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Nowadays, given the lack of resources that is threatening the globe, the exploitation
and exploration of oil/ gas, especially unconventional reservoirs, has become a priority [1-3].
The ocean is important to human life and research focused on related scientific issues [4,5].
For example, it has abundant unconventional resources such as shale and tight oil/gas,
where subsurface formations can be the crucial solution to resource supply challenges [6,7].

Under such circumstances, this Special Issue concentrates on the exploration and
development of oil/gas with high efficiency in the ocean. Some critical problems regarding
the marine geometry and oil/gas exploitation exist currently. First, the evaluation and
characterization of the targeted layers has lacked sufficient and comprehensive research,
particularly in quantifying rock-physical property variations and clarifying reservoir forma-
tion mechanisms. Second, critical parameters such as permeability and mineral composition
and diagenetic alteration patterns have not been fully analyzed due to limited well-logging
data and 3D seismic interpretation methods, as well as less relevant models matching
with them. Third, hydraulic fracturing has achieved enhanced oil/gas recovery with the
development of engineering, but the mechanism of fracture control is as yet unclear. Last
but not least, the research on the heterogeneity of lithofacies, nano-scale pore structures,
and pore connectivity has shown certain inadequacies. To solve these problems, multiple
studies were conducted for this Special Issue. The main contributions of each article are
included below.

Contribution 1 discovered that Early Jurassic gypsum in East African basins controlled
gas reservoirs because of the delaying of Lower Jurassic source rock maturation by gypsum.
Post-183 Ma graben-deposited thick gypsum enhanced sealing, enabling conventional gas
accumulation and shale gas potential in non-faulted areas.

Contribution 2 applied the combined finite-discrete element method (FDEM) to simu-
late laboratory earthquakes, promoting earthquake precursor identification and connecting
laboratory experiments to natural seismic prediction. Using Light Gradient Boosting Ma-
chine (LightGBM) models and SHapley Additive exPlanations (SHAP) analysis, friction
coefficients were predicted (R? = 0.94) with optimized critical features.

Contribution 3 revealed that mass transport deposits (MTDs) in the Qiongdongnan
Basin uplifted the gas hydrate stability zone (GHSZ), accelerating hydrate dissociation. The
resulting gas seepage formed spiny (moderate-speed) and domed (low-speed) seamounts,
establishing a model combining MTDs, hydrate dynamics, and seabed geomorphology.

Contribution 4 defined the lower limits of porosity and permeability for Qiongdong-
nan Basin gas reservoirs in deltas, submarine canyons, and fans. Sedimentary facies, grain
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size, and transport distance controlled these thresholds, with Red River-sourced sandstones
achieving superior porosity and permeability through CO, and organic acid-induced
feldspar dissolution.

Contribution 5 discovered that the Huaiyuan Movement formed a regional uncon-
formity in Jiyang Depression’s lower Paleozoic, with karst breccias and vertical zonation
(vadose/underflow zones). Reservoir development in the Fengshan—Yeli-Liangjiashan
Formations was controlled by sedimentary microfacies, dolomitization, and karstifica-
tion. High-energy beach granular dolomite exhibited optimal cavity-type reservoirs along
the unconformity.

Contribution 6 investigated cement sheath integrity failure during multi-stage frac-
turing in offshore tight oil wells. Triaxial cyclic loading tests (TCLTs) revealed cumulative
plastic deformation, which reduced compressive strength and elastic modulus, and in-
creased permeability. Micro-annuli formed during cyclic loading and matched with 3D
finite element simulations, explaining failure mechanisms, thus aiding cement sheath
design for offshore tight oil reservoirs.

Contribution 7 simulated the shallow marine shelf sedimentation in West Siberia’s
Jurassic strata, which was influenced by “two depressions, one uplift” tectonics and tides.
Tidal amplitude positively affected sand body parameters, while higher initial water levels
limited tidal bars.

Contribution 8 established a hybrid-driven method combining physics-based models
and machine learning to predict fluid sampling time in offshore formation testing, where a
digital twin generated 6000 simulated cases with physics-enhanced feature correlation. The
machine learning achieved 92% accuracy, optimized to 95%, enabling efficient real-time
prediction for oil/gas development.

Contribution 9 focused on Ek2 shales in Cangdong Sag (Bohai Bay Basin) and an-
alyzed 50 samples to reveal adsorbed and free oil contents, which primarily resided in
>20 nm pores, controlled by organic matter abundance and thermal maturity not pore
volume. High-S1 organic-rich shales were optimal exploration targets, guiding Ek2 shale
development prioritization.

Contribution 10 proposed the Salmon Salar Optimization algorithm, mimicking
salmon social behavior for high-precision searches. It performed better than benchmarks
and resolved deep-sea probe design constraints, proving effective for complex engineering
systems, thus advancing resource development efficiency.

Contribution 11 improved fracture permeability assessment for South China Sea
granite reservoirs by integrating Darcy—Poiseuille laws with fracture parameters (angle,
aperture, tortuosity). Confirmed by core experiment data, the model effectively evaluated
single fractures but required refinement for intersecting cases, advancing permeability
prediction in complex unconventional reservoirs.

Contribution 12 evaluated Eocene-Oligocene source rock potential in China’s northern
Yinggehai Basin, where tectonic activity drove east-to-south sedimentary trough migration,
favoring lacustrine, shallow marine, and deltaic facies. The Early Oligocene’s warm-humid
climate, reducing conditions, and high productivity optimized organic matter preservation.
The established sedimentary models showed significant hydrocarbon exploration potential
in this region.

Contribution 13 established a rapid spontaneous imbibition method using thin shale
samples to assess pore connectivity and ultimate imbibed porosity. The results from the
Qingshankou Formation (Fm), Shahejie Fm, and Liushagang Fm showed distinct averages
of connectivity and porosity. By standardizing sample dimensions and reducing testing
time, it enhanced accuracy in assessing pore connectivity and ultimate imbibed porosity,
enabling efficient sweet-spot evaluation within a day.
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Abstract: Although the eastern African continental marginal basins have discovered giant gas fields,
it is not clear whether the Early Jurassic gypsum associated with the main source rocks controls the
gas play. In this paper, we use well logging, seismic reflection, and organic geochemistry data to
synthesize the distribution and origin of the gypsum deposits and their control over the gas play.
The results show that from 201 Ma to 183 Ma, a thick suite of mudstone with thin-layered gypsum
began to form in the southern gulf-like sea due to water stratification. With the sea level falling since
183 Ma, a thick suite of gypsum was deposited in some grabens, where the sedimentary environment
changed to lagoons. The gypsum increases the maturity threshold depth of Lower Jurassic source
rocks and delays the peak time of gas generation, resulting in the ongoing filling of East African
natural gas reservoirs and the formation of giant reserves. In addition, the gypsum not only controls
the distribution of conventional gas but also makes the Lower Jurassic shale, where the faults are
not developed, an important place for shale gas exploration in the future due to the good sealing
properties of the gypsum.

Keywords: gypsum; depositional model; shale gas; conventional gas; eastern African continental margin

1. Introduction

Gypsum deposits have always been one of the hot research topics due to their usage
in many industries (e.g., chloralkali industry, fertilizer industry) [1]. For a few decades,
gypsum has gained much attention in the petroleum industry because of its controls
on oil and gas generation and accumulations worldwide [2]. The Bohai Bay Basin [3,4],
the Ordos Basin [5,6], the Jianghan Basin [7], the Songliao Basin [8,9], the Lower Congo
Basin [10], the Persian Gulf [11,12], the Pricaspian [13], the African passive continental
margin [14,15], the Brazilian deep-water basins [16,17], and the Tarim Basin [18], all have
significant petroleum plays.

Despite the multiple achievements mentioned above, there have been relatively few
publications on the gypsum deposited in the eastern African continental marginal basins,
which has been considered to be the world’s largest increase in natural gas reserves in the
last decade. It is currently known that the gypsum is associated with the main source rocks
of the eastern African continental marginal basins, which are considered to be the Early
Jurassic mudstone [19]. Unfortunately, the distribution range of the gypsum still needs to be
solved, which further limits the understanding of controlling its effects on gas play. In this
paper, we attempt to clarify the distribution range, establish an appropriate sedimentary
model for the Early Jurassic gypsum deposits, and finally discuss its controlling effects on

gas play.
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2. Geological Background

The eastern African continental margin is composed of several basins stretching from
north to south, including the Somalia Basin, Lamu Basin, Tanzania Basin, Ruvuma Basin,
Mozambique Basin, Mulongdawa Basin, and Mazenga Basin, with a total sedimentary area
of about 3.7 x 10° km? (Figure 1). Our research area focuses on the Rovuma, Tanzania, and
Lamu Basins due to abundant seismic data availability.

35°E __ 45°E
Basin boundary | o

[[®] Well location
Fault zone

[2] Gas field

Lamu Basin

5°8
5°8

Tanzania B

Mulongdawa Basir

Mozambique Basin

25°S
25°S

“35°F 45°E

Figure 1. The map shows the locations of the Somalia Basin, Lamu Basin, Tanzania Basin, Ruvuma
Basin, Mozambique Basin, Mulongdawa Basin, and Mazenga Basin. The basin locations were referred
to by [20].

The eastern African continental marginal basins are developed in the basement of
the Carboniferous crystalline rock, with a basinal depositional thickness of more than
10 km. Its tectonic evolution can be divided into three stages: the intracontinental rift stage,
the intercontinental rift stage, and the passive continental margin stage. The first stage
initiates from the late Carboniferous to the Triassic. Along with the gradual formation
of the Gondwana continent, a strong “mantle plume” rose beneath the southeast of the
continent, causing regional crustal uplifting, faulting, and volcanic activity, forming a
widely distributed intracontinental basin where a set of fluvial, lacustrine, and marshy
facies were formed [21]. Since the strata deposited during the intercontinental rifting
are best preserved in the Kaloo basin within South Africa, this period is also known as
the Kaloo Rift Valley and is represented by the Kaloo Group deposits as a tectonic event
affecting the entire Gondwana continent [22]. The profile reveals that the structural style of
this period is dominated by a wide range of horsts, grabens, and half-grabens (Figure 2a).



J. Mar. Sci. Eng. 2024, 12,93

Basement

a / P-T
c Basement Y

b / Base
—_— S
o . —
> 5
a Basement = lﬂ

Figure 2. (a)The diagram presents the tectonic structure and sedimentary fill of the eastern African

continental margin at the intracontinental rift stage; (b) The diagram presents the tectonic structure
and sedimentary fill at the intercontinental rift stage; (c) The diagram presents the tectonic structure
and sedimentary fill from the Middle Jurassic to the Early Jurassic; (d) The diagram presents the
tectonic structure and sedimentary fill from the Upper Jurassic to the Paleogene; (e) The diagram
presents the tectonic structure and sedimentary fill from the Neogene to the present. Abbreviations:
P-T, Permian to Tiassic; J1: Lower Jurassic; J,-Kq: Middle Jurassic to Lower Cretaceous; K,-E: Upper
Cretaceous to Paleogene; N-Q: Neogene to Quaternary.

The second stage begins with the Early Jurassic. The Gondwana continent began to
break up into several different blocks from northwest to southeast, where seafloor spreading
and drifting are limited to the northeast, resulting in large-scale rifting and subsidence
occurring in present-day coastal areas of Somalia, Kenya, Tanzania, and Madagascar,
causing seawater flooding from the northeast and the formation of narrow bays similar
to the Red Sea [23]. The seismic profiles reveal that the structural style is dominated by
strata filling, but a small number of preexisting faults have been reactivated under the
regional extensional stress field, resulting in graben formation (Figure 2a,b), showing that
this period is dominated by thermal subsidence with limited normal faulting over most of
the basins.

In the middle Jurassic, the Gondwana continent was split into two continents, the East
and the West. The entire East African Sea began to prograde into the passive continental
margin stage [24], which could be further divided into three secondary stages according to
the sub-tectonic events. From the middle Jurassic to the early Cretaceous, the continents
of Madagascar and East Gondwana broke away from the African continent and drifted
southward along the Davie fracture zone characterized by dextral strike-slipping, resulting
in a dextral shear continental margin on the southern margin of East Africa [25]. From the
late Cretaceous to the Eocene, the tectonic activity of the East African continent margin was
weak (Figure 2d), with a set of shallow sea and delta deposits [26]. From the Oligocene, due
to the activity of the Afar mantle plume in northern East Africa, with accelerated subsidence
in the central part of the eastern African continental margin and relative uplift of the eastern
Davie fracture zone (Figures 2e and 3), the East African Rift began to form [27].



J. Mar. Sci. Eng. 2024, 12,93

Davie fracture zone
Slope 7 ety Oceanic crust zone

Oceanic crust

Graben
Baxcmegy 0 100km

Figure 3. The interpreted seismic profile reveals the tectonic framework of the Lower Jurassic within
the eastern African continental margin. The red line presents the fault. See P1 for the location.

3. Materials and Methods

The analysis of the vertical distribution of the Early Jurassic gypsum deposits were
primarily based on the data from the drilling and logging of six wells. Considering the
heterogeneous distribution of the rock and the few drillings in the deep-water encounter of
the Lower Jurassic, a large amount of seismic data were used to classify seismic sequences
and seismic facies. The main method is to obtain the petrophysical parameters of the Lower
Jurassic, including the densities, interval velocities, and wave impedance characteristics of
mudstone, sandstone, and gypsum deposits, based on logging data, which could better
utilize seismic reflections in seismic profiles across key wells to establish connections
with lithology. Then, in areas without wells, the planar distribution of the gypsum can
be inferred based on similar seismic facies. Notably, during our interpretation of the
seismic data, we reviewed strata and structural models from unpublished research reports
and published literature to obtain biostratigraphic and chemostratigraphic constraints on
the age of seismic stratigraphy from key selected wells. In addition, in discussing the
sedimentary environment, more than 100 mudstone samples were collected to measure
the values of the total organic carbon (TOC) and hydrogen index (HI), and the detailed
analytical procedure and accuracy follow [28].

4. Results
4.1. Vertical Distribution of the Gypsum Deposits

Drilling records show that the Lower Jurassic succession could be divided into the
lower and upper parts based on the difference in lithology. The lower part is dominated
by a thick suite of mudstone with thin-layered gypsum. The upper part is dominated by
a thick suite of gypsum deposits with thin layers of mudstone. For example, the lower
part of the Lower Jurassic succession of well 1, located within the southern Tanzanian
Basin toward land, are mainly mudstone with scarce gypsum layers based on the data from
drilling and logging (Figure 4). The gamma-ray curve is finger-shaped, while the acoustic
curve is at middle amplitude, which could be considered to be the shallow marine deposits.
The gamma-ray curve of the upper part of the Lower Jurassic succession is in the shape of
a gearbox and low-amplitude funnel, which is significantly different from the lower part of
the Jurassic succession. Combined with data from drilling and logging, the lithology within
this part are dominated by a thick suite of gypsum with thin layers of mudstone. The
gypsum percentage increases, while the mudstone component decreases. Well 2 has similar
characteristics to well 1 (Figure 4), the Lower Jurassic of which can also be divided in two
parts vertically, the lower and the upper part of the Lower Jurassic sequence. The lower
part of the Lower Jurassic succession is shallow marine-thick siliciclastic mudstone with
thin layers of gypsum, while the upper part of the Lower Jurassic succession is presented
by thick gypsum deposits. It should be noted that red gypsum deposits appear in the upper
part of the Lower Jurassic succession.
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Figure 4. Regional Lower Jurassic stratigraphy across well 1, well 2, and well 3 within the eastern
African continental margin. GR: gamma curve; DT: acoustic curve; TOC: total organic carbon;
HI: hydrogen index. See P2 for the locations of well 1, well 2, and well 3.

4.2. Planar Distribution of the Gypsum Deposits

More drilling records reveal the heterogeneity of gypsum distribution. For exam-
ple, according to well 3 (Figure 4), in the Lower Jurassic, with a 19 m-thick black coal
seam at the bottom, a thick suite of mudstone upward, and sandstone at the top, gypsum
was not observed within well 3 (Figure 4). The results show that the values of acous-
tic logging of the Lower Jurassic sandstone are mainly concentrated around 225 ps/m,
with mudstone around 315 ps/m and gypsum around 200 us/m (Figure 5), indicating
that mudstone exhibits low-speed characteristics, while sandstone and gypsum exhibit
high-speed characteristics. The results from logging data show that the average veloc-
ity in sandstone are 2620 kg/ m3, with gypsum being 2070 kg/ m3, and mudstone being
2420 kg/m3 (Table 1). The wave impedance of rock is equal to the product of longitu-
dinal wave velocity and density. The calculation results show that the wave impedance
of gypsum is about 900 x 10* kg/(s-m), with sandstone about 1164 x 10* kg/(s-m), and
mudstone about 768.35 x 10* kg/(s-m) (Table 1), indicating that the wave impedance of
mudstone is low, the wave impedance of sandstone is high, and the wave impedance of
gypsum is between mudstone and sandstone. If it is a thick suite of layered gypsum with
thin-layered mudstone, the seismic facies would be characterized by high amplitude and
continuous reflectance. If it is a thick suite of mudstone with thin-layered gypsum, it would
be characterized by continuous parallel weak reflection or bland reflection. Due to the
significant wave impedance difference between mudstone and sandstone, interbedded
sandstone-mudstone would be characterized by strong reflection.
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Figure 5. The diagram shows the distribution frequency of interval transit time in different Lower
Jurassic lithologies.
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Table 1. The average rock mechanics parameters of the Lower Jurassic.

. DT Velocity Density Wave Impedance
Lithology (us/m) (m/s) (kg/m®) (kg/(s-m))
sandstone 225 4444 2620 1164.33 x 10*

gypsum 230 4348 2070 900 x 10*
mudstone 315 3175 2420 768.35 x 10*

The seismic profiles through the key wells confirm the above speculation. For example,
the seismic profile across well 1 indicates that the whole Lower Jurassic seismic facies could
be divided into three parts: the lowest part is characterized by weakly continuous strong
reflection corresponding to the sandstone-mudstone intercalation at the bottom of the
Lower Jurassic, the middle part is characterized by weak reflection corresponding to the
thick suite of mudstone with thin layers of gypsum, and the upper part is characterized
by continuous strong reflection corresponding to the thick suite of gypsum deposits with
thin layers of mudstone (Figure 6). The more seismic data show that most Lower Jurassic
succession are characterized by weak reflection (Figure 7), while the Lower Jurassic in
the nearshore and the northern edge of the Tanzania Basin, as well as the Lamu Basin, is
characterized by weakly continuous strong reflections. It is notable that in some nearshore
grabens, the Lower Jurassic succession is characterized by weak reflections in the lower
part and continuous, strong reflections in the upper part.

Figure 6. The through-well 1 seismic profile indicates that the whole Lower Jurassic seismic facies
could be divided into three parts.

Figure 7. The seismic profile shows that the Lower Jurassic is characterized by weak reflections,
while the northern part is characterized by weakly continuous, strong reflections. Different color
lines present stratigraphic boundaries and faults. See P3 for the location.
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4.3. Variations of the TOC and HI

Although the TOC values change greatly, as could be seen from Figure 8, the major
TOC values within the northern wells range from 1.3% to 2.2%, while the TOC values
within the southern wells range from 5.1% to 6.1%, which shows that the TOC values
within the southern wells are much higher than those within the northern wells. The HI
values have a phenomenon similar to the TOC values. The average HI values within the
northern wells range from 96 mg/g to 133 mg/g, while the average HI values within the
southern part range from 276 mg/g to 836 mg/g (Figure 8).
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Figure 8. Box- and whisker plots show the range and average values of the TOC values and the HI
values. See Figure 1 for the location of the wells.

5. Discussion
5.1. Sea Level Changes

Two main reasons could account for the differential distribution of gypsum deposits:
the plastic rheology of gypsum and the differential sedimentary environment, respectively.
Considering that there is no evidence of large-scale plastic rheology of gypsum on the
seismic profiles within the eastern African continental marginal basins, the difference in
sedimentary environment is the main controlling factor of the differential gypsum distri-
bution. Because sea level change plays an important role in controlling the sedimentary
environment, it is necessary to discuss sea level change within the eastern African continen-
tal marginal basins to clarify the sedimentary environment. The gamma-ray curve of the
Lower Jurassic within well 3 is mainly bell-shaped and funnel-shaped, and a 19 m-thick
black coal seam at the bottom of the Lower Jurassic reflects that the initial environment
may be a coastal plain, followed by the littoral sea and delta inferred by the upward-
changing lithology. Environmental changes show a sea level rise during the early stage
of the Early Jurassic, followed by a sea level fall during the late stage of the Early Jurassic.
The presumption could also be evidenced by seismic stratigraphy. The stacking geometry
of the Lower Jurassic in seismic profiles also enables a two-fold division. The lower is
composed of a wedge-shaped body onlaping and converging to the east in a direction
to the Davie fracture ridge (Figures 1 and 3). This retrogradational stacking pattern and
reversal of the convergence direction are attributed to transgressive deposits that accumu-
late mainly in areas adjacent to the shoreline, resulting in a cut-off of sediment supply to
the marine environment. Therefore, it indicates a rapid sea level rise that creates coastal
accommodation faster than sediment can fill it [29,30]. The overlying section is defined by
a series of offlapping clinoforms that step down into the basin (Figure 9). Such a basinward
shift and the lack of topset aggradation may be caused by progradation during a relative
sea-level fall.

