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Abstract: This study presents an integrated approach using organic geochemistry and incident-light
organic petrographic microscopy techniques to characterize the kerogen type, hydrocarbon potential,
thermal maturity, and effective depositional environment of the Eocene Liushagang Formation inter-
vals in the western Huangtong Sag, eastern Bailian Sag, central Huachang Sub-uplift, and Southern
Slope Zone area in the Fushan Depression, Beibuwan Basin. The results show that the hydrocarbon
potential of these organic-rich lacustrine shale areas is mainly dependent on the depositional environ-
ment and the present-day burial depth of sediments. Oscillations and transitions between (i) rocks
with dominant allochthonous organic matter (including primary/reworked vitrinite and inertinite
macerals and terrestrial debris particles) representing a large influence of continental sediments (e.g.,
source supply direction) and (ii) rocks with dominant autochthonous organic matter (e.g., alginite)
indicate a distal and stable lacustrine basin depositional environment. The source rock thickness
ranges from 40.1 to 387.4 m. The average TOC of the Liushagang Formation in the Fushan Sag is
between 0.98% and 2.00%, with the highest organic matter abundance being in the first and second
sections of the Liushagang Formation, presenting as high-quality source rocks. The organic matter is
predominantly Type II; and Type II,. The highest vitrinite reflectance (1.14%) is in the Huangtong
and Bailian Sags. The source rocks of the second section of the Liushagang Formation are primary
hydrocarbon generators, contributing 55.11% of the total generation. Hydrocarbon sequestration
peaks at %Ro 0.80%, with a maximum efficiency of 97.7%. The cumulative hydrocarbon generation
of the Liushagang Formation is 134.10 x 108 tons, with 50.52 x 108 tons having been expelled and
83.58 x 108 tons remaining. EyLyx and E;Lygs have maximum hydrocarbon displacement intensi-
ties of 184.22 x 10% t/km? and 45.39 x 10* t/km2, respectively, with cumulative displacements of
52.99 x 10® tons and 15.58 x 10® tons. The oil and gas accumulation system is highly prospective,
showing significant exploration potential.

Keywords: Liushagang Formation; source rock evaluation; hydrocarbon expulsion; Fushan Depression

1. Introduction

The Beibuwan Basin, an oil- and gas-rich sedimentary basin on the northern mar-
gin of the South China Sea, has a proven geological reserve of crude oil of approx-
imately 4.05 x 108 t and a proven geological reserve of natural gas of approximately
50 x 108 m3 [1-3]. Although its petroleum exploration started in 1965, early research
focused on the structural analysis of the Beibuwan Basin [4-7]. In 1977, the first well in the
Beibuwan Basin was drilled, showing that the Palaeogene Liushagang Formation (E;L) had
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good source rocks, and the industrial oil flow was tested in the third member of the Liusha-
gang Formation (E;L3) [8]. After that, the source rock evaluation in the Beibuwan Basin
started to gain increasing attention, and it is believed that the source rocks of the Paleogene
Liushagang Formation function as the main source rocks in the Beibuwan Basin [9-12],
However, since there are multiple sets of source rocks, like seven sub-members of the
Liushagang Formation that have developed in the depression [13-15], the quality and
hydrocarbon seepage characteristics are still unclear. This has limited the understanding of
the resource potential and the selection of favorable resource fields.

The major hydrocarbon-producing source rocks in the Beibuwan Basin include the
Weixinan Depression, Wushi Depression, Maichen Depression, Fushan Depression, and
Haizhong Depression [16-19], among which the Fushan Depression, located on the south-
ern margin of the Beibuwan Basin, has turned out to be a new oil-producing block, demon-
strating proven geological reserves of oil of about 3139.41 x 10* t and proven geological
reserves of natural gas of 123.87 x 108 m3 by the end of 2021 [13,20,21]. Therefore, this
small, but abundant, oil- and gas-rich sag has received a lot of attention from the indus-
try [22], and the hydrocarbon generation and expulsion characteristics of the source rocks
of the Liushagang Formation (E,L3, E;Ly, and E;L4) in the Fushan Depression should be
evaluated systematically and analyzed thoroughly.

As the amount of hydrocarbon generation and expulsion from source rocks deter-
mines the calculation of the amount of hydrocarbon that can be extracted [23-27], it is of
significance to understand the evaluation scheme of the source rocks and the potential
of the oil and gas resources [28-33]. Therefore, the current widely applied calculation
methods for evaluating hydrocarbon expulsion are the diffusion hydrocarbon expulsion
mode, fluid seepage method, simulation experiment method, and hydrocarbon expulsion
threshold method [34-37], among which there is not much agreement [26,38-40]. This could
be explained by the limitations of these methods. For example, only light hydrocarbons
are involved in diffusion throughout the hydrocarbon migration process. Therefore, the
diffusion hydrocarbon expulsion model is only suitable for guiding natural gas-related
migration simulation [41]. The critical saturation of hydrocarbon seepage from the source
rock is the same as the factors influencing the oil seepage concentration. Hence, a variation
profile can be established according to the principle of two-phase seepage to perform
analogy analysis [42]. The hydrocarbon expulsion from the thermal simulation method can
provide parameters for calculating the resource quantity. But, the obtained hydrocarbon
production rate is not accurate enough [43]. Therefore, this work selected the source rocks
of the Liushagang Formation in the Fushan Depression for a comprehensive evaluation of
source rocks, simulating the hydrocarbon generation and expulsion characteristics of the
source rocks and calculating the amount of oil and gas from different accumulation systems.
This study will deepen the understanding of the source rocks in the Fushan Depression,
thus providing a reference for the further study of oil and gas migration and accumulation
in the Fushan Depression and a scientific basis for the further exploration and development
of the study area.

2. Geological Setting
2.1. Tectonic Setting

The Fushan Depression has a total area of 2920 km? and is located on the southern
margin of the Beibuwan Basin on the continental shelf of the South China Sea and the
slope of the Haizhong uplift. The shape of the nearly triangular depression in the Fushan
Depression is closely related to the left-lateral strike-slip of the NW-trending Red River Fault
and the clockwise rotation of the Palaeogene Hainan Island [11,44—46]. On the western side,
it is adjacent to the Lingao uplift, and on the eastern side, the Yunlong uplift is visible [45,47].
The Shenhu movement at the end of the Late Cretaceous formed a series of NE-trending
faults and rifts [48,49]. It was controlled by the Cenozoic regional tectonic deformation of
the northern continental margin of the South China Sea, and a series of NE-trending faults
and small fault structures developed in the Beibuwan Basin during this period [50,51].
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The Lingao Fault and Yunlong Fault control the area, forming a superimposed depression,
which includes several small adjustment faults, including the Meihua Fault and the Lianhua
Fault. This geological arrangement results in a pattern of alternating [52,53]. In the northern
sector of the Meihua Fault, the following significant deep sag regions are discernible: the
Huangtong Sag to the west and the Bailian Sag to the east. Sandwiched between these sags
lies the central interval structural transformation zone, known as the Huachang Sub-uplift.
Collectively, these features delineate the northern deep concave area. Conversely, the area
situated to the south of the Meihua Fault is characterized by the Southern Slope Belt [54,55]
(Figure 1).

Weixinan
Depression

------- N g BAR _
S N 2 / <
Changhua Depression y %
/ Fushan Dcprcssxon&,&
1 %)

o
Sl w Fushan__,
Huangtong //"'"' N

— 7 Slop©

B 7 Sm\\‘f\c‘“
=] & [ (& = 0 &= 0
Basin Uplift Depression Sag Basin Tectonic Boundary Secondary

boundary boundary fault fault

Figure 1. (a) Location of the Beibuwan Basin. (b) Location of the Fushan Depression (modified
after [56]). (c) Location of western Huangtong Sag, eastern Bailian Sag, central Huachang Sub-uplift,
and Southern Slope Belt in the Fushan Depression (modified after [57]).

2.2. Sedimentology

The Palaeogene Changliu Formation, Liushagang Formation, and Weizhou Formation,
along with Neogene and Quaternary sediments, have been sequentially deposited upon
the Cretaceous basement in the Fushan Depression. Notably, the Liushagang Formation,
characterized by its lacustrine deltaic deposits, serves as the principal source of oil and a
key reservoir within the Fushan Depression [58,59]. The Eocne Liushagang Formation was
categorized into three members in this area, namely, E;L4, E;L, and E;L;. It is divided
into EpLgx, EaLsz, EoLss, EoLox, EaLps, EoLyx, and E;Lig sequentially, and hydrocarbon
source rocks are developed in these layers [60], among which E;L; and the E;L3 are the
main oil- and gas-producing layers [13] (Figure 2). The boreholes examined in this study
are predominantly located in the onshore regions of structural highs, encompassing the
sedimentary core of the western Huangtong Sag, the central Huachang Sub-uplift, and
the elevated Southern Slope Belt [61,62]. The objective is to ascertain the distribution and
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stratigraphic variations in the source rocks within the onshore areas. Controlled by the
Meihua fault, E;L3 in the eastern Huangtong Sag is denuded. The northern sea area is the
subsidence center of the Bailian Sag in the northeast. The distribution range of the non-well
area is wide, and the basic data on lithology and layer thickness are lacking [3].
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Figure 2. Stratigraphic column of the Fushan Depression (modified after [13]). E;L;, E;Ly, and
E;L3 are Members 1, 2, and 3 of the Eocne Liushagang Formation. According to the lithological
characteristics and the production demand of China’s oil fields, it is divided into the EyL3x, EoLsz,
E;Lss, ExLyx, ExLas, ExLix, and EpLyg sequentially from the top to bottom of Eocene source rocks.

