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Abstract: In recent years, a large amount of industrial oil and gas resources have been discovered 
in the Paleogene Wenchang Formation (WC) of the southern Lufeng sag, confirming that the WC 
resources are promising prospects for petroleum exploration. However, because of the complex li-
thology, multiple sources of crude oil and multi-period charging characteristics in the WC, the ac-
cumulation process and model have not been clearly understood. Therefore, in this study, the main 
sources of crude oil and the process of hydrocarbon accumulation in key oil accumulation periods 
are determined by combining biomarker and geological analyses. Finally, the model of oil and gas 
accumulation is systematically summarized. The obtained results show that the source rock of the 
WC is the main source of hydrocarbons in the study area. The crude oil types in the southern Lufeng 
sag are classified into three types. Type A crude oil comes from source rocks of Wenchang For-
mation Members 3 and 4. Type B crude oil comes partly from source rocks of Wenchang Formation 
Members 1, 2, and 3 and partly from source rocks of Wenchang Formation Members 5 and 6. Type 
C crude oil is a mix of type A and type B crude oil. There are three accumulation periods that typify 
the study area: in the first period, accumulation was with vertical migration by fault; in the second 
period, accumulation was with lateral migration by sand body; and in the third period, accumula-
tion was with vertical migration by sand body and adjacent to the source. The methodology and 
results of the accumulation process in southern Lufeng sag can support offshore oil and gas explo-
ration. 

Keywords: offshore petroleum exploration; Zhu I depression Paleogene; TOC; rock pyrolysis;  
biomarkers 
 

1. Introduction 
The ultimate goal of oil exploration is to help oil field companies make oil and gas 

discoveries at a low cost in the shortest possible time [1]. Identifying the source of crude 
oil in the reservoir and understanding the migration paths and accumulation molds can 
better predict favorable areas for hydrocarbon accumulation thereby maximizing the rate 
of exploration results [2–4], and oil–source correlation plays an important role in deter-
mining crude oil sources and analyzing hydrocarbon migration directions [5]. It is mainly 
based on the principles of organic geochemistry, and reasonable matching parameters are 
selected to analyze the relationship between crude oil and source rocks [6–9]. Previously, 
a large number of domestic and foreign scholars have explored geochemical methods for 
oil–source correlation [10–13]. 

Currently, oil and source rock correlation indicators are widely used, including phys-
ical properties of crude oil, biomarker compounds, bulk composition, stable carbon iso-
topes, and so on [7,14]. The most commonly used correlation index is biomarker 
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compounds [9]. The applicability and indicative significance of terpenes, isoprene, ster-
anes, and aromatic steranes in oil and source rock correlation have been clarified interna-
tionally [15–17]. However, there is almost no detailed study and conclusive evidence as 
to whether biomarkers are significantly affected by thermal maturation or biodegradation 
[18]. Moreover, the biomarker can occasionally feature similarly in various oil and source 
rock correlations, resulting incorrect conclusions [19,20]. Therefore, the use of geochemi-
cal methods for oil and source rock correlation must be combined with actual geological 
conditions to draw inferences. 

The Pearl River Mouth Basin is located in the northern part of the South China Sea. 
Lufeng sag is located in the northeast of the Zhu I depression in the Basin. It is the most 
mature area for Paleogene exploration and research in the Pearl River Mouth Basin, with 
promising prospects for resource exploration [21–24]. In the past 10 years, a series of 
breakthroughs have already been achieved in the Paleogene. For instance, Lufeng 14-D, 
Lufeng 13-A, Lufeng 14-H, Lufeng 8-A, Lufeng 13-J, and other oilfields have been discov-
ered [25–27]. Shallow lacustrine to deep lacustrine facies source rocks of the Wenchang 
Formation (WC) and shallow lacustrine to swamp facies source rocks of the Enping For-
mation (EP) are developed in the Paleogene, in which source rocks of the WC are the main 
source, and EP is a secondary hydrocarbon source rock [24,27–30]. The WC has the re-
markable advantage of “near-source accumulation”. It is a favorable section for petroleum 
exploration and development and an important reserve-increasing field in the sag [31,32]. 

Although the Paleogene WC has great resource potential, the success rate of com-
mercial exploration is low [25]. In addition, the lithology of the source rocks of the WC is 
complex, showing heterogeneity, and the abundance of organic matter is different in each 
member [33]. The source and accumulation process of oil and gas in the WC reservoir are 
not clearly understood, and the direction of the next breakthrough is unknown, which 
restricts the exploration of the deep Paleogene. Therefore, determining the accumulation 
process throughout the geological history of the study area and establishing accumulation 
models are necessary tasks. 

There are few research data in the north of Lufeng sag, and the oil and gas discovery 
is mainly located in the southwest of the sag. This paper takes the southwest of Lufeng 
sag as the main research object. Firstly, the relative contribution of source rocks in differ-
ent strata is determined by the characteristics of hydrocarbon generation and expulsion 
of source rocks, and the source of crude oil of the WC is determined by the combination 
of the organic geochemical method and geological analysis. Then, according to the hydro-
carbon accumulation period in the study area, the hydrocarbon accumulation process of 
the WC reservoir in southern Lufeng area is confirmed. Finally, hydrocarbon accumula-
tion is established. The results of this study have great significance in guiding offshore 
petroleum exploration in the Lufeng sag. 

2. Geological Background 
The Pearl River Mouth Basin is located in the northern part of the South China Sea, 

adjacent to Taiwan and Hainan, and is one of the largest offshore petroliferous basins in 
China (Figure 1a) [34,35]. This 800 km long and 100–300 km wide basin spreads in the 
northeast–southwest direction [36] with three uplifts and two depressions in its structure. 
It is divided into five structural units: the northern uplift belt, the northern depression 
belt, the central uplift belt, the southern depression belt, and the southern uplift belt 
[35,37,38]. 
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Figure 1. (a) Map of the Pearl River Mouth Basin in China; (b) the division of tectonic units in the 
Pearl River Mouth Basin and the location of the Lufeng sag; (c) the division of sub-tectonic units 
and well location of the WC in Lufeng sag (A-A’ shows the location of the geological section line; B-
B’ shows the location of the seismic profile line); (d) formation, lithology, and tectonic of the Lufeng 
sag. 

The Zhu I depression is located in the northern depression belt of the Pearl River 
Mouth Basin, spanning an area of about 37,380 km2 in the northeast–southwest direction. 
From north to south, it has five secondary sags: the Hanjiang, Lufeng, Huizhou, Xijiang, 
and Enping sags (Figure 1b). The Lufeng sag is located in the north of the Zhu I depres-
sion, adjacent to the Haifeng uplift in the north and the Huilu low uplift in the south, and 
is bounded by the northern uplift belt and Dongsha uplift in the east and west, respec-
tively. It spans an area of about 7760 km2 and is the most explored hydrocarbon sag in the 
Zhu I depression [21]. Here, Paleogene strata are the key areas for further petroleum ex-
ploration [24]. 

There are six sub-sags and two uplifts in the Paleogene of the Lufeng sag (Figure 1c). 
Of these, the Lufeng 13 and Lufeng 15 sub-sags are important hydrocarbon generation 
sub-sags and significant petroleum exploration blocks [21]. Up to November 2020, about 
51 exploration wells had been explored in the Lufeng sag, only 4 of which are Paleogene 
industrial hydrocarbon wells. The distribution of Paleogene hydrocarbon reservoirs has 
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been very limited, mainly distributed in the southeast of the Lufeng 13 eastern sub-sag. In 
addition, a Paleogene reservoir has also been drilled in the area where the Lufeng 7 sub-
sag and Lufeng 13 sub-sag intersect. However, this reservoir area is small, and no signifi-
cant hydrocarbon discoveries have been made in the exploration wells deployed around 
the reservoir (Figure 1c). 

The Shenhu Formation is not existent in the Lufeng area, and the pre-Paleogene base-
ment is in disconformity or unconformity contact with the WC. The strata include the 
Paleogene WC, the EP, and the Zhuhai Formation; the Neogene Zhujiang Formation, the 
Hanjiang Formation, the Yuehai Formation, and the Wanshan Formation; and a Quater-
nary stratum [24,27]. Overall, the study area has suffered from continental to marine facies 
sedimentary processes, where the Paleogene stratigraphic sedimentary period mainly be-
longs to the continental sedimentary stage. The tectonic movement was strong, and the 
sedimentary system rapidly changed. The sedimentary facies are mainly of three types: 
lacustrine, braided river delta, and fan delta facies (Figure 1d). During the Neogene strat-
igraphic sedimentary period, the structure was stable, dominated by marine sediments. 

The WC is the main source rock series in the Lufeng sag, mainly comprising semi-
deep lacustrine to deep lacustrine facies. The WC is subdivided from bottom to top into 
the Wenchang Formation Member 6 (WC6), the Wenchang Formation Member 5 (WC5), 
the Wenchang Formation Member 4 (WC4), the Wenchang Formation Member 3 (WC3), 
the Wenchang Formation Member 2 (WC2), and the Wenchang Formation Member 1 
(WC1). WC6 to WC4 are collectively called the lower WC, and the top three members are 
collectively called the upper WC [38]. In the period of WC6 sedimentation, the sedimen-
tary range was limited (only in the interior of the Lufeng 13 and Lufeng 15 sub-sags). From 
the WC5 to the WC6, the water body deepened, and the area of the lake gradually in-
creased. At the end of the sedimentary period of the WC3, the sag began to enter the uplift 
stage, the water body began to become shallow, and the lake area began to decrease. By 
the end of the WC1 sedimentary period, the Lufeng sag rose above the sea level as a whole 
and suffered weathering and erosion. The lower WC, from the WC6 to the WC5 mainly 
comprises clastic conglomerate, pyroclastic rock, channel sandstone, and the lithology of 
the WC4 is mainly thick dark mudstone. The upper WC is dominated by mudstone inter-
calated with thin sandstone and red mudstone [39]. 

Since the Paleogene, the Lufeng sag has experienced two tectonic evolution stages, a 
rifting period and a late rift stage, forming a double-layer structure of the lower part of 
the fracture and the upper part of the depression [21,40,41]. Several tectonic movements 
occurred during this period (Figure 1d) [24,39]. The sedimentary period of the WC mainly 
corresponded to the tectonic movement stage from the first act of the Zhuqiong Move-
ment to the second act of the Zhuqiong Movement, which was about 47.8–38.0 Ma, form-
ing a fault in the NE–NEE direction [42]. This sedimentary period can be classified into 
three rift stages as follows. 
1. Initial rift stage: This stage corresponds to the WC6 and the WC5 sedimentary stage. 

