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The Fushan Depression is one of the prolific hydrocarbon-bearing depressions in the

Beibuwan Basin, South China Sea. In this study, a total of 133 mudstone samples,

18 well-logging curves, and 12 seismic sections were analysed to investigate the geo-

chemical features and spatial distribution of effective source rocks of the Palaeogene

Liushagang Formation within a sequence stratigraphic geochemical framework. The

results suggest that depositional centres of mudstones northward migrated from the

central Huangtong Sag during the Liushagang period. Good hydrocarbon generation

potential source rocks containing Type II kerogen occur in the transgressive systems

tract (TST)–highstand systems tract (HST) of lower Liushagang sequence (SQls3), the

middle Liushagang sequence (SQls2), and the lowstand systems tract (LST)–TST of

upper Liushagang sequence (SQls1). The occurrence of effective source rock

kitchens, which are mainly controlled by the thermal maturity is distributed in the

strip-shaped area of SQls3 sequence, the whole Huangtong Sag of SQls2 sequence,

and the central and northern part of Huangtong Sag of SQls1 sequence, respectively.

Fewer hydrocarbon accumulations were found in the southern slope due to the rela-

tively deeper hydrocarbon generation threshold depth and to the limited occurrence

of effective source rock kitchens.
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1 | INTRODUCTION

Assessment of the hydrocarbon generation potential of source rocks

is one of the key aspects of petroleum exploration and develop-

ment (Magoon & Dow, 1994). Conventional source rock assess-

ment mainly involves the determination of its amount of organic

matter, the type of kerogen, and the level of maturation (He

et al., 2019; Hunt, 1996; Peters, 1986; Sheikh, Faris, Shaker, &

Kumral, 2016; Tissot & Welte, 1984). Most of these data are

obtained by geochemical experiments in the laboratory. However,

the measured data on the basis of drilling samples cannot reveal

the sectional and areal heterogeneity due to the limitation of

sample quantity and distribution.

Sequence stratigraphic methodology is a powerful tool for the

description, interpretation, and nomenclature of sedimentary strata

(Catuneanu, 2020). Due to its isochronism and extensionality, it greatly

improves the scientificity and accuracy of reservoir prediction in petro-

leum exploration (Flint, Knight, & Tilbrook, 1998; Higgs et al., 2012;

Kieft, Jackson, Hampson, & Larsen, 2010; Mancini, Obid, Badai, Liu, &

Parcell, 2008). Recently, sequence stratigraphy combined with organic

geochemical analysis has achieved good applications in source rock

evaluation, oil-source correlation, and palaeoenvironmental evolution
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studies (Lai, Li, Liu, Mao, Liu, et al., 2020; Lai, Li, Liu, Mao, Wang,

et al., 2020; M. Li et al., 2018; Peters, Snedden, Sulaeman, Sarg, &

Enrico, 2000; Souza et al., 2021; Xiao et al., 2019). The distribution and

quality of source rocks have certain regularity within the sequence

stratigraphic framework (Lai, Li, Liu, Mao, Liu, et al., 2020; Lai, Li, Liu,

Mao, Wang, et al., 2020; M. Li et al., 2018).

The Fushan Depression is a Cenozoic petroleum-bearing tec-

tonic unit in the Beibuwan Basin, South China Sea (Gan

et al., 2020). After more than 60 years of exploration, numerous oil

fields, such as Meitai, Huachang, Chaoyang, and Bailian oil fields,

have been discovered successively (Lu et al., 2016). Much work has

been done on source rocks. For example, the second member of

the Palaeogene Liushagang Formation (Els2) is the main source bed,

and the eastern Bailian Sag and the western Huangtong Sag are the

main petroleum-generating sags (Chen, Gan, Shi, Zhao, &

Wang, 2015; Gan et al., 2020). However, the studies on conven-

tional source rock evaluation limited by samples distribution are

mainly focused on the eastern Bailian Sag, resulting in the lack of

research on hydrocarbon generation potential and distribution of

source rocks in the western Huangtong Sag.