The above analysis suggests that the eastern African continental margin experienced a
rapid sea level rise during the early stage of the Early Jurassic, followed by a sea level fall
during the late stage of the Early Jurassic. Both changes coincide with those of the global
sea level change [31], which can be seen as the global sea level rise from 201 Ma to 183 Ma,
followed by the sea level fall. Thus, we interpret that the Early Jurassic strata within this
continental margin experienced a sea level rise of about 18 Ma and a sea level fall of about
12 Ma.
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Figure 9. (a) Seismic profile and (b) geological profile showing the retrogradation and marine onlap
at the early stage of the Early Jurassic and the offlap pattern at the late stage. TP: top of Permian;
TT: top of Triassic; TJ;: top of Lower Jurassic; TJ: top of Jurassic. (c) Shows the global sea level change
curve during the Early Jurassic [31].

5.2. Changes in the Sedimentary Environment through the Early Jurassic

During the Early Jurassic, with the break-up of the eastern Gondwana continent
and the western Gondwana continent in a “V” shape from the northeast (Figure 10a),
the Paleo-Tethys Ocean began to form from northeast to southwest, forming a gulf-like
sea [22,23,32,33]. Northern Tanzania and Lamu Basins were close to the open sea, where
they had a strong capacity for water exchange, while southern Tanzania and Rovuma
Basins were relatively far away from the open sea environment with weak water circulation,
resulting in an increase in reducibility from northeast to southwest.

The organic geochemical data related to source rocks supports the above opinion. The
TOC could reflect the degree of the organic matter enrichment. Statistics indicate that the
overwhelming majority of global organic matter is degraded during sedimentation, and
the proportion preserved is less than 0.5% [34]. Thus, the preservation condition of organic
matter is an important main controlling factor of organic matter enrichment [24,35,36].
Demaison & Moore [36] calculated the primary productivities of the global ocean and
the TOC distributions in seabed sediments and found that the source rock distribution
was critically affected by the redox degree of the water. Additionally, the organic-rich
source rocks developed in the deep sea. Such environments existed in the lower Cretaceous
of the Atlantic Ocean and the Pacific Ocean. In such environments, there is evidence of
reductive conditions and the preservation of organic matter [37]. The Kivu Lake in eastern
Africa [38], the Black Sea [39], the Bohai Bay Basin in eastern China [40], and the Bayingebi
Basin in eastern China [41]. Wei & Jiang [41] also suggest that the preservation condition
is the main controlling factor of organic matter enrichment. Moreover, the preservation
condition of modern sedimentary settings is also a major factor controlling organic matter
enrichment [37,42]. The content of organic carbon in a reducing environment is generally
1.0% to 20.0%, while the TOC values in an oxic environment are lower, ranging from 0.2%
to 4.0% [37]. For example, although Albert Lake exhibits the highest productivity among
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the four lakes within the western part of the Eastern African Rift Valley, the TOC value
in the surface sediments is the lowest [42]. The reason is that Albert Lake is in an oxic
environment with frequent water turbulence, where it is difficult for organic matter to
be buried [42]. If the reducibility increases from the northeast of the gulf-like sea to the
southwest, the preservation of organic matter within the southwestern part of the gulf-
like sea is much better than that within the northeastern part. Thus, it can be speculated
that the average TOC values within the southwestern part are higher than those within
the northeastern part, which is in line with the variations of the measured TOC values
(Figure 8). In addition, the HI is the ratio of the amount of pyrolytic hydrocarbon to the
total organic carbon, which is generally used to reflect the organic matter type and can
also indicate the capacity of preservation of organic matter after deposition [43]. The high
value of HI represents that the bottom of the water with a strong capacity for organic
matter preservation is in a reducing environment, while the low value of HI represents a
relative oxic environment [43]. Considering the consistent organic matter type of the Early
Jurassic source rock within the Tanzania Basin [19], the variations in the HI values are likely
controlled by differences in preservation conditions. The measured results of the HI values
also suggest that the reducibility within the southern part is better than that within the
northern part (Figure 8).
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Figure 10. (a) A global paleogeographical map showing the paleographic reconstruction during
the Early Jurassic. (b) The map shows the sedimentary environment at the early stage of the Early
Jurassic; (c) The map shows the sedimentary environment at the late stage of the Early Jurassic. The
reconstructed paleo-plate pattern and paleo-sedimentary environment refer to [22,23,32,33].

The Early Jurassic of the eastern African continental marginal basins consists of several
lithological changes. The succession begins with a thick suite of mudstone with thin-layered
gypsum, followed by a thick suite of gypsum deposits with thin layers of mudstone. TOC
values increase gradually from bottom to top, and the HI values have similar characteristics
(Figure 4), reflecting the possibility of gradually increasing reducibility. For the thick suite
of gypsum deposits with thin layers of mudstone, the values of both TOC and HI remain
at a relatively high level initially, with a decrease at the top, probably indicating strong
reducibility in the early stage and later oxidation enhancement, which corresponds to the
increase of red gypsum deposits within the upper part of the Lower Jurassic succession
(e.g., well 1 and well 2).

Based on the analysis above, combined with data from drillings and seismic, un-
published research reports, and published literature [20,23], four types of sedimentary
environments from 201 Ma to 183 Ma are identified, including delta, coastal plain, littoral,
and neritic-bathyal environments (Figure 10b). During the period of sea level rise, the
lagoon appears (Figure 10c).
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5.3. Depositional Model

There are presently two main genetic models accounting for the formation of gypsum
deposits. The first is the shallow water genetic model, which suggests that in a relatively
closed sedimentary environment under arid climate conditions, the water is concentrated
and gypsum is precipitated due to prevailing water evaporation over water influx [1,44,45].
The other is the deep water model [46-50], which considers water stratification resulting in
the formation of gyspsum deposits [51]. A dominant control on whether water bodies are
well stratified or mixed is depth. Brainerd and Gregg [51] propose that waves generated by
winds at the air-water surface will mix downward to the bottom of the waves, forming a
mixed layer. The maximum depth of a mixed layer was marked by the storm-wave base,
which is about 50 m in dense brines, as proposed by some scholars [47,52,53]. However, the
volume within deep water basins is generally huge below the wave base [53], which tends
to have large vertical gradients in density in hypersaline settings, resulting in the upper
mixed layer and the bottom water being commonly stably stratified [51]. For example, for
the deep-water gypsum deposition in the Dead Sea during meromictic periods, the water
column remains stably stratified throughout the year.

Although paleo-water depth, as a significant parameter for paleomorphology
restoration and tectonic subsidence history analysis in the basin, has always been valued
by geologists, its recovery is difficult in international frontier research [54]. However,
considering that the geological structure of the Early Jurassic gulf-like sea is similar
to that of the present Red Sea [23], both of which are in the stage of intercontinental
rifting, the water depth of the former may be in the same range as the latter, which has an
average depth of 558 m and a maximum depth of 3039 m. Although such a comparison
does not take into account other geological factors, such as sea-level rise and fall, the
water depth of the Early Jurassic gulf-shaped sea may have far exceeded the storm-wave
base level of the dense brine. Sufficient water depth makes the stratification of brine
in the bottom water stable, which reflects that the deep-water genetic model is suitable
for explaining the formation mechanism of gypsum rock in the Early Jurassic. It should
be pointed out that this interpretation still needs more evidence, such as geochemistry
and paleoecology, in the future. In addition, the shallow water genetic model needs
the water evaporation to be much larger than the influx, meaning that the water depth
must continue to decline, which is inconsistent with the continuous sea level rise from
201 Ma to 183 Ma. Thus, the deep water model for the gypsum within the East African
continental margin basins from 201 Ma to 183 Ma could be established. In this model
(Figure 11a), with the break-up of the Gondwana continent, the global sea level began
to rise. The Paleo-Tethys Ocean first invaded the rifting basin from the northeast to
form a gulf-like sea. At this time, the Ruvuma River, the Rufiji River, and the other
river systems provided clastic material to the basins, forming a sedimentary system
including delta, coastal plain, littoral, and neritic-bathyal environments. As the sea level
continued to rise, it exceeded the storm-wave base for dense brines, which tend to have
large vertical gradients in density. The bottom water and upper water within the central
of the basins, which corresponds to the central of the neritic-bathyal facies, were stably
stratified, allowing thin gypsum layers to precipitate. Notably, thin-layered gypsum
deposits could be precipitated at the edge of the neritic-bathyal facies due to the satiable
depth created by the activities of extensional faults. However, the strong water exchange
in the northeastern part impeded stratification, resulting in little precipitation of the
gypsum, which is why gypsum deposits are lacking in the Lamu Basin. Vertically, as
the sea level continues to rise, the values of TOC and HI increase. The more stable the
bottom water layer becomes, the more reducibility becomes stronger.
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Figure 11. (a) A schematic diagram shows the sedimentary model during sea level rise. (b) Schematic
diagram showing the sedimentary model during the seal level drawdown.

The sea level within the East Africa continental margin basins began to fall around
183 Ma ago, and the area of the neritic-bathyal environment gradually became smaller.
Considering that brine stratification existed in deeper water during this period, the area
of gypsum precipitation became limited to the center of the neritic-bathyal environment.
However, in terms of the distribution range of a thick suite of gypsum far from the center
of the basins, the deep water genetic model is herein difficult to account for its formation.
It can be found that the thick gypsum deposits are mainly located in grabens formed by
extensional faulting. The grabens provided accommodation space for subsequent thick
gypsum deposition, and the rise of the areas adjacent to the grabens limited the influx of
seawater, which further resulted in the formation of the lagoons (Figure 11b). As the sea
level continued to decline, the brine within lagoons became more concentrated, and then
the thick gypsum deposits precipitated.

Although gypsum-bearing basins are widely developed in the world, the model of
the Early Jurassic gypsum within the East African continental marginal basins cannot be
mechanically applied to other basins. It is necessary to comprehensively consider whether
the target basin has a similar tectonic and sedimentary background as the Early Jurassic East
continental marginal basins. For example, whether the gypsum deposits are mainly formed
in the intercontinental rift period or whether the gypsum deposit formation period has
similar sea level changes. Only by meeting these characteristics can we consider learning
from the depositional model of the Early Jurassic gypsum deposits within the East African
continental marginal basins.

5.4. Geological Significance for Gas Play
5.4.1. Expanding the Scope of the Hydrocarbon Generation Window

Since the discovery of the first large gas field in the deep-water area of East Africa in
2010, the deep-water areas of Tanzania and Rovuma basins have become one of the hot
spots for global deep-water oil and gas exploration due to their huge proven gas reservoir
reserves [21]. Geochemical evidence suggests that the Lower Jurassic mudstone is the main
source rock for gas reservoirs in the Rovuma and Tanzania Basins [19]. It should be pointed
out that conventional thermal history simulations of source rocks reached a peak of gas
generation during the Paleocene, followed by a gradual decline in gas production [21],
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which makes it difficult to explain the ongoing filling of East African natural gas reservoirs
and the formation of giant reserves.

Considering that the gypsum deposits have high thermal conductivity and a low heat
generation rate [55], they can transmit ground temperature easily from the deep stratum
to the shallow stratum. This may lead to a lower temperature gradient and an abnormally
low temperature of the source rock in the lower part of the gypsum stratum than in the non-
gypsum stratum. The abnormal temperatures in the lower part of the gypsum stratum result
in an increase in the maturity threshold depth of the source rocks and delay the peak time of
gas generation. This can effectively expand the scope of the hydrocarbon generation window
and may be the reason why giant amounts of natural gas are still continuously accumulating.

5.4.2. Sealing Property and Potential Hydrocarbon Traps

Irrespective of their thickness and geodynamic setting, the gypsum deposits acted as
an effective sealing unit [56]. The widely distributed gypsum deposits hinder the upward
dissipation of natural gas. Although the main targets for deep-water gas exploration
currently in the Rovuma and Tanzania Basins are the Late Cretaceous and Paleogene
turbidite sandstones, most of the gas fields are located near the large-scale fault zones
connecting the source and the reservoirs, indicating that gas generated from Lower Jurassic
source rocks vertically migrated along the large-scale fault zones and accumulated in
the turbidite sandstones (Figure 12). Considering that both the Rovuma and Tanzania
Basins were dominated by thermal subsidence during the Early Jurassic period, a small
number of preexisting faults have been reactivated under the regional extensional stress
field, resulting in the formation of some horst-graben structures. The Triassic fluvial and
lacustrine sandstones [21] in the horst structures can be used as the pointing area for the
near-source dominant migration of natural gas, forming “new source, old reservoir” type
buried hills, which should be given more attention in further gas exploration (Figure 12).
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Figure 12. The model shows gas migration and accumulation within the Eastern African continental
marginal basins.

Because of the good sealing properties of gypsum deposits, most of the discovered gas
fields are located near the large-scale fault zones connecting the source and the reservoirs.
In addition, the Lower Jurassic shale where the faults are not developed may be rich in a
large amount of undischarged shale gas, and the place with a high brittle mineral content
will be an important place for shale gas exploration in the future.
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6. Conclusions

(1)  The thick suite of mudstone with thin-layered gypsum deposits is widely distributed
in the Lower Jurassic within the Rovuma and southern Tanzania Basins. The thick
suite of gypsum deposits with thin layers of mudstone is mainly distributed in the
upper part of the Lower Jurassic, located in grabens formed by extensional faulting.

(2)  With the break-up of the Gondwana continent, the eastern African continental margin
basins experienced a sea level rise from 201 Ma to 183 Ma, with a gradual increasing
reducibility from northeast of the gulf-like sea to southwest, and then began to fall
until the end of the Early Jurassic with a gradual decreasing reducibility.

(8) The deep-water gypsum genetic model could account for the distribution of the thick
suite of mudstone with the thin layers of gypsum deposited during the entire Early
Jurassic. The model of the lagoon could account for the limited distribution of the
thick suite of gypsum deposts with thin layers of mudstone deposited during the late
stage of the Early Jurassic.

(4) The high thermal conductivity and low heat generation rate of gypsum deposits result
in increasing the maturity threshold depth of Lower Jurassic source rocks and delaying
the peak time of gas generation. The good sealing of gypsum makes the discovered
Late Cretaceous and Paleocene gas fields mainly located near the large-scale fault
zones connecting the source and the reservoirs, and the traps of Triassic fluvial and
lacustrine sandstones in the horst structures could be potential conventional gas
exploration targets, while the Lower Jurassic shale where the faults are not developed
may be an important place for shale gas exploration in the future.
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Abstract: Predicting earthquakes through reasonable methods can significantly reduce the damage
caused by secondary disasters such as tsunamis. Recently, machine learning (ML) approaches have
been employed to predict laboratory earthquakes using stick-slip dynamics data obtained from
sheared granular fault experiments. Here, we adopt the combined finite-discrete element method
(FDEM) to simulate a two-dimensional sheared granular fault system, from which abundant fault
dynamics data (i.e., displacement and velocity) during stick-slip cycles are collected at 2203 “sensor”
points densely placed along and inside the gouge. We use the simulated data to train LightGBM (Light
Gradient Boosting Machine) models and predict the gouge-plate friction coefficient (an indicator
of stick-slips and the friction state of the fault). To optimize the data, we build the importance
ranking of input features and select those with top feature importance for prediction. We then use
the optimized data and their statistics for training and finally reach a LightGBM model with an
acceptable prediction accuracy (R% = 0.94). The SHAP (SHapley Additive exPlanations) values of
input features are also calculated to quantify their contributions to the prediction. We show that when
sufficient fault dynamics data are available, LightGBM, together with the SHAP value approach,
is capable of accurately predicting the friction state of laboratory faults and can also help pinpoint
the most critical input features for laboratory earthquake prediction. This work may shed light on
natural earthquake prediction and open new possibilities to explore useful earthquake precursors
using artificial intelligence.

Keywords: disasters prediction; stick-slip; earthquake; machine learning; combined finite-discrete
element method (FDEM)

1. Introduction

Reliable prediction of earthquakes, a long-standing goal of earthquake research, is a
prerequisite for reducing losses from earthquake disasters. Although many efforts have
been made in the past, earthquake prediction is still in its infancy due to the inherent
complexity of the underlying earthquake physics. In recent years, artificial intelligence,
especially machine learning (ML), has become the mainstream tool for data analysis in
various fields. The ML approaches can explore inner patterns from large data volumes and
fit nonlinear mapping relationships between different variables in high dimensions. While
various earthquake sources and propagation models have been developed, the intricate
physics from earthquake nucleation to dynamic rupture poses tremendous challenges for
accurate and reliable modelling and forecasting. In particular, integrating various hetero-
geneous fault data and extracting complex hidden patterns beyond simplified physical
laws demands advanced data-driven approaches. Data collected from natural earthquakes
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typically includes seismic catalogues, earthquake waveforms, surface deformation, elec-
tromagnetic fields, temperature fields, gravity fields, and observations of changes in un-
derground fluids and geochemical compositions [1]. Therefore, the ML algorithms, with a
solid ability to capture underlying unknown nonlinear patterns, may thus be appropriate
for earthquake prediction exploration.

There is evidence that machine learning has been used for the prediction of disasters
such as earthquakes and tsunamis. Asencio-Cortés et al. [2] studied the sensitivity of
19 earthquake catalogue features to machine learning prediction models and explored the
impact of different types of earthquake catalogues on the prediction target. Asim et al. [3]
expanded the earthquake catalogue to include 60 entries by calculating statistical features
within a fixed time window. The study used 60 earthquake characteristics and the mRMR
criterion to extract relevant features. A prediction system was developed using SVR and
HNN, with EPSO optimizing weights. This system, applied to Hindu Kush, Chile, and
Southern California, showed improved prediction performance compared to previous
studies. Allen and Melgar [4] constructed various decoders for seismic data using deep
neural networks to predict earthquake magnitudes in the next seven days. Brykov et al. [5]
employed different machine learning classifiers to predict events in specific areas with
magnitudes equal to or greater than a certain threshold, showcasing strong predictive
capabilities. Furthermore, Corbi et al. [6] effectively trained a machine learning prediction
model capable of detecting sliding events by analysing recorded fault deformation data. In
addition to the features based on earthquake catalogues mentioned above, machine learning
models for natural earthquake prediction are also utilized to explain the earthquake process,
such as earthquake magnitude changes analysis [7,8] and investigation of the underlying
processes driving earthquake occurrence [9,10]. In this type of work, input data from
catalogues of past events are crucial since they may directly affect how well ML models
will perform. However, due to the limited number of periodic cycles of historical events
recorded from many natural faults, reliable prediction of natural earthquakes using ML is
still challenging.

As an alternative, it has been recognized that laboratory rock shearing experiments
exhibiting stick-slips can generate patterns similar to the intermittent dynamics of natural
earthquakes [11]. However, in contrast to natural earthquakes, laboratory earthquakes have
the advantages of controllable seismogenic conditions, easy monitoring of frictional dynam-
ics, highly repeatable earthquake processes, and abundant periodic cycles, and thus have
been extensively employed to explore the physics of earthquakes [12-16]. The frictional
dynamics data obtained in the stick-slip experiments can enable ML applications in labo-
ratory earthquake prediction. For example, Rouet-Leduc et al. [17] revealed a correlation
between the acoustic emission signal released in a laboratory shear test and the macro-
scopic shear stress based on a random forest model; Bolton et al. [18] classified the acoustic
emission signals in laboratory shear experiments by an unsupervised K-cluster method
and predict the occurrence time, duration, and magnitude of laboratory earthquakes using
the data trained with classified features. Wang et al. [19] used a deep-learning transformer
model to predict fault characteristics like displacement and friction using acoustic emission
signals. The ML-based laboratory earthquake prediction may pave the way for developing
appropriate approaches and procedures for natural earthquake prediction. However, due
to the limitations of monitoring equipment, some laboratory experiments can only collect
limited types of signals with restricted quantities. Particularly, the local friction dynamic
information (displacement, velocity) inside the fault is difficult to acquire directly during
the experiment because of the restriction of sensor location in the physical model. As a
result, the datasets utilized in the existing ML work are usually small, i.e., using no more
than a few sensor points, and thus the generalization ability of the ML models in these
applications may be limited.

Complementary to physical laboratory experiments, numerical simulations of laboratory-
scale sheared granular fault experiments have also been conducted to explore earthquake
physics in recent years [20-27]. Setting up dense monitoring points both on the shear-
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ing plate and inside the gouge in the numerical model allows for collecting sufficient
macroscopic and microscopic friction dynamics data during stick-slip cycles with spatial
resolutions that are practically impossible in physical experiments. Numerical simulation
can enable a more detailed investigation of laboratory earthquake predictions with various
seismic features and also the interaction between these features leading to recurring slip
events. For example, Ren et al. [28] used the rigid particle-based discrete element method
(DEM) to simulate a sheared stick-slip experiment containing a granular gouge and, thereby,
collected friction dynamics data of different particles to train a series of XGBoost [29] mod-
els for predicting the system’s macroscopic friction. They found that the fault dynamics
responses at different locations have entirely different contributions to the overall stick-slip
behaviour and incorporating more statistical features of the friction dynamics signals in
training can improve prediction accuracy. However, only the velocity signals from one or
two particles in the DEM simulation are utilized in each training. Ma et al. [30] also trained
an XGBoost model using data and their statistics from a DEM-simulated sheared granular
fault gouge to investigate the relations between the microslips and macroscopic friction
and suggested that the trained ML model can well distinguish the recharge and drop stages
of the entire system.