The main fault was normal, and the basement fault or trunk fault controlled the gra-
ben structure; 

2. Strong rift stage: This stage corresponds to the WC5 and the WC4 sedimentary pe-
riod. The fault distance of the main fault increased obviously. The fault rotated and 
was controlled to form several rolling half-graben structures, and the sedimentary 
thickness increased. The sag centers of the Lufeng 7, Lufeng 13, and Lufeng 15 sub-
sags are obvious. Under the influence of the Huizhou Movement, during the WC4 
sedimentary period, the strata uplifted and suffered extensive erosion at the Lufeng 
low uplifts and the Huilu low uplift; 

3. Weak rift stage: This stage corresponds to the WC3 to the WC1 sedimentary period. 
During this stage, the fault extension was weakened, and the fault distance was 
small. 
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3. Materials and Methods 
3.1. Materials 

In this study, 210 core samples were obtained from 25 wells in the southern Lufeng 
sag. The sampling wells and sampling layers were relatively uniformly distributed. A to-
tal of 65 vitrinite reflectance data of the WC, 8 vitrinite reflectance data of the EP, crude 
oil physical property data of 15 wells, accumulation period data of 9 hydrocarbon reser-
voirs from 8 wells, and other geological data were collected. All samples and geological 
data were provided by Shenzhen Branch of China National Offshore Oil Corporation Lim-
ited. 

3.2. Laboratory Methods 
3.2.1. Total Organic Carbon (TOC) and Pyrolysis Experiment 

The source rock samples were crushed to a size smaller than 0.2 mm for TOC analy-
sis. According to the lithology and color of the sample, the sample of 0.01 g to 1.00 g was 
weighed and put in the crucible. The crucible was placed into the beaker, and the solution 
of excess hydrochloric acid and distilled water (volume ratio: 1:7) was added. The beaker 
was heated on an electric hot plate with temperature 60–80 °C for more than 2 h until the 
reaction was complete. We placed the crucible on the filter and rinsed with distilled water 
until neutral. We put the sample in a constant temperature drying oven and dried the 
sample within 60–80 °C. One g iron flux and one g tungsten flux were added to the dried 
sample porcelain crucible. The crucible with the air-dried sample was placed in a LECO 
CS instrument for determination. 

A Rock-Eval II instrument was used for the Rock-Eval pyrolysis [43,44]. Firstly, the 
source rock samples were crushed to the size of 0.07 mm~0.15 mm. Then, the 100 mg sam-
ples were weighed and placed into Rock-Eval II instrument for pyrolysis. The heating rate 
of the instrument was 50 °C/min. The S1 peak was measured when heated to 300 °C. S2 
peak, and Tmax were obtained when heated from 300 °C to 600 °C. 

3.2.2. Biomarker Identification 
Firstly, the source rock samples were dried and crushed until the particle size was 

less than 0.18 mm. We put the sample powder into an extracted filter paper cylinder. Then, 
we put the sample into a Soxhlet extractor and added a piece of copper to the flask. Sec-
ondly, the extractor and flask containing the sample were installed on the bracket and 
heated in a constant temperature water bath for 24 h. When the extraction solution 
showed no fluorescence, the extraction was completed. The extracted solvent was volati-
lized to near dry at no more than 40 °C, and chloroform asphalt “A” was obtained by 
weighing. 

We weighed chloroform asphalt “A” and crude oil under constant shaking, added 30 
mL or so of n-hexane, and placed for more than 12 h to fully precipitate asphaltene. We 
filtered the asphaltene with a short-necked funnel stuffed with skimmed cotton and 
washed it with n-hexane until the filtrate was colorless. The soluble substances of chloro-
form asphalt “A” and crude oil from the source rock were injected into the chromato-
graphic column. The saturated hydrocarbon components were separated by eluting 5 ml 
n-hexane for 6 times each time. Using a clean micro syringe, 1–2μL samples were injected 
into a gas chromatography–mass spectrometer (GC-MS) for analysis. 

3.3. Hydrocarbon Generation Potential (HGP) Method 
The HGP method is mainly based on the distribution of present-day source rocks to 

infer the previous change pattern of source rocks. The same type of source rocks at differ-
ent locations and different burial depths are regarded as samples of this type of source 
rock in different locations and different historical periods. Thus, based on the vertical var-
iation relationship of the HGP of this type of source rock in the geological profile, the 
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depth of the hydrocarbon expulsion threshold (HET) of the source rocks in geological his-
tory can be comprehensively identified [45]. 

The HGP index was defined as (S1 + S2)/TOC) × 100 (mg HC/g TOC) and used to 
measure the number of hydrocarbons that can be generated per unit of organic carbon 
[46]. In the process of burial and thermal evolution of hydrocarbon source rocks, the HGP 
index shows a trend of increasing first and then decreasing. When the source rock begins 
to generate hydrocarbons, the hydrocarbons in the source rock are in an undersaturated 
condition, and all the generated hydrocarbons remain in the source rock. When the hy-
drocarbons generated by organic matter in the source rocks satisfy self-absorption and 
capillary saturation, they are discharged from the source rock in a free phase [46,47]. Pang 
et al. (2004) [46] defined the geological condition in which hydrocarbons begin to be ex-
pelled as the free phase at the HET. The envelope curve of the HGP index data point 
reaches the maximum at the HET. Therefore, only when the burial depth of the source 
rock exceeds the HET does the source rock expel hydrocarbons (Figure 2) [36]. 

 
Figure 2. Determination of HET model based on the variation of HGP index with depth, modified 
after [36]. 

4. Results 
4.1. Source Rock Characteristics 
4.1.1. Hydrocarbon Generation and Expulsion Characteristics of the Source Rocks 

Hydrocarbons were generated by the source rocks and migrated to reservoirs [48]. 
There are two sets of source rocks in the southern Lufeng sag, the WC and EP source rocks 
[24,49], forming relatively complex oil sources. Thus, clarifying the sources of the different 
types of crude oil and the relative contribution of different source rocks is necessary. The 
concept of effective source rocks, which refers to fine-grained sedimentary rocks that have 
generated and expelled enough hydrocarbons to be able to form commercial hydrocarbon 
accumulation under natural conditions, was first introduced by Hunt in 1979 [50]. This 
shows that large-scale hydrocarbon expulsion is an essential indicator in measuring the 
effectiveness of source rocks. 

In 1997, Pang et al. [51] proposed the theory of “hydrocarbon expulsion threshold 
(HET)” defined as follows: geological conditions such as the critical buried depth and vit-
rinite reflectance for hydrocarbons generated from source rocks to begin expelling hydro-
carbons to the outside world in a free state after satisfying their self-retention in various 
forms. This theory has been accepted by most scholars, and the source rocks above the 
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HET have almost no contribution to actual hydrocarbon generation. However, when they 
evolved below the HET, many hydrocarbon expulsion events occur and can be considered 
effective source rocks. Therefore, the HGP index was calculated based on the pyrolysis 
data and TOC data of 210 hydrocarbon source rock samples (Table A1). And, the relation-
ship of HGP index variation with burial depth is established (Figure 3a). Then, the HET is 
judged according to the variation of the envelope of the HGP index data points in the 
longitudinal direction.  

 
Figure 3. (a) Determination of HET map with depth variation of HGP index in southern Lufeng sag; 
(b) variation of vitrinite reflectance (Ro) with depth of the WC and the EP in the southern Lufeng 
sag. 

The results show that when the burial depth is less than 3500 m, with increasing bur-
ial depth, the HGP index gradually increases, indicating that hydrocarbons begin to be 
generated at this depth but remain in the source rock in various forms and are not ex-
pelled. At 3500 m, the evolution curve of the HGP index turns, indicating that the source 
rocks begin to expel hydrocarbons. Thus, the burial depth of 3500 m was determined as 
the HET (Figure 3a). 

The majority of the source rocks of the EP are buried above the HET, indicating that 
their hydrocarbon expulsion amount is limited. The source rocks of the EP contribute little 
to the hydrocarbon accumulation. In contrast, the whole source rocks of the WC are below 
the HET. This implies that the majority of hydrocarbon source rocks of the WC have ex-
pelled or are expelling numerous hydrocarbons (Figure 4a). 
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Figure 4. Characteristics of the biomarker in the typical source rocks of the WC in the southern 
Lufeng sag; (a) hydrocarbon source rocks of the WC6; (b) hydrocarbon source rocks of the WC5; (c) 
hydrocarbon source rocks of the WC4; (d) hydrocarbon source rocks of the WC3; (e) hydrocarbon 
source rocks of the WC2; (f) hydrocarbon source rocks of the WC1 and WC2.4.2; Crude Oil Source. 

The maturity of hydrocarbon source rocks can also assist in identifying effective 
source rocks. The overall vitrinite reflectance is between 0.4% and 0.98%, which is in the 
immature–mature phase. Of these, the source rocks of the EP are shallowly buried, with 
a vitrinite reflectance between 0.4% and 0.61%, which is in the immature–low-mature 
phase. In comparison, the WC is deeply buried and mature with a vitrinite reflectance 
distributed between 0.5% and 0.98%. The vitrinite reflectance is thus mainly concentrated 
in the range of 0.6%–0.8% and is in the low-mature phase (Figure 3b). 

The effectiveness of the source rocks can be judged based on the comprehensive anal-
ysis of their hydrocarbon expulsion characteristics and organic matter maturity. The 
source rocks of the WC are the main source in the southern Lufeng sag. 

4.1.2. Biomarker Characteristics in the Source Rocks 
The characteristics of the biomarker compounds in the effective source rocks of the 

WC are clarified through a detailed geochemical analysis of the soluble organic matter 
remaining in the source rocks. Combined with the richness of biomarkers in the source 
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rocks of the WC, eight biomarkers (i.e., long-chain tricyclic terpenes, rearranged steranes, 
C27–C29 regular steranes, C30 4-methylsteranes, Ts and Tm, C30 Dia-Hop, oleanane, and bi-
cadinane) are selected to summarize and analyze the geochemical characteristics of the 
source rocks. These biomarkers have different biogenic sources and can indicate the sedi-
mentary environment of source rocks [15,52–57]. 