In this study, a comprehensive source rock evaluation was carried

out within a sequence stratigraphic framework of the Palaeogene

Liushagang Formation in the western region of the Fushan Depres-

sion. The hydrocarbon generation potential and spatial distribution of

source rocks were discussed on the basis of systematic geochemical

analyses of 133 potential source rock samples, well-loggings, and seis-

mic sections. Combined with the amount, type, maturity, and occur-

rence of organic matter, the effective source kitchens were

determined. The main controlling factors and location of effective

source rock kitchens are of great significance to the selection of

petroleum exploration targets. This study proves that sequence strati-

graphic geochemistry has a good application effect in the evaluation

of source rocks in lacustrine basins.

2 | GEOLOGICAL BACKGROUND

The Fushan Depression is located in the south-east of the Beibuwan

Basin (Figure 1a). It is a Cenozoic rift depression bounded to the

north-west by the Lingao Fault, to the north-east by the Changliu

F IGURE 1 (a) Location of the Fushan Depression (modified after Liu et al., 2014). (b) Division of structural units in the Fushan Depression
(modified after Gan et al., 2020). (c) The sketch map of the western region of Fushan Depression and wells location. Sediment source directions
of the Liushagang depositional period are from Y. Li, Lin, Wang, & Luo, 2017
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Fault, and to the south by the Ding'an Fault (Figure 1b). The Beibuwan

Basin has experienced three stages of tectonic evolution: (a) an early

extensional phase from Palaeocene to Eocene; (b) a late extensional

phase of Oligocene age; and (c) a passive thermal subsidence phase

from late Miocene to Recent (Gong, Li, & Xie, 1997; Liu et al., 2020).

Separated by the structural transition zone, the Fushan Depression

can be further divided into the Bailian Sag in the east and the

Huangtong Sag in the west, which have different structural styles and

depositional patterns (Liu, Wang, Lin, Li, & Ma, 2012). There are three

Tertiary structural units in the west region from north to south

(i.e., north Chaoyang step-fault zone, central Huangtong Sag, and

south slope zone) (Liu et al., 2015). The southern slope area examined

in this study covers approximately 8 km wide (Figure 1c).

The Palaeogene strata in the Fushan Depression consist of the

Changliu Formation (Ech), the Liushagang Formation (Els), and

the Weizhou Formation (Ewz) (Figure 2) (M. Li et al., 2008). The

Liushagang Formation is the major oil-generating layer and reservoir

and consists mainly of organic-rich mudstones, siltstones, and sand-

stones (Jin, Wang, Cao, Gan, & Chen, 2020). It can be divided

into three third-order sequences (i.e., SQls3, SQls2, and SQls1)

(Liu et al., 2014; Ma, Zhao, Liao, & Lin, 2012), which correspond to

the first, second, and third members (Els3, Els2, and Els1), respectively

(Figure 2). The lake level and the activities of Meitai Fault, Bohou

Fault, and Lingao Fault jointly control the sequence stratigraphic style,

resulting in the absences of SQls2-LST–TST and SQls3 in the

Huangtong Sag and SQls2-HST and SQls1 in the north-western side

of the Bohou Fault (Figure 3).

During the depositional period of the Els, braided river delta

systems were widely distributed in the southern slope, and fan delta

systems were developed in the Chaoyang step-fault zone (Figure 3)

(Y. Li et al., 2017; Liu et al., 2014, 2015, 2020). The central Huangtong

Sag frosted turbidite fans and lacustrine facies with dark grey source

rocks (Y. Li et al., 2017; Liu et al., 2014, 2015, 2020).

