (Pg) is
expressed as (S1 þ S2)/TOC, which indi-
cates the number of hydrocarbons gener-
ated per unit of organic carbon. It
includes the amount of retained hydro-
carbons within shales and the hydrocar-
bons that can be converted as maturity
increases (Pang et al., 2005). The Pg is
called the original HGP index (Pgo) when
the source rock does not expel hydrocar-
bons. However, when the expulsion of
hydrocarbons begins, the Pg gradually
decreases, and then it is called the
residual HGP index (Pgr).

Thus, the change of Pg can be used to
calculate the HE ratio (Pe), the HE rate
(Ve), and HE efficiency (Ref ). The equa-
tions are as follows:

PeðRoÞ ¼ PgoðRoÞ − PgrðRoÞ; (8)

VeðRoÞ ¼ ΔPe=ΔRo; (9)

Ref ðRoÞ ¼ 100 × PeðRoÞ=PgoðRoÞ: (10)

Based on this analysis, the HG and
HE intensity of source rocks can be cal-
culated by equations 11 and 12:

Figure 2. The stratigraphic column in the Mahu sag (modified after Feng et al.,
2020).

Figure 3. Model of TOC during thermal maturation (modified after Romero-Sar-
miento et al., 2013). (a) TOCo is composed of organic carbon that has been con-
verted into hydrocarbons and carbon remaining in the rock, (b) the distribution
characteristics of reactive carbon (TOCR-rea = TOCHC + TOCKerogen) and noncon-
vertible carbon (TOCIne) in source rocks undergo HE, and (c) the TOCRem, in-
cluding TOCIne and TOCR-rea (which also can be expressed as TOCKerogen).
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Eg¼
Z

Ro

Ro1

10−3×PgoðRoÞ×H×ρ×TOCoðRoÞdRo; (11)

Ee ¼
Z

Ro

Ro2

10−3 × PeðRoÞ ×H × ρ × TOCoðRoÞdRo; (12)

where Eg and Ee are the intensity of HG and HE (× 104 t/
km2), respectively; Ro1 is the HGT (%); Ro2 is the HET
(%); H is the thickness of the shale (m); ρ is the density
of the shale (g/cm3), and A is the area of the shale (m2).

Monte Carlo method
TheMonte Carlo method, known as the statistical sim-

ulation method, is used to simulate a probability statis-
tical model of a given problem by random sampling and
gives the statistical estimate of the numerical solution of
the problem (Cortazar and Schwartz, 1998; Yang et al.,
2008). The evaluation of mineral resources possesses
a random feature due to the nature of random variables
in geologic observation results, and any result should
have a certain probability sense. Therefore, the probabil-
ity distribution of the parameters of resource assessment
can be studied using statistical skills, and the probability
value of the parameters can be assigned. In general,
these parameters can be represented mathematically
by models such as uniform, triangular, normal distribu-
tion, etc. The Monte Carlo method can simulate random
variable distributions. By using this method, the proba-
bility distribution of resources can be improved. More-
over, this method can overcome the uncertainty of
resource evaluation parameters and ensure the scientific
rationality of evaluation results. A detailed Monte Carlo
simulation process can be found in Yang et al. (2008).

Result and discussion
Geologic and geochemical characteristics of the
source rocks
Lithology and thickness

During the Permian period, fine-grained lacustrine
deposits are well developed in the Mahu sag. It com-

prises complex and varied lithologic combinations:
(1) marginal shallow lake facies argillaceous sandstone,
(2) semideep lacustrine facies, (3) deep lacustrine fa-
cies shale, (4) argillaceous limestone, and (5) argilla-
ceous dolomite (Figure 6). Predecessors predicted the
distribution of P1f shale in the Mahu sag based on drill-
ing data, sedimentary facies, and seismic interpretation
(Tao et al., 2019). As is shown in Figure 6, the P1f shale
is distributed throughout the sag, with a thickness of
50–300 m, averaging more than 100 m. However, the
thickness of the P1f shale is quite different between
the deposition center and the periphery. The thickness
shows a thinning trend from the northwest to the south-

Figure 5. Model of the source-rock HG and HE (modified
after Pang et al., 2005).

Figure 4. The crossplots of HI and the DRem with Tmax for different kerogen types from the P1f shale. Note: part of the data is from
the PetroChina Xinjiang Oilfield Company.
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east and reaches the maximum in the fault zone, which
is consistent with the nature of its special foreland basin
(Tao et al., 2019; Yu et al., 2019; Imin et al., 2020). De-
spite the poor wells in the depocenter, the thickness of
the shale in the sag’s depocenter is believed to be larger
than 300 m based on a peripheral investigation. These
organic-rich shales provide favorable conditions for hy-
drocarbons formation.