3. Methods and Workflows
3.1. Samples

This study meticulously analyzed 119 sediment samples from 65 wells located in the
Fushan Depression. The spatial distribution of samples from the Liushagang Formation
within this depression exhibits a pronounced and discernible pattern. The wells were
categorized into two distinct regions as follows: the Huantong Sag in the west and the
Bailian Sag in the east of the Fushan Depression (Figure 3). Core observations, total organic
carbon (TOC) analysis, rock pyrolysis, bitumen extraction (extracted bitumen A), and
vitrinite reflectance measurements were conducted on a total of 119 samples. These analyses
were performed to evaluate the quality of the primary source rock intervals (E;L3x, EoLsz,
EsLss, EoLox, ExLas, EoLix, and E;Lyg) of the Liushagang Formation. Simultaneously, the
threshold for hydrocarbon displacement was ascertained to differentiate between effective
and ineffective source rocks.

3.2. Laboratory Methods

The abundance, type, and thermal maturity of organic matter in source rocks are
important factors in assessing the hydrocarbon generation capacity of source rocks in
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sedimentary basins. Leco CS230 and Rock-Eval 2 pyrolysis analyses, as per the method-
ology [63], were conducted to ascertain the total organic carbon (TOC), temperature of
maximum hydrocarbon generation (Tmax), thermally extractable HCs (S;), and remaining
HC generating potential (S;) content. In the context of the HAWK pyrolysis analysis, the
samples underwent initial pyrolysis at 300 °C for 3 min, followed by a ramping rate of 25 °C
per minute up to a final temperature of 650 °C. The liberated hydrocarbons were quantified
as 51 and S; employing a Flame Ionization Detector (FID). The data about TOC, S;, and S,
exhibited an accuracy and precision exceeding 95%, and the Tmax determination was accu-
rate to within £2 °C. These assessments were validated through the analysis of standard
reference materials, which encompass Chinese standard reference materials [64,65].
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Figure 3. Sample position distribution in the Liushagang Formation in Fushan Depression. The wells
in the west of the study area, such as FCI, were assigned to the Huantong Sag. The L well in the
east belongs to the Bailian area, which is assigned to the Bailian Sag. The wells in the central turning
zone north of the Meihua Fault are classified into the Huachang Sub-uplift, and the wells north of the
Meihua Fault are located in the Southern Slope Belt.

Maceral identification such as the sapropel group, quantitative counting, and vitri-
nite reflectance (Ro, %) measurements were also conducted in this work. The samples
were sectioned either perpendicularly or parallel to the bedding planes and subsequently
processed in accordance with the guidelines outlined in [66]. Reflectance assessments
were conducted using a Leica 4500 P microscope (Wetzlar, Germany), developed by Leica
Company in Germany, equipped with a CRAIC microscope photometer or a Leica DM4 M
microscope, both of which were integrated with a Hilgers Technisches Biiro Fossil system.
These systems were furnished with both white and ultraviolet light sources, adhering to
the standards set forth in [67,68]. Random reflectance (Rr) measurements were executed
utilizing an oil immersion objective lens with a 50 x magnification. The infrared spectral
parameters of kerogen, Tmax from pyrolysis, and vitrinite reflectance (Ro, %) were all used
in this work to identify the degree of thermal evolution of organic matter. In addition,
vitrinite reflectance was used as a determination index to establish the fitting relationship
with burial depth to determine the maturity characteristics of organic matter in the target
horizon of the study area.
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3.3. Hydrocarbon Generation and Expulsion Conceptual Model

This study employed PetroMod. V9.0 software, developed by the IES Company in
Germany, to simulate the burial, hydrocarbon generation, and thermal histories of key indi-
vidual wells within the Fushan Depression. Specifically, Yong 7 well in the western region
and Lian 23 well in the eastern region were selected for detailed single-well simulation
analysis (Figure 3).

The hydrocarbon generation and expulsion conceptual model is a systematic method
for analyzing the effectiveness of source rocks. The hydrocarbon generation potential
index (S1 + S2)/TOC represents the hydrocarbon generation potential per unit of organic
matter. It increases with Ro during the evolutionary process until it reaches the current
maximum hydrocarbon generation potential index (HClo). Following that, the cumulative
hydrocarbon generation equals the residual hydrocarbon saturation of the source rock,
which is the limit at which the hydrocarbon generation potential index begins to decrease
and the source rock begins to expel hydrocarbons [36,69].

The key procedures for establishing the source rock hydrocarbon generation and
expulsion model [70] using the hydrocarbon generation potential are as below:

(1) Establishment of the hydrocarbon generation potential profile: The pyrolysis database
of source rocks in the study area was set up. The profile of the hydrocarbon generation
potential index with vitrinite reflectance or burial depth of source rocks in the study
area was made determined on the data.

(2) Calculation of the hydrocarbon expulsion rate: After determining the hydrocarbon
generation and expulsion threshold of the study area according to the establishment
of the step (1) handle, HCI, and HCIp were brought into Equation (2), which was used
to calculate p, which was then brought into Equation (3), and the HCI,, corresponding
to any point on the evolution profile of hydrocarbon generation potential index
were calculated in batches. The hydrocarbon expulsion rates g.(Z) corresponding to
different depths Z were determined.

9.(Z) = HCI(Z) — HCIp(Z) ey
u= (1—0.083 x HCIp)/ (1 — 0.083 x HCI,) )
HCI, = u x HCI, (©)

where Z represents different depths. HCI, is the hydrocarbon generation potential
index corresponding to the hydrocarbon expulsion threshold of the maximum cur-
rent hydrocarbon generation potential. HCIp is the actual hydrocarbon generation
potential index. y is the restitution coefficient of the hydrocarbon generation potential
index. HCI} is the maximum original hydrocarbon generation potential. g,(Z) is the
hydrocarbon expulsion rate corresponding to Z.

(3) Calculation of hydrocarbon expulsion intensity: q,(Z) calculated in step (2) and H, Z,
and the organic carbon mass fraction of the source rock corresponding to different
burial depths Z were introduced into Equation (4).

Z
Ep :/Z 0.(Z) x H x p(Z) x TOC x dZ 4)
0

where H and p(Z) are the rock thickness and density, among which Z represents the
hydrocarbon expulsion threshold of the study horizon. The final integral operation is
the hydrocarbon expulsion intensity Ej, with a unit of 10% t/km?.

(4) Calculation of the hydrocarbon expulsion rate: The hydrocarbon expulsion rate was
defined as the change in the hydrocarbon expulsion rate in the unit thermal evolution
degree [71,72].

Ve = Aq,/AR, (5)
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where V. is the hydrocarbon expulsion rate, Ag, is the hydrocarbon expulsion rate
difference of adjacent data points, and AR, is the vitrinite reflectance difference and R,.

(6) Calculation of the hydrocarbon expulsion efficiency: The ratio of hydrocarbon expul-
sion to cumulative production at a certain point can be replaced by the proportion of
the difference between HCI;, and HCI, in HCI). By bringing the relevant parameters
obtained in Equation (2) into Equation (6), Re, was calculated [73].

Reo = q,(Z) /HCI,(Z) x 100% 6)

where Ry, is the hydrocarbon removal efficiency at a given point.

(6) Calculation of the amount of hydrocarbon expulsion: According to Equation (3), Ej,c
and the other parameters required for the calculation, such as S(n), were put into
Equation (7) for integral operation and to determine the amount of Q,.

Q, = /: 103 x Eje x S(n) x dn @)

where S(n) is the unit area of the source rock and Q, is the hydrocarbon expulsion in
each sedimentary period of the study area that can be obtained.

4. Geochemical Characteristics of Eocene Source Rocks
4.1. Organic Matter Abundance

Based on total organic carbon (TOC) measurements, and hydrocarbon source rock
extracts, and applying the established criteria for lacustrine mudstone abundance in China,
the regions of elevated TOC within E;L3 are predominantly localized in the Bailian Sag
and the Southern Slope Belt. E;Lgy is classified within the medium source rock category,
exhibiting a comparatively lower concentration of organic matter in comparison with the
other constituent sub-segments. E;L3z and E;Lsg belong to the range of good source rocks,
and the abundance of organic matter is higher. The high TOC value of E;L, is mainly
in the Huangtong Sag and Bailian Sag, and the organic matter abundance is better than
that of other layers. The organic matter abundance of E;Lyx and E;Lyg is higher, and the
hydrocarbon generation potential is up to 19.79 mg/g. The high-value area is located in the
western Huangtong Sag, with an average value of 3.64 mg/g, which has great hydrocarbon
generation potential and is a good source of rock with high quality. The TOC value of E;L;
is highest in the two hydrocarbon generation centers, Huangtong Sag and Bailian Sag, and
decreases towards the edge of the Huachang Sub-uplift and Southern Slope Belts. The
organic matter abundance of E;L1x and E;L;s is high, which belongs to the range of good
source rocks (Table 1, and Figures 4-6).