Very recently, the state-of-the-art combined finite-discrete element method (FDEM)
has been applied as an improvement of the traditional rigid particle-based DEM for sheared
granular fault simulations [31-33]. The FDEM inherits the merits of both the finite element
method (FEM) and the DEM and has proven to be a powerful tool for simulating granular
materials (see the introduction of the FDEM in Text S1 of Supplementary Material) [34]. In
an FDEM realization of the sheared granular fault system, the DEM module is responsible
for processing the particle-particle and particle-plate interactions, and the FEM module
allows for simulating the deformation of both particles and shearing plates. A combination
of the FEM and the DEM is superior to traditional DEM simulations where only rigid parti-
cles and plates are allowed (see Figure S1 in Supplementary Material for the comparison
between the FDEM and the DEM). Gao et al. [31] mentioned that compared to the DEM,
the FDEM could easily realize the explicit representation of granular fault systems and thus
better capture more detailed and realistic fault microscopic dynamics data in both particles
and shearing plates during stick-slip cycles. In our previous work, we have thoroughly
validated the appropriateness of the FDEM for simulating laboratory earthquakes [31].
Based on our FDEM simulated sheared granular fault data, Wang et al. [35] trained a
convolutional encoder-decoder using the kinematic energy of the numerical model and
successfully transferred the trained ML model to predict the frictions of physical labora-
tory experiments. The transfer learning practice demonstrates great potential for training
laboratory earthquake ML prediction models using FDEM simulations.

In this work, continuing with the FDEM simulated 2D granular fault system under
stick-slip shearing, we further probe into the fault dynamics data collected at 2203 “sensor”
points (i.e., displacements and velocities in both x and y directions at each sensor point)
densely distributed both on the shearing plates and inside the gouge. We train and test
LightGBM [36] models using the time-series data obtained at these sensor points as input
features and the gouge-plate normalized shear stress (shear stress divided by the applied
constant normal stress) as the label (i.e., prediction target). The main purpose of this study
is to investigate whether the regular fault dynamics data (displacements and velocities)
contain effective information on the instantaneous shear stress of the fault and to explore
how the input features could be optimized to better predict the fault friction state when a
large number of fault dynamics data are available.

This paper is organized as follows. Section 2 briefly introduces the FDEM model,
the LightGBM, and SHAP value approaches. In Section 3, we first determine the optimal
number of input features that are representative of the fault system through a series of ML
training and testing using different numbers of sensor data. We then filter the 8812 input
features (2203 x 4) to alleviate the possibility of feature correlation based on the obtained
optimal number and the importance ranking of input features. We train the Light GBM
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model using the optimized (filtered) dataset and test its prediction performance. Following
this, we also expand the optimized feature data by calculating their statistics to form a new
input feature dataset and check the performance of the newly trained LightGBM model.
In Section 4, the SHAP value analysis is carried out as a preliminary trial to discuss the
contribution of input features to the prediction results. The conclusions are given at the end.

2. Methods
2.1. FDEM Simulation of Stick-Slips

In this study, a laboratory-scale sheared granular fault system is simulated using the
FDEM to produce fault dynamics data and macroscopic shear stress fluctuations associated
with stick-slip processes. The FDEM model, which was first referenced by Gao et al. [31],
consists of two shearing plates and one granular fault gouge and is realized according to
the laboratory photoelastic experiment conducted by Geller et al. [37] (Figure 1). The gouge,
confined between two identical deformable plates, consists of 2817 bidisperse circular
particles with diameters of either 1.2 or 1.6 mm. The material and numerical simulation
parameters are shown in Table S1 of the Supplementary Material. All particles are randomly
generated and placed between the two plates. Each plate is 570 mm x 250 mm in width and
height, and to induce friction, numerous half-circular “teeth” are created on the plates along
the gouge-plate boundary. We apply the shear loading and normal pressure through two
stiff bars attached to the top end of the upper plate and the bottom end of the lower plate,
respectively. The bottom: stiff bar is fixed in the shear direction (x direction), so it can only
move in the vertical direction (y direction) under a constant normal pressure P = 28 kPa. The
granular gouge is sheared by pushing the top stiff bar horizontally towards the right-hand
side (x direction) at a constant velocity V = 5.0 x 10~* m/s with its vertical movement
fixed. A detailed illustration of the model geometry and parameter selection is presented
in Text S2 of the Supplementary Material. As in our previous work [31], we calibrated the
FDEM simulation by comparing its equivalent seismic moments with those obtained from
the laboratory experiments by Geller et al. [37]. Figure S2 (Supplementary Material) shows
that the FDEM simulation generates slip events with magnitudes adequately following the
Gutenberg-Richter distribution [38]. These prove that the FDEM model can simulate the
stick-slip behaviour in sheared granular gouges with sufficient accuracy.

To track the frictional dynamics signals during shearing and to avoid the edge effect,
the 2203 “sensor” points are placed at the centres of the particles and the half-circular teeth
that cover the middle segment of the granular gouge layer with a span of ~340 mm in the
x direction (Figure 1a). We thus collect a total of 8812 (2203 x 4, i.e., Vi, Vy, Dy, and Dy,
at each sensor point) items of time-series data. The sensors on the two plates (i.e., on the
half-circular teeth) are numbered first starting from 0 to 285, followed by the ones on the
particles. The sensors on the bottom plate are numbered with even numbers (i.e., 0,2, ...,
284), and the sensors on the top plate are numbered with odd numbers (i.e., 1,3, ..., 285).
The sensor numbers on the particles are then followed in a sequence from left to right and
bottom to top. We set a time step of 1077 s and run the model for almost 3.0 x 10% time
steps with a total running time of ~30 s. The model reaches a steady state after the first 3 s,
and the data collected after 5 s are used here for ML analysis. The normalized gouge-plate
shear stress and the x and y velocity (Vy, Vy) and displacement (D, Dy) at the 2203 sensor
points are recorded every 1 ms. Figure 1b presents the time series of the normalized shear
stress (NSS) and the exemplar displacement and velocity data recorded at a selected sensor
at No. 382, manifesting the repetitive generation of slip events and recharging processes.
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Figure 1. (a) Schematic of the FDEM model and the sensor locations. (b) Exemplar fault dynamics data
such as (from top to bottom) the normalized gouge-plate shear stress, and the x and y displacements
and velocities collected at sensor No. 382. “NSS” is short for normalized shear stress.

2.2. LightGBM (Light Gradient Boosting Machine) Approach

The dense microscopic fault dynamics data collected at different sensor locations in
the granular fault system may reflect the macroscopic stick-slip behaviour differently. Some
of these data likely significantly contribute to the ML model’s prediction performance,
while others are merely redundant information due to potential feature correlations [39,40].
Therefore, filtering important input features and alleviating feature correlation are crucial
in training ML prediction models, especially when abundant data are available.

This study employs the LightGBM (Light Gradient Boosting Machine) approach [36]
to select important input features and train prediction models. LightGBM is built based on
the Gradient Boosting Decision Tree (GBDT) and is one of the most versatile ML algorithms.
Unlike other GBDT algorithms adopting a pre-sorting method for node splitting, LightGBM
uses the histogram of input features to substantially reduce its memory consumption and
computational cost [36]. Before training the model, we first convert the input feature data
at each time instant into a histogram in the form of {(x;,y;), i = 1,2,....n}, where x; is the
bin vector of input features and y; is the corresponding bin values. Then, the K additive
tree functions in the LightGBM algorithm are represented as

, )

where f; represents the classification and regression tree (CART) model; wyy) is the score
of the leaf node; q(y) is the specific leaf node; ; is the prediction value; F is the set space
that contains all trees. We utilize the root mean square error (RMSE) loss function during
training. RMSE is a widely used evaluation metric that quantifies the disparity between
predicted values and actual observations. By minimizing RMSE, our objective is to enhance
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the model performance in predicting the label. The mathematical expression of RMSE can

be illustrated as
n

1 R
RMSE = - Y (yi— 9% )
i=1

where i, from 1 to 1, denotes the index of input instances, # is the number of instances, and

y; and 7; are the ground truth and prediction, respectively. Consequently, the objective
function of all K additive trees can be simplified as

1
'

™=
7

K
i— 9+ Y Qf), fi€F, ®3)
1 t=1

where t, from 1 to K, denotes the index of the #th tree, and Q)(f;) is the regularization value
of the 1 tree. To train the model, residuals are calculated in each iteration relative to the
previous tree. The prediction for the ™ iteration is the summation of the previous tree’s
prediction, i.e.,

- Y o ifi(xi) = 7Y 1 i), 4

where (!~ is the summation of all the predicted values before the ! tree; f;(x;) is the
predicted value of the ! tree. One base decision tree is sequentially chosen and added
to the ensemble model to reduce each iteration’s residual by minimizing the objection
function Fob].(,) during each iteration. The objection function of the ! iteration is

Foitr = \/,lllil(.% — (94D + £i(x)* + Q) )

where Q(f;) is the regularization value of the ' tree. The LightGBM model can be
continuously optimized through the growth process of the tree model for constructing
feature splits. A detailed explanation of LightGBM is presented in Text S3 (Supplementary
Material), and the typical structure of LightGBM is shown in Figure 2.

To fully use the input data and consider the commonly used training data proportion
in ML, we clip the first 80% of each item of the collected time-series data (5-25 s) as the
training dataset and the remaining 20% (25-30 s) for testing. In order to find the optimal
hyperparameters, we divide the training dataset into five non-overlapping folds, i.e., using
the first four folds for training and the last one for validation. The hyperparameters of
the LightGBM model are tuned using grid search [41] and Bayesian optimization [42,43].
We first employ the Bayesian optimization to narrow the range of hyperparameters from
a large solution space to a certain degree, and then use the grid search method to search
for optimal hyperparameters in a small solution space. The optimal hyperparameters are
selected from the group with the lowest training loss in cross-validation, as shown in Table
S2 in the Supplementary Material. We use R?, a normalized parameter ranging from 0 to
1 (from bad to good in terms of prediction accuracy), to calculate the gap between the
prediction results and ground truth, i.e.,

Y ©)

=
N
Il
.
|
™=[LD=

Il
-

where ¥ denotes the mean of the ground truth. The R? is a relative indicator of a machine
learning model’s prediction performance. Since we are comparing different machine
learning models’ performance on the same testing dataset in the present paper, the R? can
satisfy our needs.
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Figure 2. Schematic of LightGBM based on the gradient boosting decision tree (GBDT).

It is worth noting that for time-series data, the LightGBM works differently from
deep-learning approaches, where a consecutive segment of time-series data from each
input feature is often used. Here, we make a “now” prediction, and instead, the LightGBM
models are trained step by step in temporal space, i.e., all input feature data points from
the same time instant are collected and trained in each time step using a histogram-based
algorithm to predict the normalized shear stress at the same time instance. Thus, temporal
relationships between adjacent data points in each time-series feature are not considered in
our LightGBM model. To achieve decent results, appropriate feature engineering should be
conducted for time-series data to improve the prediction accuracy of LightGBM models.
This can be completed by filtering the input feature data based on their importance ranking
according to the information gained in training, which measures the predictive ability of a
feature on the target by counting the number of times an input feature has been used in
node splitting in a decision tree [44]. Additionally, the LightGBM approach can effectively
preserve each feature’s physical meaning, allowing for straightforward interpretations of
prediction models compared to deep learning. Upon acquiring a decent LightGBM model,
the SHAP value approach [44], as will be illustrated next, can be employed to quantitatively
trace back and interpret the contribution of input features to the prediction results.
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2.3. SHAP (Shapley Additive exPlanation) Value

Interpretation of input features is a crucial part of the applications of ML models to
real-world problems since it facilitates our understanding of the underlying physics in the
trained model and also helps evaluate whether the model could meet the initial expectation.
After obtaining the best ML model, the contribution of each input feature can be quantified
using the SHAP value approach, a method developed from cooperative game theory [44].
The SHAP value is an additive feature attribution method. Specifically, at a time instant,
the summation of the SHAP values of all input features is equal to the predicted value
minus the mean predicted value of all input features, i.e.,

N p

¢j(f) = X (Bjxj — E(B;X;))

Tt

j

p p
= (Bo+ VZ] Bjxj) — (Bo+ Zl E(B;X;)))
= =

= f(x) - E(f(X))

-

@)

Here, j, from 1 to p, denotes the index of input feature; f(x) represents the model prediction
of input instant x; ¢;( f) represents the contribution of model prediction f(x) from input
feature j; B; is the weight of input feature j; x; denotes the contribution of input feature j;
X; represents the set of model prediction of feature j; E(3;X;) is the average contribution of
prediction for feature j. By calculating the SHAP values, the evolution of the contributions
of each input feature on the prediction results with respect to time can be obtained.

3. Predictions

This section demonstrates how the input features can be optimized to achieve better
prediction performance. The purpose is to identify the appropriate procedure upon which
the information in input features can be fully excavated. With the appropriate procedure,
the laboratory slip events can be accurately and efficiently predicted when abundant
frictional dynamics data are available.

3.1. Input Feature Data Optimization

As mentioned earlier, the fault dynamics data collected at 2203 densely distributed
sensor points may contain redundant and correlated information. Here, we filter the data
by first exploring the optimal number of input features that are representative of the fault
system from an ML prediction viewpoint. This is achieved by training and testing a series
of LightGBM models using data from an increasing number of sensor points, say, 1, 5,
10, 20, 50, 100, 200, 500, 1000, 1500, and 2203. For each of these numbers, we randomly
draw data from all the 2203 sensor points using the specified number of sensors and then
use the selected data to train a LightGBM model and test its performance. The procedure
is repeated ten times for each number (except 2203 since all data are used) to alleviate
uncertainty. Note that for each sensor, all four items of time-series data, i.e., Vy, Vy, Dy, and
Dy, are used in the training and testing.

The testing performance of each trained LightGBM model in terms of R? and the
required number of epochs for convergence in training are presented in Figure 3a,b. It is
manifest that the prediction accuracy of the trained LightGBM models is poor when the
number of sensor data used is less than 10. The accuracy significantly improves when
the sensor number exceeds 20 (Figure 3a). As the number continues to increase, the
R? mainly hovers around 0.8, while the models’ training expense significantly increases
(Figure 3b). Particularly, we reach an R? of 0.82 for the LightGBM model trained using all
the 2203 sensor data without screening (Figure 3a); however, the time needed in training is
very demanding, i.e., the training takes an epoch of ~3300 upon convergence (Figure 3b).
These results demonstrate that the dense fault dynamics data at various sensor points on
the shearing plates and inside the gouge do contain effective information regarding the
shear stress of the fault, and the LightGBM model trained using a decent amount of sensor
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data can adequately capture the complex relations between microscopic frictional dynamics
in the sheared granular fault system and the macroscopic slip events. In the meantime, this
also confirms that the data from the 2203 sensors indeed have redundant information.
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Figure 3. Box plots of the LightGBM model performance trained using the data from an increasing
number of sensors. The training and testing are repeated ten times for each sensor number to obtain
the statistics. (a) Statistics of the testing R? of the ten LightGBM models trained under each sensor
number. (b) Statistics of the required training epochs for convergence for the ten LightGBM models
trained under each sensor number. Note that the model trained using all the 2203 sensor data is not
repeated, and the results are indicated by a single blue bar.

Compromising the training efficiency and prediction accuracy, we choose an optimal
number of sensor points of ~20 for feature filtering, corresponding to ~80 (~20 x 4) input
features. To optimize the 8812 input features, we calculate and rank the importance values
of each input feature based on the LightGBM model trained using all the 2203 sensor
data. Finally, we choose a list of 88 features with top rankings as the optimized feature
dataset. In contrast, the remaining features mainly have importance values in more than
one order smaller than the largest one. Note that the exact number of sensors related to
these 88 selected features is more than 22 since maybe only 1-2 items of time-series data
from one sensor have been selected to form the optimized feature dataset. Due to space
limitations, only the top 50 optimized input features are presented in Figure 4.

3.2. Prediction Using Optimized Data

We proceed by retraining and testing a LightGBM model using the 88 optimized
input features. As shown in Figure 5a, the ML model trained on the optimized features
generates an R? of 0.90 and RMSE of 0.0045 for testing, outperforming the previous model
trained using all 8812 input features (Figure 3a). This demonstrates that although only
88 input features are used here, the trained model can achieve a better prediction accuracy
than the one trained using all data. In other words, the fault dynamics information in the
88 optimized input features is sufficient to represent the dynamics of the entire sheared
granular fault system; in contrast, the remaining unused features are mainly redundant
to the prediction of normalized shear stress. It is also worth noting here that the training
efficiency is significantly improved, as evidenced by the fact that the RMSE converges
after only ~100 epochs (see inset of Figure 5a), which contrasts the ~3300 epochs needed to
converge in the previous training where all input features are used (Figure 3b). Additionally,
the RMSE evolution on the testing set shows no significant degradation, indicating no
sign of overfitting. In general, training LightGBM models on the optimized feature data
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can reduce the chance of model overfitting, improve prediction accuracy, and enhance
training efficiency.
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Figure 4. The top 50 optimized input features with higher importance values. For the names of
these input features located on the left side of the horizontal bar, the symbols Vy, V), Dy, and Dy
represent the velocity and displacement in the x and y directions, and the number following the
symbol indicates the sensor ID mentioned in Section 2.1. The importance value of each input feature
is given on the right side of the horizontal bar.
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Figure 5. The prediction results of the two trained LightGBM models, together with the 95% confi-
dence intervals (light blue shaded region). (a) Performance of the model trained with the optimized
sensor data on the testing set. (b) Performance of the model trained with the optimized sensor data
and their statistics on the testing set. The inset in each subfigure presents the evolution of RMSE for
the corresponding model during training and testing.

3.3. Prediction Using Optimized Data and Their Statistics

In laboratory-earthquake-related ML practices, to fully exploit the underlying informa-
tion from the obtained fault dynamics data and to achieve better prediction performance,
the statistics of raw data are also commonly used as input features to train the prediction
models [17,28,45]. Here, on top of the 88 optimized time-series data, we use the sliding
time window approach to calculate 8 statistical parameters, such as the mean, variance,
skewness, kurtosis, quartile, 1st percentile, 91st percentile, and median of the data located
in each window, for each item of the time-series data and comprises a total of 792 input
features (88 x 9) for ML training and testing. The size of the sliding window used to
calculate the statistics is 300 ms, which is chosen based on the fact that the periods of most
stick-slip cycles are within the range of 300 ms in our FDEM simulated results. Adjacent
sliding windows overlap each other by 299 ms. Again, we train and test a LightGBM model
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using the 792 new input features and obtain an improved R? = 0.94 and RMSE = 0.0035
for testing. As shown in Figure 5b, the predicted normalized shear stress shows a very
good match with the actual values. Although the training takes more epochs (~200) before
reaching stable results (inset of Figure 5b) than the previous training using only the 88 opti-
mized feature data (inset of Figure 5a), compared with the first case using all the 8812 input
features (Figure 3), the result of this model is notably superior in terms of both prediction
accuracy and training efficiency.

Through the above progressive adjustment of the input features from raw data to the
optimized data and to their statistics, the prediction performance of the trained LightGBM
models has been gradually improved. Particularly, the statistics-based input features pro-
vide an in-depth excavation of the raw data, which helps to better capture the distribution
characteristics and variation trends of the data, thereby improving the model’s perfor-
mance. We also provide a precise visualization of the predictive performance of the two
LightGBM models (models related to Figure 5a,b) on the testing dataset in Figure S3 of the
Supplementary Material.

One may easily argue that when statistics-based features are used, there are cases
where slip events are predicted prior to actual events (e.g., the slip event at 29.0 s in
Figure 5b), i.e., an artificial smoothing effect. However, as shown in Figure 5a, without
using statistics-based features, there are also predicted slips before the actual slip events,
e.g., the same slip event at 29.0 s. Therefore, we would attribute the smoothing largely
to prediction inaccuracy. Given the complexity of our FDEM-simulated irregular stick-
slip cycles, a precise prediction is challenging. Nevertheless, the model trained using the
statistics-based features indeed improves the prediction accuracy, as is clearly evidenced
by the increased R? from Figure 5a to Figure 5b.

4. Discussion

The above ML analyses based on the dense fault dynamics data extracted from the
FDEM simulated sheared granular fault system demonstrate that upon appropriate op-
timization of input features, we can achieve acceptable performance and accuracy for
laboratory earthquake prediction using LightGBM. However, ML models are often called
“black boxes”, which means that although we may reach accurate predictions, the mech-
anism behind the models remains elusive. To probe into the working mechanism of the
LightGBM prediction model, we evaluate the role each input feature plays in the prediction
using the SHAP value approach, which quantifies the direct contribution of an input feature
to the predicted value at each instant of time. Specifically, the positive SHAP value of an
input feature results in an increase in the predicted normalized shear stress at that time
and vice versa. Based on the last LightGBM model with the highest prediction accuracy—
the one trained using the optimized data and their statistics (i.e., 792 input features), we
calculate the SHAP values of each input feature at each instant of time.