OM abundance
The OM abundance is one of the key parameters for

evaluating the potential of the source rock. It can be
evaluated by TOC, petroleum yield (S1 + S2), and
chloroform bitumen “A” (Hakimi and Ahmed, 2016). In

general, the higher the TOC and petroleum yield, the
higher the HGP (Xue et al., 2022). The TOC of the P1f
shale mainly varies from 0.4 wt% to 4.0 wt%, averaging
0.80 wt% (Figure 7a). The overall distribution of petro-
leum yield is between 2.0 and 8.0 mg HC/g rock, aver-
aging 3.95 mg HC/g rock (Figure 7a). The chloroform
bitumen A ranges from 0.01% to 0.19%, averaging
0.24% (Figure 7b). These parameters indicate that the
P1f has good HGP.

The contour map of the original TOC was obtained
using the following process. The measured TOC data
are rich in the northern area. The percentage of various
kerogen types in a single well was first determined, and
the recovery coefficient was then calculated according

Figure 7. Geochemical characteristics of the P1f shale. (a) Crossplot of TOC versus (S1 + S2) and (b) crossplot of TOC versus
chloroform bitumen A.

Figure 6. Thickness distribution of P1f
source rocks in the Mahu sag.
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to equation 7. As a result, the original TOC of a single
well was calculated according to the weighting factor of
kerogen. However, the rest of the sag can only be
extrapolated by sedimentary characteristics due to
the lack of drilling wells. Figure 8 shows the TOCO dis-
tribution of P1f shale. The higher TOCO is mainly dis-
tributed in the northwest, corresponding to the

depocenter. The maximum TOCO of this set of source
rocks can exceed 4.0 wt%.

Kerogen type
The identification of kerogen type is important

for evaluating a source rock because it affects the com-
position and scale of HG during the maturity process

Figure 8. Original TOC distributions of the
P1f shale.

Figure 9. Diagrams showing the kerogen
types. (a) HI versus Tmax (after Hakimi and
Ahmed, 2016), (b) HI versus OI (after Hakimi
and Ahmed, 2016), (c) the ternary diagram of
maceral composition (after Wang et al., 2015),
and (d) frequency diagrams of kerogen type of
well MY1.

Interpretation / February 2023 T151

Downloaded from http://pubs.geoscienceworld.org/interpretation/article-pdf/11/1/T145/5801915/int-2022-0060.1.pdf
by China Univ Petroleum (East China) Library Serials Dept user
on 27 November 2023



(Wu et al., 2014; Hakimi and Ahmed, 2016). The type of
kerogen in the examined shale is evaluated using the
extensive evaluation procedures in this study.

The van Krevelen diagram (HI versus oxygen index
[OI]) and the crossplot of HI versus Tmax are used to
classify the kerogen type (Hakimi and Ahmed, 2016).

The crossplot between HI and Tmax shows that the shale
is dominated by type II kerogen (Figure 9a), consistent
with the HI versus OI plot (Figure 9b). Kerogen type
also can be determined using organic maceral compo-
nents (Wang et al., 2015; Hakimi and Ahmed, 2016;
Hakimi et al., 2020). The results of microscopic identi-
fication revealed that the P1f shale mainly contains ex-
inite and vitrinite (Figure 9c). However, the exinite
maceral group is significantly higher. It shows that the
OM mainly comes from higher plants and algae. These
results are consistent with the geochemical data, indi-
cating that this set of mudstone mainly contains type II
kerogen (Figure 9d), which tends to generate oil during
maturation.

Thermal maturity
Thermal maturity is another essential metric for evalu-

ating the potential of source rocks (Wu et al., 2014). The
Ro and Tmax are widely used as maturity indicators
(Hackley et al., 2015; Hakimi and Ahmed, 2016; Katz
and Lin, 2021). Compared with Tmax, Ro is more reliable
to characterize the maturity of source rocks (Hackley
et al., 2015; Katz and Lin, 2021).

The plot of Ro versus burial depth of the examined
samples shows an increasing trend of Ro as the depth
increases (Figure 10). The Ro reaches 0.5% at approx-
imately 1800 m, which means that the P1f shale has en-
tered the mature stage. The depth of P1f in the study
area is relatively shallow (<5000 m), which does not
reflect the full range of source rock maturity. Thus, the
established relationship between measured Ro and burial
depth (h) can be presented as Ro = 2.0× 10−5h1.3057, where

Figure 10. Diagram of the thermal evolution degree of the
P1f.