Table 1. The organic matter abundance of the source rocks of the Liushagang Formation and the
Fushan Depression.

TOC/wt % Extracted Bitumen “A”/% S1+S,/(mg HC/g Rocks)
Characteristics — RS, SRS,
Distribution Samples Distribution Samples Distribution Samples
Huangtong Sag 0.5029~11.9 o1 0.01046608.117 12 0.3§>~14i.52 1
Source r.OCk Medium Medium Medium
evaluation
Fals 0.64~1.36 0.031~0.19 0.98~3.92
Bailian Sag . 1 63' 9 . 0 ()N88. 4 . 2~55' !
Source rock Good Medium Medium

evaluation
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Table 1. Cont.
TOC/wt % Extracted Bitumen “A”/% S1+S,/(mg HC/g Rocks)
Characteristics
Distribution Samples Distribution Samples Distribution Samples
Huangtong Sag 0.61723.61 36 0.03505(1).32 33 1.3?587.43 30
Source r.ock Good Medium Medium
evaluation
Fabax 0.48~1.75 0.042~0.107 1.46~3.49
Bailian Sag ' 1 ~30' 9 ' 0 578 3 ' 2;5' 3
Source r.ock Good Medium Medium
evaluation
Huangtong Sag 0.717;%04 4 0.01031~é)2.363 30 l.é~778.17 40
Source r.ock Good Good Medium
evaluation
Fabas 0.49~1.86 0.0242~0.1335 0.5~3.04
Bailian Sag '1 ;9' 10 0 0;3'9 5 ' 1N62' 5
Source r.ock Good Medium Poor
evaluation
Huangtong Sag - - - - - -
Source rock _ ) )
evaluation
EpLox ~ ~ ~
Bailian Sag O.1§> 6?.45 m 0.0%81 104245 31 0.0g 1;.67 35
Source r.ock Good Good Medium
evaluation
Huangtong Sag - - - - - -
Source rock ) _ )
evaluation
EpLsg ~ ~ ~
Bailian Sag 0.411 4(1).89 13 0.0%31 201.172 5 1.8;3 64;.62 5
Source rock Good Good Medium
evaluation
Huangtong Sag 114 1 0.0607 1 2.78 1
Source r‘ock Good Medium Medium
evaluation
EpLax —
Bailian Sag - - - - - -
Source rock ) ) )
evaluation

4.2. Kerogen Type

The hydrogen index (HI) and Tmax were used to identify the organic matter type. The
results show that E;Lzx is mainly II; and III in the Southern Slope Belt, while the kerogen
type of E;L3z changed from II; in the Meihua Fault to II; and III in the Southern Slope Belt.
During the deposition of E;Lgsg, the kerogen of the Huachang Sub-uplift was type II, and
type I, the kerogen of the Huangtong Sag was type II,, and the kerogen of the Southern
Slope Belt was type II; and type III. The kerogen types of the Huachang Sub-uplift in the
E;Lyx depositional period were type II; and type II,. The kerogen type of the Huangtong
Sag is mainly type II, but some are type II; and type III. The kerogen type of E;Lyg transits
from type II; to type III from west to east, and all three types of kerogens are found in the
Southern Slope Belt. The organic matter type of EyL;x transits from type II; to type II, from
west to east, and the Southern Slope Belt is dominated by type II, kerogen, followed by
type IIl. The northern part of E;L1g is type II; kerogen, and type III kerogen occurs in the
Southern Slope Belt (Figure 7).
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Figure 4. Relationship between total organic carbon content and hydrocarbon generation potential of source rocks in the Huangtong Sag, Huachang Sub-uplift,
Bailian Sag, and Southern Slope Belt in the Fushan Depression. The E,Lyx stratigraphic sub-section exhibits superior geological parameters compared with its

counterparts, indicating significant hydrocarbon generation potential. (a) E;L3x source rocks; (b) E;Lsz source rocks; (c) E;Lag source rocks; (d) E;Lox source rocks;

(e) ExLpg source rocks (f) EpLyx source rocks; and (g) E;L1g source rocks (after [74]).
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Figure 5. Cont.
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Figure 5. TOC contour map of the Liuliushagang Formation in the Fushan Depression. The TOC content ranges from 0.5% to 3.6%, indicating a substantial
abundance of organic matter. The elevated concentrations are predominantly found within the Huangtong and Bailian Sag regions, with a gradual decrease towards
the peripheral areas. The E;Lyx and E;Lyg strata exhibit superior characteristics compared with the other geological layers. (a) E;Lgx source rocks; (b) E;Lzz source
rocks; (¢) E;Lag source rocks; (d) E;Lyx source rocks; (e) EpLag source rocks; (f) EpLyx source rocks; and (g) E;L1g source rocks.
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Figure 6. Extracted bitumen A contour map of the Liushagang Formation in the Fushan Depression. The extracted bitumen A content ranges from 0.01% to 0.54%,
indicating a substantial organic matter abundance. The highest concentrations are predominantly found within the Bailian Sag, while the Huachang Sub-uplift
exhibits elevated values in the E;Lyx and E;Lyg intervals, as well as in the E;L;x stratigraphic unit. (a) E;Lgx source rocks; (b) E;L3z source rocks; (c) E;Lgg source
rocks; (d) EpLyx source rocks; (e) E;Lyg source rocks; (f) E;Lix source rocks; and (g) E;Ljg source rocks.
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Figure 7. The relationship between HI and Tmax of source rocks in the Huangtong sag, Huachang
Sub-uplift, Bailian Sag, and Southern Slope Belt in the Fushan Depression. The predominant type
of organic matter is classified as type II. (a) E;L3x source rocks; (b) E;Lsz source rocks; (c) E;Lsg
source rocks; (d) E;Lyx source rocks; (e) E;Lyg source rocks (f) E;Lix source rocks; and (g) E;Lig
source rocks. Thermal maturity of organic matter (after [24]).

The distribution range of E;L3 types II; and III organic matter is the widest, and the
type of E;L3g organic matter is better with mainly type II;. The E;L, organic matter type is
better in the Huangtong Sag and Huachang Sub-uplift, mainly type II;. The organic matter
type of E;L; is better in the Huangtong Sag and Huachang Sub-uplift, mainly type II,, and
type II; exist. The type II, organic matter of E;L; has the widest distribution area.

The hydrocarbon generation threshold for the Huangtong Sag, Bailian Sag, and
Huachang Sub-uplift is delineated by the depth at which the vitrinite reflectance of source
rocks reaches a value of 0.5%, which corresponds to a threshold depth of approximately
2800 meters. Consequently, the majority of the E;L; source rocks have reached the threshold
for hydrocarbon generation. The source rocks have also reached the peak of oil generation,
and the depth above 4200 m has entered the high maturity stage. The E;L, source rock is
in the low maturity stage of development in the Huachang Sub-uplift. The E;L,x and EyLs
source rocks have reached the peak of o0il generation and have entered the high maturity
stage at a depth of 4200 m. The burial depth of the Southern Slope Belt is shallow, so the
maturity of the source rock is also low. The variation trend in the vitrinite reflectance of the
Southern Slope Belt source rocks with depth, shows that the threshold depth corresponding
to the hydrocarbon generation threshold (Ro = 0.5%) is 2550 m and 1900 m, respectively
(Tables 2 and 3, Figure 8).

Table 2. Rock-Eval pyrolysis data used in this study.

Area

Well

Std.

Depth

Formation Sapropelic Liptinite

Vitrinite Inertinite

Type
Coefficient

Organic
Matter Type

Ro (%)

Dev.

Huangtong Sag

Huangtong Sag

Huangtong Sag
Huachang
Sub-uplift
Huachang
Sub-uplift
Huachang
Sub-uplift

CoxX
CoX
C6xX

Hi1
Hi1

Hi1

2408.42
2683.85
2685.97

2250

2300

2400

ExLis
ExLis
ExLis
ExLis
ExLis

ExLag

61.3
63.7
74.3

20.3

22.3

23.3

1

1.3

2.3

38.7 -
36.3 -
25.7 -

76.3

73.3 3

70.7

32.3
36.5
55

I
1L
I

i
1L

1I;

0.44

0.41

0.44

31

26

0.0002

0.0001

0.0039
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Table 2. Cont.