3 | MATERIALS AND METHODS

3.1 | Materials

A total of 133 core samples and cutting samples from the mudstone

layers within the Liushagang Formation were collected for geochemi-

cal experiments. All the samples were designed for total organic

F IGURE 2 Generalized stratigraphic
column and structural and stratigraphic
sequence evolution of the Fushan
Depression (modified after Liu
et al., 2014). ElsN, the Nth member of the
Liushagang Formation; EwzN, the Nth
member of the Weizhou Formation
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carbon (TOC) content analysis and Rock-eval pyrolysis. Twenty-eight

samples were designed for vitrinite reflectance measurement. Eigh-

teen well-logging curves and 12 seismic sections were collected for

evaluation of the areal distribution of mudstones. In addition, the top

and bottom depth contour maps of Els3, Els2, and Els1 members were

collected for the study of regional thermal maturity. The location of

sampling wells and other wells are shown in Figure 1c.

3.2 | Geochemical experiments

At first, all the mudstone samples were rinsed with deionized water to

remove residual contamination. Second, crushing and grinding them

to less than 0.2 mm (80 mesh). The TOC content was measured using

a LECO CS-230 carbon analyser after the carbonates were removed

by dilute hydrochloric acid (1.5 mol/L). Rock-eval pyrolysis was carried

F IGURE 3 The depositional characteristics within the sequence stratigraphic of the western region of the Fushan Depression

F IGURE 4 Sequence stratigraphic division of well M6-5X and representative seismic profile in the western region of the Fushan Depression.
The position of the seismic profile can be seen in Figure 1. TST, transgressive systems tract; HST, highstand systems tract; LST, lowstand systems
tract. Relative lake level is from Ma et al., 2012

2412 ZENG ET AL.



out by OGE-VI Rock Pyrolysis Instrument. The ground samples

weighing 100 mg were heated to 600�C to measure volatile hydrocar-

bon content (S1), remaining hydrocarbon generation potential (S2), and

temperature corresponding to maximum pyrolysis yield (Tmax). The

vitrinite reflectance (Ro) measurements were performed on polished

rock blocks using a Leica 6000-M microscope, adapted for reflected

white light observation (M. Li, Simoneit, Zhong, & Fang, 2013;

Rospondek, Szczerba, Malek, G�ora, & Marynowski, 2008). Approxi-

mately 50 vitrinite grains were measured for each sample.

3.3 | Evaluation of mudstone areal distribution

The mudstone to stratum thickness ratio is an effective material to

evaluate the areal distribution of mudstone (Lai, Li, Liu, Mao, Liu,

et al., 2020). Y. Li et al. (2017) analysed the depositional setting of the

Liushagang Formation, using three-dimensional seismic data. In this

study, we first recognized the sedimentary facies of different

sequences on the basis of previous studies and wells-correlation geo-

logical profiles. Then, the mudstone to stratum thickness ratios of dif-

ferent sedimentary facies was estimated based on logging curves and

lithological logging data. After that, we established the corresponding

relationship between logging and seismic data by well-seismic

calibration and predicted the areal distribution of stratum thickness.

Finally, the mudstone areal distribution was obtained by the compre-

hensive application of the mudstone to stratum thickness ratios,

distribution of depositional facies, and calibrated thickness data.

4 | RESULTS

4.1 | Sequence stratigraphic and depositional
characteristics

4.1.1 | Sequence stratigraphic framework

The Liushagang Formation was divided into three third-order

sequences (SQls3, SQls2, and SQls1, from the bottom to top) by the

T4, T5, T6, and T7 unconformities (Ma et al., 2012). In this study, we

divided the sequences of each well based on the conventional logging

and lithological logging data, and establish the correlation between

the logging sequence interface and seismic sequence interface.

Figure 4 shows the well M6-5X and corresponding seismic section,

which were selected as the reference well and representative seismic

section for the study of sequence stratigraphic framework.