Due to space limitations, we first plot in Figure 6 the top 50 input features with large
cumulative magnitudes of the yielded SHAP values (in descending order). The cumulative
magnitude of SHAP values is the summation of the magnitudes (absolute values) of all
yielded SHAP values for an input feature, indicating a feature’s overall contribution to
prediction at all times. The actual SHAP value versus the corresponding feature value (rela-
tive value from low to high, denoted by the colour bar) at each instant of time is presented
in Figure 6. An enlarged version listing the top 200 input features is presented in Figure
54 in the Supplementary Material. These plots show that the different microscopic fault
dynamics data types have completely distinct contributions to the predicted normalized
shear stress.
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Figure 6. The SHAP value versus feature value at each instant of time for the top 50 input features
with relatively larger cumulative magnitudes of the yielded SHAP values. The results are based on
the last LightGBM model trained using the optimized input features and their statistics. Typical input
features analysed in Figure 7 are marked in bold.
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Figure 7. The evolution of SHAP values of typical features with respect to time for the LightGBM
model trained using the optimized data and their statistics (i.e., 792 input features). (a) The evolution
of SHAP values of Dy at sensor No. 396, where the increase/decrease in SHAP value has a similar
trend to Dy. (b) The evolution of SHAP values of V at sensor No. 2112, where spikes occur at slips
and cause a sharp drop in its SHAP value. (c) The evolution of SHAP values of Dy at sensor No. 283,
where Dy, shows a slight increase during the stick phases and sudden drop at slips; however, it mainly
only causes a sharp increase in its SHAP value when a slip occurs.
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The top input features shown in Figure 6 (e.g., the top 10-15) yield both positive and
negative SHAP values. The behaviour of this type of input feature is further detailed
in Figure 7a by the temporal evolution of the SHAP value of an exemplar D, at sensor
No. 396, alongside the change of D, and the normalized shear stress for comparison. As
shown in Figure 7a, the changing trend of the SHAP value is roughly consistent with the
feature value, i.e., during the stick stages, both the feature value and SHAP value increase,
and sudden drops occur at slips for both. Moreover, the larger the feature value is, the
higher the generated SHAP value will be (although imprecisely). The rough consistency
between the input feature and the corresponding SHAP value in both the stick and slip
stages is commonplace for the majority of the top input features, especially the ones
related to D, and its statistics, e.g., the data collected at sensors with No. 224, 408, and
417, among many others (Figure S4). This agrees with our intuitive understanding that
features with better prediction capability should have similar evolution patterns and pace
to the prediction target. However, not all Dy-related features exhibit similar evolution
patterns to the predicted target. As shown in Figure S5 of the Supplementary Material, the
correlation between the listed D, features and the normalized shear stress is considerably
weak. Nevertheless, the SHAP value provides a powerful approach that helps filter the
D,-related features with high correlations and contributions to the prediction target.

There are also input features that mainly yield negative SHAP values, e.g., the V of
sensor No. 2112 (Figure 6). As detailed in Figure 7b regarding its temporal evolution
versus the SHAP value and normalized shear stress, when a slip occurs, a negative SHAP
value will be generated, together with a spike in Vy (can be positive or negative). However,
during the stick phases, V is very small, and the yielded SHAP value is mainly around
zero, thus having no distinct contribution to the prediction. These demonstrate that this
type of input feature (V) mainly contributes to the prediction results at slips by bringing
down the predicted normalized shear stress. Similar phenomena can also be found in the
Vy of a few other sensors, e.g., the ones with No. 406, 1004, and 1888 (Figure S4).

On the contrary, a small number of input features behave the opposite, e.g., the Dy of
sensor No. 283 (Figure 6). Specifically, when a slip occurs, this type of feature mainly
generates positive SHAP values and pushes up the predicted normalized shear stress
(Figure 7c). During stick phases, although we can also witness an increase in these feature
values (similar to Dy), they mainly have minor contributions to the prediction results,
i.e., the yielded SHAP values are mainly around zero or of a small negative value. These
input features include the Dy, of sensors with No. 8, 12, and 285 (Figure S4). It is worth
noting that the Vy, of sensors barely has notable contributions to the prediction results, as
there are only 4 input features related to V, on the top 200 feature list shown in Figure S4.

The SHAP values of input features can help uncover local friction dynamics’ role
in laboratory earthquake prediction. From the above analyses, we find that the input
features related to Dy mainly occupy the top of the list shown in Figure 6 (or Figure S4),
simply because these top features evolve at a similar pace to the normalized shear stress
in both the stick and slip phases. This is followed by the input features related to Dy.
However, compared with Dy, the magnitudes of the yielded SHAP values are relatively
smaller. We suspect this may be partially caused by the fact that the input features related
to Dy only contribute to the prediction results at slips. We can observe a small number
of input features related to V on the list in Figure 6 (or Figure S4), and they also only
contribute to the prediction results at slips. We barely see input features related to V, in
Figure S4. Details of the sensor numbers and their locations are presented in Figure 8.
Locations of the sensors related to the top 200 input features listed in Figure S4 are also
presented in Figure 8 (coloured). All these demonstrate that, in general, the input features
related to displacements contribute more to the prediction results than those associated
with velocity. In addition, the features related to the shearing direction (i.e., the x direction)
can better reflect the friction dynamics of the system and thus have higher contributions to
the prediction results than those in the y direction.
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Figure 8. Sensor locations and their numbers in the granular gouge fault system. The sensors related
to the top 200 input features presented in Figure S4 are coloured according to their normalized
importance values.

Through the SHAP value analysis, accurate evaluations of the contribution of each
feature to the predicted normalized shear stress can be obtained. Therefore, the LightGBM
prediction model combined with the SHAP value analysis can quantify the impact of
microscopic fault dynamics data on the macroscopic stick-slip response in a sheared granu-
lar fault system. The above analysis also implies that for natural earthquakes, and even
tsunami prediction, the displacement data (or equivalent data) monitored near the fault
may be more valuable than velocity data, and the data resolved along the fault shearing
direction are more valuable than those perpendicular to the fault. With the SHAP value
analysis, we can further optimize the earthquake prediction. The arrangement of natural
earthquake sensor positions is a key factor. By introducing our model, we can optimize this
arrangement. Specifically, we can select the positions corresponding to the most important
features based on the analysis results of the model and arrange sensors at these positions.
In this way, we can make the most of limited resources and improve the accuracy and
efficiency of earthquake prediction.

It is worth noting that due to the large dimension of the dense fault dynamics data
used in the present research (say, 8812), dimensionality reduction on the input features is
necessary. The LightGBM approach employed here could achieve our goal of effectively
filtering the redundant information from a large number of fault dynamics data and
preserving the original physical meanings of the final optimized data, which facilitates the
interpretability of the prediction model. Therefore, the LightGBM model together with the
SHAP value analysis can efficiently and accurately predict laboratory earthquakes based
on dense fault dynamics data and may also help explore valuable precursors for upcoming
slip events.

5. Conclusions

In this paper, we have simulated a sheared granular fault system using the FDEM to
collect fault dynamics data (Vy, Vy, Dx, and Dy) at 2203 “sensor” points during stick-slip
cycles and trained a series of LightGBM models by optimizing and excavating the input
features. The prediction performance of these models is tested upon the generation of
stick-slips characterized by the normalized shear stress between the shearing plates and
gouge. The purpose is to explore the appropriate ML model training procedure and achieve
better laboratory earthquake predictions when abundant fault dynamics data are available.
The SHAP values of input features are also calculated to quantify the contribution of each
input feature to the prediction results.
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The ML study uses the sensor data as input features and the gouge-plate normalized
shear stress as the label, and the first 80% of the time-series proportion is reserved for
training and the remaining 20% for testing. We first optimize the 8812 input features
by randomly selecting an increasing number of sensor data and training and testing the
LightGBM models” performance. When the number of sensors used in training exceeds 20,
the R? mainly hovers around 0.8, while the models’ training expense significantly increases.
We choose an optimal number of sensor points of ~20 by considering both the model’s
prediction accuracy and training efficiency. Then, 88 input features with top importance
are selected as the optimized dataset based on the LightGBM model trained using all the
8812 input features. Following this, the LightGBM model trained using the optimized
dataset yields an R? of 0.90; however, the training efficiency is remarkably enhanced. Then,
to fully use the underlying fault dynamics information, by calculating the 8 statistical
parameters of the 88 optimized features, we compose an enlarged dataset with 792 input
features and retrain a LightGBM model with a significantly improved prediction accuracy
of R? = 0.94. Based on the final trained LightGBM model, we extract the SHAP values of
each input feature and compare them with the normalized shear stress. We find that the
input features related to displacements contribute more to the prediction results than those
associated with velocity, and the ones in the x direction (fault shearing direction) can better
reflect the friction dynamics of the system than those in the y direction.

The analyses demonstrate that the dense fault dynamics data obtained from the gouge
and plates contain the necessary information to train appropriate ML models so that the
fault friction state can be adequately predicted. However, the dense fault dynamics data
may contain redundant information and increase training expenses. Using ML approaches
to screen out correlated information and optimize the data can facilitate the training
process and achieve better prediction results. Additionally, appropriate utilization of the
statistics of the fault dynamics data may help extract important hidden information from
the data and enhance the prediction performance. Finally, the SHAP values obtained with
the trained LightGBM model can quantify the contribution of each input feature to the
prediction results.

The data collection process from earthquake sensors is vital. Aim to gather informa-
tion from sensors that are rich in earthquake catalogues and closely tied to earthquake
occurrences. Trying to gather data from sensors deployed in locations that the machine
learning model considers to be of high importance will significantly aid in earthquake
prediction. This study offers useful guidance for this process. Constructing a prediction
model requires diligent data screening, feature extraction, and model optimization. These
steps help to create a reliable representation of complex physical processes. This research
provides an effective example of how to create an efficient prediction framework. The
SHAP value analysis emphasizes the importance of features such as displacement and dis-
placement statistics. This insight offers a fresh viewpoint for exploring potent earthquake
precursor signals and setting up early warning systems. Our work has broad applications.
While it can predict laboratory earthquakes, its framework, methods, and conclusions
provide a solid base for forecasting modelling processes to natural faults. This broadens the
potential for employing machine learning in natural earthquake prediction. This work can
shed light on natural earthquake prediction in terms of selecting valuable monitoring data
and training appropriate ML models and also opens new possibilities to explore valuable
precursors for earthquake prediction.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse12020246/s1. Text S1: Brief introduction of FDEM; Text S2:
Supplementary explanation of FDEM model setup; Text S3: Light Gradient Boosting Machine
(LightGBM); Figure S1: Numerical representation of the granular fault system using DEM and FDEM.
(a) In DEM, the plates are simplified by a set of bonded particles, and the gouge layer is composed of
a series of rigid particles. Therefore, both the gouge particles and the shearing plates cannot deform.
(b) In FDEM, the plates are explicitly represented, and both plates and particles are further discretized
into finite elements to capture their detailed deformation and movement; Figure S2: Probability
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density distribution of the seismic moment of all slip events, where the detailed calculation of the
moment is explained by Gao et al. [31]. The results agree with the physical experiment data collected
in Geller et al. [37]. The probability density distribution is consistent with the Gutenberg-Richter
distribution and is predicted to scale as M~3/2 (the power —3/2 is within the range of —1.4 to —1.8
observed in natural earthquakes; Figure S3: Performance of the two LightGBM models trained with
different datasets. (a) Training with optimized sensor data. (b) Training with optimized sensor data
and their statistics; Figure S4: The SHAP value versus the feature value at each instant of time for
the top 200 input features with relatively larger cumulative magnitudes of the yielded SHAP values.
The results are based on the last LightGBM model trained using the optimized dataset and their
statistics; Figure S5: Evolutions of Dx for several sensors and their comparison with the normalized
shear stress. (a) Normalized shear stress. (b) Dx of sensor No. 95. (c) Dx of sensor No. 295. (d) Dx
of sensor No. 1832; Table S1: Material and numerical simulation parameters; Table S2: The optimal
hyperparameters of the LightGBM model trained using 8812 features; References [31-42,45-60] are
citied in the Supplementary Materials.
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G W N

Abstract: Previous studies indicate that mass transport deposits are related to the dynamic accumula-
tion of natural gas hydrates and gas leakage. This research aims to elucidate the causal mechanism
of seabed seepage in the western region of the southeastern Qiongdongnan Basin through the ap-
plication of seismic interpretation and attribute fusion techniques. The mass transport deposits,
bottom simulating reflector, submarine mounds, and other phenomena were identified through
seismic interpretation techniques. Faults and fractures were identified by utilizing variance attribute
analysis. Gas chimneys were identified using instantaneous frequency attribute analysis. Free gas
and paleo-seepage points were identified using sweetness attributes, enabling the analysis of fluid
seepage pathways and the establishment of a seepage evolution model. Research has shown that in
areas where the mass transport deposits develop thicker layers, there is a greater uplift of the bottom
boundary of the gas hydrate stability zone, which can significantly alter the seafloor topography.
Conversely, the opposite is true. The research indicates that the upward migration of the gas hydrate
stability zone, induced by the mass transport deposits in the study area, can result in the rapid de-
composition of gas hydrates. The gas generated from the decomposition of gas hydrates is identified
as the principal factor responsible for inducing seabed seepage. Moderate- and low-speed natural
gas seepage can create spiny seamounts and domed seamounts, respectively.

Keywords: Qiongdongnan Basin; gas hydrate; seafloor seepage mechanism; attribute analysis
technology; the mass transported deposits; spiny seamounts; domed seamounts

1. Introduction

Submarine gas seepage represents a ubiquitous and dynamic geological phenomenon
within the marine environment. It involves the migration of various fluids, such as shallow
gas, submarine groundwater, cold seep fluid, hydrothermal fluid, and liquefied fine-grained
sediments. These fluids flow through predominant pathways, like faults, fractures, mud
volcanoes, or gas chimneys beneath the seabed interface, eventually reaching their dis-
charge or eruption on the ocean floor [1]. Such seepage occurrences have been documented
across various marine environments, spanning passive and active continental margins,
including the South China Sea, North Sea, Baltic Sea, Black Sea, North Atlantic, Gulf of
Mexico, Sea of Japan, Japan Sea Trench, Mediterranean Sea, Indian Ocean, and Southwest
Pacific [2-8].

The manifestation of submarine gas seepage is intricately linked to geological pro-
cesses and is influenced by factors, such as rapid sedimentation, tectonic uplift, erosion,
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faulting, and hydrate decomposition [9-12]. During periods of rapid sedimentation, sub-
stantial sediment accumulation can result in the formation of thick subsurface layers. This
can lead to elevated pore water pressure and the subsequent migration of pre-existing
subsurface fluids due to compaction-related compression. Tectonic uplift and erosion have
complex effects on the migration of subsurface fluids, altering flow paths and velocities,
and impacting storage and migration processes [13,14]. Faulting can disrupt upper fluid
seals, which can facilitate vertical fluid migration [15]. Submarine gas seepage serves as an
indicator of the presence of natural gas hydrates and hydrocarbon accumulations within
sedimentary layers. In regions with intense gas seepage, high gas hydrate saturation is
often observed on or below the seabed [16]. Additionally, gas hydrates may contribute to
geological formation fracturing, further promoting submarine seepage occurrences [17,18].
Such seepage events significantly modify seafloor topography and geomorphology, giv-
ing rise to various submarine micro-landform types, including pockmarks, authigenic
carbonate crusts, spiny seamounts, domed seamounts, and mud volcanoes [19].

The research focus area is located within the deepwater region of the northern
South China Sea continental slope. Previous studies have investigated submarine micro-
landforms and fluid seepage in this area, uncovering various types of micro-landforms, such
as pockmarks, spiny seamounts, and domed seamounts. Marine geological investigations
over several years have established a close correlation between submarine micro-landform
formation, gas hydrate formation, and decomposition, in addition to the widespread de-
velopment of the mass transport deposit (MTD) systems [20]. However, current research
inadequately examines the causal mechanisms of submarine seepage involving hydrates
and MTDs. This study aims to explore the interrelationships among natural gas hydrates,
submarine micro-landforms, and MTD sedimentary systems, elucidating their impacts on
submarine gas seepage mechanisms, particularly focusing on the influence of MTDs on
hydrate decomposition and seafloor seepage intensity.

Methodologically, this study employs variance attribute volume, sweetness attribute
volume, and instantaneous frequency attribute volume fusion analysis techniques to iden-
tify geological phenomena, such as MTDs, bottom simulating reflectors (BSRs), spiny
seamounts, fault systems, gas chimneys, and paleo-seepage points. Through relational
analysis, a unique model for the evolution of seafloor fluid seepage specific to the study
area is proposed. This contributes to a deeper understanding of seafloor geomorphology
formation, evolution, and fluid seepage mechanisms.

This study utilizes seismic attribute fusion technology to assess the influence of MTDs
on the gas hydrate stability zone, uncovering their effects on submarine natural gas seepage
and micro-landforms. Additionally, a unique fluid seepage genesis model specific to the
study area is proposed, expanding upon previous research that focused solely on the impact
of MTDs on subsurface fluids. References remain unchanged.

2. Geologic Setting, Data, and Method

The Qiongdongnan Basin (QDNB) is located in the northwestern part of the South
China Sea, to the southeast of Hainan Island, and extends in the NEE direction. It is
considered a Cenozoic extensional basin developed over strongly thinned continental crust
and is a significant oil and gas, as well as natural gas, hydrate basin [21]. The study area
is situated in a tectonically gentle region between the continental slope and the uplifted
platform, and the topography is relatively flat (Figure 1).
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Figure 1. Regional location map of the study area. The red dashed line represents the boundary of
the QDNB. The black line segments represent the positions of seismic profiles.

The sedimentary fill during the tectonic rifting period in the study area comprises
three stratigraphic units: the Eocene, Yacheng Formation, and Lingshui Formation. The
sedimentary transition from continental to shallow marine facies is characterized by the
development of fan-deltas and deltas. During the faulting period, the sedimentary fill
includes the Miocene Lingshui Formation Member 1-2, the Lower-Middle Miocene Sanya
Formation, and the Meishan Formation. The sedimentation gradually transitions from
shallow marine to semi-deep marine, featuring the development of deltas, fan-deltas, and
platform-margin reefs, among other features. During the subsidence stage, the sedimentary
fill includes the Upper-Middle Miocene Huangliu Formation, Upper Miocene Yinggehai
Formation, and Quaternary Ledong Formation. These sediments were deposited in a
semi-deep marine environment and are characterized by gravity flow deposits, such as
debris flows, turbidite fans, slope apron fans, and canyon channels (See Figure 2) [22,23].

The target interval of this study is the Quaternary Leidong Formation (Figure 2).
Within this formation, there is significant variation in sediment thickness. The sedimen-
tary thickness is greater in the northwest direction, with a maximum sedimentation rate
reaching up to 550 m per million years. In contrast, the sedimentary thickness is thinner
in the southeast direction, with a sedimentation rate of only 50 m per million years. The
sedimentary strata in the northwest direction are influenced by the influx of materials from
the continental slope. During the lowstand and transgression periods, debris flow and tur-
bidite deposits are developed, mainly comprising slope fans, basin floor fans, channel-levee
systems, and MTDs that rapidly accumulate [24]. During the highstand system tract, the
depositional environment transitions to a low-energy, fine-grained settling sedimentation
in a semi-deep sea setting. In the southeast direction, the sedimentary strata are mainly
influenced by slow sedimentation during the subsidence stage, resulting in semi-deep
marine deposition. The hydrodynamic conditions are relatively weak, creating a stable
semi-deep marine depositional environment. The study area contains four sets of SR pods:
the Yacheng Formation, the LingShui Formation Member 3, the LingShui Formation Mem-
ber 1-2, the Meishan Formation, and the Huangliu Formation. Among them, the LingShui
Formation Member 3 and the LingShui Formation Member 1-2 in the Meishan Formation
are the main gas source layers for gas hydrates [25].
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Figure 2. The simplified diagram illustrating the sedimentary facies, lithology, and regional tectonic
movements from the Paleogene to the Quaternary in the study area. The red rectangular box
represents the target interval of the study. Within this interval, the red circles labeled as “SR”
denote thermogenic gas source rocks, while the green circles labeled as “SR” represent biogenic gas
source rocks.

3. Data and Method

The seismic volume covers a surface area of 2900 km? and has a total trace length
of 7 s TWT. The bin spacing is 12.5 m in both directions with a sample rate of 2 ms TWT.
The seismic volume is a full-offset, post-stack time migrated (PSTM) volume. Processing
steps included signal noise reduction, corrections, and velocity analysis using Kirchhoff
PSTM. Noise removal is carried out within the frequency range of 10 Hz to 20 Hz. The
resolution of seismic data depends on the dominant frequency of the seismic signal and
the interval velocity in the zone of interest. The interval velocity of the sediment package
containing mounds and domes is approximately 0.7 km/ms, as determined from velocity
data obtained through the well-to-seismic correlation within the 2D seismic volume.

When the subsurface contains fluids, it can affect the amplitude, frequency, and energy
of seismic waves, thereby causing post-stack attribute anomalies in seismic data. To identify
and analyze geological factors, such as free gas, faults, and fractures, a combination of
attributes, like instantaneous frequency, sweetness, and variance, can be selected. The
instantaneous frequency refers to the derivative of the instantaneous phase with respect
to time [26,27]. The main factors causing variations in instantaneous frequency values
include changes in lithology, properties of the fillings within the strata, and lateral hetero-
geneity in distribution [28]. The presence of free gas in pores within the strata can lead
to high-frequency attenuation and low-frequency enhancement effects. In this study, the
instantaneous frequency within the frequency range of 13 Hz to 28 Hz was chosen as a
sensitive attribute to reflect the spatial distribution characteristics of gas-bearing forma-
tions. The reason for choosing this range is that it effectively reflects the developmental
range of subsurface fluids. The sweetness attribute is the ratio of seismic amplitude to the
square root of the instantaneous frequency. Methane fluid seepage is often accompanied by
phenomena, such as authigenic carbonate crusts and chemosynthetic biogenic shells. These
occurrences result in high-amplitude anomalies, leading to high values of the sweetness
attribute. This attribute plays a crucial role in identifying both present-day seepage sites
and ancient seepage points on the seabed [29]. The variance attribute is used to describe the
lateral heterogeneity of seismic properties, such as lithology and stratigraphy, by utilizing
the similarity between adjacent seismic traces [30]. It can reveal the discontinuous informa-
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tion within the data volume and characterize fault systems. This study primarily utilizes the
multi-attribute fusion technique to analyze the source-sink system of natural gas hydrate
mineralization. This approach reduces the uncertainties caused by interpreting a single data
volume and highlights abundant geological information, thereby enhancing the reliability
of geological understanding. The accuracy of individual seismic attributes in the geological
interpretation and comprehensive evaluation may be subject to uncertainties. Conducting
geological interpretation through the simultaneous use of multiple attributes significantly
reduces ambiguity, thereby enhancing the reliability of the geological understanding.