Area Well Depth Formation Sapropelic Liptinite  Vitrinite Inertinite Co;rf};i}l‘ieent M(a)tigjt"}lycpe Ro(%) N Stec‘l,
?ﬁi‘};’i‘f’f H131x  2983.62 EoLis - 75 19 6 17.3 1, 084 30 008
I;:‘g‘_‘j;‘&% H132a  3447.35 ErLis - 73 19 8 143 I 078 27 006
I;l;ﬁi;alrilf% Hi32a  3448.62 EsLis - 72 23 5 13.8 1L 073 30 006
Huachang
Sub-uplifs H2-2 2141.45 E>Lig 747 57 19.7 - 62.8 I - - -
gﬁi‘;‘i}% H22 214541 EoLis 73.7 4 23 - 59 I - - -
?1;11??;11&% H2-2 2149.4 EoLis 53.7 57 407 - 26 1, - - -
Huachang
Sub-uplitt H2-2 2150.1 EoLis 48 6.7 45 03 17.3 I, - - -
?ﬁi};&% H2-2 2159.5 EyLis 53.3 1 45.7 - 195 1l - - -
g‘ﬁﬁ;‘&% H7 240162 Eolss - 73 18 9 14 i 057 30 003

Huangtong Sag J1x 3214.39 E;Lis - 77 19 4 20.3 1L, 0.74 30 0.06
Huangtong Sag J2x 3560.3 E>Lis - 72 24 4 14 1L, 0.72 24 0.06
Huangtong Sag 12X 3561.97 EoLis - 75 2 3 18 I, 071 30 005
Huangtong Sag 12X 3563.5 EsLis - 69 27 4 103 I 073 23 0.05
Huangtong Sag Y10X 3276.1 E;Lqs 65.7 - 34.3 - 40 1, - - -
Huangtong Sag Y11X 3289.29 EoLis 543 - 453 03 20 I, - - -
Huangtong Sag Y11X 3548.9 ExLis 69.3 - 30.7 - 46.3 15 - - -
Huangtong Sag Y11X 3550.95 EsLis 67.7 03 32.0 - 439 e - - -
Huangtong Sag Y11X 3552.53 ExLis 76.0 - 24.0 - 58 1I; - - -
Huangtong Sag Y11X 3555.93 EoLis 713 - 287 - 498 e - - -
Huangtong Sag Y11X 3557.93 EoLis 67.0 - 33.0 - 403 I - - -
Huangtong Sag Y11X 3567.72 ExLis 66.3 - 33.7 - 41 1L - - -
Huangtong Sag Y11X 3568.92 EyLig 69.0 - 31.0 - 45.8 11, - - -
Huangtong Sag Y11X 3641.8 ExLqs 66.0 - 34.0 - 40.5 1I; - - -
Huangtong Sag Y11X 3643.65 EoLis 65.7 - 343 - 40 10, - - -
Huangtong Sag Y11X 3647.45 EoLis 68.7 - 313 - 452 I - - -
Huangtong Sag Y11X 3653.12 EoLis 68.7 - 313 - 452 e - - -
Huangtong Sag Y13x 3586.7 EyLig - 69 24 7 9.5 1, 0.8 30 0.06
Huangtong Sag C6-2X 2939.5 EoLix 78.0 - 22.0 - 61.5 11, - - -
Huangtong Sag C6-2X 2943.5 E>Lix 65.0 - 35.0 - 38.8 I - - -
?ﬁf};ﬁ‘fgt H1 2500 EoLix 407 27 54 2 - I 053 0 0
Huachang
Sub-uplitt H1 2600 EaLix 337 3 61 2 - I 045 23 0.0034
I;;ﬁ‘j;‘i‘g H81)2(3 3526.64 E>Lix 44.0 - 56.0 - 2 1L, - - -
Huangtong Sag Y10X 3499.67 EpLix 80.7 - 19.3 - 66.2 11, - - -
Huangtong Sag YI0X  3540.29 EsLix 72.0 03 277 - 51.4 I - - -
Huangtong Sag Y11X 3670.48 EsLix 717 03 28.0 - 50.9 e - - -
Huangtong Sag Y11X 3683.95 EsLix 69.3 - 30.7 - 463 i 105 22 0.0275
Huangtong Sag Y11X 3691.65 EpLix 69.7 0.3 30.0 - 474 1 - - -
Huangtong Sag Y11X 3694.9 EoLix 72.0 - 28.0 - 51 11, - - -
Huangtong Sag Y11X 3708.33 ErLix 71.0 - 29.0 - 49.3 1I; - - -
Huangtong Sag Y11X 3715.74 EaLix 777 - 23 - 61 e - - -
Huangtong Sag Y11X 3721.71 EsLix 70.3 - 297 - 48 I - - -
Huangtong Sag Y11X 3725.29 EaLix 77.3 - 227 - 60.3 I - - -
Huangtong Sag YIIX 373224 EaLix 737 03 26.0 - 54.4 I - - -
Huangtong Sag C12X 3473.47 EsLos 72 - 28 - 51 1I; - - -
Huangtong Sag C12X 3475.87 EpLos 69.7 - 30.3 - 47 1L, - - -
Huangtong Sag C12X 3511.8 EyLos 68.7 - 31.3 - 45.2 1L - - -
Huangtong Sag C12X 351355 EaLas 74 - 26 - 545 e - - -
Huangtong Sag C20X 1399.19 EyLog 64.3 0.3 35.3 - 62.5 1, - - -
Huangtong Sag C20X 1399.19 EzLos 70.3 - 29.7 - 38 1I; - - -
Huangtong Sag C20X 1399.19 EoLog 72.3 03 27.3 - 48 I - - -
Huangtong Sag C20X 1399.19 ErLos 75.3 0.7 24 - 52 1 - - -
Huangtong Sag C20X 1399.19 EaLas 78.3 03 213 - 57.6 e - - -
Huangtong Sag C6X 3160.25 EyLog 76.3 - 23.7 - 58.5 1I; - - -
I;ﬁ‘j‘;‘i‘f% H1 2700 EoLos 77.3 33 18.7 07 64.2 m 044 35  0.001
?ﬁf};’i‘f‘f H1 2800 EsLos 57 9.7 32.7 0.7 36.6 L 0.45 8  0.0061
I;;f_‘j;‘i‘é H1 2900 EsLos 86.7 0.7 12.7 - 77.5 e 049 34  0.0001
Huangtong Sag J1x 3606.05 EzLss - 72 23 5 13.8 1, 0.6 28 0.05
Huangtong Sag J1x 3620.45 EaLas - 80 15 5 238 I, 067 30 006
Huangtong Sag Y7 3744.12 EaLas - 69 26 5 10 I 087 30 007
Huangtong Sag Y7 3889.94 EsLog - 69 25 6 9.8 1L 101 24 006
gﬁﬂ‘;‘i}% H1 3000 EpLox 61 17 36.7 07 336 1, 051 39 00017
Huachang H1 3100 EaLox 66 17 31 1 4238 1, 052 34  0.0007