The sequence boundaries are characterized by sharp changes in

lithology with apparent correspondences of gamma ray (GR) and deep

induction resistivity (RILD) on logging, and by the occurrence of

F IGURE 5 Planar depositional facies distribution of SQls3 (a), SQls2 (b), and SQls1 (c) of the Liushagang Formation in the western region of
the Fushan Depression
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seismically resolvable terminations of onlap, downlap, or truncation

(Figure 4). Based on the retrogradational or progradational stacking

patterns of parasequences, these third-order sequences of the

Liushagang Formation can be further divided into nine system tracts

(SQls3-LST, SQls3-TST, SQls3-HST, SQls2-LST, SQls2-TST, SQls2-HST,

SQls1-LST, SQls1-TST, and SQls1-HST) (Figure 2). However, the

bounding surfaces of these system tracts are, difficult to identify on

seismic transects. The vertical stacking patterns of lithology and grain

size are taken as the basis for elucidating the first flooding surfaces

(FFS) and the maximum flooding surfaces (MFS) (Figure 4). Generally,

the MFS and FFS are, respectively, characterized by the pure mudstone

and by good correspondence with transformation interfaces of two

parasequence sets characterized by weak progradational and evidently

retrogradational stacking pattern.

4.1.2 | Depositional characteristics

Figure 3 shows the depositional characteristics and evolution within

the Liushagang sequences of the western region of the Fushan

Depression. Four main Depositional facies have been identified based

on the lithology: braided river delta, semi-deep lake, fan delta, and tur-

bidite fan. They are characterized by thick deltaic sandstones with

minor interbedded mudstones, pure mudstones, multistage vertical

superimposed gravel sandstones, and mudstones with sandstone and

siltstone intervals, respectively.

During the deposition of SQls3, the lake level was relatively high

(Figure 3). The sediments were transported to the deep lacustrine

areas by the channel systems (Y. Li et al., 2017) (Figure 1c), and finally

deposited as the braided river deltas, turbidite fans, and semi-deep

lake facies in the western region of the Fushan Depression. The SQls2

was deposited during the highest lake level period of the Liushagang

Formation (Figure 3), resulting in widespread distribution of dark mud-

stones. Southern uplift was the major provenance system (Figure 1c).

Semi-deep lake facies were widely developed in the western region of

the Fushan Depression. The lake level fell in the late HST period, and

the western Lingao uplift provenance system began to transport sedi-

ments to the lacustrine (Figure 1c). As a result, fan delta facies were

deposited in the west of Huangtong Sag. The SQls1 period with the

lowest lake level (Figure 3). There are three provenance systems of

the sediments: southern slope belt provenance system, western

Lingao uplift provenance system, and north-eastern Maniao Fault

provenance system, respectively (Y. Li et al., 2017) (Figure 1c). Braided

river delta facies developed in the southern slope, fan delta facies

deposited in the west and north-east of Huangtong Sag, and

semi-deep lake facies distributed in the north of Huangtong Sag.

The planar depositional facies distributions of different sequences are

shown in Figure 5.

F IGURE 6 Areal distribution of mudstones of SQls3 (a), SQls2 (b), and SQls1 (c) of the Liushagang Formation in the western region of the
Fushan Depression
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4.2 | Areal distribution of mudstones

For a lacustrine fluvial deltaic depositional system, the ranges of mud-

stone to stratum thickness ratio of deltaic, shallow lake, and deep lake

facies are <0.5, 05–0.8, <0.8, respectively (Feng, 2004; Lai, Li, Liu,

Mao, Liu, et al., 2020; Xie, Hu, Jia, & Hu, 2011). According to the litho-

logical and logging data, we obtained the mudstone to stratum thick-

ness ratio ranges of delta plains, delta fronts, fan delta fronts, turbidite

fans, and semi-deep lake facies are <0.5, 0.6–0.8, 0.5–0.8, 0.6–0.8,

>0.8, respectively. On the basis of mudstone to stratum thickness

ratios, calibrated thickness data, and distribution of sedimentary

facies, contour maps of mudstone thickness of the Liushang

sequences were given in Figure 5. The thickness of SQls3 mudstone is

between 100 and 400 m, and gradually decreases toward the south

(Figure 6a). SQls2 mudstone thickness is about 250–600 m

(Figure 6b). SQls3 mudstones with a thickness of about 150–550 m,

and the thicker area is located in the northern part of Huangtong Sag

(Figure 6c), which proves the northward migration of the lacustrine

depositional centre.