4. Results

In Figure 3A, on the left side, there are submarine spiny seamounts developed on the
seafloor, while on the right side, there is a submarine domed seamount. On the whole, the
Huangliu Formation, Yinggehai Formation, and Ledong Formation, situated below the two
geological bodies, exhibit significant low-frequency anomalies, along with the presence of
gas chimney structures. It is inferred that there is a substantial amount of gas in the strata,
with the spiky mounds corresponding to a higher gas content. Coherent body anomalies
can indicate the development of faults. From the figure, it can be observed that the area
corresponding to the spiny mounds shows the development of faults throughout the seabed
to the Huangliu Formation, with the fractures being most pronounced in the Yinggaohai
Formation. The domed seamount also exhibits faults extending from the seabed to the
Yinggaohai Formation, but the fracture density is lower compared to the spiny seamounts.
These fractures serve as conduits for gas migration. The spiny seamounts exhibit anomalies
in the sweetness attribute on the seabed, while sporadic anomalies are observed in the
sweetness attribute of the underlying strata of the MTDs. The domed seamount shows
no anomalies of sweetness attributes on the seabed, but distinct scattered anomalies are
present in the underlying strata of the MTDs. The Yinggaohai Formation exhibits localized
anomalies in sweetness attributes. These anomalies could be attributed to the presence of
gas-rich formations or the occurrence of seafloor seepage points (both current and ancient),
which might have led to the formation of authigenic carbonate concretions and chemo-bio
shells in the vicinity. From the local zoom-in of Figure 3A (Figure 3B), it can be observed
that sporadic BSR occurrences develop near the base of the gas hydrate stability zone
(BGHSZ) corresponding to the domed seamount, while no apparent BSR phenomenon is
observed near BGHSZ corresponding to the spiny seamounts. Profile YY" intersects with
profile XX” at point N. In the vicinity of the intersection point on profile YY’ (within the
yellow box in Figure 3B), the BSR phenomenon is observed near the BGHSZ. However, in
the vicinity of the intersection point on profile XX” (within the yellow box in Figure 3D),
the BSR is even more pronounced. Profile YY” intersects with profile ZZ’ at point M. Both
profiles show clear BSR phenomena in the vicinity of the intersection point within the
BHSZ (Figure 3C,D). At the intersection point on profile ZZ’, there is a distinct presence of
a domed seamount on the seafloor. The Ledong Formation contains two stages of MTDs
(MTD1 and MTD2). As shown in Figure 3B, both stages of massive sulfide deposits (MTDs)
exhibit thicker accumulations on the spiny seamounts compared to the domed seamounts.
Based on the paleostatic conditions of the study area, MTD1 and MTD2 correspond to the
paleo-base of the gas hydrate stability zone (Pelo-BGHSZ1 and Pelo-BGHSZ2, respectively,
as indicated in the figure). Furthermore, the paleo-BHSZ intersects with anomalies in the
sweetness attribute. The base map in Figure 3E displays the combined thickness of MTD1
and MTD2. The white dashed line delineates the development zone of spiny seamounts,
while the black dashed line marks the development zone of domed seamounts. It can be
observed that the spiny seamount development zone exhibits thicker MTDs, while the
domed seamount development zone shows thinner MTDs.
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Figure 3. (A) The superimposed seismic profiles of the seismic data, instantaneous dominant
frequency attribute, variance attribute, and sweetness attribute in the research area. The white dashed
circles indicate MTDs, the yellow dashed lines represent gas chimney outlines, the pink dashed line
represents the present-day BGHSZ, the bright green color represents the instantaneous dominant
frequency attribute values in the range of 13 to 28 Hz, the black vertical lines indicate high-value
anomalies in the variance attribute, and the yellow color represents data with sweetness attribute
values above 5000. (B) The enlarged view of the blue-boxed region in (A). The light blue dashed
line represents the paleo base of the gas hydrate stability zone. (C) The seismic profile at position
Z-7'in (E). (D) The seismic profile at position X-X" in (E). (E) The map indicating the positions of the
seismic profiles. The base map color represents the sum of MTD1 and MTD2 thicknesses, the white
dashed line represents the development range of spiny seamounts, the black dashed line represents
the development range of domed seamount, and M and N points are the intersections of seismic lines.

5. Discussions
5.1. Mechanism of Hydrate Decomposition Induced by MTDS

The formation of gas hydrates requires appropriate temperature and pressure con-
ditions. Lower temperatures and higher pressures facilitate the formation of hydrogen
bonds between water molecules and natural gas molecules, leading to the formation of
stable gas hydrate structures that prevent the escape of natural gas molecules. Additionally,
the formation of gas hydrates involves nucleation and growth processes. Under suitable
temperature and pressure conditions, water and gas molecules can form initial gas hy-
drate structures through a process known as nucleation. Over time, more water and gas
molecules are adsorbed and incorporated into the existing nuclei, forming larger gas hy-
drate crystals, a process known as growth. This process requires suitable temperature and
pressure conditions to ensure adequate energy and stability.
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MTDs are widely distributed in various settings, such as outer continental shelves,
upper continental slopes, canyons, uplifts (volcanoes, ridges, salt domes), and sidewalls
of channels. They are commonly found in deepwater basins globally and typically form
during sea-level falls. Previous studies suggest that the rapid deposition of MTDs can cause
rapid changes in the temperature and pressure conditions within their coverage areas. This
leads to a significant uplift in the gas hydrate stability zone boundary, resulting in the rapid
decomposition of pre-existing gas hydrates.

Submarine mound features in the study area are primarily distributed in regions with
high Quaternary sedimentation rates and thick accumulations of MTDs. On seismic profiles,
these features exhibit distinct “spike” shapes. These development areas of submarine
mound features are accompanied by extensive seafloor sediment folding phenomena.
Submarine domed seamounts are mainly distributed in areas with smaller Quaternary
sediment thickness and smaller thicknesses of MTDs. On seismic profiles, they exhibit
gentle positive uplift slopes. As the thickness of MTDs increases, their impact on the gas
hydrate stability zone boundary becomes more significant. Therefore, compared to domed
seamounts, the influence of MTDs corresponding to spiny seamounts is greater on the
stability zone boundary, leading to a higher intensity of gas hydrate decomposition.

The influence of MTDs on the temperature and pressure conditions of gas hydrates
can result in the upward movement of the gas hydrate stability zone boundary, leading
to the decomposition of pre-existing gas hydrates. Subsequently, the decomposed gas
can reform gas hydrate deposits within new suitable stability zones, thereby affecting the
distribution patterns and formation mechanisms of gas hydrate deposits.

5.2. The Geological Effects Caused by Hydrate Decomposition

The decomposition of natural gas hydrates yields a significant volume of gas, which
rises and creates fractures. These fractures act as preferential conduits for the upward
migration of free gas. In regions abundant in gas supply, these fractures continue to
propagate upwards, facilitating gas seepage toward the seafloor.

The formation of hydrates induces sediment expansion and carbonate precipitation
around seafloor seepage sites, leading to the formation of submarine spiny seamounts.
These seamount features arise from the accumulation of free gas within sedimentary layers.
The gas displaces water in the upper sediment pores, causing localized expansion and
forming positive topographic uplifts [31]. An analysis of the instantaneous frequency
attribute in Figure 3A reveals that the development of submarine spiny seamount areas
signifies a higher gas supply, which can stimulate persistent and rapid gas seepage on the
seafloor, consequently leading to ongoing destabilization of the shallow sediment. This
phenomenon likely contributes significantly to the chaotic seismic imaging and prominent
manifestation of seafloor gas seepage in the underlying sedimentary layers of the submarine
mound features.

The thickness of MTDs is relatively thin in the wing areas, resulting in a comparatively
smaller uplift of the BGHSZ in the MTDs” wing coverage regions. The gas formed by the
decomposition of natural gas hydrates can be rapidly trapped within the newly formed
hydrate stability zone. This process leads to the creation of new natural gas hydrate
deposits, which, in turn, hinder the upward development of fractures. In these regions,
strong seabed seepage is usually not present. The sediment expansion caused by the
formation of hydrates can create submarine domed seamount features on the seabed. The
formation of submarine domed seamounts is similar to that of spiny seamount structures.
Both result from the displacement of water in the pore space of overlying sediment by
leaking gas, causing localized expansion of the sediment volume. In most cases, submarine
domed seamounts are situated directly above gas-rich layers and typically only rise a
few meters above the normal seabed, but their spans can extend up to several hundred
meters [32].

In their study on the seabed gas seepage characteristics in the northern Gulf of Mexico
continental slope, Roberts et al. found that moderate-velocity natural gas seepage can lead
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to the formation of gas hydrate mounds, isolated authigenic carbonate mounds, and small
cold seeps on the seafloor [33]. Low-velocity natural gas seepage, on the other hand, is
more likely to result in the formation of authigenic carbonate mounds, hardgrounds, and
nodules on the seafloor. Therefore, we deduce that the morphology of these mound-like
structures may represent varying degrees of seepage intensity. The process of moderate
natural gas seepage can lead to the formation of seafloor spiny seamounts. Gas accumulates
within the shallow subsurface hydrate stability zone, and under suitable temperature and
pressure conditions, it is prone to forming blocky or fissure-filling natural gas hydrates [34].
Low-speed natural gas seepage processes can lead to the formation of domed seamounts.
Domed seamounts are often associated with carbonate rock substrates. Due to their well-
developed fractures, they are prone to forming diffusive-type natural gas hydrates. The
spiny seamounts associated with hydrates typically display an oval or concentric positive
topography when viewed from above. The formation of these features is a result of the
accumulation of free gas within sedimentary layers. This process involves gas generated
by hydrate dissociation replacing the water in the pores of upper sediment layers, causing
localized expansion and resulting in a positive topographic feature [35].

5.3. Potential Seafloor Seepage Patterns in the Study Area

In summary, this study proposes a seafloor seepage model for the southern QDNB
(Figure 4).
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Figure 4. Seafloor seepage pattern in the study area.
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Stage A. Influenced by tectonic activities since the Middle-Neogene, deep-seated
fluids are released upward along tectonic weak zones characterized by developed fractures,
forming vertical migration pathways primarily composed of gas chimneys. The Huangliu
Formation offers favorable conditions for biogenic gas generation, as sedimentary rock
layers contain adequate organic matter abundance, appropriate maturity, and temperature
conditions. Biogenic gas migrates toward the hydrate stability zone through gas chimneys.
The continuous biogenic gas supply, combined with the accumulation of in-situ microbial
methane gas within the stability zone, leads to the formation of methane hydrates when
the methane concentration reaches saturation. Simultaneously, as biogenic gas continues its
upward migration and encounters highly permeable sedimentary layers, it can accumulate
to form shallow gas reservoirs.

Stage B. With the rapid deposition of the first-phase MTDs, significant changes in
temperature and pressure occur within the stability zone formed during Stage A in the
MTD coverage area, leading to the decomposition of the original gas hydrate bodies and the
release of a large amount of methane gas. This results in the decomposition of pre-existing
hydrate deposits formed in Stage A and the release of a significant amount of methane
gas. The central part of MTDs exhibits greater thickness, leading to a notable uplift of the
BGHSZ and the release of a larger amount of methane gas. Conversely, the thinner flanks of
MTDs experience less uplift of the BGHSZ, leading to the reduced release of methane gas.

Stage C. When the methane gas rapidly released from hydrate decomposition and the
continuously supplied deep-seated fluids reach a certain level, they undergo overpressure
release (Figure 4C). At this point, microfractures carrying fluids and sediment penetrate
through the seafloor, resulting in the upward arching of the strata, spiny seamounts, and
seafloor sediment folding. Due to the ongoing gas leakage, self-generated carbonate crusts
and chemosynthetic biogenic shells form near the leakage points, leading to an expansion
in the distribution and development range of spiny seamounts.

Stage D. As the high-level depositional regime experiences stable, uniform, and grad-
ual subsidence, the temperature and pressure within the stability zone gradually stabilize,
resulting in a slowdown in the rate of hydrate decomposition. With increasing sediment
thickness, the BGHSZ gradually moves upward until it reaches a relatively stable position.
At this point, the continuously supplied fluids will slowly form new hydrate bodies near
the BGHSZ.

Stage E. With the rapid deposition of the latest MTDs, there is another rapid change in
temperature and pressure within the stability zone. The BGHSZ formed during Stage D
experiences rapid uplift, leading to the rapid decomposition of natural gas hydrate bodies.

Stage F. When the thickness of the most recent MTDs is substantial, the corresponding
alteration of the BGHSZ is significant, leading to a higher rate of decomposition of hydrate
bodies and stronger overpressure release. During this period, microfractures carrying
fluids and sediment pierce the seafloor, alongside the ongoing gas leakage and expansion
of gas hydrate mineralization. These factors contribute to the formation of more distinct
underwater mounds and upward arching in the geological layers. On the other hand, when
the thickness of the latest MTDs is thinner, there is relatively minimal alteration in the
BGHSZ. After the decomposition of hydrates, the gas formed quickly re-mineralizes within
a shorter vertical fissure in the new stable zone, without venting or leaking to the seafloor.
Consequently, this process leads to the development of domed seamounts.

6. Conclusions
6.1. Impacts of MTDs on Seafloor Gas Seepage

The rapid sedimentation of MTDs leads to the swift alteration of the BGHSZ, triggering
the substantial decomposition of hydrates and the release of a significant amount of natural
gas. This gas migrates towards the seafloor and punctures through it, constituting the
primary cause of varying degrees of seafloor seepage in the study area. In regions where
MTDs are thicker, the uplift of the BGHSZ is more pronounced. Consequently, the speed of
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natural gas hydrate decomposition accelerates, resulting in a higher gas seepage rate and
greater damage to the seafloor micro-features. Conversely, the opposite holds true.

6.2. Association of Seafloor Seamounts with Gas Seepage

It has been discovered that seafloor spiny seamounts and domed seamounts are
closely associated with seafloor gas seepage. Spiny seamounts represent moderate-speed
natural gas seepage in the shallow overburden, while domed seamounts signify slow-speed
natural gas seepage in the same layer. The zones with dense development of fractures in
the underlying formations of both types of mounds are ideal sites for leaky gas hydrates.
They could potentially serve as crucial indicators for identifying leaky gas hydrates during
exploration activities on the northern slope of the South China Sea.
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Abstract: The lower limits of petrophysical properties for an effective reservoir are among the key
parameters for assessing hydrocarbon reserves and are therefore directly related to hydrocarbon ex-
ploration and development strategies. However, the lower limits for marine sandstone gas reservoirs
are still not clear and the impact factors also remain to be discussed. This study analysed the lower
petrophysical property limits of an effective sandstone reservoir in the Qiongdongnan Basin using
porosity, permeability and gas testing. The results showed that the lower porosity and permeability
limits of effective reservoirs developed in the deltas are 8.9% and 1.2 x 1073 um?, respectively, and
11.3% and 4.0 x 1073 um? in the submarine canyons and fans, respectively. Sedimentary facies,
sediment transport distance, grain size and burial depth of sandstone significantly influence the
lower physical property limits. The lower porosity and permeability limits increase with the increase
in sediment transport distance as well as the decrease in sandstone grain size and burial depth.
Sediment sources and sedimentary facies determine whether sandstone can become an effective
reservoir in the Qiongdongnan Basin. Specifically, the sediment source dramatically influences the
petrophysical properties of sandstone. The sandstone sourced from the Red River has higher porosity
and permeability, followed by the sandstone sourced from the Hainan Uplift, and the sandstone
sourced from the palaeo-uplift within the basin has the lowest porosity and permeability. The feldspar
dissolution by CO, and organic acid is the primary formation mechanism of the effective reservoir
in the Lingshui Formation, whereas the dissolution of glauconite is more common in the sandstone
reservoirs of the Sanya and Meishan formations.

Keywords: effective reservoir; lower petrophysical properties limits; formation mechanism;
Qiongdongnan Basin; South China Sea

1. Introduction

Recently, tight oil or gas exploration has received increasing attention [1-6]. Due to the
high technical requirements for tight oil or gas exploration, its use costs much more than
conventional oil or gas [7-12]. Efficient tight oil or natural gas exploration is one way to re-
duce costs, making oil and gas explorers consider the lower physical property limits [13-17].
The definition of the lower limits of physical properties for effective reservoirs is the mini-
mum porosity and minimum permeability required for fluid accumulation in rocks [13-15].
The lower porosity and permeability limits of the reservoirs have become fundamental
factors for assessing oil or natural gas reserves; they are directly related to oil or natural gas
exploration strategies [18-22]. Similarly, deepwater oil or gas exploration also faces this
dilemma [23,24]. In addition to considering the buried depth of the reservoirs, offshore
drilling pays attention to the current seawater depth because the requirements of deepwater

J. Mar. Sci. Eng. 2024, 12, 735. https:/ /doi.org/10.3390/jmse12050735 51

https:/ /www.mdpi.com/journal/jmse



J. Mar. Sci. Eng. 2024, 12,735

oil or gas exploration for drilling technology are far higher than those of shallow-water
areas [23,24]. Deepwater oil or gas exploration costs much more than shallow-water oil or
natural gas exploration [23-25]. Therefore, when exploring deepwater oil or natural gas,
researchers must also consider the lower porosity and permeability limits of the reservoirs.
However, the lower porosity and permeability limits of the reservoirs distributed in marine
deepwater areas have rarely been studied.

Previous studies have determined the lower porosity and permeability limits of ef-
fective reservoirs using empirical statistics, oil testing, oil-bearing analysis and other
methods [13-15,17,20,22,26-29]. The results show that the lower porosity and permeabil-
ity limits of the tight sandstone of the Ordos, Junggar and Songliao basins, China, are
3-12% and 0.02-1 x 103 um? [13-15,17,30]. Source rock, buried depth and hydrocarbon
generation kinetics are the primary factors influencing the lower porosity and permeabil-
ity limits of tight reservoirs [17,18,20,26,28,29,31-33]. The development and evolution of
sandstone reservoirs are jointly controlled by the basin tectonic background, sedimentary
facies, diagenesis, palaeoclimate, palaeotemperature and other factors [20,27,31-33]. The
sedimentary facies forms the basis for reservoir development, and the later reconstruction
of a reservoir formed by diagenesis is key to reservoir performance [20,31,33]. Pressure and
cementation determine the degree of compaction of a reservoir, while dissolution is the key
to the development of secondary pores in a reservoir [31,33]. Therefore, the sedimentary
facies and diagenesis are vital for determining reservoir properties [20,31,33]. However,
the effects of sedimentary facies, sediment transport distance and grain size on the lower
porosity and permeability limits of effective reservoirs are yet to be discussed.

The objectives of this study were to (1) investigate the lower porosity and permeability
limits of effective reservoir and its influence factors and (2) evaluate the roles of sediment
source, sediment transport distance, sedimentary facies and dissolution diagenesis on the
formation of an effective reservoir. The results are of practical significance for guiding the
selection of natural gas exploration zones in the Qiongdongnan Basin (QDNB).

2. Geological Background

The QDNB is in the northern area of the South China Sea (see Figure 1A). NE-, NNE-,
NW- and EW-trending faults controlled the development of the Songxi Sag (S5XS), Songdong
Sag (SDS), Yabei Sag (YBS), Yanan Sag (YNS) and Songtao Uplift (STU) in the northern
depression; the Changchang Sag (CCS), Songnan—-Baodao Sag (SN-BDS), Lingshui Sag
(LSS), Ledong Sag (LDS) and Songnan Uplift (SNU) in the central depression and the
Beijiao Sag (BJS) in the southern depression (see Figure 1B). The western QDNB contains
YBS, YNS, LDS and LSS, and the eastern QDNB contains SXS, SDS, SN-BDS and CCS (see
Figure 1B). The tectonic evolution of the QDNB includes the rifting (35-23 Ma) and post-rift
subsidence stages (23-0 Ma) [34-36].

The QDNB is developed on Mesozoic basement and contains a thickness of 6000-12,000 m
Tertiary to Quaternary sediments (see Figure 2) [37,38]. Rifting commenced in the Eocene
and finished around the late Oligocene, leaving a series of sags that are filled with lacustrine
sediments (see Figure 2) [37,38]. During the early Oligocene, the Yacheng Formation
(YCF) comprised neritic and coastal-plain coal-bearing sediments (see Figure 2) [37,38].
Immediately above the Yacheng Formation is the littoral to neritic Lingshui Formation
(LSF) (see Figure 2) [37,38]. Following the rifting stage, the QDNB experienced post-rift
thermal subsidence to date and was filled with a thick sequence of marine sediments
(see Figure 2) [37,38]. In the post-rift subsidence stage, marine sediments dominated by
mudstones with occasional turbidite channels and deepwater fan sandstone were deposited
in the Miocene Sanya Formation (SYF), Meishan Formation (MSF), Huangliu Formation
(HLF) and the Pliocene Yinggehai Formation (YGHF) (see Figure 2) [37,38]. The primary
strata in this study are the LSF, SYF and MSE.