Sub-uplift
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Table 2. Cont.
. . e s e s . Type Organic o Std.
Area Well Depth Formation Sapropelic Liptinite  Vitrinite Inertinite Coefficient Matter Type Ro(%) N Dev.
Huachang
Sub-uplift HD1-1 3332.25 E>Lox - 69 23 8 9.3 1L, 1.03 25 0.06
Huachang
Sub-uplift HD1-1 3341.8 EpLox - 77 16 7 19.5 1L, 0.96 30 0.06
Huachang
Sub-uplift H1 3151 EsLss 76 4 19 1 62.8 1L 0.67 26 0.1288
Huachang
Sub-uplift H1 3165 ELss 59.7 2.3 36.3 1.7 319 1L, 0.64 19 0.133
Huachang
Sub-uplift Hi1 3195 EsLss 54.7 1.3 42 1.7 - 1, 0.54 30 0.001
Huachang
Sub-uplift H1 3300 EpLss 37.3 0.7 60 1.7 - III 0.57 30 0.0001
Huachang
Sub-uplift H7 3410.81 EsLss - 70 22 8 10.5 1, 0.62 27 0.05
Huachang
Sub-uplift H7 3448.67 EsLss - 70 20 10 10 1L, 0.86 30 0.06
Huachang HDé6-
Sub-uplift 1X 3673.13 EpLss 81.3 1.0 17.3 0.3 68.5 1 - - -
Huachang HDé6-
Sub-uplift 1X 3678.08 EsxLss 78.7 0.7 20.3 0.3 63.5 m - - -
Huachang
Sub-uplift H1 3400 E;Lsz 81.7 0.3 17.3 0.7 - I 0.54 30 0.0032
Huachang
Sub-uplift Hi1 3500 ExLsz 24 1.3 69.3 5 - I 0.56 30 0.0014
SouthernSlope  \7x 38015  Ealy - 7 20 8 13 1, 099 30 006
SouthernSlope wizx 38041 EsLsz - 74 19 7 158 1 097 26 006
Huachang
Sub-uplift H1 3600 E>Lsx 58.3 1 37.7 3 - 1L, - - -
Huachang
Sub-uplift H1 3700 EpLsx 70 1.3 27.7 1 - 1L 0.9 0 0
Huachang
Sub-uplift Hi1 3795 ExLsx 61.3 2 35.7 1 - 1, 0.55 37 0.0012
Table 3. Rock-Eval pyrolysis data used in the sample of the Liushagang Formation in the Fushan Depression.
Extracted S1(mg S>(mg S$1+S;
Area Well D(enll’ )t h Formation Mléiig;“e (3;?;: ) Bitumen Tmax (°C) HClg HClg (mg HC/g (Ij/o)
° “A” (%) Rock) Rock) Rocks) ?
Bailian Sag L1 2749 ExLox grey black 1.85 0.20 475 0.72 1.99 271 0.51
Bailian Sag L102X 3234 EyLix b;;”y“ 0.78 0.04 441 0.06 1.40 1.46 0.68
Bailian Sag L2 3133 ExLox grey black 0.94 0.07 450 0.13 1.63 1.76 0.66
Bailian Sag L22X 2079 EsxLss dark grey 1.10 0.07 439 0.27 1.61 1.88 0.51
Bailian Sag L23-1 3570 ExLix grey black 1.42 0.08 436 0.37 3.12 3.49 0.63
Bailian Sag L23-1 4062 ErLox grey black 2.02 0.15 439 0.70 2.70 34 0.99
Bailian Sag L23-1 3975 ExLas grey black 1.65 0.13 437 0.60 2.44 3.04 0.92
Bailian Sag L23-1 3860 EsLas grey black 1.24 0.02 423 0.23 0.60 0.83 0.87
Bailian Sag L23x 3923.8 ExLox grey black 1.84 0.15 442 0.42 3.19 3.61 1.11
Bailian Sag 1.23x 4047.42 EaLox b;‘r’e“;“ 0.9 0.09 443 0.13 1.86 1.99 0.65
Bailian Sag L23x 3928 EzLox grey black 1.29 0.07 458 0.25 0.84 1.09 1.49
Bailian Sag L23x 3930.05 ExLox grey black 1.08 0.09 460 0.21 0.7 091 1.46
Bailian Sag 1.23x 4033.06 EalLox b;‘r’e‘”;“ 092 0.09 469 0.14 0.55 0.69 145
Bailian Sag 123x 403526 EyLox b;;”y“ 0.88 0.07 476 0.09 0.34 043 1.69
Bailian Sag L27X 3531.8 ExLox dark grey 2.39 0.25 447 1.08 3.96 5.04 0.82
Bailian Sag L27X 3524.36 ExLox dark grey 1.97 0.19 443 0.74 2.82 3.56 0.64
Bailian Sag L27X 2936 E>Loas dark grey 0.93 0.19 434 0.21 3.14 3.35 0.58
Bailian Sag L27X 3594.35 EpLox dark grey 2.06 0.16 448 0.63 2.64 3.27 1.11
Bailian Sag L27X 3601.07 EpLox dark grey 1.36 0.10 449 0.25 1.65 1.90 0.84
Bailian Sag L27X 3604.55 ExLox dark grey 1.42 0.10 451 0.26 1.57 1.83 1.03
Bailian Sag L3-2X 3429 ErLax b;‘r’e“;“ 1.65 0.18 442 0.41 2.63 3.04 0.83
Huangtong Sag C12X 3473.17 E>Las grey black 1.53 0.18 443 0.47 5.18 5.65 0.75
Huangtong Sag C12X 3511.35 EyLoys grey black 0.85 0.15 443 0.26 3.35 3.61 0.76
Huangtong Sag C12X 3511.35 EzLas grey black 0.94 0.36 444 0.40 3.57 3.97 0.76
Huangtong Sag C12X 3473.17 EzLas grey black 1.28 0.20 444 0.40 4.13 4.53 0.75
Huangtong Sag C2 2493 EzLas grey 1.90 0.08 436 0.22 4.30 4.52 0.49
Huangtong Sag C20X 1393.59 EpLas b;‘r’g]“ 1.33 0.06 430 0.08 413 421 039
Huangtong Sag C20X 1393.59 EyLas brown 1.21 0.06 431 0.05 3.29 334 0.39

grey
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Table 3. Cont.
Extracted S1(mg S>(mg S1+S,
Area Well D(enp: )t h Formation Mléii:;“e (I,?(S ) Bitumen Tmax (°C) HC/g HClg (mg HC/g (I}/o)
° “A” (%) Rock) Rock) Rocks) °
brown

Huangtong Sag C20X 1393.59 EoLas arey 1.07 0.04 430 0.06 3.65 371 039
Huangtong Sag C20X 1393.59 EyLas b;‘eNy“ 1.01 0.04 431 0.05 32 325 0.39
Huangtong Sag C5X 3660 ErLoys grey black 1.81 0.03 425 0.47 4.65 5.12 0.54
Huangtong Sag C5X 3857 EzLos grey black 2.09 0.11 433 0.38 3.41 3.79 0.66
Huangtong Sag C5X 3778 EzLos grey black 1.55 0.12 431 0.38 3.28 3.66 0.57
Huangtong Sag C5X 3700 ExLas grey black 1.52 0.13 431 0.48 2.68 3.16 0.90
Huangtong Sag C5X 3812 EsLys grey black 1.56 0.16 425 0.51 2.59 3.1 0.51
Huangtong Sag Fcl 3129.97 EaLix grey black 3.61 0.14 433 0.46 6.29 6.75 0.64
Huangtong Sag Fcl 3120.07 ExLix grey black 1.99 0.09 435 0.27 3.12 3.39 0.60
Huangtong Sag Fcl 3371.37 EzLos grey black 151 0.10 437 0.30 2.82 3.12 0.55