WC6 and WC5 were mainly drilled in the Lufeng 13 east sub-sag and the Lufeng 15 
sub-sag. The biomarker of source rocks all show characteristics of semi-deep lacustrine to 
deep lacustrine facies. Normally distributed long-chain tricyclic terpenes, low content of 
rearranged steranes, C27–C29 regular steranes with “L” or “V” distribution, the obvious 
predominance of C29 regular steranes, and abundant C30 4-methylsteranes were observed. 
The Ts content was slightly higher than that of Tm (Ts/Tm, 1.35–3.01). The average value 
of C30 Dia-Hop/C30 H was 0.19. Similarly, the oleanane content was not high. Bicadinane 
was basically not observed (Figure 4a,b). Although the biomarker of source rocks appears 
to be semi-deep lacustrine to deep lacustrine facies, this formation belongs to the shore–
shallow lacustrine to delta facies distributed at the edge of the sag in sedimentology, and 
the biomarker cannot accurately represent the sedimentary environment inside the sag. 
This is because only thin mudstone has been drilled in this Formation at the edge of the 
sag, and the Formation’s upper part is covered with thick sediments of the WC4. The 
mudstone of the WC6 and the WC5 may have been mixed with the hydrocarbons of semi-
deep lacustrine to deep lacustrine facies in the WC4, resulting in inconsistencies between 
the characteristics of biomarker and sedimentological analysis (Figure 4a,b). 

The source rocks of the WC4 and the WC3 were drilled in the Lufeng 13 east sub-sag 
and the Lufeng 15 sub-sag. The biomarker of source rocks all exhibit characteristics of 
semi-deep lacustrine to deep lacustrine facies. Normally distributed long-chain tricyclic 
terpenes, low-content rearranged steranes, C27–C29 regular steranes with “V” distribution, 
and the rich content of C30 4-methylsterane were observed. The Ts content was slightly 
lower than that of Tm (Ts/Tm, 0.18–3.38). The C30 Dia-Hop/C30 H value ranged from 0.05 
to 0.45. Similarly, the oleanane content was not high. The source rocks do not contain bi-
cadinane. (Figure 4c–e). 

WC1 and WC2 feature shallow lacustrine to semi-deep lacustrine facies mudstone in 
each sub-sag. Long-chain tricyclic terpenes show normal distribution, and the rearranged 
sterane content was not high. C27–C29 regular steranes show a “V” shape distribution, and 
the rich content of C30 4-methylsteranewere observed. The Ts content was significantly 
higher than that of Tm (Ts/Tm, 4.12–7.22). The C30 Dia-Hop/C30 H value ranged from 0.75 
to 1.04. The oleanane content was high. The content of bicarbodiane is rich (Figure 4f). 

4.2. Crude Oil Source 
4.2.1. Crude Oil Physical Properties 

When hydrocarbons migrate along the transport layer, the viscosity and density of 
crude oil gradually decrease with increasing hydrocarbon migration distance. When hy-
drocarbons migrate along the open fault, the viscosity and density of crude oil increase 
because of oxidation [58]. The injection direction of hydrocarbons can be macroscopically 
judged using the physical properties of crude oil [59–61]. Considering that the density 
data of crude oil from the WC is less and the regularity is not obvious enough, the density 
data of the other layers were used for the overall analysis. Fifteen crude oil samples were 
obtained from 15 wells in the southern Lufeng sag, with a uniform distribution of sample 
points. The density of the samples was statistically analyzed, and the results showed that 
the density of the crude oil widely varied, with an average of 0.86 g/cm3 and a range of 
0.73–0.97 g/cm3. The main distribution range of 80% of the samples is 0.80–0.92 g/cm3. The 
crude oil is mainly light–medium oil, followed by condensate and heavy oil. 

The crude oil density follows an apparent distribution law in the vertical direction. 
With increasing reservoir burial depth, the reservoir temperature increases, and the den-
sity decreases. The crude oil density obviously increases from the sub-sag to the uplift. 
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The average crude oil density in the sub-sag is 0.84 g/cm3, whereas that in the uplift is 0.87 
g/cm3 (Figure 5). 

 
Figure 5. Distribution characteristics of crude oil density in the southern Lufeng sag. 

4.2.2. Characteristics of the Crude Oil Biomarker 
Classification of crude oil types is the basis for oil and source rock correlation. Herein, 

according to the biomarker obtained from GC-MS fingerprint, the crude oil in the south-
ern Lufeng sag is classified into three types: Type A, Type B, and Type C. Significant dif-
ferences exist in the geochemical characteristics of the three types (Figure 6). Then, based 
on the study of the characteristics of the biomarker of the crude oil, six types of biomarkers 
(i.e., long-chain tricyclic terpenes, C30 4-methylsterase, Ts and Tm, C30 Dia-Hop, oleanane, 
and bicadinane) accurately represent the geochemical characteristics of the crude oil. Of 
these, the three biomarker parameters C29Ts/C29 H, Ts/Tm, and C30 Dia-Hop/C30 H can be 
used to visually distinguish the types of crude oil. Because of the little and unclear data 
on crude oil from the WC, crude oil data of other layers were used in the overall analysis, 
and the three types of crude oil can be completely separated through the comparative 
analysis of the optimized biomarker parameters (Figure 7). 

 
Figure 6. Characteristics of the biomarker of the three types of crude oil in the southern Lufeng 
region: (a) type A semi-deep lacustrine to deep lacustrine facies crude oil; (b) type B shallow lacus-
trine to semi-deep lacustrine facies crude oil; (c) type C mixed crude oil. 
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Figure 7. Comparison of parameters of biomarkers of crude oil in the southern Lufeng region: (a) 
relationship between C29 Ts/C29 H and C30 Dia-Hop/C30 H; (b) relationship between C29 Ts/C29 H and 
Ts/Tm. 

Type A crude oil exhibits characteristics of semi-deep lacustrine to deep lacustrine 
facies. It is mainly found in the reservoirs of the EP in the Lufeng 13 sub-sag and the WC 
reservoirs in the Lufeng 15 sub-sag. Its main biomarker is characterized by C19 tricyclic 
terpene content that is significantly lower than that of C23 tricyclic terpene, with rich C30 
4-methylsterane content. The Ts content is slightly higher than Tm content. The C29 Ts, 
rearrangement hopane, oleanane, and bicadinane contents are low (Figure 6a). 

Type B crude oil exhibits characteristics of shallow lacustrine to semi-deep lacustrine 
facies. It is mainly found in the EP reservoir in the north gentle slope belt of the Lufeng 13 
west sub-sag and the central uplift of the Lufeng 13 east sub-sag. The main biomarker is 
characterized by a significant increase in the C19 tricyclic terpene content, which is equiv-
alent to that of C23 tricyclic terpenes. The oil is rich in C30 4-methylsterane, and the Ts 
content is significantly higher than the average value of the Tm content. The C29Ts, rear-
ranged hopane, and oleanane contents are very high, and the oil is rich in bicadinane (Fig-
ure 6b). 

Type C crude oil exhibits characteristics of mixed source oil of semi-deep lacustrine 
to deep lacustrine facies and shallow lacustrine to semi-deep lacustrine facies. It is mainly 
found in the WC in the southern steep slope belt of the Lufeng 13 east sub-sag. The main 
biomarker is characterized by C19 tricyclic terpene content that is slightly lower than C23 
tricyclic terpene content. The C30 4-methylsterane content is high, and the Ts content is 
significantly higher than the Tm content (the average value of Ts/Tm is 2.89). The C29Ts, 
rearranged hopane, oleanane contents were very high, and the oil is rich in bicadinane 
(Figure 6c). 

4.2.3. Oil and Source Rock Correlation 
In this section, the oil and source rock are compared using the classification results 

of the crude oil types, combined with the organic geochemical analysis and test data of 
the source rocks. The degree of drilling in the Lufeng 13 west sub-sag, the Lufeng 13 east 
sub-sag, and the Lufeng 15 sub-sag is relatively high, and there is no obvious difference 
in the biomarker characteristics of the source rocks in each layer of the WC controlled by 
the same sedimentary facies in each sag. Therefore, the Lufeng 13 and Lufeng 15 sub-sags 
can be used as a whole for oil and source rock comparison. First, the crude oil source is 
determined by directly comparing the biomarker fingerprint of the crude oil and source 
rocks [62], and C29Ts/C29H, Ts/Tm, and C30 Dia-Hop/C30H are selected as the parameters 
for the oil and source rock correlation (Figure 8). The comparison results show the follow-
ing. 
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Figure 8. Comparison of parameters of biomarkers of crude oil and source rocks in the southern 
Lufeng sag: (a) relationship between C29 Ts/C29 Hop and Ts/Tm; (b) relationship between C30 Dia-
Hop/C30H and Ts/Tm. 

Type A crude oil is derived from semi-deep lacustrine to deep lacustrine source rocks 
of the WC4 and the WC3. It is characterized by high C30 4-methylsterane relative content, 
extremely low T compound content, and very low oleanane content. Ts and Tm contents 
are approximately equal, with low C29Ts/C29Hop, and low C30Dia-Hop/C30H. This type of 
crude oil is mainly found in the structure far from the center of the Lufeng 13 sub-sag and 
the reservoir around the Lufeng 15 sub-sag (Figure 9). 

 
Figure 9. Oil and source rock correlation results for the WC in the southern Lufeng sag. 

Type B crude oil is derived from shallow lacustrine–semi-deep lacustrine source 
rocks developed in the WC1, the WC2, and the WC3. This type of source rock is only 
found in the WC in wells LF7-9-1 and LF14-8-1D. It is rich in C30 4-methylsterane, the T 
compound content is abnormally high, and the oleanane content is high. The Ts content 
has an obvious advantage over the Tm relative content, and the Ts/Tm value is signifi-
cantly higher than that of class I crude oil. This oil type is mainly characterized by high 
C29Ts/C29Hop and high C30Dia-Hop/C30H contents. This type of crude oil is mainly found 
in the LF7-1 and the LF8-1 reservoirs (Figure 9). 