Figure 11. Ro distributions of the P1f shale.
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R2 = 0.9169. This mathematical relationship is based on
the measured data of 141 core samples from 18 wells. Us-
ing the structural contour map of the P1f shale, a contour
map of the Ro of the source rock is shown in Figure 11.
Overall, the Ro is greater than 1.1% in most of the area,
with the maximum Ro > 1.8% in the sag’s central area.

HG and HE characteristics
HG and HE model of P1f source rocks

An HG and HE model of P1f shale are established
based on the collected data. Primarily, the envelope
curve of the PgrðRoÞ and PgoðRoÞ is obtained using the
(S1 þ S2)/TOC data (Figure 12a). Then, the key param-
eters such as the expulsion ratio, expulsion rate, and
expulsion efficiency can be obtained through equa-
tions 8–10.

In general, 0.5%Ro is considered the threshold for
HG. Pang et al. (2005) propose the expulsion threshold
Ro when hydrocarbons began to be expelled. Accord-
ing to the established geologic model, the hydrocarbon
expulsion threshold (HET) of the P1f shale is approxi-
mately 0.80%Ro, with a depth of approximately 3500 m
(Figure 12a). The source rock begins to expel a large
number of hydrocarbons once the HET is reached. The
Pe rose rapidly in the early stage and tended to be flat in
the subsequent stage (Figure 12b). The Ve initially
showed a rapid rise and then a declining trend, reaching
a peak at 1.40%Ro (Figure 12c). As the thermal maturity
increases, the Ref of the P1f shale also gradually in-
creases. When the Ro of the shale increases from 0.80%
to 1.60%, the Ref increases from 0% to 66% (Figure 12d).
Similar to the Pe trend, the Ref trend rapidly rises ini-
tially and then slowly increases.

HG and HE intensity of P1f source rocks
The HG and HE intensity of source rocks are calcu-

lated by the method explained in the “Samples and
methods” section. Figure 13 shows that the P1f shale
has reached the HGT. Moreover, the entire sag has a
potential for HG and the intensity of HG varies in differ-

ent areas. The center of the HG intensity is on the
northwestern edge of the sag with a maximum value
of 1200 × 104 t/km2 (Figure 13a). The intensity of HG
in the eastern part of the sag is relatively low, generally
less than 400 × 104 t/km2 (Figure 13a). Similarly, the
HE characteristics of the P1f shale also are evaluated
(Figure 13b). The HE range of this set of the source rock
is relatively higher due to the relatively higher burial
depth and a high degree of evolution. The HE center is
located in the southern area of well AK1, and the maxi-
mum HE intensity is 600 × 104 t/km2 (Figure 13b). It in-
dicates that a large number of hydrocarbons are still
retained in the P1f shale and have not yet been expelled.
In other words, the P1f shale has enormous shale oil
and gas potential.

The HG and HE history of the P1f have been restored
by combining the study area’s burial and thermal evo-
lution history. The formation thickness, sedimentary
age, and denudation data are collected based on drilling
reports. The heat flow data in the Mahu sag are col-
lected from previous works (Xiang et al., 2016). It can
be seen that the Ro of the source rock reached 0.50% in
the late Permian due to the rapid burial and the high
heat flow (Figure 14). In the Early Triassic, the Ro
reached 0.70% and massive hydrocarbons began to
be generated from the mature source rock. The thermal
maturity was higher (Ro > 0.80%) in the Late Triassic,
and a large amount of mature petroleum was formed
and expelled from the source rock. The maturity of
source rocks has gradually increased since the Triassic,
whereas the rate of HG has significantly decreased. At
present day, thermal maturity has entered a mature to
the high-mature stage.

Shale oil resource assessment
Usually, the volumetric method is used to directly

evaluate shale oil resources, which is more convenient
than other methods. Shale is a complex aggregate of
OM and inorganic minerals. The physical states of hy-
drocarbons in shale are very complex, including various

Figure 12. The HG and HE model of the P1f shale: (a) (S1 + S2)/TOC versus Ro profile, (b) changes in HE ratio, (c) changes in HE
rates, and (d) changes in HE efficiency.
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phases (Zhang et al., 2019; Hu et al., 2021b). Among
them, the free and adsorbed phases are considered
to be the most important states. The free oil resources
are theoretically the largest recoverable resources.