The sediments source of the QDNB includes the palaeo-uplifts within the basin, the
Hainan Uplift and the Red River [39-42]. These sediment sources were dominant in
different periods [43]. The basin was in the rifting stage during the deposition of the YCF
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and LSF, and each sag was an independent sedimentary unit [34-36]. The sediments of
each sag during this period primarily originated from the palaeo-uplifts adjacent to the
sag, and the transport distance of these sediments was short [41]. During the deposition
of the Miocene SYF and MSF, the basin was in the post-rift subsidence stage, and the
sediments from the Hainan Uplift entered the basin widely and occupied a dominant
position [34,36,44]. The transport distance of these sediments is longer than that of the
Oligocene sediments. During the late Miocene HLF and Pliocene YGHF depositions, the
sediment transported by the Red River entered the basin and deposited as a large submarine
fan and canyon with the longest transportation distance [42,45,46].
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Figure 1. Map showing the location of the Qiongdongnan Basin (A) and the sags of the Qiongdongnan
Basin (B). A 3D topographic map in (A), modified after Yang [47]. Legends: YBS: Yabei Sag; SXS:
Songxi Sag; SDS: Songdong Sag; YNS: Yanan Sag; LDS: Ledong Sag; LSS: Lingshui Sag; SN-BDS:
Songnan-Baodao Sag; CCS: Changchang Sag; BJS: Beijiao Sag; STU: Songtao Uplift; SNU: Songnan
Uplift; LNU: Lingnan Uplift.
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Figure 2. The left seismic profile and interpretation profile shows the internal structure, tectonic
stage, sedimentary facies and evolution of the Qiongdongnan Basin. The right sketch map shows the
sequence classification, seismic reflector, geologic age and lithologic characteristics of the Qiongdong-
nan Basin. The ages of the sequence boundaries and formations in the Qiongdongnan Basin were
provided by the Research Institute of China National Offshore Oil Corporation.

3. Materials and Methods
3.1. Samples and Their Petrography, Porosity and Permeability

Systematic observations were conducted on cores from the QDNB, covering approx-
imately 200 m of the cores from 10 wells. The China National Offshore Oil Corporation
(CNOOC) provided 60 core samples from the MSE, SYF and LSF sandstone. Sixty samples
were prepared as cast thin sections to investigate the mineralogical compositions, diagen-
esis and pores. A Nicon LV100 polarizing petrographic microscope (Nikon Corporation,
Tokyo, Japan) was used to observe thin sections under different magnifications. Quanti-
tative petrographic analysis was performed by counting at least 300 points/thin sections,
to differentiate between detrital composition, cements, foraminifera and types of pores.
Scanning electron microscope (SEM) analysis was performed on nineteen samples using
an FEI Merlin Compact SEM (Carl Zeiss AG, Oberkochen, Germany). The purpose of the
SEM analyses was to determine the type and morphology of the foraminifera. Approxi-
mately 406 mineralogical compositions of the MSF, SYF and LSF sandstone were used, of
which 110 mineralogical compositions refer to different samples that were point-counted
through thin sections, 162 mineralogical compositions were obtained from the CNOOC, and
the other 134 mineralogical compositions from Gao [48] and Zhong [49]. Approximately
2438 porosity and permeability values of the LSF, SYF, MSF, HLF and YGHF sandstone
were used, of which 1147 porosities and permeabilities were obtained from the CNOOC,
and the other 1291 from Zhao [50], You [51] and Su [52,53].
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3.2. The Lower Porosity and Permeability Limits of Effective Reservoir Analysis

The lower porosity and permeability limits of the effective reservoir were investigated
using 423 measured porosities and permeabilities and interpreted gas saturations from
44 wells (including the prementioned 10 wells of which samples were prepared as cast
thin sections to investigate the pores). Depending on whether the reservoir contains
natural gas and water, the reservoirs were interpreted as a gas layer, gas and water layer,
gas-bearing water layer, water layer and dry layer [13-15]. The CNOOC provided the
porosity, permeability and gas- or water-layer interpretation results. Here, we define the
gas-bearing water layer, gas and water layer, gas layer and water layer as the geological
fluid-bearing layer. On the cross-plot with porosity and permeability as abscissa and
ordinate, respectively, the samples of those interpreted as the dry layer are frequently
distributed in different regions, with the samples interpreted as a geological fluid-bearing
layer, and the porosity and permeability boundaries between them are considered as the
lower porosity and permeability limits of the effective reservoir [13-15].

4. Results
4.1. Sandstone Petrography
4.1.1. Late Oligocene LSF

The LSF sandstone includes four lithofacies: conglomeratic coarse sandstone, coarse
sandstone, fine sandstone and siltstone (see Figure 3). The LSF sandstone comprises sub-
feldsarenite, sublitharenite, litharenite, feldspathic litharenite, lithic arkose and feldsarenite
(see Figure 4A). The average quartz content is 59.5%, of which the single-crystal quartz
content is 45.9%, the polycrystalline quartz content is 13.6% and the secondary growth of
quartz is generally developed (see Figure 5A). The average feldspar content is 16.3% and
its type is primarily potassium feldspar. The average rock fragment content is 7.7% and
the type is predominantly igneous and metamorphic rock fragments (see Figure 5A). The
average matrix content is 10.4%, and the cement is dominated by calcite, with a content
of 0.2-8.6%, followed by iron dolomite (3.5%) and iron calcite (2.1%). The grain size is
typically fine to medium with a few coarse grains present, well-to-moderately sorted and
subangular to round (see Figure 5A).

4.1.2. Lower Miocene SYF

The SYF sandstone includes two lithofacies, primarily comprising siltstone and fine
sandstone (see Figure 3). The SYF sandstone contains subfeldsarenite and sublitharenite
and some quartz arenite and litharenite (see Figure 4B). The average quartz, feldspar and
rock fragment contents are 60.3%, 6.9% and 6.4%, respectively (see Figure 5B). The feldspar
and rock fragments are mainly potassium feldspar and metamorphic and extrusive rock
fragments, with average contents of 6.7%, 2.3% and 2.6%, respectively. The argillaceous
matrix content is 2.7-34.6%. The cement is mainly iron calcite (avg. 4.5%), followed by
dolomite (2.8%) and iron dolomite (2.8%). The grain size is silt to fine grain, poorly to
moderately sorted and angular to subangular (see Figure 5B).

4.1.3. Middle Miocene MSF

The MSF sandstone includes two lithofacies, primarily comprising siltstone and
muddy siltstone (see Figure 3). The MSF sandstone contains subfeldsarenite, sublitharenite,
litharenite, feldspathic litharenite and some quartz arenite (see Figure 4C). The quartz con-
tent ranges from 33.0% to 74.0% (avg. 51.8%) (see Figure 5C). Quartz primarily comprises
single-crystal quartz; the secondary growth of quartz is undeveloped. The feldspar content
is 2.5-6.5% (avg. 5.5%) and its type is mainly potassium feldspar. The rock fragment
content is 1.0-2.5% (avg. 1.6%) and the type is primarily metamorphic rock fragments (avg.
1.5%). The argillaceous matrix content in sandstone ranges from 2% to 26% (avg. 7.3%).
The cement is mainly iron calcite (5.3%), followed by calcite (1.3%), dolomite (1.1%) and
iron dolomite (0.6%). The sandstone texture of the MSF is similar to that of the SYF, with
the silt grain size being poorly sorted and angular to subangular (see Figure 5C).
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Figure 3. Well L421 shows that the Lingshui Formation sandstone comprises siltstone, fine sandstone,
coarse sandstone and conglomeratic coarse sandstone; well B1922 shows that the Sanya Formation
sandstone comprises siltstone and fine sandstone; and well S3611 shows that the Meishan Formation
sandstone comprises siltstone and muddy siltstone.
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Figure 4. The mineralogical compositions of (A) the Lingshui Formation, (B) the Sanya Formation and
(C) the Meishan Formation sandstones are plotted in the triangular chart (after Folk [54]). 1: quartz
arenite; 2: subfeldsarenite; 3: sublitharenite; 4: feldsarenite; 5: lithic arkose; 6: feldspathic litharenite;

7: litharenite.

Figure 5. Lithology and pore characteristics of the Lingshui, Sanya and Meishan Formation sand-
stones. (A) The thin-section micrograph shows that the Lingshui Formation (LSF) sandstone is
fine-medium grain, moderately well-sorted and subangular to subrounded; well Y1312, 3883.15 m.
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(B) The Sanya Formation (SYF) sandstone is silt to fine grain, poorly to moderately sorted and angular
to subangular; well 53431, 2575.20 m. (C) The Meishan Formation sandstone is silt grain, moderately
sorted and angular to subangular; well B1923, 2426.50 m. (D) A few primary intergranular and
many intergranular dissolution pores are developed in the LSF sandstone; well Y1921, 3827.90 m.
(E) Feldspar grains dissolved to form intragranular pores in the LSF sandstone; well Y1313, 3816.10 m.
(F) Secondary dissolution pores are widely developed in the SYF sandstone; well 53431, 2576.00 m.
(G) Feldspar grains dissolved to form intragranular pores in the SYF sandstone; well 53431, 2572.90 m.
(H) Glauconite grains dissolved to form intergranular and intragranular pores in the SYF sandstone;
Well 53431, 2566.00 m. (I) Secondary dissolution pores are widely developed in the Meishan Forma-
tion sandstone; well B1311, 1582.10 m. Legend: quartz (Q), quartz overgrowth (QO), feldspar (F),
dissolved felspar (DF), glauconite (G), dissolved glauconite (DG), primary porosity (PP), secondary
pores (SP).

4.2. Pore Systems
4.2.1. Primary Intergranular Pore

Only a few primary intergranular pores are preserved in the LSF, SYF and MSF sand-
stones. The minerals are typically inline or in uneven contact because the LSF sandstone
has undergone strong compaction (see Figure 5A). The lesser development of cement
allows a few primary intergranular pores to be retained (see Figure 5D,E). These pores are
usually triangular or elongated in thin sections. The SYF and MSF sandstones experience
inadequate compaction and the minerals are typically in point contact (see Figure 5F-I).
Because of strong carbonate cementation and the generous argillaceous filling, the primary
intergranular pores in the SYF and MSF sandstones were not preserved. Only when the
MSF sandstone is well-sorted and the argillaceous matrix is low can the residual primary
intergranular pores be observed between the quartz grains.

4.2.2. Secondary Dissolution Pore

Secondary dissolution pores widely exist in the LSF, SYF and MSF sandstones (see
Figure 5E-I). The dissolution pores comprise intergranular dissolved, intragranular dis-
solved, mould and dissolution-enlarged pores (see Figure 5E-I).

The intergranular dissolution pores in the LSF, SYF and MSF sandstones are primarily
formed by the dissolution of the feldspar grain edges (see Figure 5E F]I). The morphology
of the feldspar intergranular dissolution pores is highly irregular, frequently showing a bay-
like shape. Furthermore, the intergranular dissolution pores related to the dissolution of
the glauconite grain edges are developed in the SYF and MSF sandstones (see Figure 5H,I).
Since glauconite is a unique mineral in the SYF and MSF sandstones, the intergranular
dissolution pores related to glauconite are unique to the SYF and MSF sandstones (see
Figure 5H,I). The morphology of glauconite intergranular dissolution pores is much more
regular than that of feldspar intergranular dissolution pores, frequently similar to the shape
of the glauconite particles (see Figure 5H).

The feldspar and glauconite intragranular dissolution primarily form the intragranular
dissolution pores in the LSF, SYF and MSF sandstones (see Figure 5E,G,H). The intragranu-
lar dissolution of feldspar is widespread in the LSF sandstone (see Figure 5E). However, the
intragranular dissolution of glauconite is more common in the SYF and MSF sandstones
(see Figure 5H). The intragranular dissolution pores related to glauconite in the SYF and
MSF sandstones are more developed than the intergranular dissolution pores related to
feldspar. Feldspar intragranular dissolution is frequently carried along the cleavage of
feldspar to the periphery to form irregular intragranular dissolution pores (see Figure 5E).
The dissolution pores in glauconite grains are primarily regular, continuous flakes (see
Figure 5H).

Mould pores are widely developed in the SYF and MSF sandstones and are formed
when the glauconite particle is almost entirely dissolved, and only the outline of the
grain remains (see Figure 5H). The size and shape of the glauconite grains determine the
size and morphology of these pores. The glauconite in the SYF and MSF sandstones are
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mainly stripes, triangles and ellipses; therefore, the related mould pores are also stripes,
triangles and ellipses. The complete dissolution of feldspar to form a mould pore is rarely
observed. However, after several continuously arranged feldspars undergo intergranular
or intragranular dissolution, dissolution-enlarged pores are formed in the LSF, SYF and
MSF sandstones.

4.2.3. Foraminiferal Cavities

Foraminifera are widely developed in the SYF sandstone and are occasionally observed
in the MSF sandstone (see Figure 6). The most common foraminifera in the SYF sandstone
are in the Operculina sp. It contains a few fossil fragments of the Cycloclypeus sp. and
Miogypsina sp., with a shell diameter of 2-6 mm (see Figure 6). Other biological debris
included minimal Globigerina and bivalves. Foraminiferal shells in thin sections typically
appear in a directional arrangement. The size of foraminiferal bodies buried in the same
position is similar, the shells are intact and many foraminiferal cavities are preserved.
Foraminiferal cavities are isolated pores separated by partition walls, and only some are
partially connected due to the destruction of the shell structure (see Figure 6).

Figure 6. (A-C) Thin-section micrographs and (D-I) SEM images showing pores in various
foraminiferal cavities. (A) The chambers in orientated foraminifera were well preserved, well
53431, 2570.90 m. (B) Spherical chambers in foraminifera, well 53431, 2568.10 m. (C) The chambers in
foraminifera were well preserved, well S3611, 3257.80 m. (D) The pores in the outer wall of foraminifera,
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well 53611, 3257.80 m. (E) Spherical chambers in foraminifera, well S3611, 3257.80 m. (F) The
chambers in foraminifera, well S3611, 2813.20 m. (G) Spherical chambers in foraminifera, well S3611,
3257.80 m. (H) The pores in the outer wall of foraminifera, well B1331, 1968.90 m. (I) The chambers in
foraminifera, well Y9, 2221.57 m.

4.3. Porosity and Permeability

In the western QDNB, the LSF sandstone has a porosity of 2.1-29.35% and a perme-
ability of 0.07-2549 x 1073 pum? (see Figure 7A,B). Three abnormally high petrophysical
property zones developed at depths of 2700-2900 m, 3650-4150 m and 4450-4800 m with
maximum porosities of approximately 30%, 25% and 20%, respectively (see Figure 7A). In
the eastern QDNB, the amount of LSF sandstone with a burial depth of less than 3500 m
porosity is generally high, ranging from 10% to 30%, and that of LSF with a burial depth
greater than 3500 m is rapidly reduced to 2-15% (see Figure 7A). Two abnormally high
porosity zones developed at depths of 3750-4300 m and 4800-5250 m, with maximum
porosities of approximately 17% and 13% (see Figure 7A).
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Figure 7. (A) Porosity and (B) permeability of the Lingshui Formation sandstones. (C) Porosity and

(D) permeability of the Sanya and Meishan Formation sandstones.
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The burial depths of the SYF and MSF sandstones in the western QDNB are typically
greater (>2300 m) than those in the eastern QDNB. The burial depth of the SYF and MSF
sandstones in the western QDNB is generally greater than 2300 m, whereas that of the
eastern QDNB is usually less than 2500 m. The difference in the SYF and MSF sandstones’
burial depths in the eastern QDNB ensures a higher porosity of 8-32% and permeability of
0.05-93.8 x 1073 um?, whereas, in the western QDNB, they have a low porosity of 1-28%
and permeability of 0.01-20 x 1073 um? (see Figure 7C,D). The SYF and MSF sandstones
in the western QDNB developed one abnormally high porosity zone at 47004800 m deep
(see Figure 7C).

5. Discussion
5.1. The Lower Porosity and Permeability Limits of the Effective Reservoir
5.1.1. Sandstone in Different Sedimentary Facies

Various sedimentary facies are developed in the QDNB, including delta, submarine
canyon and submarine fan [35,40,42,46]. The lower porosity and permeability limits of
effective reservoirs in different sedimentary facies is an exciting topic. Considering that
the submarine fan data are few in this study, the submarine fan and submarine canyon
data are taken as the sample for statistical analysis. Statistical analysis shows that the
porosity and permeability of sandstone developed in the delta are greater than 8.9% and
1.2 x 1073 um?, respectively, and the sandstone might contain water or natural gas, thus
becoming an effective reservoir (see Figure 8A). For sandstone developed in submarine
canyons and fans, the lower porosity and permeability limits of sandstone that can become
an effective reservoir are 11.3% and 4.0 x 103 um?, respectively (see Figure 8B). The result
indicates that with the increase in the sediment transport distance, the lower porosity and
permeability limits of the reservoir will increase. The possible reason for this result is
that, with the increase in the sediment transport distance, the sandstone will be better
sorted and rounded. Intergranular pore development is more common, resulting in the
sandstone having higher porosity and permeability. When geological fluids enter these
sandstone layers, they preferentially accumulate into a reservoir with higher porosity and
permeability. This process improves the lower porosity and permeability limits of whether
the sandstone can contain geological fluids.

5.1.2. Sandstone with Different Grain Sizes

Argillaceous siltstone, siltstone and fine and coarse sandstone are enriched in the
QDNB [40-42]. The pore structures and petrophysical parameters of sandstone with
different grain sizes vary considerably [49-53]. Therefore, it is necessary to analyse the
lower porosity and permeability limits of effective reservoirs with varying grain sizes.
Statistical analysis shows that only when the porosity and permeability of coarse sandstone,
fine sandstone, siltstone and argillaceous siltstone are greater than 9.9% and 7.7 x 1073
um?, 10.2% and 1.9 x 103 um?, 12.3% and 9.9 x 10~ um? and 12.2% and 3.9 x 1073
um?, respectively (see Figure 8C-F), the sandstone might contain water or natural gas,
thus becoming effective reservoirs. The result indicates that with the decreasing grain
size, the lower porosity limit for sandstone to be an effective reservoir will increase and no
significant correlation exists between the grain size and lower permeability limit because,
with the decrease in grain size, the porosity and permeability of the reservoir decrease. It is
challenging for geological fluids to enter reservoir with poor porosity and permeability,
requiring higher porosity and permeability limits for siltstones to be effective reservoirs.
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Figure 8. The porosity, permeability and gas testing relation graphs of the sandstones developed in
the (A) deltas, (B) submarine canyons and fans, (C) coarse sandstone, (D) fine sandstone, (E) siltstone,
(F) argillaceous siltstone, (G) Lingshui Formation and (H) Sanya and Meishan formations.

5.1.3. Sandstone in Different Strata

The burial depth of the sandstone influences its diagenetic process, which will change
the petrophysical parameters of the sandstone, causing the reservoir in the deep stratum to
frequently have a lower porosity and permeability [49-51,55]. We discuss the variation in
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the lower porosity and permeability limits of effective reservoirs in different formations.
Considering the small thickness and few data of the MSF (primarily 100-250 m thick), the
MSF and the SYF data are taken as samples for statistics. Statistical analysis shows that the
porosity and permeability of sandstone developed in the late Oligocene LSF are greater
than 8.8% and 1.0 x 103 um?, respectively, and the sandstone might contain water or
natural gas, thus becoming an effective reservoir (see Figure 8G). For sandstone developed
in the Miocene MSF and SYF, the lower porosity and permeability limits of sandstone that
can become effective reservoirs are 11.8% and 5.7 x 1073 um? (see Figure 8H). The result
indicates that with the decrease in the stratum period, the lower porosity and permeability
limits of the effective reservoir will increase because, in shallower buried formations,
sandstone tends to experience weaker compaction and cementation, resulting in higher
porosity and permeability. When geological fluids enter the shallower buried sandstone,
they preferentially accumulate into sandstone with high porosity and permeability. This
process improves the lower porosity and permeability limits of whether the shallower
buried sandstone can contain geological fluids.

5.2. Formation Mechanism of the Effective Reservoir
5.2.1. Effect of Sediment Source and Transport Distance

Sediment source and transport distance are fundamental factors determining the petro-
physical parameters of the QDNB sandstone [41,49,51]. In particular, the sediment transport
distance significantly influences the petrophysical parameters of sandstones [41,49,50]. A
petrophysical parameter comparative analysis shows that the sandstone sourced from the
Red River drainage has experienced the longest transport distance [42,45,46], and the poros-
ity and permeability are the highest (see Figure 9A). The sandstone reservoir sourced from
the Hainan Uplift experienced a medium transport distance [34,36,44], and the porosity
and permeability are in the middle of the three provenances (see Figure 9A). The sandstone
reservoir sourced from the palaeo-uplift within the basin experienced the shortest transport
distance [41], and the porosity and permeability were minor in the three provenances (see
Figure 9A). Furthermore, the petrophysical parameters of sandstones from the palaeo-uplift
within the QDNB and the Hainan Uplift vary widely, indicating that only a portion of the
sandstone from these two provenances can be effective reservoirs (see Figure 9A).
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Figure 9. The relationship between porosity, permeability and (A) sediment source and (B) sedimen-
tary facies of the sandstones in the Qiongdongnan Basin.