4.3 | Geochemical analysis results

TOC, Ro, and Rock-Eval pyrolysis data of the selected mudstone samples

are shown in Table 1. The TOC values of samples are in the range of

0.35–2.82% (Only two samples have TOC content less than 0.5%), with

an average of 1.47%, indicating that they meet the recognized source

rock criterion (Peters, 1986; Peters & Cassa, 1994). Hydrocarbon genera-

tion potential index (GP = S1 + S2) was proposed by Tissot and

Welte (1984) for source rock classification. The results of the Rock-Eval

pyrolysis analysis show the values of GP ranging from 0.08 to 7.27 mg

HC/g, indicating that poor to good source rocks occur in the Liushagang

Formation. In addition, the Tmax values and Ro values vary from 418 to

472�C and 0.42 to 1.05%, respectively, indicating a thermal maturation

level of immature to mature stage. Wide variation ranges of geochemical

data demonstrate strong heterogeneity in the geochemical characteris-

tics of source rocks of the Liushagang Formation.

5 | DISCUSSION

5.1 | TOC content estimation model

The average TOC data obtained from the laboratory measurement is

used to represent the abundance of organic matter of the formation

in traditional source rock evaluation. However, the results are limited

by sample distribution and quantity, which makes it impossible to

accurately characterize the spatial heterogeneity of geochemical char-

acteristics (Lai, Li, Liu, Mao, Wang, et al., 2020). Therefore, conven-

tional logging curves are used by petroleum geologists to estimate the

TOC content of the formation due to its easy availability and vertical

continuity (Fertl & Chilingar, 1988; Passey, Creaney, Kulla, Moretti, &

Stroud, 1990; Schmoker, 1979). ΔlogR model is the most widely usedT
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F IGURE 7 F (a) Diagram of the MLPNN algorithm structure; (b) prediction results of the MLPNN model; (c) the conventional logging curves
and continuous TOC prediction curve of the well HG5-2AX

F IGURE 8 Cross-plot of GP versus TOC content of mudstones from SQls3 (a), SQls2 (b), and SQls1 (c) of the Liushagang Formation
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method for TOC estimation, but it is not applicable to mudstone inter-

layers, due to the rapidly changing lithology and the difficulty in deter-

mining a baseline (Zeng et al., 2021). In this study, a multilayer

perceptron neural network (MLPNN) method was chosen to build the

TOC prediction model for the source rocks, because the mudstone inter-

layers are generally occurring in the delta front and turbidite fan facies in

the western region of the Fushan Depression (Figure 4). MLPNN

consists of an input layer, two hidden layers, and an output layer,

and its algorithm structure is shown in Figure 7a. The process of the

MLPNN is as follows: (a) randomly assign weights to the hidden layer

neurons; (b) adjust the weights according to the back-propagation

error; and (c) complete the training until the expected output is

obtained. The correlation coefficient (R2) between the measured

TOC and estimated TOC is 0.7724 (Figure 7b). Figure 7c shows the

prediction result of the Well HG5-2AX, and the TOC prediction cur-

ves of each individual wells in the western region of the Fushan

Depression were obtained by this model.

5.2 | Source rock assessment within the sequence
stratigraphic framework

5.2.1 | Organic matter richness

In this study, the cross-plot of GP versus TOC was used to evalu-

ate the abundance of organic matter (Peters, 1986). The SQls3

mudstones are generally fair to good source rocks with the GP

values and TOC values ranging from 2.75 to 7.27 mg/g and 1.01

to 2.19%, respectively, whereas good source rocks mainly occur in

the ETST and HST (Figure 8a). The SQls2 mudstones are classified

as fair to very good source rocks, with the GP values higher

than 3.15 mg/g and the TOC values higher than 1.30% (Figure 8b).