Type C crude oil belongs to the mixed-source oil generated by source rocks of the 
WC4 and the WC3 and part of upper WC source rocks. Therefore, the biomarker param-
eters such as C29Ts/C29Hop, Ts/Tm, C30Dia-Hop/C30H, and T/C30H values of this type of 
crude oil are among the parameters of Type A and Type B crude oil. This mixed-source 
oil is mainly found in the LF7-2 reservoir in the Lufeng 13 west sub-sag and the Wenchang 
Formation reservoirs in the LF14-4 and LF14-8 reservoirs in the Lufeng 13 east sub-sag. 
Generally, the crude oil from source rocks of the upper WC is mainly contaminated and 
filled with crude oil from source rocks of the WC4 and the WC3 (Figure 9). 
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4.3. Hydrocarbon Accumulation Period 
Studying the hydrocarbon accumulation period is highly significant for revealing the 

spatiotemporal matching relationships between hydrocarbons from source rocks to traps 
[63–65]. In this work, sandstone samples were taken from nine reservoirs of the WC from 
eight wells. Seven sandstone samples were used in fluid inclusion homogenization tem-
perature experiments, and two sandstone samples were used in 40Ar–39Ar dating analysis 
experiments. Table 1 displays the experimental results. 

The results revealed that the time of the hydrocarbon accumulation in the WC is rel-
atively late. During the sedimentary period of the upper Zhujiang Formation (18.1 Ma), 
the hydrocarbon began to accumulate in the traps, which has continued to the present 
day. The hydrocarbon accumulation phase can be classified into three stages according to 
the concentration degree of the hydrocarbon accumulation time (Figure 10). 

 
Figure 10. Relationship between hydrocarbon accumulation stages and oil and gas charging time. 

In the first stage (from the beginning of 18.1 Ma to the end of 13.6 Ma), the reservoirs 
filled with hydrocarbons are the WC reservoir of the LF14-D-Ad well and the LF16-E-A 
well in the Lufeng 15 sub-sag. 

In the second stage (from the beginning of 13.6 Ma to the end of 8 Ma), which  is the 
main hydrocarbon filling period in the southern Lufeng sag, the reservoirs of the WC in 
the LF7-D and LF14-H structures completed hydrocarbon filling.  

In the third stage (since the beginning of 8.4 Ma), the WC reservoir in the Lufeng 13 
east sub-sag filled with hydrocarbon (Table 1). 

Table 1. Identification of hydrocarbon accumulation table based on reservoir fluid inclusions and 
Ar isotope dating. 

Well Reservoir 

The Time When Hydro-
carbon Begins Accumu-

lating 

Time for the Hydrocar-
bon to End Accumula-

tion The Test Method 

(Ma) (Ma) 

LF8-A-A The Wenchang 
Formation 4.9 0 Fluid inclusion homogenization 

temperature experiment 

LF14-D-Ad The Wenchang 
Formation 

3.2 3.2 40Ar–39Ar Legal Year Analysis 

LF14-D-Dd The Wenchang 
Formation 

7 0 Fluid inclusion homogenization 
temperature experiment 

LF14-D-Bd The Wenchang 
Formation 

0.6 0 Fluid inclusion homogenization 
temperature experiment 

LF14-H-Bdsa The Wenchang 
Formation 

4 0 Fluid inclusion homogenization 
temperature experiment 



Minerals 2023, 13, 162 14 of 36 
 

 

LF14-D-Ad The Wenchang 
Formation 

13.7 13.7 40Ar–39Ar Legal Year Analysis 

LF14-H-Ad The Wenchang 
Formation 

13 8 Fluid inclusion homogenization 
temperature experiment 

LF7-D-Ad The Wenchang 
Formation 

14.6 8.4 Fluid inclusion homogenization 
temperature experiment 

LF16-E-A The Wenchang 
Formation 

18.1 13.6 Fluid inclusion homogenization 
temperature experiment 

4.4. Migration System 
4.4.1. Fault 

Fault migration systems are important vertical migration channels of hydrocarbons. 
The development scale, characteristics, and sealing of faults are the key factors affecting 
fault migration systems [66–69]. According to the contact relationship between the fault 
and the effective source rock, the faults are classified into oil–source faults and non-oil–
source faults. When a fault cuts through the effective source rocks, it is an oil–source fault; 
otherwise, it is a non-oil–source fault. The effective source rocks include the WC source 
rocks in the Lufeng 13, Lufeng 15, and Lufeng 7 sub-sags with burial depths exceeding 
the HET. Thus, the oil–source faults are considered to have vertical communication with 
the hydrocarbon sources (Figure 11). A total of 30 oil–source faults are identified. Of these, 
six oil–source faults are in the Lufeng 15 sub-sag, and non-oil–source faults are developed 
inside the sag. There are 19 oil–source faults in the Lufeng 13 east sub-sag and 12 oil–
source faults inside the sag, and the density of oil–source faults inside the sag is large. 
Paleogene hydrocarbon is mainly distributed in the Lufeng 13 east sub-sag oil–source 
fault distribution zone. There are five oil–source faults in the Lufeng 13 west sub-sag and 
no oil–source faults inside the sag (Figure 12). 

 
Figure 11. Distribution map of the oil–source fault and non-oil–source fault in seismic profile (the 
location of the seismic section is shown in Figure 1c B-B’). 
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Figure 12. Distribution map of oil–source fault and non-oil–source fault on the plane. 

4.4.2. Structural Ridge 
The migration of hydrocarbons in the migration pathway is not homogeneous. That 

is, hydrocarbons do not fill the migration pathway and maintain parallel movement in the 
extension direction of the migration pathway. However, they are concentrated in domi-
nant migration pathways of various types in a migration system, where the dominant 
migration pathway in a sandstone migration layer is the “structural ridge” direction 
[61,69,70]. 

In this study, the structural ridge distribution of the WC is studied in detail, and the 
dominant migration direction of hydrocarbons in the sandstone transport layer is deter-
mined. The results show that the stratum is affected by sedimentary conditions and den-
udation and does not cover the whole Lufeng sag. Their distribution area is limited, and 
the distribution of the structural ridges is more complex. The structural ridge of the upper 
WC radiates from the center of the sub-sag to all sides in the Lufeng 15 sub-sag. Further-
more, in the Lufeng 13 east sub-sag, the structural ridge mainly extends from the interior 
of the sub-sag to the southern uplift belt and the Dongsha uplift. A few of the western 
structural ridges extend in the direction of the Huilu low uplift. The structural ridge of 
the Lufeng 13 west sub-sag extends from the interior of the sub-sag to the southern Huilu 
low uplift. The structural ridge of the Lufeng 7 sub-sag extends from the interior of the 
sub-sag to the local uplift at the junction of the Lufeng 13 and Lufeng 7 sub-sags (Figure 
13a). The structural ridge of the lower WC extends from the interior of the sub-sag to the 
Huilu low uplift in the Lufeng 13 east sub-sag, and the characteristics of the structural 
ridge in the other sub-sags are similar to those of the upper WC (Figure 13b). 
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Figure 13. Plane distribution characteristics of structural ridges in Lufeng sag: (a) the upper WC; (b) 
the lower WC. 

4.4.3. Sand Body 
Transport layers are the most common migration systems in actual geological condi-

tions. They are important research objects in determining hydrocarbon migration [71]. The 
migration driving force of hydrocarbon in transport layers is dominated by buoyancy, 
and the migration pathway is dominated by connected pores in sandstone. Therefore, de-
tecting connected sand bodies is the key to determining the range of a transport layer. If 
the sand bodies are separated by mudstone or other tight layers, fluid exchange between 
them is very difficult. Generally, a good correlation exists between the sandstone-to-stra-
tum ratio and the connectivity of a sand body. The higher the sandstone-to-stratum ratio, 
the lower the thickness of tight layers, such as mudstone in the stratum [72], and the 
higher the contact probability and connectivity probability between sand bodies. 
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A good correlation exists between the sandstone-to-stratum ratio and the connectiv-
ity of sandstone transport layers. Luo et al. (2012) [72] proposed a method to measure the 
quality of the sandstone transport layers. The basic idea is that there is a percolation 
threshold of C0. When the sandstone-to-stratum ratio is less than C0, contact between sand-
stone transport layers is difficult, and the possibility of connection is very low. When the 
sandstone-to-stratum ratio is greater than C0, the sandstone transport layers are in contact 
with each other, and interconnection is thus possible. Then, the connection probability 
equation of sandstone transport layers is established using Gaussian fitting [72], and the 
calculation equation is as follows: 

𝑃 = ൝ 0 (ℎ ≤ 𝐶଴)1 − 𝑒൤ଶ(௛ି஼బ)మ(஼ି஼బ)మ ൨  (ℎ ≥ 𝐶଴) (1) 

where P is the connectivity probability, C0 is the percolation threshold, h is the sandstone-
to-stratum ratio of the sand body, and C is the complete connectivity threshold. 

During parameter selection in the calculation, the credibility of the lithology correla-
tion results is low, and the percolation threshold C0 and complete connectivity threshold 
C cannot be accurately determined because of the limitations in the number of exploration 
wells in the Lufeng area. Thus, the analogy method is adopted. 

The Shahejie Formation in the Niuzhuang sub-sag of the Dongying sag in the Bohai 
Bay basin has geological conditions similar to those of the Paleogene Formations in the 
Lufeng sag and therefore may be used in an analogy: 
1. The Shahejie Formation was in a rift continental basin during its sedimentary period. 

It is very similar to the Lufeng sag in terms of overall structural and sedimentary 
background; 

2. The geo-temperature gradient of the Dongying sag is 3.59 °C/100 m [73], which is 
very similar to that of the Lufeng sag; 

3. The sedimentary facies of the Shahejie Formation are mainly delta, alluvial fan, and 
lacustrine facies [74], which are very similar to the sedimentary system of the Paleo-
gene in the Lufeng sag. 
The results show the following: the connectivity of the sandstone transport layer of 

the WC is poor inside the sag. The sand body transport layer is not connected in the 
Lufeng 13, Lufeng 15, and Lufeng 7 sub-sags, and only a connected sand body transport 
layer is around the sub-sag (Figure 14). Moreover, the sand body connectivity zone of the 
lower WC is obviously larger than that of the upper WC mainly because the water area 
was wider during the sedimentary period of the lower WC. The stable sedimentation and 
strong sedimentary source recharge caused a wide distribution of sand bodies. In contrast, 
during the upper WC’s sedimentary period, the sag entered an uplift stage, the water 
body began to become shallow, and the development of sand bodies was weaker than that 
during the lower WC period. 
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Figure 14. Plane distribution characteristics of the connected sand bodies in Lufeng sag; (a) the up-
per WC; (b) the lower WC. 