Huachang H104X 2750 EpLis brown 113 0.05 437 0.05 1.59 1.64 0.52

Sub-uplift grey

Huachang H109-3X 2501 E;Lis brown 1.01 011 434 0.15 1.65 1.80 0.50

Sub-uplift grey

Huachang H113X 3125 EpLis brown 2.04 026 435 0.30 3.7 3.57 0.54

Sub-uplift grey

Huachang

Sub-uplift H115X 2698 EoLix dark grey 1.04 054 400 2.96 3.29 6.25 057

Huachang H215X 2913 EaLas brown 186 020 440 091 192 583 0.67

Sub-uplift grey

Huachang H2-2 2145.8 EsLss brown 0.74 0.03 431 0.15 142 157 0.51

Sub-uplift grey

Huachang

Sub-uplitt H2-2 2155.6 EoLis grey black 0.85 0.04 438 0.09 1.06 115 053

Huachang

Sub-uplift H2-2 2145.8 EsLis grey black 0.80 0.06 436 0.05 0.95 1.00 051

Huachang

Sub-uplitt H2-2 2136.95 EoLis grey black 0.84 0.05 434 0.06 1.33 1.39 0.50

Huachan,

Sub-upli 8 H2-2 2136.95 EoLis grey black 0.90 0.04 434 0.05 1.06 111 0.50

Huachang

Sub-uplift H3-13X 3471 ErLsz Black grey 1.89 0.15 447 0.48 3.22 37 0.83

Huachan,

Sub-upli 8 H7-6X 3979 EoLss grey black 1.74 0.18 396 0.75 5.55 6.3 1.04

Huachang H7-6X 3199 EsLos brown 1.74 0.19 445 0.73 4.06 479 0.70

Sub-uplift grey

Huachang H7-6X 3097 EpLix brown 1.48 0.17 446 0.57 355 412 0.62

Sub-uplift grey

Huachan,

Sub_uphf?;' H7-7X 3899 ErLss grey black 230 034 395 1.24 4.65 5.89 0.83

Huachang H7-7X 3052 ExLix brown 157 0.17 439 0.43 291 334 0.66

Sub-uplift grey

Huachan,

Sub-uplif% H7-7X 2477 EoLis dark grey 0.62 0.06 430 0.07 045 052 0.56

Huachang

Sub-uplift HD4-3X 3370 EoLas Black grey 117 0.04 433 0.13 0.49 0.62 0.76

Huachang

Sub-uplitt HD6-1X 3821 EoLsg grey black 1.00 0.10 444 031 1.74 2.05 091

Bailian Sag JF4X 1991 EyLax b;;”y“ 1.14 0.19 436 0.50 5.76 626 0.41

Bailian Sag JF6 2535 EaLix grey black 0.45 0.04 439 0.10 1.00 1.10 0.48
Huangtong Sag Y1 3509 EaLix b;‘r’e‘”;“ 147 0.06 449 0.17 227 244 0.82
Huangtong Sag Y1 3200 ExLis grey black 0.84 0.06 445 0.08 1.89 1.97 0.63
Huangtong Sag Y1 3801.4 E>Lis grey black 0.97 0.08 469 0.13 1.45 1.58 1.03
Huangtong Sag Y1 3040 ExLis grey black 0.52 0.06 441 0.11 131 142 0.70
Huangtong Sag Y1 3650 EyLis b;‘r’e“;“ 1.37 0.07 449 0.06 1.34 1.40 0.82
Huangtong Sag Y1 2903 EyLis b;‘r’r}’]“ 0.94 0.05 445 0.04 1.26 1.30 0.66
Huangtong Sag Y1 2990 ExLis grey black 0.53 0.01 445 0.04 0.29 0.33 0.77
Huangtong Sag Y10X 3274.2 ExLix dark grey 1.09 0.09 458 0.25 2.73 2.98 0.84
Huangtong Sag Y10X 3536.54 E;Lix dark grey 127 0.11 451 0.17 2.6 2.77 0.99
Huangtong Sag Y10X 3495.07 EzLix dark grey 1.28 0.10 463 0.27 2.29 2.56 0.95
Huangtong Sag Y11X 3724.89 EoLix b;‘r’g]“ 1.05 0.03 469 0.17 1.56 173 1.07
Huangtong Sag Y11X 3641.15 EaLix b;‘r’;”y“ 0.90 0.07 465 0.28 1.38 1.66 1.05
Huangtong Sag Y11X 3551.23 EyLax b;‘r’g]“ 1.86 0.06 460 0.19 5.01 5.20 0.95
Huangtong Sag Y11X 3547.3 EoLix b;‘r’e‘”;“ 1.16 0.11 456 0.18 235 253 0.87
Huangtong Sag Y11X 3641.15 EyLix b;;”y“ 1.86 0.07 469 033 298 331 1.05
Huangtong Sag Y11X 3286.79 EyLis dark grey 1.01 0.09 450 0.32 2.89 3.21 0.80
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Table 3. Cont.
Extracted S1(mg S>(mg S1+S,
Area Well D(enp: )t h Formation Mléii:;ne (I,?(S ) Bitumen Tmax (°C) HC/g HClg (mg HC/g (I}/o)
? “A" (%) Rock) Rock) Rocks) °
Huangtong Sag Y11X 3692.1 EoLix bgr’;”y“ 1.27 0.03 471 0.12 1.56 1.68 1.05
Huangtong Sag Y11X 3560.12 EaLix b;‘eNy“ 125 0.07 466 023 2.40 2.63 1.04
Huangtong Sag Y11X 3547.3 EaLix bgr’:;“ 1.08 0.13 464 0.41 231 2.72 0.87
Huangtong Sag Y11X 3666.38 EyLix b;‘r’e“;“ 1.19 0.13 466 0.21 1.90 211 1.06
Huangtong Sag Y11X 3717.06 EyLix b;‘r’g]“ 1.00 0.06 471 0.20 131 151 1.09
Huangtong Sag Y11X 3551.23 EaLix b;‘r’e‘”;“ 1.98 032 459 0.44 442 486 0.95
Huangtong Sag Y11X 3641.15 EpLix b;‘r’g]“ 1.03 0.20 467 023 1.65 1.88 1.05
Huangtong Sa Y11X 3551.23 EoLix brown 0.78 0.26 456 0.78 2.53 331 0.95
gtong Sag grey
Huangtong Sag Y11X 3724.89 EaLix b;‘r’yy“ 0.90 0.03 468 0.17 121 138 1.07
Huangtong Sag Y11X 3560.12 EaLix b;‘r’:_;“ 1.14 0.07 463 0.25 2.28 253 1.04
Huangtong Sag Y11X 3683.95 EoLix b;‘r’e“;“ 1.10 0.09 471 021 1.79 2.00 1.05
Huangtong Sag Y11X 3700.36 EpLix b;‘r’g]“ 1.25 0.05 465 0.15 151 1.66 1.08
Huangtong Sag Y11X 3675.25 EoLix bgr’;”y“ 1.14 0.06 472 0.15 1.73 1.88 1.08
Huangtong Sag Y11X 3560.12 EaLix b;;”y“ 1.34 0.10 463 0.34 261 295 1.04
Huangtong Sag Y7 3779.5 EyLos dark grey 1.96 0.14 441 0.29 442 4.71 0.84
Huangtong Sag Y7 3782.35 EzLas dark grey 1.78 0.13 442 0.34 3.73 4.07 0.82
Huangtong Sag Y7 3777.4 EzLos dark grey 1.48 0.13 438 0.23 3.13 3.36 0.72
Huangtong Sag Y7 3785.15 EzLas dark grey 1.35 0.12 441 0.26 3.06 3.32 0.79
Huangtong Sag Y7 3742.1 EyLas grey black 141 0.08 440 0.16 3.06 322 0.69
Huangtong Sag Y7 3892.3 EzLas dark grey 1.83 0.14 449 0.41 2.07 2.48 0.92
(a) Huangtong Sag (b) Huachang Sub-uplift (c) Bailian Sag (d) Southern Slope zone
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Figure 8. Variation in the vitrinite reflectance of source rocks of E;Lgx, ExL3z, ExLss, ExLyx, EoLyps,
E;L1x, and E;L1s sequentially with depth in the Fushan Depression. (a) Huangtong Sag, (b) Huachang
Uplift, (c) Bailian Sag, and (d) Southern Slope Belt. The overall variation in the Rock-Eval pyrolysis
parameter, Ro, exhibits a positive correlation with the increase in burial depth.

In summary, the Southern Slope Belt crossed the hydrocarbon generation threshold
during the early phase of the E;L, source rock but has not yet reached the zenith of oil
generation. In general, the high-grade area of Ro in the Liushagang Formation is located in
the Huangdong Sag and Bailian Sag, and the overall change is positively correlated with
the increase in burial depth. From E,Lyx to E;L3, the maturity in the east is significantly
higher than in the other regions, which is related to the intrusion of igneous rocks in E;L,
and E;L3. The thermal effect makes it appear as an unusually high-maturity area, up to
2.69% ([7,75]) (Figure 9).
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Figure 9. Ro plane contour map of source rocks in the Liushagang Formation in the Fushan Depression. The region of elevated Ro values is situated within the
Huangtong Sag and the Bailian Sag. There is a gradual decrease in Ro values from these high-value areas towards the periphery of the respective depressions.
(a) EoLsx source rocks; (b) E;Lsz source rocks; (c) EpLsg source rocks; (d) E;Lyx source rocks; (e) E;Lyg source rocks; (f) E;Lix source rocks; and (g) E;Lig source rocks.
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5. Geological Characteristics of Source Rocks

The average thickness of the E;L3 source rock formation is less than 100 m, demon-
strating a progressive reduction in thickness from the vicinity of the Meihua Fault towards
the Southern Slope Belt. The E;L3x source rock, proximal to the Meihua Fault control
boundary, is estimated to attain a maximum thickness of approximately 295 m. Within
the Huangtong Sag and Bailian Sag, the E;L, source rocks exhibit an average thickness
exceeding 400 m, with a lateral extent that transitions from the central regions of the sags
towards their peripheries. Within the central region of the Huachang Sub-uplift, a signifi-
cant elevation of 424 m is observed, comparable to the other two sags. The E;L; source rock
in the Huangtong Sag, Bailian Sag, and Huachang Sub-uplift exhibits a similar thickness,
reaching a maximum of 531 m. The significant thickness of the source rock is predominantly
observed in the Huangtong and Bailian Sags, exhibiting a gradual reduction towards their
peripheries (Figure 4). The E;Lyx dark mudstone is exceptionally well-developed. In com-
parison with the source rocks from other stratigraphic units, the E;L,g source rock exhibits
a substantial thickness of 750 m. Furthermore, the E;L,g source rock, with a thickness
exceeding 250 m, is characterized by a more extensive areal distribution.

The stratigraphic thickness of the dark mudstone serves as a pivotal determinant in
ascertaining the thickness of the effective source rocks [61]. The areal extent and strati-
graphic thickness of E;L3, characterized by dark mudstone, are significantly less extensive
than those of E;L1 and E;L;. The northern strata of the E;L3 formation have been eroded
along the fault line. During the depositional phases of the E;L3x and E;L3z members,
a singular subsidence center was established in the northeastern part of the Bailian Sag,
where the sedimentary thickness is predominantly concentrated. This could be attributed
to the influence of the Meihua Fault, with source supply from the northwest and southwest
directions [54]. Within E;L3g, the Huangtong and Bailian Sags are characterized as two
principal subsidence centers. Initially, during the depositional phase of the E;Lyx formation,
the expanse of dark mudstone in the deep-depression zone, specifically in the northern
sector adjacent to the Meihua Fault, exhibited a more extensive distribution. At present, the
subsidence center remains constant. Because of the relatively deep and stable hydrosphere,
there is extensive development of thick dark mudstone within the reducing environment.
For example, the thickness of the dark mudstone in the H18X well is 360 m, which is 100%
of the thickness of the E;L,x formation, and the whole section is dark mudstone. Affected
by the southern provenance [61], the distribution range of E;Lyg in the Huangtong Sag
becomes smaller; however, the dark mudstone of fan delta plain facies with a thickness
of 570 m is developed in the C4X well. The thickness of source rock in the Huachang
Sub-uplift is high, and the thickness of the E;Lyg source rock is larger than that of the
other layers. Under the condition that the subsidence center of E;Lx is unchanged, the
thickness of the source rock in the deep depression area is smaller than that in E;L,. The
hydrocarbon charge to the Huachang Sub-uplift, located in the southern sector of the
E;Lss, has experienced a reduction in source input, resulting in the re-establishment of two
subsidence centers, while concurrently, the areal extent of the source rock has diminished.
Overall, the source rocks of the Liushagang Formation are mainly distributed in Sags, and
the thickness and area of E;L; source rocks are the largest (Figure 10).
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Figure 10. Source rock thickness contour map of the Liushagang Formation in the Fushan Depression. Influenced by the Meihua Fault, the provenance rocks of the
Early Liushagang Formation in the northern region underwent significant denudation. The depositional center and the area of maximum thickness of these source
rocks are observed in the Huangtong Sag and the Bailian Sag, respectively. (a) E;L3x source rocks; (b) E;L3z source rocks; (¢) E;Lzg source rocks; (d) EoLox source
rocks; (e) EpLyg source rocks; (f) EpLqx source rocks; and (g) E;L1g source rocks.
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6. Organic Petrology of Source Rocks

From the scatter data in the triangle diagram, it can be seen that the content of the
sapropelic group and liptinite macerals of the E;L, source rock is higher compared with the
adjacent E;L; and E;L3 sections, ranging from 62.7% to 87.4%, with an average of 72.57%.
The sapropelic group is dominated by sapropelic amorphous bodies, and the content can
reach more than 60%. The average vitrinite content is 25.56%, and the average inertinite
content is 1.86%. The hydrocarbon-generating capacity of the organic matter in the EyL,
source rocks is high. In E;Lyg, the content of the sapropelic group in the Huangtong Sag is
higher, and there is no inertinite. The content ranges from 0.1% to 6.0%, with an average
of 1.32%.