5.2.2. Effect of Sedimentary Facies

Reservoir quality is influenced by depositional process [55] and sedimentary facies
are therefore another major factor determining the petrophysical parameters of the QDNB
sandstone [49-51]. A comparative analysis of the petrophysical parameters of sandstone
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developed in different sedimentary facies shows that the sandstones developed in deep-
water fans and submarine canyons have higher porosity and permeability, followed by
deltas and fan deltas. The sandstone developed in the coastal area has the lowest porosity
and permeability (see Figure 9B). The porosity and permeability of sandstone developed in
deepwater fans, submarine canyons, fan deltas and deltas of the QDNB vary widely. The
deepwater sedimentary sandstone sourced from the Red River system has higher porosity
and permeability, whereas that from the southeast Hainan Uplift has a lower porosity and
permeability (see Figure 9). The sandstones developed in fan deltas and deltas have a wide
range of porosity and permeability because the sediment sources are primarily from the
palaeo-uplift within the basin and the Hainan Uplift (see Figure 9).

5.2.3. Dissolution of Various Minerals during Diagenesis

(1) Dissolved minerals

Feldspar dissolution is an important diagenetic reaction affecting reservoir quality
evolution in sandstones with detrital feldspars [56]. Feldspar particles are the primary
dissolved minerals in the LSF sandstone reservoir of the QDNB (see Figure 5D,E). The
average feldspar content in the LSF sandstone is 16.3%, of which 85% have suffered varying
degrees of dissolution. Some feldspar particles are only dissolved at the outer edge, and
some are inside the particles (see Figure 5D,E). Most feldspar particles in the LSF sandstone
were dissolved, indicating that the feldspar content determines the development degree of
dissolution pores. The feldspar content in the LSF sandstone is proportional to the grain
size of the sandstone [48,49]. In sandstone reservoirs with coarser grain sizes, the feldspar
content is higher and the dissolution pores of feldspar are more developed than those with
finer grain sizes [48,49].

In addition to feldspar, glauconite dissolution is more common in the SYF and MSF
sandstone reservoirs (see Figure 5H). The average feldspar contents in the SYF and MSF
sandstone reservoirs are 6.9% and 5.5%, respectively, which is much lower than the feldspar
content in the LSF sandstone reservoir. However, the glauconite content in the SYF and
MSF sandstone reservoirs reached 3-15%, of which 95% have suffered different degrees
of dissolution (see Figure 5H). Moreover, most dissolution occurs inside the glauconite
particles, which significantly contributed to the dissolution pore development in the SYF
and MSF sandstones (see Figure 5H).

(2) Dissolved acidic geological fluids

Carbonic acid is one of the primary acidic fluids in the QDNB [57]. The CO, content
in the natural gas reservoir of the QDNB is 0.5-97.2%, and, in particular the CO, con-
tent in the natural gas reservoir distributed in the northern SN-BDS is typically higher
than 80% [53,58]. The carbon isotope value of CO; in the QDNB is between —7.50%0 and
3.90%o, the value of He/*He is 3.46-8.75 x 10~ and the R/Ra value is between 2.47 and
7.87 [53,58]. Such recorded values indicates that the CO, in the QDNB is primarily of
mantle-derived inorganic origin. Mantle-derived CO, in the QDNB enters sandstone reser-
voirs mainly through magmatic diapirs and eruptive volcanoes [58]. The fluid inclusions
show that the CO, charging periods are the Pliocene and Quaternary [53,58]. Simulation
experiments show that CO,-rich deionised water can have a strong dissolution effect on
potash feldspar and albite [57].

The organic acid released from the source rock is another essential acidic fluid in
the QDNB [53]. The source rocks in the QDNB are developed in the YCF [58]. The
YCF in shallow-water areas comprises 483-910 m mudstones and 5-13.5 m carbonaceous
mudstones and coals [58]. The total organic carbon (TOC) value is 0.4-98.5% [58]. The
YCF in deepwater areas comprises shales, carbonaceous shales and coals, with TOC values
of 0.4-21% [58]. The YCF source rocks primarily contain types IIb and III kerogens [58].
The YCF source rocks in the QDNB reached a mature stage at 22 Ma and entered the gas
generation window at 10 Ma [58]. Thermal simulation experiments show that the YCF
source rocks can generate many organic acids, with an average yield ratio of organic acid to
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kerogen of 3.8 mg/g; moreover, the primary component is oxalic acid, which has a strong
dissolution ability [53]. When the organic acids generated by the YCF source rocks enter the
adjacent sandstone reservoir of the LSE, SYF and MSF along the fault system, they dissolve
the soluble minerals in the sandstone reservoir and form dissolution pores [56].

5.3. Implication for Deepwater Natural Gas Exploration

The LSF effective reservoir in the deepwater area of the QDNB is mainly distributed in
the northern margin of the LDS and LSS, the periphery of the SNU and the northern margin
of the SNS. The sedimentary facies of the sand bodies in the northern area of the LDS and
LSS are deepwater fans [41]. The sediments of these deepwater fans are mainly sourced
from the deltas developed in the Yacheng area, where the sediments are primarily medium-
and coarse-grained sandstone [41]. Therefore, deepwater fan sandstone developed in the
northern margin of the LDS and LSS is also considered coarse grained [41]. Furthermore,
dissolution pores are widely developed in the LSF sandstone in this area. The facies of
the sand body developed on the periphery of the SNU is a beach bar, and no drilling has
encountered this set of sand bodies. From the sedimentary environment, it is inferred that
the sandstone should be pure. It is adjacent to the source rock and prone to organic acid
dissolution. The sedimentary facies of the sand bodies developed in the northern margin
of the SNS are fan deltas and coastal seas and are prone to organic acid dissolution.

The SYF effective reservoir in the deepwater area of the QDNB is mainly distributed
in the northern margin of the LDS and LSS. The sedimentary facies of the sand bodies
developed in the northern margin of the LDS and LSS are deepwater fans [41]. However,
the grain size and argillaceous content of the sandstone vary [41]. The delta sediments
developed on the northern shelf of the LDS and LSS have a coarse grain size, making the
deepwater fans developed in this area have a coarser grain size and lower argillaceous
content than in other areas [41]. Furthermore, the development of dissolution pores results
in the deepwater fan sand bodies in this area having a higher porosity and permeability.

The MSF effective reservoir in the deepwater area of the QDNB is primarily distributed
in the central and northern regions of the LDS and LSS and the northern margin of the
SNS and CCS. The depositional facies of the sandstone are deepwater fans [40]. The sand
bodies developed in the LDS and LSS are sheet sand but differ from the sheet sand in the
northern margin of the SNS [40]. The sheet sand developed in the northern area of the LDS
and LSS has a coarser grain size and lower argillaceous content [40]. Simultaneously, due
to the development of dissolution pores, the sheet sand developed in the LDS and LSS
has high porosity and permeability. The sheet sand developed in the northern margin of
the SNS has multiple stages of evolution [40]. The deepwater fans developed in the early
stage are small, are dominated by siltstone and rich in argillaceous [40]. The deepwater
fans developed when the sea level decreased to the lowest during the middle Miocene has
a large scale and a fine grain size [40]. Moreover, no magmatic diapirs are developed in the
development area of the late-stage deepwater fan, which can avoid CO; filling [57]. The
sedimentary facies of the sand bodies developed in the northern margin of the CCS are
deepwater channels [40]. The lithology of the deepwater channel sandstone is well-sorted
fine sandstone [40] with a high porosity and permeability.

6. Conclusions

This study analysed the lower petrophysical property limits and their influence factors
of the effective marine sandstone gas reservoirs in the Qiongdongnan Basin using porosity,
permeability and gas testing. Then, the roles of sediment source, sediment transport
distance, sedimentary facies and dissolution diagenesis on the formation of an effective
sandstone reservoir were evaluated, and finally the favourable reservoir development zone
was proposed.

e A few primary intergranular and many secondary dissolution pores are preserved
in the LSF, SYF and MSF sandstones of the QDNB. Foraminifera were widely pre-
served in the SYF sandstone. In the western QDNB, three abnormally high porosity
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References

and permeability zones developed in the LSF at depths of 2700-2900 m, 3650-4150 m
and 4450-4800 m, whereas there are two abnormally high porosity zones in the east-
ern QDNB at depths of 37504300 m and 4800-5250 m. The SYF and MSF sand-
stones in the eastern QDNB have a high porosity of 8-32% and a permeability of
0.05-93.8 x 10~3 um?, whereas the SYF and MSF sandstones in the western QDNB
have a low porosity of 1-28% and a permeability of 0.01-20 x 103 um?. The SYF
and MSF sandstones in the western QDNB developed abnormally high porosity at
4700-4800 m deep.

e  The lower porosity and permeability limits of effective reservoirs developed in the
deltas are 8.9% and 1.2 x 103 um?, whereas the lower porosity and permeability limits
of those developed in submarine canyons and fans are 11.3% and 4.0 x 1073 pm?.
The lower porosity and permeability limits of the effective reservoirs with coarse,
fine, silty and argillaceous silty grain sizes are 9.9% and 7.7 x 10~3 um?, 10.2% and
1.9 x 1073 um?, 12.3% and 9.9 x 103 um? and 12.2% and 3.9 x 103 um?, respectively.
The lower porosity and permeability limits of effective reservoirs developed in the
late Oligocene LSF are 8.8% and 1.0 x 1073 um?, whereas the lower porosity and
permeability limits of effective reservoirs developed in the Miocene MSF and SYF are
11.8% and 5.7 x 103 um?.

e  The sandstones from the Red River have higher porosity and permeability, followed
by those from the Hainan Uplift. The palaeo-uplift within the basin presents the
lowest porosity and permeability. The sandstone reservoirs developed in deepwater
fans and submarine canyons have a higher porosity and permeability, followed by
deltas and fan deltas, and the sandstone reservoir developed in coastal areas has the
lowest porosity and permeability. Dissolution of the feldspars by CO, and organic
acid, resulting in dissolution pores, is considered the primary mechanism for increased
porosity of the effective LSF reservoir. Glauconite particle dissolution is common in
the SYF and MSF sandstone reservoirs.
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Abstract: It is beneficial in terms of the theoretical significance and application prospects to define
the structure and reservoir development model of the lower Paleozoic unconformity in the Jiyang
Depression of Bohai Bay Basin, China, for oil and gas exploration of unconformity in carbonate
strata. Geological and geochemical evidence shows that a regional unconformity formed during the
Huaiyuan Movement in the lower Paleozoic strata of the Jiyang Depression. Along the top of the
regional unconformity between the Yeli Liangjiashan Formation and Fengshan Formation, various
types of karst breccia have developed, showing prominent characteristics of development and vertical
karst zonation. The paleokarst zone can be divided into the vadose zone and the underflow zone,
and there are apparent differences between the two zones in terms of the mode of karst activity
and type of reservoir space. Primitive sedimentary microfacies, dolomitization, and supergene
karstification controlled the reservoirs of the Fengshan Formation and Yeli-Liangjiashan Formation.
There are significant differences in the original physical properties due to the differences in the
original sedimentary microfacies. The pore development of granular dolomite of high-energy beach
facies has the best reservoir performance. In the later period, the superposition of dolomitization and
supergene karstification resulted in apparent differences in karst development mode, development
intensity, reservoir type, and reservoir physical properties. Among them, the granular dolomite
reservoir has the best physical properties and has developed a cavity-type reservoir that has a planar
distribution along an unconformity surface.

Keywords: Chengdao-Zhuanghai buried hill; the lower Paleozoic; Huaiyuan movement; unconformity
structure; supergene karstification; reservoir development model

1. Introduction

Statistics show that nearly one-third of the world’s large carbonate oil and gas fields
are related to unconformities [1-3]. Previous studies have shown that due to the influence
of tectonic movement, carbonate strata are exposed to the surface, and under the influence
of atmospheric freshwater leaching, supergene karstification occurs to form unconformity,
and a large number of dissolution pores and caves that are developed inside the unconfor-
mity can be used as good reservoirs and essential channels for oil and gas migration [4-13].
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Therefore, this critical study predicts the distribution of oil and gas reservoirs in carbonate
strata to clarify the characteristics and development model of unconformity. Different schol-
ars have effectively identified unconformity interfaces from the perspective of stratigraphic
cycles, C and O isotopes, trace element data, and foraminiferal biostratigraphy [14-20]. On
this basis, the karst profile structure and horizontal distribution controlled by paleokarst un-
der the unconformity have been deeply analyzed by combining present and past methods.
The zonation and intensity of karst vertically and horizontally in carbonate reservoirs with
unconformities are vital factors controlling the formation and distribution of secondary
reservoir spaces [17,21-27].

The lower Paleozoic strata in the Jiyang Depression of Bohai Bay Basin, China, ex-
perienced multiple stages of tectonic uplift, weathering and leaching, and hydrothermal
transformation; these activities occurred in the Huaiyuan Movement (early Caledonian
Movement), late Caledonian Movement, early Hercynian Movement, Indosinian Move-
ment, Yanshan Movement, and Himalayan Movement [26]. The early Alpine stage, mainly
the Mesozoic, is called the Yanshan Stage in China. The narrow Alpine Age, called the
“Himalayan Age” in Asia, happened in the Cenozoic. Theoretically, there may be multi-
stage unconformities and multiple zones of karst reservoirs. Previous studies have focused
mainly on Himalayan unconformities and paleokarstification [28,29]. Although some
petroleum geologists have proposed that the Huaiyuan Movement affected the Jiyang
Depression [30], they believe that the reservoirs under the tectonic surface were not affected
or controlled by supergenetic activities during the Huaiyuan Movement but rather by mul-
tistage uplift and dissolution that affected the surficial lake environment in the Paleogene
faulted basin [26,31]. In addition to the lack of direct geological and geochemical evidence,
the record of the Huaiyuan Movement has been a controversial and unresolved issue. With
the continuous increase in oil and gas exploration in buried hills in the Jiyang Depression,
the discovery of large-scale oil reservoirs in the Yeli Formation and Liangjiashan Formation,
and the accumulation of a large amount of drilling data, petroleum geologists have begun
to understand the Huaiyuan Movement.

The Huaiyuan Movement, first named by Li Siguang (1939) [32], is an important
regional and multistage “curtain” tectonic movement that occurred in the early Paleozoic
on the North China platform; the movement lasted from the end of the Zhangxia Stage in
the middle Cambrian to the Liangjiashan Stage in the Early Ordovician. Frequently exposed
strata between the Majiagou Formation and the Liangjiashan Formation and within the
Yeli and Liangjiashan Formations were denuded from the Cambrian to the Ordovician.
The unconformity between the late Liangjiashan and Majiagou stages is the prominent
unconformity formed by this movement, and the duration of this depositional discontinuity
is 3~18 Ma [32,33]. The Jiyang Depression is one of the essential oil-bearing basins on the
North China Platform, and the whole tectonic evolution of the Huaiyuan Movement had
an essential influence on the formation of the lower Paleozoic reservoir and oil and gas
migration and accumulation in the Jiyang Depression. At present, because the duration
of exposure and denudation in this period was shorter than that during the Caledonian
Movement, the evidence of the record of this movement is relatively hidden, and it has not
attracted extensive or in-depth attention from geologists [30,31]. What are the characteristics
of the Huaiyuan Movement in the Jiyang Depression? Did it control the reservoir? Is this
reservoir widely developed throughout the depression? What are the development patterns
of the reservoir? All of these questions need to be answered. Therefore, the lower Paleozoic
Chengdao-Zhuanghai buried hill in the Jiyang Depression is selected as the research area.
Through field outcrop surveys, core observations, hand sample observations, geochemical
analyses, and seismic and drilling data, evidence of unconformities, the characteristics of
the development of unconformity structures, and reservoir development models during
the Huaiyuan Movement are revealed. This study provides a new direction for research on
lower Paleozoic reservoir prediction in the Jiyang Depression. It significantly contributes
to the study of unconformity in carbonate strata worldwide.
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2. Geological Background

The Chengdao-Zhuanghai buried hill is located to the northeast of the Jiyang Depres-
sion in the Bohai Bay Basin, eastern China (Figure 1). It is located in the central and eastern
parts of the North China Platform, adjacent to three hydrocarbon-generating depressions
(Huanghe Kou Sag, Bozhong Sag, and Chengbei Sag) on three sides, and connected to the
Chengbei Sag on the southwest, the Bozhong Sag on the northeast, and the Huanghe Kou
Sag on the east. The oil source conditions are excellent (Figure 2a).

The multi-stage tectonic movement influenced the formation of the Chengdao-Zhuanghai
buried hill. During the Caledonian tectonic movement, the Lower Paleozoic carbonate
platform as a whole was compressed and uplifted, the strata suffered denudation, and the
Upper Ordovician series, Silurian Series, Devonian series, and Lower Carboniferous Series
were missing, forming sedimentary discontinuities as long as 120 Ma. In the Hercynian
tectonic movement stage, the Upper Paleozoic strata developed the cratonic sedimentary
stage of land-sea intersection. In the late period, the whole was uplifted to land, suffered
denudation, and the tectonic activity was quiet, and the fault was not developed. During
the Indosinian tectonic movement, the early and Middle Triassic were stable deposits, while
the NE-SW compression uplift and denudation occurred in the late Triassic. In the stage of
Yanshan tectonic movement, the early to Middle Jurassic was in the process of filling and
replenishing with weak fault activity, and the Late Jurassic experienced overall uplift, the
Early Cretaceous NE-SW extensional fault depression, and the Late Cretaceous compressive
uplift and strata denudation. In the stage of the Xishan tectonic movement, the S-N intense
extensional fault depression occurred in the Paleogene, and the depression settlement occurred
from the Neogene to the Quaternary, and the late sediments overlay the earlier sedimentary
strata, forming the present buried hill [34].

Chengdao-Zhuanghai buried hill developed from the bottom up: Archean, Lower Pa-
leozoic Cambrian, Ordovician, Upper Paleozoic Carboniferous, Permian, Mesozoic Jurassic
and Cretaceous. The lower Paleozoic strata of the Chengdao-Zhuanghai buried hill are
Cambrian and Ordovician in age (Figure 2b), formed in a marine environment, and are a
set of stable carbonate strata. Influenced by the uplift and denudation of the Caledonian
Movement, Hercynian Movement, Indosinian Movement, Yanshan Movement, Himalayan
Movement, and other tectonic movements in the study area, the transformation and de-
struction of supergenetic karstification in multiple stages occurred, forming multistage
unconformities and multiple paleokarst interfaces (Wang et al. [35]). In different parts of
the Chengdao-Zhuanghai buried hill, parallel unconformities in the Cenozoic, Mesozoic, or
some of the upper Paleozoic strata cover the lower Paleozoic Badou Formation, Majiagou
Formation, or Yeli-Liangjiashan Formation. The late Cambrian and Ordovician strata were
mainly affected by the Huaiyuan Movement (early Caledonian Movement), the late Cale-
donian Movement—early Hercynian Movement, and the Indosinian Movement, while the
Yanshan Movement and the Himalayan Movement had relatively weak influences on the
lower Paleozoic strata. Current exploration practices have shown that there are good reser-
voir spaces and migration channels in the lower Paleozoic strata in the Chengdao-Zanghai
buried hill, resulting in oil and gas enrichment in several Formations (the Badou Formation,
Majiagou Formation, Yeili Liangjiashan Formation, and Fengshan Formation) [35,36].

The lithologies of the Yeli-Liangjiashan Formation in the study area are dominantly
dolomitic karst breccia, crystalline dolomite, and granular dolomite. Crystalline limestone,
calcareous dolomite, dolomitic limestone, argillaceous dolomite, and mudstone are also
present in local areas, with total formation thicknesses of 90~150 m. The Fengshan Forma-
tion is mainly composed of dolomitic or calcareous karst breccia, crystalline limestone, and
crystalline dolomite, and some areas contain muddy limestone. The total formation thick-
nesses are 100~110 m. The Majiagou Formation, overlying the Yeli-Liangjiashan Formation,
is dominated by limestone and dolomitic limestone interbedded with several sets of micritic
dolomite and salt-rich rocks, with thicknesses ranging from 150 to 600 m (Figure 2b) [35].
In terms of sedimentary facies evolution, the Cambrian—Early Ordovician was mainly
divided into three stages: the continuous transgression stage from the early Cambrian
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Mantou stage to the middle Cambrian Xuzhuang stage, which was dominated by a tidal flat
environment; the middle Cambrian Zhangxia to late Cambrian Gushan Changshan stage,
during which the maximum extent of the ocean occurred and was dominated by subtidal
high-energy shoals (Zhangxia stage), as well as open sea; and the late Fengshanian and
Early Ordovician stage, during which the water was shallower, and the Yeli-Liangjiashan
and Fengshan Formations formed in tidal flat and restricted sea environments. Granular
beach facies, evaporative platform dolomite facies, restricted platform limestone facies, and
limestone-dolomite facies are of equal occurrence in the Chengdao-Zhuanghai area in the

northeast Jiyang Depression (Figure 3) [26,37].
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Figure 3. Yeli-Liangjiashan Formation and Fengshan Formation. sedimentation-lithofacies paleogeo-
graphic map in Chengdao and Zhuanghai buried hill (according to Sinopec Shengli oilfield, 2022).