The mudstones from the LST (poor to very good source rocks,

0.83% < TOC < 2.82%, 0.89 mg/g < GP < 6.63 mg/g) and TST

(poor to good source rocks, 0.95% < TOC < 1.7%, 1.48 mg/

g < GP < 6.17 mg/g) of SQls1 have higher abundance of organic

matter than that of the HST (poor to fair source rocks, 0.35%

< TOC < 1.38%, 0.02 mg/g < GP < 4.57 mg/g) (Figure 8c). Note

that most samples are classified as good source rocks based on

TOC content, while they fall in the range of ‘poor to fair source

rock’ according to the hydrocarbon generation potential, which

mainly depends on the type of kerogen.

The significant variation of hydrocarbon generation potential

of the mudstones from different system tracts may indicate that

the quality of source rocks is controlled by the lake level. Those

mudstones with TOC content lower than 1.0% were mainly

occurred in SQls1-HST (Figure 8), corresponding to the lowest lake

level (Figure 4). In contrast, other mudstones were deposited in a

middle to high lake level environment (Figure 4). Therefore, we rea-

sonably conclude that the rapid fall of lake level results in a large

amount of deltaic or fan deltaic sediments deposition, causing the

decrease of the organic richness. Moreover, it is noted that some

mudstone samples from SQls1-LST–EST with higher TOC content

(>1%) and lower GP (<2 mg/g) correspond to higher Tmax and

deeper burial depth (>3,400 m) (Table 1), indicating that they have

a higher thermal maturity, resulting in poor present-day hydrocar-

bon generation potential.

Determining the mean TOC areal distribution of mudstones is of

great significance for source rock assessment. The steps of the predic-

tion for the spatial distribution of TOC content are as follows:

(a) employ the MLPNN model to obtain the TOC prediction curves in

individual wells; (b) count the mean TOC values of mudstones of dif-

ferent sequences in each well; (c) establish the correlation between

TOC and depositional facies (mudstone to stratum thickness ratios)

(Figure 9) (Lai, Li, Liu, Mao, Wang, et al., 2020; Ogiesoba &

Hammes, 2014); (d) correction by the measured TOC data; and

(e) obtain the distribution of the TOC content within the sequence

stratigraphic framework. The estimation equations are as follows:

SQls3 :TOC¼15:238� MSRð Þ3�37:834� MSRð Þ2

þ32:323� MSRð Þ�7:971

R2 ¼0:89 ð1Þ

F IGURE 9 The correlation between TOC and MSR. MSR, the
mudstone to stratum thickness ratio; R2, correlation coefficient
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SQls2 :TOC¼14:813� MSRð Þ3�33:818� MSRð Þ2

þ26:758� MSRð Þ�5:883

R2 ¼0:78 ð2Þ

SQls1 :TOC¼5:386� MSRð Þ3�12:86� MSRð Þ2

þ11:262� MSRð Þ�2:0383

R2 ¼0:80, ð3Þ

where TOC represents the total organic carbon content (wt%); MSR

represents the mudstone to stratum thickness ratio; R2 represents the

correlation coefficient.

The contour maps of mean TOC content of source rocks of the

Liushagang sequences are given in Figure 8. The mean TOC values of

SQls3 mudstones ranges from 1.0 to 1.6%, indicating that the source

rocks in the most areas of the southern slope meet the criterion of

F IGURE 10 Contour maps of the average TOC content of the mudstones in SQls3 (a), SQls2 (b), and SQls1 (c)

F IGURE 11 Cross-plot of HI versus Tmax of mudstones from SQls3 (a), SQls2 (b), and SQls1 (c) of the Liushagang Formation
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good source rocks (Figure 10a). During the SQls2 period, the rising

lake level led to the expansion of the distribution range of good

source rocks (1.0% < TOC < 1.8%). The areas with higher abundance

of organic matter migrated from the southern slope to the centre of

Huangtong Sag (Figure 10b). The lake shrank northward during the

SQls1 period, and good source rocks (1.0% < TOC < 1.8%) mainly dis-

tributed in the north of Huangtong Sag (Figure 10c). In summary, the

areas with higher organic matter abundance and mudstone

depocenters migrate northward during the Liushagang period.