4.5. Accumulation Model 
According to previous studies [36], the source rocks of the Paleogene WC are the 

effective source rocks, and the lithology of the WC is mainly dark mudstone. Within the 
sub-sag, the sandstone-to-stratum ratio of the WC is relatively low, which is an uncon-
nected sand body assemblage. Toward the edge of the sub-sag, the sandstone-to-stratum 
ratio gradually increases, and the sand body begins to exhibit connectivity characteristics 
near the uplift belt. Thus, hydrocarbon migration to the WC reservoir outside the sub-sag 
through the fault–sand-body migration system becomes difficult, and the hydrocarbon is 
mainly accumulated inside the sub-sag. However, the time–space matching relationships 
between source rocks, reservoirs, and discovered hydrocarbon reservoirs inside the sub-
sag and the specific reservoir formation are unclear. 
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The Pearl River Mouth Basin is a composite basin that experienced the development 
of the Cenozoic rift and passive continental margin [75]. Since the WC was developed 
during the syn-rift stage, the subsidence and burial history play an important role in the 
petroleum systems in relation to thermal evolution and maturation of organic matter. The 
evolution of faulted blocks by the tectonic subsidence could enhance the formation of pe-
troleum system in the Paleogene strata, burial, and further thermal history. The post-rift 
thermal subsidence could also contribute the deeper burial and thermal evolution. There-
fore, the evolution stage and maturity of the source rocks of the WC are different in dif-
ferent periods of oil and gas accumulation. However, only the source rocks below the HET 
can expel hydrocarbon, which contributes to the oil and gas accumulation of the WC. 

This study comprehensively considered the results of oil and source rock correlation, 
the conditions of hydrocarbon accumulation, the dominant migration pathway, and the 
stages of hydrocarbon accumulation. The internal structural morphology of the sub-sag 
in each accumulation period was restored using the “layer leveling method” [76]. 
Through this method, the hydrocarbon accumulation model applied to the Lufeng sag is 
summarized. 

In the first period of hydrocarbon accumulation (18.1–13.6 Ma), the Paleogene strata 
were still buried shallowly, and only the lower WC in the sub-sag began to enter the HET 
(3500 m). The hydrocarbon expulsion occurs mainly from the source rocks of the WC5 and 
the WC6. Because few faults cut through the lower WC and connect with the connected 
sand body transport layer, vertical migration of hydrocarbon to the shallow sand body is 
difficult. During the sedimentary periods of the WC6 and the WC5, the water body was 
shallow and limited, only lacustrine mudstone was distributed in the sub-sag, and delta 
sandstone was mainly sedimented at the edge of the sub-sag. The lacustrine facies and 
delta facies were superimposed on each other at the edge of the sub-sag owing to the 
continuous change of the lake area, which increased the contact area between them. There-
fore, there is good lateral contact between the mudstone of the WC6 and the WC5 in the 
sub-sag and the sand body at the edge of the sub-sag. These provide conditions for lateral 
hydrocarbon expulsion from source rocks. The sandstone of the WC6 and the WC5 is 
thicker and more mature at the edge of the sub-sag, which provides a good reservoir for 
hydrocarbon accumulation. In addition, the thickness of the delta sandstone of the WC6 
and the WC5 gradually decreases to the edge of the sub-sag, and the upper part is covered 
with the thick mudstone of the WC4 and the WC3, which forms lithologic pinchout traps 
as a whole. This provides sealing and trap conditions for hydrocarbon accumulation. 
Within the Lufeng 13 sub-sag, the reservoirs of the WC6 and the WC5 of the LF14-D struc-
ture are typical in this period. The reservoir forming time is 13.7 Ma, the types of crude 
oil are types B and C, the hydrocarbon sources are the source rocks of the WC5 and the 
WC6 inside the Lufeng 13 sub-sag, and the hydrocarbon migration is through the sand 
body transport layer. The source–reservoir–caprock assemblage belongs to the oil and gas 
reservoir lateral contact with source rock (Figure 15a). 
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Figure 15. Characteristics of oil and gas migration and accumulation in the southern Lufeng region 
(the section position is shown in Figure 1c A-A’): (a) first hydrocarbon accumulation periods; (b) 
second hydrocarbon accumulation period; (c) third hydrocarbon accumulation period. 

In the second period of hydrocarbon accumulation (13.6–8 Ma), most of the top in-
terfaces of the WC3 were buried below the HET. In this period, the shore–shallow lacus-
trine and semi-deep lacustrine source rocks of the WC6 and the WC5 were cogenerated 
with the semi-deep lacustrine to deep lacustrine source rocks of the WC3 and the WC4. 
However, because of the limited distribution and small thickness of the WC6 and the WC5 
mudstone, the amount of hydrocarbon generation is limited. Inside the sub-sag, 
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numerous oil–source faults cut through the source rocks of the WC3 and the WC4 and 
come into contact with the overlying sandstone. The development density of oil–source 
faults is the highest in the Lufeng 13 east sub-sag. The sandstone-to-stratum ratio of the 
WC3 and the WC4 increases at the edge of the sub-sag, exhibiting characteristics of “mud-
stone encrusted sandstone” in its entirety. Although the thickness of the reservoir is small, 
it has superior sealing conditions. The area close to the fault is suitable for hydrocarbon 
accumulation. The LF14-H-Ad of the WC4 reservoir belongs to this type. Its reservoir 
forming time is 13–8 Ma; the crude oil belongs to Type C crude oil, where semi-deep la-
custrine to deep lacustrine crude oil comes from the WC3 and the WC4 source rocks. The 
faults are the vertical migration pathway, and the sand body transport layer is the lateral 
migration pathway (Figure 15b). 

In the third period of hydrocarbon accumulation (8–0 Ma), the WC was all buried 
below the HET, and the source rocks of shallow lacustrine to semi-deep lacustrine source 
rocks of the upper WC began to expel a large number of hydrocarbons. The actual oil and 
source rock correlation results show that Type B crude oil is distributed in deeper layers, 
the reservoir is closer to the source rock, the migration distance is short, and the accumu-
lation characteristics mainly reflect those of fault hydrocarbon reservoirs. This phenome-
non may be due to the weak vertical conductivity of the faults. During this period, the 
vertical migration conditions are poor. Except for a few faults with weak activity, the in-
ternal faults of the sub-sag ceased their activities, and hydrocarbons mainly migrated 
around through the sand body. In the interior of the sub-sag, owing to the lack of vertical 
migration conditions, hydrocarbon generated from the source rocks of the WC3 and the 
WC4 are difficult to accumulate into reservoirs. At the edge of the sub-sag, the source 
rocks are close to faults, and the vertical migration conditions are good. Thus, there was a 
continuous supply of hydrocarbons to the overlying strata. In addition, during the second 
period, the hydrocarbon reservoir formed by capping the source rocks of the Upper WC 
was filled with Type B crude oil formed by the source rocks of the upper WC, forming 
Type C crude oil with mixed-source characteristics. The structural hydrocarbon reservoir 
of the LF14-H-Ad well indicates a typical reservoir of this type. 

Because of the deterioration of vertical migration conditions, the upper WC reservoir 
inside the sub-sag is near the source rocks, its sandstone physical properties become worse 
with increasing burial depth, and the fault sealing becomes stronger, resulting in a new 
hydrocarbon accumulation. The LF8-As-Ad reservoir is representative of this type of res-
ervoir. The oil is sourced in the source rock of the upper WC, and the crude oil type is 
Type B crude oil. The sandstone of the upper WC provides good reservoir conditions, and 
the shore–shallow lacustrine mudstone of the lower EP provides good sealing conditions. 
Fault traps were formed because of the poor vertical conductivity and poor physical prop-
erties of the sandstone on both sides of the fault (Figure 15c). 

According to the result analysis of oil and source rock correlation, dominant hydro-
carbon migration pathways, accumulation stages, and accumulation processes in the 
Lufeng sag summarized three hydrocarbon accumulation models (Figure 16): 
1. In the first period, accumulation with vertical migration by fault, which considers the 

fault–sand-body structural ridge as the migration system, formed anticlines and fault 
hydrocarbon reservoirs, such as the LF8-A-A reservoir (Figure 16a); 

2. In the second period, accumulation with lateral migration by sand body, which uses 
the lateral sand body as the migration pathway, generally formed lithologic hydro-
carbon reservoirs, such as the LF14-D-Ad reservoir (Figure 16b); 

3. In the third period, accumulation with vertical migration by sand body and adjacent 
to source accumulation, which uses the vertical sand body as a migration pathway, 
generally formed structural and fault reservoirs, such as LF8-As-Ad reservoirs (Fig-
ure 16c). 
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Figure 16. Schematic diagram of oil and gas accumulation model in the typical reservoir: (a) LF8-A-
A reservoir; (b) LF14-D-Ad reservoir; (c) LF8-As-Ad reservoir. 

5. Discussion 
5.1. Geological Condition Verify Oil and Source Rock Correlation Results 

Concluding oil and source rock correlation results using only biomarkers is highly 
risky [19]. As early as 1981, there was an error in the study of the Michigan basin when it 
was considered that the crude oil of the Yanxia Formation is comparable to that of the 
Yanshang Formation. However, a later study on migration conditions confirmed that 
there was probably no correlation between them [77]. Similarly, there are differences in 
the Lufeng sag: the conclusions obtained from the geochemical and sedimentological anal-
ysis of the character of the WC6 and the WC5 source rocks. Therefore, this paper uses oil 
and source rock correlation inversion combined with existing data to distinguish the 
crude oil source and explain the cause of such differences mentioned. 

The source rocks of the WC5 and the WC6 were only drilled at the edge of the Lufeng 
13 and Lufeng 15 sub-sags, and the drilling thickness was small. The geochemical charac-
teristics of the residual soluble organic matter in the two Formations of source rocks ex-
hibited deep lacustrine to semi-deep lacustrine facies characteristics (Figure 17). However, 
based on sedimentological analysis, during the sedimentary period of the WC5 and the 
WC6, the southwest Lufeng sag was in the initial rift stage, the lake depth was shallow, 
and the distribution of lakes was limited, mainly developing shore–shallow lacustrine to 
semi-deep lacustrine and delta sedimentary systems, almost not a developed deep lacus-
trine sedimentary system (Figure 17). 
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Figure 17. Distribution characteristics of different types of crude oil in profile in the southern Lufeng 
sag. 