From the scatter data in the diagram (Table 2), it can be seen that the content of the
E;Lox and E;Lyg sapropel group and liptinite group is higher than that of the adjacent E;Lq
and layers (Table 2, Figure 11). By calculating the maceral type index, it is concluded that
type II; (40< TI <80) and type II; (0 < TI < 40) are the main organic matter types of the
Liushagang Formation source rocks, and type I (80 < TI) and type III (TI < 0) kerogen are
rarely developed, among which type II; kerogen accounts for 65% of all the samples. It
can be concluded that dark mudstone has high organic matter content and hydrocarbon
generation potential, and belongs to oil source rocks, especially those of the Huangtong
Sag and Bailian Sag.
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Figure 11. Triangle diagram of macerals of organic matter in the source rocks of the Liushagang
Formation in the Fushan Depression. The sapropelic and exinitic maceral groups exhibit elevated
concentrations, with values ranging from 62.7% to 87.4% and an average of 72.57%. As the princi-
pal constituents responsible for hydrocarbon generation, this high content underscores the robust
hydrocarbon-generating potential of the organic matter.

Combined with the analysis of the two methods, the E;Lyx, E;Lps, and EpLix of the
Huangtong Sag to the west are dominated by type 1I; kerogen, which develops mainly
from deep lake mudstone, and the provenance is mainly from the south [76]. The type II,
kerogen sample (well Y11X) of E;L;g in the Huangtong Sag has a sapropelic content of
54.3%, which is much lower than that of the other beds. During this period, the western
source was supplied in large quantities [77]. The gravel at the base of E;L;g (2535.0 m) can
be observed, and the sorting is 3.03. E;L1g has a high TOC (2.29%) at this time but has no
hydrocarbon generation potential. The Bailian Sag in the eastern part of the survey area
is dominated by type II; kerogen, but most of the wells in the Sag changed from type II,
to type IIl at E;Lox. At this time, the eastern source supply was sufficient, the grain size
increased to 22.4 mm, the deep lake mudstone was intercalated with turbidite sandstone,
and the vitrinite content reached 36.7%. During the deposition of the Liushagang Formation
in the Southern Slope Belt, there was a sufficient source from the south [78], mainly type
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II; and type III kerogen. No sapropel group was identified in the M17 well observation,
with 72% of the liptinite group. Affected by the source of the western source in the EyL1x
period [7], tear-like mud particles appeared, the whole was inverted grain order, and there
were multiple positive cycles.

This shows that the source supply is sufficient, the particle size increases, and the
screening deteriorates. Meanwhile, the sapropel group content decreases, and the total HI
decreases. This shows that during the depositional process of the Liushagang Formation,
the external transport was mainly oxidized or polymerized vitrinite and inertinite, which
have no hydrocarbon-generating capacity. At this time, the layer has high TOC but no
hydrocarbon generation capacity. As the source supply weakens, the algae and debris in
the lake basin produce sapropel, which has a high H index and hydrocarbon generation
potential (Table 3, Figures 11 and 12).

uQ

Sapropeélic

Figure 12. Microscopic identification of kerogen macerals and types of the Liushagang Formation in
the Fushan Depression. (a) Y13X in the Huangtong Sag, E;L1, 3586.7 m, type Il kerogen. The inertinite
macerals can be observed, and (b) the sapropel group is not strongly reflected under fluorescence.
(c) H7X in the Huachang Sub-uplift, E;L;, 2401.62 m, type III kerogen. (d) The vitrinite macerals
can be observed. (e) Y7X in the Huangtong Sag, EoL1, 3744.12 m, type II, kerogen; (f) Development
of sapropelic macerals. (g) H7X in the Huachang Sub-uplift, 3448.67 m, E,L3, type II; kerogen.
(h) Compared with E;L;, more sapropelic macerals were developed.

7. Hydrocarbon Expulsion Characteristics of Source Rocks
7.1. Simulation of Hydrocarbon Generation and Expulsion History

The comprehensive analysis of the burial, thermal, and hydrocarbon generation histo-
ries for individual wells across the Fushan Depression reveals a consistent evolutionary
pattern in hydrocarbon generation and expulsion within the source rock strata, albeit with
minor temporal variations. The initial phase of hydrocarbon expulsion was observed in
the deep depressions of the Huangtong Sag and Bailian Sag, succeeded by the Huachang
Sub-uplift, and culminated in the Southern Slope Belt.

The Yong 7X well, located in the western sector of the study area, demonstrates
evidence of burial following the sedimentation of the E;L, formation. It experienced three
transient uplift and denudation events at 4241 Ma, 36-33 Ma, and 23.5-20 Ma, separately,
before entering a phase of rapid burial. Hydrocarbon generation in the Yong 7 well
began around 37 Ma, stabilizing at 25 Ma. E;L,g source rocks also initiated hydrocarbon
generation around 37 Ma, with a significant increase in the generation rate compared
with the lower sub-member of Liu I, reaching the expulsion threshold around 28 Ma and
commencing hydrocarbon expulsion. Tectonic events, such as the Zhugiong movement
of the Hainan Uplift at 36 Ma and 23.5 Ma, temporarily weakened or halted hydrocarbon
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generation and expulsion. The process resumed after further burial, with the restart time in
the Huangtong Sag at 33 Ma and 20 Ma, respectively.

The burial and hydrocarbon generation history of the Lian 23 well in the Bailian
Sag mirrors that of the Huangtong Sag, characterized by burial, three short uplift and
denudation phases, and then followed by rapid burial. The hydrocarbon generation in the
Lian 23 well during the E;L,x sedimentation period commenced around 36.5 Ma. E;Lyg
source rocks began generating hydrocarbons at a similar time but at a significantly higher
rate than EyLox. EpLy reached the hydrocarbon expulsion threshold at approximately 24 Ma
and 12 Ma, initiating expulsion. Similar to the Huangtong Sag, tectonic movements at
36 Ma and 23.5 Ma disrupted hydrocarbon generation and expulsion, which resumed after
further burial, with restart times in the Bailian Sag at 33 Ma and 20 Ma (Figure 13).
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Figure 13. Sedimentary burial history and hydrocarbon generation history. (a) The Y7 well in the
Huangtong Sag; (b) the L23 well in the Bailian Sag. The Huangtong Sag and the Bailian Sag predom-
inantly accumulated hydrocarbons during the E;L, and E;L; epochs following the generation of
hydrocarbons, indicative of an early phase of two-stage accumulation. Subsequently, the hydrocar-
bons migrated to the structural high areas, namely, the Huachang Sub-uplift and the Southern Slope
Belt, marking a later phase characterized by one-stage accumulation.

These observations elucidate the impact of tectonic activities on the hydrocarbon gener-
ation and expulsion processes in the Fushan Depression, providing a refined understanding
of the temporal evolution of hydrocarbon systems in this region.

7.2. Hydrocarbon Generation and Expulsion Models of Source Rocks

In accordance with the hydrocarbon generation and expulsion paradigm for the
Fushan Depression, the source rocks are anticipated to cross the threshold for hydrocarbon
generation at a depth of 2200 m and the threshold for hydrocarbon expulsion at 2700 m.
The rates of hydrocarbon generation and expulsion initially increase and then decrease.
Early in hydrocarbon generation, the rate changes little and remains low until reaching a
peak generation rate at 2370 m, with a maximum value of 510 mg/g. After passing the
expulsion threshold, hydrocarbon is gradually expelled as thermal evolution progresses,
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with the expulsion rate peaking at 3220 m and a maximum value of 430 mg/g HC/g rock.
Throughout the process, hydrocarbon expulsion efficiency increases, reaching a maximum
of 88%.