Therefore, several analytical methods on the adsorption
behavior of hydrocarbons within shales have been re-
cently proposed (Jarvie, 2012; Li et al., 2019; Huang
et al., 2020a). However, when estimating the adsorption

capacity of shale oil, determining the
adsorption coefficient becomes very im-
portant. Previous studies have confirmed
that OM has an important influence on
the adsorption capacity of hydrocarbons.
In general, 100 mg HC/g TOC is the upper
limit of saturated hydrocarbon adsorp-
tion (Jarvie, 2012). However, it might
not be appropriate to use this critical
value in lacustrine shale. The predeces-
sors proposed to use the two-step pyroly-
sis method to characterize the total oil
yield and the adsorbed oil yield within
shales (Jarvie, 2012; Abrams et al.,
2017). The method was used to evaluate
the total oil and free oil of the P1f shale:

Total oil yield ¼ ðS1 − S1extractedÞ
þ ðS2 − S2extractedÞ þ S1Loss; (13)

Free oil yield ¼ S1 þ S1Loss: (14)

In these equations, S1Loss is the loss of
light hydrocarbons (<C15-). Previous
studies have shown that the loss of light
hydrocarbons is related to the API grav-
ity of oil, where API gravity = 0.412 × C15-

(wt%) + 20.799 (Michael et al., 2013).
The density of petroleum produced in
the P1f shale is collected by Tang et al.
(2021b). Thus, the light hydrocarbon re-
covery coefficient is calculated using
the proposed equation, which is approx-
imately 28% of S1.

According to the experimental results
(Table 1), the total oil content is approx-
imately 3.42 mg/g, with free oil account-
ing for 60% of the total oil at 2.06 mg/g. It
is suggested that the burial depth of
shale in the favorable area should be
less than 5500 m, and the favorable area
is approximately 3000 km2. After deter-
mining the key parameters, the volumet-
ric method is used to calculate the
resources:

QTOY ¼ S × h × ρ × S1correction; (15)

where QTOY is the total resource of shale
oil (104 t), S is the effective area of shale
(km2), h is the thickness of shale (m),
and ρ is the shale density (2.60 t/m3).

Figure 13. Contour maps showing (a) HG intensity and (b) HE intensity of P1f
shale. The dotted green line represents the contour lines of 5500 m.
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Figure 14. Burial and thermal evolution his-
tories of well MY1 (modified after Cao et al.,
2006; Wu et al., 2022b).

Table 1. Rock-Eval data set for whole rock and the solvent extracted samples.

Sample
ID

TOC
(wt%)

Whole rock sample Postsolvent extracted sample
S1Loss
(mg/ g)

Total
oil (mg/g)

Free
oil (mg/g)S1 (mg/g) S2 (mg/g) Tmax (°C) S1 (mg/g) S2 (mg/g) Tmax (°C)