According to the above geological conditions of hydrocarbon generation, the sedi-
mentological perspective is more realistic in the discrimination of the source rock proper-
ties of the WC5 and the WC6. The reasons for this are as follows: 
1. The drilled mudstone sections of the WC5 and the WC6 have high sand content, ex-

hibiting alternating delta facies and shore–shallow lacustrine facies characteristics as 
a whole; 

2. The deep lacustrine to semi-deep lacustrine mudstone of the WC4 of the thick mud-
stone overlying the WC5 and the WC6 is drilled. As an important hydrocarbon res-
ervoir, the sandstone of the WC5 and the WC6 may have been infected with Type A 
crude oil. Consequently, this section exhibits deep lacustrine to semi-deep lacustrine 
characteristics; 

3. The crude oil of the LF 14-D-Ad, LF 14-D-Adsa, and LF 14-D-Adsb wells in the WC5 
and the WC6 exhibit the characteristics of Type B and C crude oil. 
Geochemical biomarkers indicate that only the source rocks of the WC1 and the WC2 

exhibit characteristics of shallow lacustrine facies. However, the source rocks of the WC1 
and the WC2 and the reservoirs of the WC6 and the WC5 are divided by the thick mud-
stone of the WC3 and the WC4 (Figure 17). Therefore, it is almost impossible for the crude 
oil of the WC6 and the WC5 to have originated from the source rocks of the WC1 and the 
WC2. According to the study of the tectonic development history and sedimentology [38], 
it is considered that there are shallow lacustrine to semi-deep lacustrine facies source 
rocks of the WC6 and the WC5. 

According to the analysis of the actual geological conditions of the study area, the 
source rocks of the WC6 and the WC5 have the characteristics of shallow lacustrine to 
semi-deep lacustrine facies. The Type B crude oil of the lower WC in the LF 14-D structural 
belt probably come from the source rock of the WC6 and the WC5. 

5.2. Compound Migration System 
The source of crude oil, the migration system of hydrocarbon, and the time-space 

allocation relationship of various factors of hydrocarbon accumulation are the main re-
search contents of the hydrocarbon accumulation model. Among them, hydrocarbon mi-
gration is the focus of accumulation research, and the migration system connects source 
rocks and reservoirs, providing a channel for oil and gas accumulation [78,79]. The migra-
tion system in southern Lufeng sag includes faults and connected sand bodies, and the 
structural ridge is the dominant path of oil and gas migration. 
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A single migration pathway is insufficient for constructing the transport systems of 
hydrocarbons from sources to traps. Generally, hydrocarbon migration occurs along com-
pound migration systems comprising different migration pathways [80]. The configura-
tion of these migration pathways in three-dimensional space constitutes the compound 
transport system of oil and gas migration, and the configuration relationship of each 
transport system in the plane determines the boundary and range of the formation and 
distribution of oil and gas reservoirs. 

A well-configured migration system can result in hydrocarbon accumulation from 
the source rock to the high part of a structure and form a structural hydrocarbon reservoir. 
In contrast, a poorly configured migration system will largely affect the long-distance mi-
gration of hydrocarbons. However, regardless of the configuration relationship of the 
composite migration system, hydrocarbons also migrate to the structural high point and 
the fault zone under the effect of potential energy and pressure differences. Thus, even if 
the configuration relationship between migration systems is poor, hydrocarbons will mi-
grate along the extension direction of a single migration pathway, which mainly forms 
lithologic or stratigraphic hydrocarbon reservoirs with near-source distribution. There-
fore, by summarizing the distribution characteristics of the oil–source fault, the structural 
ridge, and the connected sand body transport layer in the Lufeng sag, the migration path-
ways of hydrocarbon in the compound migration system and single migration pathway 
are analyzed comprehensively. 

The configuration of the compound migration system in the WC is poor, and the 
whole migration system is dominated by a single migration system. The oil–source fault 
of the upper WC and the connected sand body transport layer is not good, and there is a 
good configuration relationship only in the north of the Lufeng 13 east sub-sag. The dom-
inant hydrocarbon migration direction of the Lufeng 13 east sub-sag composite migration 
system is from the interior of the sub-sag to the Lufeng low uplift. Second, the oil–source 
faults developed around the Lufeng 15 sub-sag and inside the Lufeng 13 sub-sag may be 
in contact with disconnected sand bodies inside the sag (Figure 18a). The configuration of 
the composite migration system of the lower Wenchang Formation is poor, and the oil–
source faults and connected sand bodies are well-configured in the south of the Lufeng 15 
and Lufeng 13 east sub-sags. The dominant migration direction is from the interior of the 
Lufeng 15 sub-sag to the Dongsha uplift to the south and east and from the inside of the 
Lufeng 13 sub-sag to the Huilu low uplift in the south. In addition, the oil–source faults 
developed around the Lufeng 15 sub-sag and inside the Lufeng 13 sub-sag may also be 
connected with disconnected sand bodies inside the sag (Figure 18b). 



Minerals 2023, 13, 162 25 of 36 
 

 

 
Figure 18. Plane distribution characteristics of composite oil and gas migration system (including 
oil–source faults, connected sand bodies, and structural ridges): (a) the upper WC; (b) the lower 
WC. 

5.3. The Lower Limit of Hydrocarbon Accumulation under Buoyancy 
Based on the oil and source rock correlation and hydrocarbon migration pathways, 

this study analyzes the accumulation process of oil and gas in three reservoir accumula-
tion periods and establishes three accumulation models for the southwest Lufeng sag. 
However, the migration-driving force of hydrocarbons, which plays an important role in 
their accumulation, was not considered while establishing the accumulation models. Hy-
drocarbons form different types of reservoirs under different dynamics [81]. During the 
exploration of the southwest Lufeng sag, the LF14-D-Ad found tight oil in the reservoir of 
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the WC. Thus, it can form unconventional hydrocarbons. The difference between conven-
tional and unconventional hydrocarbon accumulation dynamics causes differences in hy-
drocarbon distribution characteristics [82,83]. It was generally accepted by previous re-
searchers that porosity equals 10%, and permeability equals 1 mD as the critical conditions 
for the change in dynamic mechanisms in reservoir physical properties in conventional 
reservoirs and tight oil [84,85]. Pang et al. (2021) [81] introduced the theory of lower limits 
of oil and gas reservoir accumulation under buoyancy and identified the boundary be-
tween conventional and unconventional hydrocarbon accumulation based on this theory. 
By analyzing the variation of porosity and permeability in the Lufeng sag, the lower limit 
of hydrocarbon accumulation under buoyancy is determined to be between 3900 and 4100 
m (Figure 19). 

 

 
Figure 19. (a) Relationship between reservoir porosity and permeability in the Lufeng sag; (b) res-
ervoir porosity varies with depth in the Lufeng sag; (c) reservoir permeability changes with depth 
in the Lufeng sag. 

According to the lower limit of hydrocarbon accumulation under buoyancy, a part 
of the WC is located under the lower limit. The confining dynamic field of the WC is 
widely distributed. The LF14-D-Ad reservoir is located under the lower limit of hydrocar-
bon accumulation under buoyancy, and the reservoir has low porosity and mid–low per-
meability characteristics. This is mainly because faults are well developed in this area, 
which enhances the physical properties and pore structure of the reservoir. Thus, a frac-
tured hydrocarbon reservoir can most likely be discovered under the lower limit of hy-
drocarbon accumulation under buoyancy, which is the focus of further exploration. 

6. Conclusions 
1. The relative contribution of the source rocks of the EP to the WC reservoir is relatively 

small, and the source rocks of the WC are generally below the HET, which is the main 
source of crude oil of the WC reservoirs. The source rocks of the WC could be divided 
into three types: the shallow lacustrine to semi-deep lacustrine source rocks of the 
WC5 and the WC6, semi-deep lacustrine to deep lacustrine source rocks of the WC4 
and the WC3, and shallow lacustrine to semi-deep lacustrine source rocks of the 
WC3, the WC1, and the WC2. 
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2. The crude oil in the southern Lufeng sag was classified into three types. Type A crude 
oil is generated from source rocks of the WC4 and the WC3; Type B crude oil is gen-
erated from source rocks of the WC3, the WC1, and the WC2; and Type C crude oil 
is a mixed-source oil of Type A and Type B crude oil. 

3. This study systematically summarizes three main accumulation models of the WC 
oil reservoir: in the first period (begins at 18.1 Ma and ends at 13.3 Ma), there was 
accumulation with vertical migration by fault; in the second period (beginning from 
14.6 Ma to the end of 6.8 Ma), there was accumulation with lateral migration by sand 
body; and in the third period (from 8.5 Ma to the present), there was accumulation 
with vertical migration by sand body and adjacent to source. 

4. The sand body transport layers have little direct contact with oil–source faults, and a 
few oil–source faults at the edge of the sub-sag are in contact with the sand body 
transport layers, forming a few dominant hydrocarbon migration pathways to the 
uplift belt. The oil–source faults in the WC inside the sub-sag connect the uncon-
nected sand body transporting layers, providing good conditions for the formation 
of lithologic hydrocarbon reservoirs. 
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Appendix A 

Table A1. Calculation table of organic geochemical data and hydrocarbon generation potential in-
dex of Paleogene source rocks in southern Lufeng sag. 