5.2.2 | Kerogen types of organic matter

Apart from the abundance of organic matter, the kerogen type is

another key parameter, which distinguishes oil-prone and gas-prone

source rocks (Hunt, 1979). Cross-plots of hydrogen index (HI=S2/

TOC, mg HC/g TOC) versus Tmax were used to distinguish the kero-

gen type of source rock samples (Bordenave, Espitalié, Leplat, Oudin, &

Vandenbrouke, 1993; Peters, 1986). Figure 11a,b indicate that the

mudstones from SQls3 and SQls2 are dominated by Type II1 to Type

II2 kerogen with higher HI values. The kerogen type of SQls1 is mainly

Type II2, with minor Type III kerogen depositing in the HST

F IGURE 12 Fitting between vitrinite reflectance (Ro) and
corresponding depth of representative wells

F IGURE 13 Contour maps of vitrinite reflectance (Ro) values of SQls3 (a), SQls2 (b), and SQls1 (c)
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F IGURE 14 Distribution of the effective source rock kitchens of SQls3 (a), SQls2 (b), and SQls1 (c)

F IGURE 15 Petroleum migration and accumulation model of southern slope in the west region of the Fushan Depression
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(Figure 11c). In conclusion, the organic matter types of the mudstones

of the Liushagang Formation are mainly dominated by mixed kerogen

with medium oil-prone ability.

5.2.3 | Thermal maturity of organic matter

Tmax and Ro are commonly used parameters indicating the thermal

evolutionary levels of source rocks. In this study, the Tmax and Ro

values of source rock samples range from 418 to 472�C and 0.42 to

1.05%, respectively, suggesting that their maturity is mainly in the

early mature to mid mature stage (Figures 11 and 12). However, regional

thermal maturity cannot be studied through the limited number of Tmax

and Ro data. Four representative wells (ie., M5-6X, HG5-2AX, C12X,

Y11X) from different structural units, distributed in the south-west,

south-east, north-west, and north-east of the study area, respectively,

were chosen to establish the correlation between Ro and depth

(Figure 10). The present-day burial depths correspond to the threshold

of hydrocarbon generation in well M5-6X, HG5-2AX, C12X, and Y11X

were estimated as 2,750, 2,250, 2,600, and 2,350 m, respectively.

Contour maps of Ro values of the Liushagang sequences were

obtained by fitting equations and average burial depths (Figure 13). The

SQls3 mudstones are classified as immature to early mature source

rocks, and distribute in a limited area of the southern slope, with the Ro

values ranging from 0.5 to 0.7% (Figure 13a). The mudstones from

SQls2 have reached the highest maturity stage of source rocks in the

Liushagang Formation, with the highest Ro value of 1.1%. All the source

rocks from the Huangtong Sag reached the mid mature to late mature

stage (Figure 13b). The maturity of SQls1 mudstones is lower than that

of SQls2, with the Ro values ranging from 0.5 to 0.8% (Figure 13c).

M. Li et al. (2007) rebuilt the burial and thermal histories of the

Fushan Depression by numerical modelling and indicated that the oil

accumulating of the Palaeogene petroleum system occurred in Late

Miocene (10–6 Ma). Based on the comprehensive analysis of the

burial and thermal histories, we can reasonably conclude that the

maturity of the Liushagang source beds during 10–6 Ma is slightly

lower than the current maturity.