1 2.328 4.03 9.01 435 0.10 4.00 443 1.13 10.07 5.16

2 0.587 0.86 1.52 438 0.07 0.71 441 0.24 1.84 1.10

3 1.356 8.39 5.40 421 0.02 0.25 442 2.35 15.87 10.74

4 1.004 6.91 3.65 414 0.02 0.41 441 1.93 12.06 8.84

5 0.937 0.60 2.48 436 0.05 1.95 440 0.17 1.25 0.77

6 1.432 1.15 3.72 436 0.03 2.77 442 0.32 2.39 1.47

7 0.766 3.21 3.03 421 0.02 0.53 437 0.90 6.59 4.11

8 1.130 1.98 3.28 428 0.04 1.67 437 0.55 4.10 2.53

9 1.930 0.57 12.43 445 0.04 12.31 447 0.16 0.81 0.73

10 0.848 0.97 2.33 436 0.04 1.17 444 0.27 2.36 1.24

11 0.859 0.57 2.16 435 0.04 1.24 442 0.16 1.61 0.73

12 0.919 0.99 1.69 438 0.05 0.94 439 0.28 1.97 1.27

13 0.654 1.09 2.15 421 0.03 0.48 426 0.31 3.04 1.40

14 2.309 0.39 14.69 439 0.07 14.28 442 0.11 0.84 0.50

15 0.813 0.83 3.07 432 0.06 2.02 440 0.23 2.05 1.06

16 0.311 0.53 0.56 418 0.05 0.26 426 0.15 0.93 0.68

17 2.003 1.70 3.89 432 0.03 1.17 436 0.48 4.87 2.18

18 1.019 2.48 2.55 410 0.03 0.41 430 0.69 5.28 3.17

19 2.953 0.91 19.9 441 0.05 18.86 444 0.25 2.15 1.16

20 0.135 0.35 0.24 368 0.06 0.14 372 0.10 0.49 0.45

21 2.287 1.29 4.00 434 0.04 1.15 441 0.36 4.46 1.65

22 1.829 0.98 4.20 437 0.05 1.43 437 0.27 3.97 1.25

23 2.055 1.28 10.58 439 0.05 9.84 442 0.36 2.33 1.64

24 0.275 0.43 0.41 430 0.04 0.25 435 0.12 0.67 0.55

25 0.407 0.74 0.47 351 0.05 0.15 429 0.21 1.22 0.95

26 0.409 0.73 0.47 399 0.02 0.24 422 0.20 1.14 0.93

27 0.413 0.67 0.52 401 0.04 0.31 479 0.19 1.03 0.86

28 0.382 0.35 0.20 403 0.03 0.19 401 0.10 0.43 0.45
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There are differences in the thickness of shale, TOC,
and S1 value in different regions. Monte Carlo is a method
of uncertainty analysis, and it is an ideal method for solv-
ing the problem of parameter uncertainty (Cortazar and
Schwartz, 1998; Yang et al., 2008). This method is widely
used in resource estimation. Liu et al. (2014) use this ap-
proach to evaluate the shale oil resources in the northern
Songliao Basin. Chen et al. (2020) use this method to es-
timate the probabilistic distributions of hydrocarbon re-
sources in Jimusaer sag. This current study similarly
used the Monte Carlo method to analyze the probability
distribution of shale oil resources in the study area. After
2 × 108 random simulations, the probability distribution
of shale oil resources of the P1f shale was obtained (Fig-
ure 15; Table 2). The total shale oil geologic resources in
the Mahu sag ranged from 6.52 × 108 t (with a probability
of 90%) to 47.21 × 108 t (with a probability of 10%), aver-
aging 23.30 × 108 t. The corresponding movable shale oil
resources range from 3.85 × 108 t (with a probability of

90%) to 27.85 × 108 t (with a probability of 10%), with an
average value of 13.75 × 108 t.

Conclusion
The Permian P1f shale is a potentially valuable

source rock. It has moderate TOC (average 0.80 wt%)
and high petroleum yield (average 3.95 mg HC/g TOC),
indicating fair to very good source-rock potential. Matu-
rity data (Ro) suggest that the P1f shale samples are ma-
ture to high-mature source rocks.

The HET of Fengcheng shale in Mahu sag is 0.80% Ro,
and the peak of HE is 1.4%Ro. The maximum HG inten-
sity is approximately 1200 × 104 t/km2, and the maximum
expulsion intensity is approximately 600 × 104 t/km2. It
indicates that a larger part of the retained hydrocarbons
in the Fengcheng shale has not yet been expelled.

This research calculated the total oil yield of the shale
and evaporative hydrocarbon loss to be 28% of the S1.
According to the Monte Carlo method, the total geologic
resources (average) of shale oil are 23.30 × 108 t. The free
oil resources (average) are 13.75 × 108 t, accounting for
60% of the total shale oil. Moreover, it reveals that the
shale oil of the Fengcheng shale has good exploitation
potential.
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Nomenclatures and abbreviations
HGP = Hydrocarbon generation potential
HG = Hydrocarbon generation
HE = Hydrocarbon expulsion
HR = Hydrocarbon retention
HGT = Hydrocarbon generation threshold, Ro (%)
HET = Hydrocarbon expulsion threshold, Ro (%)
TOCR = Residual total organic carbon, wt%
TOCO = Original total organic carbon, wt%

Figure 15. Statistical distributions of the estimated shale oil
resource, showing the uncertainty of the estimate based on
2 million Monte Carlo simulations. (a) Frequency and (b) cu-
mulative probability.

Table 2. Total and free oil resource estimates distributions of the P1f shale.

Resource

Probability distribution (%)

90 80 70 60 50 40 30 20 10 Mean

Total oil (× 108 t) 6.52 8.25 10.09 12.23 14.88 18.32 23.18 30.99 47.21 23.30

Free oil (× 108 t) 3.85 4.87 5.96 7.22 8.78 10.81 13.68 18.29 27.85 13.75

T156 Interpretation / February 2023

Downloaded from http://pubs.geoscienceworld.org/interpretation/article-pdf/11/1/T145/5801915/int-2022-0060.1.pdf
by China Univ Petroleum (East China) Library Serials Dept user
on 27 November 2023



TOCE = The quantity of organic carbon contained in
the expelled hydrocarbons, wt%

TOCrea = Reactive carbon, wt%
TOCIne = Nonconvertible carbon, wt%
TOCR-rea = Remaining convertible organic carbon, wt%
k = Recovery coefficient of TOC
D = Degradation rate of kerogen, %
DO = Original degradation rate of kerogen, %
DR = Remaining degradation rate of kerogen, %
Pg = HGP index, mg HC/g TOC
Pgo = Original HGP index, mg HC/g TOC
Pgr = Residual HGP index, mg HC/g TOC
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