Well Depth 
(m) 

Strata TOC 
(%) 

Ro 
(%) 

Tmax 
(°C) 

S1 (mg/g) S2 (mg/g) (S1 + S2)/TOC × 100 
(mg/g) 

 LF13-1N-A  2850.0 Enping Formation 0.06  479 0.21 0.10 516.67 
LF13-A-A 3181.3 Enping Formation 0.42  439 0.04 0.27 73.81 
LF13-A-A 3215.0 Enping Formation 0.35  431 0.05 0.27 91.43 
LF13-A-A 3055.0 Enping Formation 0.78  441 0.16 2.03 280.77 
LF13-A-A 3145.0 Enping Formation 0.47  445 0.08 1.07 244.68 
LF13-A-A 2995.0 Enping Formation 0.68  437 0.06 0.53 86.76 
LF13-A-A 3037.5 Enping Formation 0.93  436 0.10 0.84 101.08 
LF13-A-A 3077.5 Enping Formation 0.50  439 0.03 0.22 50.00 
LF13-A-A 3137.5 Enping Formation 0.48  439 0.06 0.39 93.75 
LF13-A-A 2911.4 Enping Formation 0.47  440 0.03 0.57 127.66 
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LF13-B-A 2890.0 Enping Formation 4.44  431 0.64 11.39 270.95 
LF13-B-A 2927.5 Enping Formation 0.78  435 0.08 0.67 96.15 
LF13-B-A 2962.5 Enping Formation 5.52  431 0.72 12.85 245.83 
LF13-B-A 3015.0 Enping Formation 1.49  435 0.18 2.41 173.83 
LF13-B-A 3027.5 Enping Formation 1.51  440 0.19 2.05 148.34 
LF13-G-A 3174.0 Enping Formation 1.21 0.52 413 1.30 3.32 381.82 
LF13-G-A 3018.0 Enping Formation 1.44 0.51 435 2.56 4.05 459.03 
LF14-B-A 2924.8 Enping Formation 17.23  418 4.44 72.81 448.35 
LF14-B-A 2928.0 Enping Formation 1.33  432 0.30 3.04 251.13 
LF14-B-A 2987.0 Enping Formation 0.49  430 0.13 0.70 169.39 
LF14-B-A 3005.6 Enping Formation 0.21  426  0.55 261.90 
LF14-B-A 3110.0 Enping Formation 1.18  437 0.11 2.30 204.24 
LF14-B-A 3200.0 Enping Formation 1.40  438 0.13 2.15 162.86 
LF14-C-A 3037.0 Enping Formation 1.44  435 0.45 3.16 250.69 

LF14-D-Ad 3009.0 Enping Formation 0.56 0.60 416 0.54 1.93 441.07 
LF14-D-Dd 2971.5 Enping Formation   429 6.21 139.98 460.01 
LF14-H-AD 3094.5 Enping Formation 0.50 0.58 427 0.34 1.45 358.00 
LF14-H-AD 3211.5 Enping Formation 0.59 0.60 424 0.35 1.75 355.93 
LF15-H-A 3183.0 Enping Formation 0.61  434 0.45 2.97 560.66 
LF15-H-A 2877.5 Enping Formation 6.50  427 0.70 25.75 406.92 
LF15-H-A 3111.0 Enping Formation 1.21  436 0.30 2.82 257.85 
LF16-F-Ad 3014.0 Enping Formation 1.85  426 1.03 4.82 316.22 
LF16-F-Ad 3077.0 Enping Formation 1.17  422 0.85 3.45 367.52 
LF16-G-A 2827.5 Enping Formation 1.15  412 1.00 3.44 386.09 
LF16-G-A 3027.5 Enping Formation 0.92  417 0.79 3.99 519.57 
LF7-J-Ad 3439.5 Enping Formation 0.83  416 0.48 3.13 434.94 
LF7-J-Ad 3484.5 Enping Formation 0.63  410 0.36 2.04 380.95 
LF7-J-Ad 3171.0 Enping Formation 1.33  435 0.40 3.73 310.53 
LF7-J-Ad 3340.5 Enping Formation 11.04  436 1.78 49.49 464.40 
LF7-L-A 3536.5 Enping Formation 0.03  483 0.01 0.04 166.67 
LF7-L-A 3563.5 Enping Formation 0.14 0.44 484 0.02 0.06 57.14 
LF7-L-A 3614.5 Enping Formation 0.10 0.44 446 0.07 0.10 170.00 
LF7-L-B 3798.0 Enping Formation 0.76  440 0.26 0.89 151.32 
LF8-A-A 2971.5 Enping Formation 0.60  431 0.77 0.81 263.33 
LF8-A-A 2998.5 Enping Formation 0.40  432 0.57 0.71 320.00 
LF8-A-A 3085.5 Enping Formation 0.27  422 0.50 0.67 433.33 
LF8-A-A 3262.5 Enping Formation 0.32  430 0.65 0.65 406.25 
LF8-A-B 3445.5 Enping Formation 0.91  437 0.33 2.40 300.00 
LF8-A-C 3557.6 Enping Formation 0.11  439 0.05 0.33 345.45 
LF8-A-C 3511.0 Enping Formation 0.76  441 0.49 2.04 332.89 
LF8-A-C 3558.0 Enping Formation 0.61  439 1.03 2.26 539.34 
LF8-A-C 3660.0 Enping Formation 0.84  435 1.05 2.52 425.00 
LF8-A-C 3828.0 Enping Formation 0.97  430 1.16 2.98 426.80 
LF8-A-C 2949.0 Enping Formation 0.66  424 0.68 1.85 383.33 



Minerals 2023, 13, 162 29 of 36 
 

 

LF8-A-C 3060.0 Enping Formation 0.57  434 0.59 1.97 449.12 
LF8-A-C 3183.0 Enping Formation 0.47  427 0.54 1.49 431.91 

LF8-AS-Ad 3420.0 Enping Formation 0.94  439 0.64 3.17 405.32 
LF8-AS-Ad 3486.0 Enping Formation 0.71  431 0.63 1.89 354.93 
LF8-AS-Ad 3124.5 Enping Formation 0.91  431 0.71 2.93 400.00 

LF8-B-A 3494.9 Enping Formation 0.04 0.54 437 0.02 0.12 350.00 
LF9-C-Ad 3018.0 Enping Formation 2.97  432 0.48 9.49 335.69 
LF9-C-Ad 3040.5 Enping Formation 6.87  423 0.84 30.24 452.40 
LF9-C-Ad 3089.5 Enping Formation 1.85  432 0.38 4.88 284.32 
LF9-C-Ad 3178.5 Enping Formation 1.22  425 0.40 1.96 193.44 
LF9-F-A 2841.0 Enping Formation 0.24  423 0.13 0.54 279.17 

LF13-B-A 3145.0 Wenchang Formation 4.46  440 1.81 27.01 646.19 
LF13-B-A 3155.0 Wenchang Formation 2.24  437 0.61 11.06 520.98 
LF13-B-A 3185.0 Wenchang Formation   439 0.52 11.09 560.87 
LF13-B-A 3192.5 Wenchang Formation 2.30  438 0.72 11.24 520.00 
LF13-B-A 3195.0 Wenchang Formation 2.09  439 0.64 10.07 512.44 
LF13-B-A 3200.0 Wenchang Formation 1.93  437 0.35 7.16 389.12 
LF13-B-A 3205.0 Wenchang Formation 2.09  438 0.61 10.01 508.13 
LF13-B-A 3212.5 Wenchang Formation 2.50  440 0.93 11.64 502.80 
LF13-B-A 3217.5 Wenchang Formation 7.75  434 2.11 23.84 334.84 
LF13-B-A 3227.5 Wenchang Formation 3.50  439 1.17 10.57 335.43 
LF13-B-A 3232.5 Wenchang Formation 3.54  436 0.58 9.50 284.75 
LF13-B-A 3237.5 Wenchang Formation 3.94  437 0.92 12.60 343.15 
LF13-B-A 3250.0 Wenchang Formation 2.21  442 0.58 7.94 385.52 
LF13-B-A 3275.0 Wenchang Formation 3.56  437 0.98 12.44 376.97 
LF13-B-A 3242.5 Wenchang Formation 2.93  440 0.74 9.81 360.07 
LF13-B-A 3267.5 Wenchang Formation 2.58  438 0.84 10.17 426.74 
LF13-B-A 3272.5 Wenchang Formation 2.32  442 0.70 9.70 448.28 
LF13-G-A 3438.0 Wenchang Formation 1.76 0.55 427 2.09 5.19 413.64 
LF13-G-A 3468.0 Wenchang Formation 2.13 0.56 440 2.80 6.34 429.11 
LF13-G-A 3594.0 Wenchang Formation 1.92 0.56 440 2.77 6.53 484.38 
LF13-G-A 3609.0 Wenchang Formation 6.10 0.58 420 16.61 14.18 504.75 
LF13-G-A 3624.0 Wenchang Formation 5.65 0.58 432 13.42 16.23 524.78 
LF13-G-A 3651.0 Wenchang Formation 3.95 0.59 431 8.38 11.54 504.30 
LF13-G-A 3669.0 Wenchang Formation 3.26 0.60 433 6.41 10.23 510.43 
LF13-G-A 3684.0 Wenchang Formation 3.45 0.66 436 6.60 10.48 495.07 
LF13-G-A 3702.0 Wenchang Formation 3.68 0.67 433 7.02 10.63 479.62 
LF13-G-A 3726.0 Wenchang Formation 3.14 0.71 434 6.50 9.11 497.13 
LF13-G-A 3747.0 Wenchang Formation 4.12 0.69 432 10.03 13.97 582.52 
LF13-G-A 3919.5 Wenchang Formation 1.27 0.88 425 3.33 4.70 632.28 
LF13-G-A 4014.0 Wenchang Formation 2.56 0.82 432 4.07 9.76 540.23 

LF14-D-Ad 3516.0 Wenchang Formation 0.56 0.69 421 0.46 2.14 464.29 
LF14-D-Ad 3564.0 Wenchang Formation 0.82 0.70 459 0.57 3.07 443.90 
LF14-D-Ad 4051.5 Wenchang Formation 0.53 0.74 432 0.60 1.96 483.02 
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LF14-D-Ad 4060.5 Wenchang Formation 0.86 0.75 471 0.83 3.10 456.98 
LF14-D-Ad 3639.0 Wenchang Formation  0.71 468 0.70 3.07  

LF14-D-Ad 3720.0 Wenchang Formation  0.72 432 0.03 0.04 31.82 
LF14-D-Ad 3801.0 Wenchang Formation 1.56 0.72 460 2.71 8.90 744.23 
LF14-D-Ad 3825.0 Wenchang Formation 1.39 0.72 460 2.12 6.44 615.83 
LF14-D-Ad 3870.0 Wenchang Formation 1.23 0.73 466 1.94 5.94 640.65 
LF14-D-Ad 3879.0 Wenchang Formation 1.42 0.77 471 2.50 7.45 700.70 
LF14-D-B 3631.5 Wenchang Formation 3.11 0.61 413 4.67 13.36 579.74 
LF14-D-B 3718.5 Wenchang Formation 2.07 0.67 413 1.51 3.37 235.75 