Hydrocarbon displacement models for the three sets of source rocks (E;L1, EoLp, EpL3)
in the Fushan Depression were also established. The hydrocarbon generation thresholds
are 2200 m, 1850 m, and 2200 m, respectively, while the hydrocarbon expulsion thresholds
are 2650 m, 2720 m, and 2640 m, respectively. The hydrocarbon expulsion peaks for these
source rocks correspond to the burial depths of 3170 m, 3380 m, and 3600 m, respectively,
with expulsion efficiencies exceeding 84%, indicating sufficient hydrocarbon expulsion.
Differences in hydrocarbon expulsion characteristics among the Liushagang Formation
source rocks are attributed to variations in burial history, thermal history, and the type and
abundance of organic matter in different sedimentary intervals (Figure 14).
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Figure 14. Hydrocarbon expulsion model of the Liushagang Formation in the Fushan Depression,
the red spot is the hydrocarbon expulsion threshold to restore the maximum hydrocarbon generation
potential index. Upon reaching the critical depths where the source rock crosses the thresholds for
hydrocarbon generation and expulsion, the rate of hydrocarbon generation peaks at a depth of 2370 m.
Conversely, at a depth of 3220 m, the expulsion rate of hydrocarbons is maximized, achieving a peak
expulsion efficiency of 88%.

7.3. Hydrocarbon Generation, Expulsion Intensity, and Volume of Source Rocks

This study shows that there are some differences in the hydrocarbon expulsion period
of the source rocks in each section of the Fushan Depression. Among them, the source
rocks of EyL, started to expel hydrocarbon in the Oligocene (the Huangtong Sag is 28 Ma;
the Bailian Sag is 29 Ma). The source rocks of E;L3 started to expel hydrocarbons 26 Ma
ago. The hydrocarbon source rocks of E;L; started to produce hydrocarbons 25 Ma ago
and migrated into the reservoir of the first member of the Liushagang Formation. This
shows that from the beginning of the Oligocene, the source rocks of each layer began to
expel a large amount of hydrocarbon, and the source rock hydrocarbon expulsion center of
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E;L; of the flow was the largest, reaching the peak period of the source rock hydrocarbon
expulsion. The burial depth of the source rock at this time is consistent with the burial
depth of the peak period of hydrocarbon expulsion of the TH.

7.4. Tight Oil Resource Potentials of Source Rocks

The centers of hydrocarbon generation and expulsion within the dark mudstone strata
of the E;L; and E,L; formations are predominantly localized in the Huangtong Depression
and the Bailian Depression. The maximum hydrocarbon generation intensity of E;L;
is 475 x 10* t/km? and 625 x 10* t/km?, respectively, and the maximum hydrocarbon
expulsion intensity is 185 x 104 t/km? and 230 x 10* t/km?, respectively. Although the
distribution areas of hydrocarbon generation and expulsion in the two layers are roughly
similar, better than E;L; in terms of the intensity, and it is a hydrocarbon generation stove
with larger resources.

The hydrocarbon generation and expulsion epicenters within the E;L3 source rocks are
predominantly localized in the Bailian Sag, Huangtong Sag, and Huachang Sub-uplift areas.
Compared with E;L; and E;L,, the main source rock of E;L3 in the Huachang Sub-uplift
is added. The maximum hydrocarbon generation intensity is 240 x 10* t/km?, and the
maximum hydrocarbon expulsion intensity is 90 x 10* t/km?.

In general, compared with the source rocks of the other two horizons, the hydrocarbon
expulsion range of EL; is larger, and the hydrocarbon generation and expulsion intensities
of the Bailian Sag are significantly higher than those of the Huangtong Sag (Figure 15).

The total volume of hydrocarbon generation and expulsion from the source rocks
within the Fushan Sag were determined through the application of mathematical integration
techniques, taking into account the spatial extent of the source rock formations and their
respective intensities of hydrocarbon generation and expulsion. The total cumulative
hydrocarbon generation amount in the Fushan Depression is 134.10 x 108 t, the cumulative
hydrocarbon expulsion amount is 50.52 x 10® t, and the residual hydrocarbon amount is
83.58 x 108 t (Figure 16). In comparison to the source rocks of the other two stratigraphic
horizons, the hydrocarbon expulsion window of the E;L, formation is markedly broader.
Moreover, the intensity of hydrocarbon generation and expulsion within the Bailian Sag is
considerably more pronounced than that observed in the Huangtong Sag.

Overall, the hydrocarbon generation of the dark mudstone in E;L; is 73.90 x 108 t,
which is higher than that of other layers, accounting for 55.11% of the total hydrocarbon
generation of the source rocks in the Liushagang Formation, followed by the source rocks in
E;L4, accounting for 29.85%. The hydrocarbon generation in E;L3 is the least, accounting for
15.04%. The hydrocarbon seepage is similar. The source rock of the second member of the
Liushagang Formation accounts for the highest proportion of 52.75%, and the hydrocarbon
expulsion amount of the source rock of E;L; and E;L3 account for only 32.03% and 15.22%,
respectively. This shows that the main source rocks in the Fushan Depression are mainly
dark mudstone in E;L;, while the contribution of source rocks in E;L; and Ep L3 is relatively
small (Table 4).

Table 4. Data table of hydrocarbon generation and expulsion amount of source rocks in each layer of
the Fushan Depression.

Hydrocarbon- The Proportion of Hydrocarbon Proportion of
Formation Generating Quantity Hydrocarbon Expulsion Quantity Hydrocarbon
108 t Generation% 108 t Expulsion Amount %
E;Ly 40.03 29.85 16.18 32.03
E;L, 73.90 55.11 26.65 52.75
EL3 20.17 15.04 7.69 15.22
Total 134.10 100.00 50.52 100.00
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Figure 15. Contour map of hydrocarbon generation and expulsion intensity of source rocks in each
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Figure 16. (a) Isoline diagram of hydrocarbon generation of the source rocks in the Liushagang
Formation in the Fushan Depression. (b) Isoline diagram of expulsion intensity of the source rocks
in the Liushagang Formation in the Fushan Depression. The E;L, dark mudstone exhibits a higher
hydrocarbon generation potential compared with the other strata. It shares similar characteristics in
hydrocarbon expulsion and generation processes. In contrast, the contributions from the E;Lz and
E,L; source rocks are comparatively minor.

In light of the hydrocarbon expulsion calculations, and in conjunction with the geolog-
ical framework of the sag, as well as integrating prior research findings, the accumulation
coefficients for the source rocks across various strata within the Fushan Depression were
ascertained as follows: 56% for E;Ly, 25% for E;L;, and 10.5% for E;Ls. The prospective
resources of the source rocks in the Liushagang Formation of the Fushan Depression were
calculated accordingly (Table 5). The prospective resources of E;L; in the Fushan Depres-
sion are 14.92 x 10® tons, accounting for 75.46% of the total prospective resources. The dark
mudstone resources of E;L1 and E;L3z account for 20.46% and 4.08%, respectively. Thus, the
main source rocks in the Fushan Depression are the dark mudstone of E;L,. While E;L
and E;L3 have some hydrocarbon potential and prospective resources, their contributions
are relatively minor.

Table 5. Hydrocarbon source rock prospective resource data table for the Fushan Depression.

. Hyc'!rocarbon . Migration e.md Predicted Resources Proportion of
Formation Expulsion Quantity Accumulation 108 Resources %
108 ¢t Coefficient %
E,Ly 16.18 25.00 4.05 20.46
E;L, 26.65 56.00 14.92 75.46
E;Ls 7.69 10.00 0.81 4.08
Total 50.52 / 19.77 100.00

8. Conclusions

The maximum thickness of the source rock is observed in the subsidence centers of
the Huangtong Sag (west) and the Bailian Sag (east), with a progressive thinning towards
the periphery and the Huachang Sub-uplift. Dark mudstone predominantly occurs at
depths below 200 m. The Liushagang Formation source rocks in the Fushan Depression
show high organic matter abundance, particularly in the northern Huangtong Sag and
the Bailian Sag. The average TOC is 1.80%, extractable bitumen ‘A’ is 0.1279%, and the
hydrocarbon generation potential (S; + Sp) is 3.63 mg/g. The organic matter types are
mainly types II; and II,. The simulations of hydrocarbon generation and expulsion suggest
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that EpLyx in the deep syncline to the north of the Meihua Fault has initiated the expulsion
of hydrocarbons, whereas other regions remain inactive. The Huangtong Sag marks the
initial phase of hydrocarbon expulsion, succeeded by the Bailian Sag, with the Huachang
Sub-uplift experiencing the latest expulsion. Source rocks reach the hydrocarbon expulsion
threshold at 2700 m, with peak generation at 2370 m (510 mg/g) and peak expulsion at
3220 m (430 mg/g). The maximum expulsion efficiency is 88%. The expulsion thresholds
for E;Lg, E;Ly, and E;Lg are 2650, 2720, and 2640 m, with peaks at 3170, 3380, and 3600 m,
respectively, all above an efficiency of 84%. The hydrocarbon generation and expulsion
centers of E;L1 and E;L; are in the Guangdong and Bailian Sags, while the centers of EyL3
are in Huangtong, Bailian, and Huachang. The prospective resources of E;L, in the Fushan
Depression hold 14.92 x 108 tons (75.46% of total resources), making it the main source
rock, compared with 20.46% of E;L; and 4.08% of ELs.
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