5.3 | Prediction of the effective source rock
kitchen and controlling factors

Thick, organic-rich potential source rocks can become effective source

rocks after sufficient burial and thermal maturation (Peters, Magoon,

Valin, & Lillis, 2007). Because of the similar kerogen type, comparison

of thickness, organic richness, and maturity information for source

rocks was used to determine the effective source rock. In this study,

the criterion of effective source rock is defined as good to very good

source rocks (TOC > 1%) with higher hydrocarbon potential and ther-

mal maturity in the mature range (Ro > 0.5%).

Based on comprehensive analysis of areal mudstone thickness,

TOC content, and thermal maturity, the distribution of effective

source rock kitchens of the Liushagang sequences was shown in

Figure 14. As a result, the strip-shaped area of the southern slope

with about 3 km wide of SQls3 (200–400 m thickness), the whole

Huangtong Sag of SQls2 (350–600 m thickness), and the central and

northern part of Huangtong Sag of SQls1 (400-550 m thickness) were

identified as the effective source rock kitchen ranges (Figure 12). In

general, thick organic-rich mudstones widely occurred in all the

Liushagang sequences. It can be inferred that the areal thermal matu-

rity of source rocks controls the distribution of effective source rock

kitchens.

5.4 | Implication for hydrocarbon exploration

Petroleum accumulations are more likely to originate from the active

source rocks in the same geographic location (Magoon, 2004). In other

words, determining the ranges of effective source rock kitchen plays a

vital role in the selection of exploration targets.

Prospectors focused on the southern slope zone due to the

occurrence of a large number of sandstone reservoirs, but only

SQls3 oil pools have been discovered, and fewer accumulations have

been found in the south of Well M3 (Figure 15). Based on oil-source

correlation, previous studies pointed out that the crude oil in the

southern slope is mainly derived from the local SQls3 source rocks,

rather than the SQls2 and SQls1 mudstones from the Huangtong

Sag (Lu et al., 2016; Shi, Guo, Liao, Cheng, & Li, 2020). However, the

relatively deeper hydrocarbon generation threshold depth results in

the limited occurrence of effective source rocks of SQls3 (Figure 14).

Therefore, it can be inferred that the small amounts of effective

source rocks are the reason for the fewer hydrocarbon accumula-

tions on the southern slope of the western region of the Fushan

Depression. The sand bodies of lower parts of SQls3 within the

range of the effective source kitchen are better exploration targets

than their southern counterparts, due to their sufficient hydrocarbon

source.

6 | CONCLUSIONS

In this study, a comprehensive source rock evaluation was carried out

by geochemical experiment analysis, combined with sequence stratig-

raphy theory and logging geochemical prediction. Four main conclu-

sions can be drawn as follows:

1. Source rocks of SQls3, SQls2, and SQls1 with a thickness of

100-600 m are widely distributed in the western region of the

Fushan Depression and are characterized by a distributional pat-

tern thinning to the surroundings, and thicker to the north and

thinner to the south, respectively. The lacustrine depositional cen-

tre migrated to the north Huangtong Sag during the Liushagang

period.

2. Fair to very good source rocks dominated with Type II kerogen are

occurred in the EST–HST of SQls3, SQls2, and LST–EST of SQls1,

whereas the source beds in HST of SQls1 are characterized by
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poor to fair hydrocarbon generation potential with Type III

kerogen.

3. Thermal maturity is the main factor to control the distribution

of effective source rock kitchens. The strip-shaped area of the

southern slope with about 3 km wide, the whole Huangtong Sag

and the central-northern Huangtong Sag were classified as the

effective source rock kitchen ranges of SQls3, SQls2, and SQls1,

respectively.

4. The determination of the effective source rock kitchen range has a

guiding role for oil and gas exploration. Fewer hydrocarbon accu-

mulations were found in the southern slope due to the deeper

hydrocarbon generation threshold and the limited occurrence of

effective source rock kitchens.
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