LF14-D-Dd 3851.0 Wenchang Formation 1.21  440 0.90 5.32 514.05 
LF14-D-Dd 3912.5 Wenchang Formation 1.09  441 0.81 5.02 534.86 
LF14-D-Dd 3987.5 Wenchang Formation 1.32  442 0.98 6.20 543.94 
LF14-D-Dd 4067.0 Wenchang Formation 1.25  442 0.87 5.53 512.00 
LF14-H-Ad 3778.5 Wenchang Formation 0.99  439 0.62 2.88 353.54 
LF14-H-Ad 3847.5 Wenchang Formation 1.12  441 0.87 3.96 431.25 
LF14-H-Ad 3883.5 Wenchang Formation 1.26  441 1.10 5.11 492.86 
LF14-H-Ad 3979.5 Wenchang Formation 1.54  444 1.63 7.02 561.69 
LF14-H-Ad 4023.0 Wenchang Formation 1.27  441 1.35 5.97 576.38 
LF14-H-Ad 4104.0 Wenchang Formation 1.54  441 1.38 6.30 498.70 
LF14-H-Ad 3778.5 Wenchang Formation 0.99 0.64 439 0.62 2.88 353.54 
LF14-H-Ad 3847.5 Wenchang Formation 1.12 0.62 441 0.87 3.96 431.25 
LF14-H-Ad 3883.5 Wenchang Formation 1.26 0.63 441 1.10 5.11 492.86 
LF14-H-Ad 3979.5 Wenchang Formation 1.54 0.64 444 1.63 7.02 561.69 
LF14-H-Ad 4023.0 Wenchang Formation 1.27 0.63 441 1.35 5.97 576.38 
LF14-H-Ad 4104.0 Wenchang Formation 1.54 0.67 441 1.38 6.30 498.70 
LF15-H-A 3297.0 Wenchang Formation 0.79  432 0.51 3.26 477.22 
LF15-H-A 3495.0 Wenchang Formation 1.10  438 0.67 5.85 592.73 
LF15-H-A 3615.0 Wenchang Formation 2.75  444 2.28 18.40 752.00 
LF15-H-A 3660.0 Wenchang Formation 3.14  443 2.34 20.60 730.57 
LF15-H-A 3694.0 Wenchang Formation 3.07  443 2.55 19.07 704.23 
LF15-H-A 3738.0 Wenchang Formation 2.12  443 1.87 12.18 662.74 
LF15-H-A 3950.0 Wenchang Formation 1.48  442 0.45 5.93 431.08 
LF16-E-A 3114.0 Wenchang Formation 0.76 0.55 438 0.78 3.26 532.98 
LF16-E-A 3156.0 Wenchang Formation 0.69 0.54 444 0.43 1.64 300.44 
LF16-E-A 3480.0 Wenchang Formation  0.56 443 0.93 9.69  

LF16-E-A 3216.0 Wenchang Formation 0.57 0.55 438 0.61 2.52 550.09 
LF16-E-A 3264.0 Wenchang Formation 0.88 0.55 446 0.50 2.12 297.05 
LF16-E-A 3273.0 Wenchang Formation 0.80 0.56 441 0.77 3.53 539.52 
LF16-E-A 3315.0 Wenchang Formation 1.40 0.62 443 1.49 7.13 615.71 
LF16-E-A 3341.5 Wenchang Formation 2.51  434 0.64 12.61 527.89 
LF16-E-A 3349.5 Wenchang Formation 4.83  433 2.54 24.64 562.73 
LF16-E-A 3427.5 Wenchang Formation 4.61  441 2.08 28.45 662.26 
LF16-E-A 3584.0 Wenchang Formation  0.57 443 0.23 2.05  

LF16-E-A 3417.0 Wenchang Formation 1.88 0.58 438 1.27 6.83 430.85 
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LF16-E-A 3426.0 Wenchang Formation 1.70 0.60 440 1.13 6.27 435.29 
LF16-E-A 3456.0 Wenchang Formation 2.45 0.60 441 1.84 9.75 473.06 
LF16-E-A 3474.0 Wenchang Formation 1.79 0.61 440 2.18 10.38 701.68 
LF16-E-A 3492.0 Wenchang Formation 2.09 0.62 436 1.88 7.39 443.54 
LF16-E-A 3514.5 Wenchang Formation 2.01 0.62 440 1.59 7.95 474.63 
LF16-E-A 3531.0 Wenchang Formation 2.14 0.64 437 2.07 9.22 527.57 
LF16-E-A 3546.0 Wenchang Formation 2.44 0.66 439 2.21 9.46 478.28 
LF16-E-A 3561.0 Wenchang Formation 2.73 0.66 441 3.59 17.02 754.95 
LF16-E-A 3576.0 Wenchang Formation 2.05 0.65 439 2.71 11.79 707.32 
LF16-E-A 3757.0 Wenchang Formation 3.35  441 2.66 16.53 572.84 

LF16-F-Ad 3191.0 Wenchang Formation   429 4.48 91.97 447.36 
LF16-F-Ad 3233.0 Wenchang Formation 1.94  432 1.82 9.23 569.59 
LF16-F-Ad 3263.0 Wenchang Formation 4.06  434 2.11 25.90 689.90 
LF16-F-Ad 3296.0 Wenchang Formation 3.65  437 2.19 23.98 716.99 
LF16-F-Ad 3326.0 Wenchang Formation 3.55  436 1.82 21.26 650.14 
LF16-F-Ad 3356.0 Wenchang Formation 3.44  435 1.58 22.91 711.92 
LF16-F-Ad 3395.0 Wenchang Formation 3.86  437 1.77 24.87 690.16 
LF16-F-Ad 3479.0 Wenchang Formation 3.33  437 1.83 21.55 702.10 
LF16-G-A 3285.0 Wenchang Formation 0.92 0.73 435 0.54 3.82 473.91 
LF16-G-A 3387.0 Wenchang Formation 0.64 0.77 426 0.44 2.26 421.88 
LF16-G-A 3600.0 Wenchang Formation 0.64 0.76 423 0.53 2.54 479.69 
LF16-G-A 3702.0 Wenchang Formation 0.81 0.81 409 0.74 3.12 476.54 
LF16-G-A 3955.5 Wenchang Formation 0.82 0.83 431 0.70 3.63 528.05 
LF16-G-A 4077.0 Wenchang Formation 1.02 0.86 433 0.54 2.90 337.25 
LF16-G-A 4149.0 Wenchang Formation 1.30  410 0.50 2.51 231.54 
LF7-J-Ad 3606.0 Wenchang Formation 1.82  442 1.00 6.73 424.73 
LF7-J-Ad 3621.0 Wenchang Formation 1.51  446 0.63 4.99 372.19 
LF7-J-Ad 3639.0 Wenchang Formation 1.48  445 0.73 5.52 422.30 
LF7-J-Ad 3671.5 Wenchang Formation 2.10  445 0.97 8.65 458.10 
LF7-J-Ad 3723.0 Wenchang Formation 1.72  444 1.30 7.04 484.88 
LF7-J-Ad 3792.0 Wenchang Formation 3.13  446 1.70 15.29 542.81 
LF7-J-Ad 3825.0 Wenchang Formation 2.41  448 2.56 11.33 576.35 
LF7-J-Ad 4179.5 Wenchang Formation 1.65  450 1.20 7.68 538.18 
LF7-L-A 3821.5 Wenchang Formation 0.93 0.47 445 0.21 1.68 203.23 
LF7-L-A 3722.5 Wenchang Formation 1.31  446 0.48 3.27 286.26 
LF7-L-A 3776.5 Wenchang Formation 1.17 0.57 448 0.42 2.55 253.85 
LF7-L-A 3827.5 Wenchang Formation 1.42 0.56 448 0.67 2.87 249.30 
LF7-L-A 3872.5 Wenchang Formation 1.11 0.58 450 0.54 2.27 253.15 
LF7-L-A 3935.5 Wenchang Formation 2.51 0.59 444 3.13 6.75 393.63 
LF7-L-B 3804.0 Wenchang Formation 1.98  439 1.29 3.60 246.97 
LF7-L-B 3814.5 Wenchang Formation 1.88  442 1.28 3.99 280.32 
LF7-L-B 3823.5 Wenchang Formation 1.81  441 0.97 3.71 258.56 
LF7-L-B 3833.5 Wenchang Formation 1.63  441 0.76 2.80 218.40 
LF7-L-B 3844.5 Wenchang Formation 1.63  440 1.04 3.11 254.60 
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LF7-L-B 3852.0 Wenchang Formation 1.79  439 1.15 3.11 237.99 
LF7-L-B 3858.0 Wenchang Formation 2.00  441 1.27 3.43 235.00 
LF8-A-C 4212.0 Wenchang Formation 1.01  431 0.95 2.90 381.19 
LF8-A-C 4266.0 Wenchang Formation 1.66  440 1.32 5.04 383.13 
LF8-A-C 4351.5 Wenchang Formation 1.23  446 1.01 3.95 403.25 

LF8-AS-Ad 4136.3 Wenchang Formation 0.74  444 0.20 1.32 205.41 
LF8-AS-Ad 4272.0 Wenchang Formation 1.41  442 1.48 5.10 466.67 
LF8-AS-Ad 4317.0 Wenchang Formation 1.27  442 1.32 4.47 455.91 
LF8-AS-Ad 4380.0 Wenchang Formation 1.54  445 1.47 5.08 425.32 
LF8-AS-Ad 4515.0 Wenchang Formation 1.62  441 1.62 5.57 443.83 
LF9-C-Ad 3207.5 Wenchang Formation 1.43  432 0.40 3.99 306.99 
LF9-C-Ad 3289.5 Wenchang Formation 3.13  438 2.01 23.32 809.27 
LF9-C-Ad 3322.5 Wenchang Formation 3.30  439 1.83 22.92 750.00 
LF9-C-Ad 3418.5 Wenchang Formation 0.92  434 0.85 4.83 617.39 
LF9-C-Ad 3490.5 Wenchang Formation 0.84  424 0.72 4.42 611.90 
LF9-C-Ad 3558.0 Wenchang Formation 0.89  432 0.69 3.74 497.75 
LF9-F-A 3110.0 Wenchang Formation 2.88  443 1.15 19.79 727.08 
LF9-F-A 3075.0 Wenchang Formation 1.09 0.52 439 0.39 4.52 450.46 
LF9-F-A 3135.0 Wenchang Formation 2.63  439 1.35 14.77 612.93 
LF9-F-A 3162.0 Wenchang Formation 1.59 0.55 441 0.47 5.81 394.97 
LF9-F-A 3195.0 Wenchang Formation 1.58 0.56 441 0.48 5.54 381.01 
LF9-F-A 3264.0 Wenchang Formation 1.43 0.58 441 0.48 4.40 341.26 
LF9-F-A 3297.0 Wenchang Formation 1.23 0.57 440 0.37 2.53 235.77 
LF9-F-A 3315.0 Wenchang Formation 0.47  416 0.19 0.81 212.77 
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