3. Materials and Methods

In this study, the evidence, structural characteristics and reservoir development model
of unconformities in the Yeli-Liangjiashan Formation and Fengshan Formation are studied
by means of outcrop exploration and core observations. Two observation areas, the Xinwen
area of Xintai city and the Yishui area of Linyi city, were selected for the field survey.
The specific survey sites are shown in Figure 4. The characteristics of lithology, solution
holes (pores), and cracks in the outcrop directly show the longitudinal characteristics of
an unconformity structure. Cores of 12 wells with a total length of 150 m were selected
from the Chengdao-Zhuanghai buried hill for detailed observation. The characteristics of
rock types, cracks, and solution holes (pores) in the scale range of hand specimens were
obtained. Sixty representative samples were selected from the cores to prepare thin sections.
The rock types, reservoir space types, and intercalation characteristics were studied in
detail with a ZEISS Imager.A2 m microscope (Carl Zeiss, Oberkochen, Germany). The
characteristics of cracks, solution holes (pores), and cementation of karst reservoirs on a
microscopic scale were obtained. On this basis, 47 representative samples were selected,
and C and O isotopes (8'*Cy.ppp/ %o and §'80y.ppp/ %.) were analyzed by a MAT253 gas
stable isotope mass spectrometer (613 C, with 0.0037 %0 and 8§80, with 0.013 %o). Twenty-two
pieces of carbon and oxygen isotope analysis data were obtained, and five pieces of carbon
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and oxygen isotope analysis data were obtained from literature research to complete the
study of fluid types in the paper. Sr isotope analysis (8%7Sry.ppB/ %0, 8%0Sry.ppB/ %0) Of the
cement was performed with a MAT261 solid stable isotope mass spectrometer (accuracy
875y /86Sr < 10 ppm). Eighteen sets of analytical data were obtained that could be used
to distinguish the period of occurrence of supergene karstification. Core observations
and sampling were completed in the core bank at the Shengli Oilfield, and thin-section
observations and geochemical analysis were completed at the Academy of Geosciences,
Chengdu University of Technology Laboratory.

4. Results
4.1. Peripheral Outcrop Characteristics

The points where the outcrop was observed are located in the Matouya area, Xinwen
city, Shandong Province (Area 1), and in the Yangzhuang area, Yishui County, Linyi city,
Shandong Province (Area 2), both of which are dominated by the exposed Yeli-Liangjiashan
Formation, with a small amount of exposed Fengshan Formation strata. The sedimentary
characteristics of the Yeli-Liangjiashan Formation and Fengshan Formation are similar to
those of the whole North China Platform in the late Cambrian and early Ordovician. This
paper focuses on the Yeli-Liangjiashan Formation in Area 1. Regionally, the thickness of the
Majiagou Formation overlying the Yeli-Liangjiashan Formation is approximately 600 m.

In the Yeli-Liangjiashan Formation in Area 1, the strata have a strike of NW20°, dip
direction of 30°, and dip angle of 35°. The exposed strata are distributed in thick layers (the
thickness of a single layer reaches 1 m), and the thickness of a single layer in the section
is uniform overall. The lithology is mainly dolomite, and the lithology is uniform both
vertically and laterally (Figure 4a,b,i). Vertically, the reservoir space exhibits apparent
zonation, which can be roughly divided into an upper fractured vuggy zone (Zone 1) and
a lower cavity zone (Zone 2). High-angle cracks are developed in the upper fractured
vuggy zone, with a maximum length of up to 2 m and a density of up to 5 bars/m. The
cracks are curved, and dissolution expansion holes and other holes are often present
along the edges of the cracks. Most of the holes are connected to the cracks (Figure 4c).
Stratified dissolution pores developed in the cavity zone and were interconnected. The
diameters of the pores range from 5 to 15 cm. The dissolution pores are filled with different
degrees of multistage secondary calcite, and the boundaries between secondary calcite at
different periods are clearly distinguishable (Figure 4d,e). Karst breccias are present in
Zone 1 and Zone 2, and the karst breccias are angular to subangular in shape, with the
largest diameter reaching 20 cm and the most minor diameter reaching 1 cm. Calcite veins
filled and developed along rock fractures and interlayer fractures, and a large number of
clay impurities filled the karst breccias (Figure 4f). Elliptic chert nodules are present in the
dolomites of the Yeli-Liangjiashan Formation. The nodules are approximately 18 cm in
size and are distributed along bedding planes (Figure 4g). The outcrop of the Fengshan
Formation in Area 1 (Figure 4h) shows the development of bamboo leaf-shaped dolomites,
some of which show disorderly accumulation, some of which show bedding distribution
characteristics, and fractures and dissolution cavities are less common than those in the
Yeli-Liangjiashan Formation.
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Figure 4. Geological characteristics of the Yeli-Liangjiashan Formation and Fengshan Formation in
Matouya area, Xinwen City and Yangzhuang area, Yishui County, Linyi City, Shandong Province.
(a) The dolomites of Yeli-Liangjiashan Formation are distributed in thick layers; (b) Development
of dissolved pores and cavities, thick layer distribution of dolomite in Yeli-Liangjiashan Formation;
(c) Vertical cracks and holes are developed in Liangjiashan Formation; (d) The profile of Liangjiashan
Formation shows the development of layered dissolved pores; (e) Stratified dissolved pores are
developed and connected in the Yeli-Liangjiashan Formation; (f) Development of karst breccia in
Yeli-Liangjiashan Formation; (g) Chert nodules are developed in dolomite of Liangjiashan Forma-
tion; (h) Bamboo leaf-shaped dolomite is developed in Fengshan Formation. (i) The dolomites of
Liangjiashan Formation are distributed in thick layers. Except for photo (i) of Yangzhuang area, other
photos are of Matouya area.

4.2. Core Characteristics
(1) Rock types and developmental characteristics

The lithology of the Yeli-Liangjiashan Formation and Fengshan Formation is mainly
dolomite, and the most common rock type is crystalline dolomite, followed by granular
dolomite and dolomitic breccia with different thicknesses. Among them, the crystalline
dolomite is usually gray—gray-white, sugar-like, primarily fine and mesocrystalline, and
massive in structure, with dissolution cavity development and sometimes visible cracks
filled with calcite or dolomite veins (Figure 5a). Under the microscope, the dolomite is
mostly microcrystalline to mesocrystalline (mainly fine to mesocrystalline dolomite), and
it is mainly composed of hemiidiomorphic to idiomorphic crystals (Figure 6a—c,e,g,h,1).
The crystal type is uniform, and the boundaries between particles are clear, showing point
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and line contacts. Granular dolomite with a circular appearance can be observed in the
core, and it is mainly gray in color, intergranular and with calcite cement (Figure 5e). The
original granular outline of granular dolomite is visible under the microscope; the pores
between particles are relatively developed, and no cemented filling is observed (Figure 6k).

Dolomitic breccia mainly developed at the tops of the Yeli-Liangjiashan Formation
and Fengshan Formation. According to their genetic types and development locations, two
subtypes can be further delineated: karst breccia related to percolation (type 1 karst breccia)
and karst breccia related to underflow action (type 2 karst breccia). The characteristics of
the two types of karst breccia are significantly different.

Figure 5. Core characteristics of Yeli-Liangjiashan Formation in Chengdao-Zhuanghai buried hill.
(a) Well CBG100, 2562 m, granular (fine crystalline) dolomite, the high angle crack is connected with
the dissolved pore; (b) Well CBG5, 2586 m, dolomitic breccia, dissolved pores developed, partially
filled with calcite; (c) Well CBG5, 2602 m, the dolomitic breccia with good roundness is arranged in a
directional manner; (d) Well CBG5, 2585.4 m, dolomitic breccia, high degree of calcite vein filling;
(e) Well CB302, 4002.16 m, intergranular dolomite filled with calcite; (f) Well CBG5, 2584.6 m, granular
dolomite, subrounded breccia, layered dissolved pores are developed; (g) Well CB403, 2759.5 m, the
dolomitic karst breccia is interspersed with percolating sand; (h) Well CB302, 4001.26 m, limy karst
breccia with dissolved pores developed and a small part filled with soil; (i) Well CB302, 4001.86 m,
limy karst breccia with unfilled pore development; (j) Well CBG5, 2601.5 m, limy dolomite cracks are
developed, and the cracks are filled with mud; (k) Well CBG100, 2560.47 m, dolomite limestone, high
angle crack development; (1) Well CB244, 2921.27 m, granular (fine crystalline) dolomite, network
cracks filled with calcite veins.
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Figure 6. Observation features of Yeli-Liangjiashan Formation in Chengdao-Zhuanghai buried hill
under microscope. (a) Well CB302, 4001.26 m, dolomitic breccia, calcite is filled in the primary pores of
dolomite grains (-); (b) Well CB244, 2904.67 m, mesocrystalline dolomite and intercrystalline pore and
crack (-); (c) Well CB244, 2914.37 m, mesocrystalline dolomite and cracks are developed (-); (d) Well
CB302, 4008.26 m, the dolomitic karst breccia is filled with protolith debris and the dissolved pore
develops (-); (e) Well CB302, 4005.35 m, dolomitic karst breccia, intergranular pores are developed, and
the breccia is filled with percolating sand (-); (f) Well CB302, 4008.26 m, dissolved pores in granular
dolomite (-); (g) Well CB244, 2925 m, the primary pore in mesocrystalline dolomite is not filled (-);
(h) Well CB244, 2910 m, the dissolved pore and crack development of mesocrystalline dolomite
(-); (i) Well CB302, 4008.26 m, dolomitic karst breccia, residual granular dolomite, dissolved pore
development (-); (j) Well CB302, 4006.5 m, dolomitic karst breccia, intergranular and intragranular
pores are filled with calcite (-); (k) Well CB244, 2920.6 m, granular dolomite, the particles are relatively
complete, the pores developed in the early stage and were partially filled by cement in the later stage
(-); (1) Well ZG28, 4122.92 m, granular dolomite, the crack is filled with asphalt (-).
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Type 1 karst breccia mainly developed in atmospheric freshwater vadose zones. The
composition of the breccia is dolomitic or lime-rich, and the breccia has a relatively loose
structure, angular shape, and different clast sizes, often showing the characteristics of
chaotic and mixed accumulation. The breccia is often filled with mud, sand from per-
colation, etc., and the dissolution cavities are developed both in the karst breccia and in
the interstitials between the clasts in breccia. This breccia type is composed of crystalline
dolomite, granular dolomite, granular limestone, and lime dolomite. This type of breccia
is found in well CB302 (4001.26-4009.06 m) and well CBG403 (2759.5 m) (Figure 6g—i). In
well CB302, this breccia type developed at a depth of nearly 480 m from the paleokarst
unconformity interface (3520 m) between the overlying lower Paleozoic and Mesozoic
strata. Most clasts are approximately 0.5 cm in diameter, and the clasts are disorderly and
unoriented. The breccia has obvious silicification, which is limited to the breccia, or it is
filled with mud, dolomite debris, quartz, etc., and no silicification is found. Sometimes, late
calcite veins cut through the breccia, dissolution holes are present between the clasts, cracks
are present, and oil immersion tests were conducted. The oil immersion test results show
that the interval contains oil. Under the microscope, some of the dissolved pores in this type
of breccia are filled with calcite, the calcite crystal form is good, some of them are dissolved
in the later stage, the boundaries between the breccia particles are clear, and the breccia is
filled with argillaceous intercalations, sand from percolation and calcite (Figure 6d,f,i).

Type 2 karst breccia is mainly found in the underflow zone. This breccia type is
dolomitic or lime-rich, and the clasts are subangular to subrounded. The breccia usually
shows an excellent directional arrangement or vertical grain order and generally shows
characteristics indicating transport and river redeposition. Well CBG5 contains this type of
karst breccia at 2602 m, and CB244 contains this type at 2923.7 m. In these wells, subrounded
dolomitic breccia can be observed in a stratified arrangement (Figure 5c¢,f). Intermediate-
like solution pores are present in the breccia, and their sizes are uneven. The breccia is
filled with dolomitic debris, etc. Under the microscope, the development of solution pores
and microcracks between clasts can be observed. Most of them are effective storage spaces,
and some of the particles are filled with calcite (Figure 6b,c,h k). In the whole core section,
there is a noticeable change in the grain size in the longitudinal direction, this change in the
grain size has multiple rhythmic characteristics (Figure 5f), and oil immersion tests were
conducted on this core section.

(2) Crack types and developmental characteristics

In the core, there are two kinds of cracks with different occurrences in the Yeli-
Liangjiashan and Fengshan Formations. The first crack type (crack 1) is usually a curved
and high-angle fracture. Soil filling is evident from 2560 to 2562 m in the CBG100 well,
and calcite filling occurs. Dissolved pores are often present in the upper and lower parts
of such cracks, and the dissolved pores are often connected to the cracks in a bead-like
shape. The pores are often filled with clay or saturated sand (Figure 5ak,j). Under the
microscope, these cracks appear to be dissolved and expanded; some of the cracks are filled
with mud, dolomite debris, and saturated sand (Figure 6d,1,ij); and some of the cracks
present adequate storage space. The second type of crack (crack 2) is present at 2921.27 m
in well CB244 and at 2601.5 m in well CBG5. These cracks usually present medium- and
low-angle characteristics, and the edges are relatively straight, showing the feature of
cutting each other in a network. The interior is often filled with sparite, dolomite, and
other veins. Some calcite grains with good crystal shapes are visible (Figure 5e,1); dissolved
pores often develop on both sides of the cracks, and some of them are filled with calcite.
These cracks are readily apparent under the microscope in a semifilled-filled state, and
some microcracks are filled with bitumen or calcite (Figure 6¢,h,1).

(3) Types and developmental characteristics of dissolved pores (holes)

In the core, the solution pores in the Yeli-Liangjiashan Formation and Fengshan
Formation can be divided into three categories according to their occurrence. The sizes
of the first type of dissolved pore (pore 1) are relatively large. The CBG100 well (2562 m),
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CBGS5 well (2601.5 m), and ZH101 well (145.75 m) are well developed in many places and
have 2-15 mm diameters. The pores are filled with clay or saturated sand, often associated
with the first crack type or located below it. The connectivity with the first type of crack
(crack 1) is more frequent (Figure 5a,k,j). The second type of dissolved pore (pore 2), with
diameters of 1-3 mm, can be observed at 2584.6 m, 2602 m, and other locations in the CBG5
well. The prominent feature of pore 2 is that the dissolved pores are distributed in layers
and connected, and their diameters can reach 8-15 mm. The dissolved pores are filled and
semifilled, and they are often filled with saturated sand. This type is often found in aligned
subangular—subrounded breccias (Figure 5e). The third type of dissolved pore (pore 3),
which is present at 4145.75 m in the ZH101 well and at 2586 m in the CBG5 well, varies in
size, with the largest being 5 mm and the smallest being 1 mm. This type is filled with a
large amount of calcite; some are unfilled, and many contain oil (Figure 5i).

As observed under the microscope, there are many dissolved pores and cracks in the
dolomites of the Yeli-Liangjiashan and Fengshan Formations. The edges of the dolomite
crystals are irregular and harbor shapes; the cracks are dissolved and expanded, and large
dissolution pores are formed along the dissolution—expansion cracks (Figure 6f). The
phenomenon of cracks or dissolved pores filled with asphalt can be observed in some
sections (Figure 6l). The reservoir space consists of various dissolved pores, dissolution
expansion cracks, and intergranular pores of residual granular dolomite, among which
the dissolved pores include secondary pores, such as integrated—dissolved pores, mold
pores, intergranular dissolved pores, and intragranular dissolved pores. The intragranular
dissolved pores are mainly present in the karst breccia dolomites (Figure 6b), and the pore
sizes are relatively small, generally between 0.05 and 0.1 mm. Intergranular dissolution
pores are mainly present between the granular dolomite and breccia within the resid-
ual granular dolomite and dolomitic karst breccias (Figure 6c,d,i), showing varying sizes
and uneven distributions under the microscope. The pore sizes are generally 0.2-0.8 mm,
with a maximum of 2 mm, and some of the pores are filled or half-filled by calcite id-
iomorphic crystals (Figure 6d). The mold pores are mainly present in the dolomitic karst
breccias, and relatively small clasts are entirely dissolved, leaving only their appearance
in the remaining breccia (Figure 6f). Intergranular and intragranular dissolved pores are
mainly present in fine-grained and medium-grained dolomites, with relatively small pore
sizes. Generally, they are approximately 0.1 mm long, and some of them are filled with
gypsum (Figure 6g,h).

At both the core scale and the hand sample scale, there are many types of reservoir
spaces in the dolomites of the Yeli-Liangjiashan Formation and Fengshan Formation. They
are interconnected and interleaved, forming a composite space-like network in the reser-
voir, with crack-cavity type (Figure 5a,j), cavity type (Figure 5b,f), and crack type spaces
(Figure 51,k). Among them, the crack-cavity and crack types are present in reservoirs where
matrix pores are not present or near faults. The cavity type is relatively prevalent in the
dolomite reservoirs of the Yeli-Liangjiashan and Fengshan Formations or inside the faults.

Due to the variety of carbonate reservoir types in the Yeli-Liangjiashan Formation
and Fengshan Formation, their reservoirs are highly heterogeneous, and their reservoir
parameters, such as porosity and permeability, vary widely. Based on the existing routine
core analysis data, 24 samples from three core wells in the Yeli-Liangjiashan Formation and
Fengshan Formation in the study area were statistically analyzed. The maximum porosity
was 12.2%, the minimum was 1.1%, the maximum permeability was 266.659 x 1073 pm?,
and the minimum permeability was 0.025 x 10~3 um? (Table 1). The wide variation range
in porosity and permeability fully indicates the heterogeneity and complexity of reservoir
types in space.

(4) Longitudinal zoning features

Through observation and analysis of the core characteristics of several wells, according
to the characteristics of karst breccia development, the reservoir in the study area has the
characteristics of karst zonation in the vertical direction, that is, the upper vadose zone
and the lower underflow zone. Statistics show that the vadose zone and underflow zone
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can be present independently, either simultaneously or separately in the Yeli-Liangjiashan
Formation or Fengshan Formation, (Figures 7 and 8).

Table 1. Statistical table of porosity and permeability of some wells in the Yeli-Liangjiashan Formation.

Porosity (%) Permeability/x10-3 pm?
Well Formation Minimum  Maximum Sample Mean Minimum  Maximum Sample Mean
Value Value Quantity Value Value Value Quantity Value
Cpgq  YeliLiangjiashan 11 122 18 432 0.075 266.659 16 21.535
Formation
cpyg  YeliLiangjiashan 23 16 4 315 0.025 8.01 4 2043
Formation
cBgs ~ YeliLiangjiashan 94 25 1 448 1545 1545 1 1545
Formation
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Figure 7. Well CB302 core—karst composite column diagram.
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Figure 8. Well CB244 core—karst composite column diagram.

Type 1 karst breccia is present in the vadose zone, and the longitudinal reservoir
development characteristics of the Yeli-Liangjiashan Formation in the CB302 well are the
most significant (Figure 7). Type 1 dolomitic karst breccia, limy dolomite and dolomitic
limestone are present in the well, and type 1 breccia is present in the 4001.26-4009.06 m
segment. In this zone, high-angle curved cracks (crack 1) are mainly present, and dissolved
pores (pore 1) are present in the upper or lower parts of the cracks in the longitudinal
direction of their development. They are connected with cracks (crack 1). The most
significant pores reach 15 mm in diameter, and the pores are filled with mud or calcite,
but there are still residual pores (pore 3) and oil that is present. In addition to high-angle
curved cracks (crack 1), low-angle network cracks (crack 2) are also present but are not
unique. According to the drilling data, leakage of 113 m? occurred when this zone of the
karst breccia section was drilled.
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Karst breccia type 2 and layered dissolved pores are present in the underflow zone.
This zone is revealed by the longitudinal reservoir development characteristics of well
CB244 (Figure 8). The lithologies are mainly granular (fine-grained) dolomite and granular
(sand-dust) dolomite, with network cracks (crack 2) and layered dissolved pores (pore 2).
Cracks (crack 2) and dissolved pores (pore 2 and pore 3) are half-filled with asphalt and
calcite filling materials. In the 2921.37-2923.67 m segment, dolomitic karst breccia is present
in a subangular shape, with pore 3 in the breccia, and the pores are filled with calcite. In
the 2923.67-2925.27 m section, the granular (sand debris) dolomite and micritic dolomite
are interstratified, and the dolomitic karst breccia is forward-distributed. The clasts are
subangular, with excellent roundness, and they show the characteristics of unidirectional
water flow. The breccia is filled with sparry calcite cement.

4.3. Isotopic Geochemical Characteristics

According to the geochemical characteristics of C and O isotopes in rock samples
from the Yeli-Liangjiashan Formation and Fengshan Formation (Table 2), the isotopic
variations in C and O in the Yeli-Liangjiashan Formation are greater, with 313C values
varying from —9.92%. to —0.14%. and 5'30 values varying from —15.46%o to —7.97%o.
The 5'3C and 80 values range from —0.56 %o to 1.34%0 and from —14.23%o to —6.24%o,
respectively, in the Fengshan Formation. According to the Sr isotope geochemical char-
acteristics of the Liangjiashan Formation and Fengshan Formation samples (Table 3), the
87Gr /86Sr values of the Yeli-Liangjiashan Formation have extensive variation, with val-
ues ranging from 0.7103 to 0.7145. The 8Sr/30Sr values of the Fengshan Formation vary
between 0.7103 and 0.7144.

Table 2. Geochemical characteristics of C and O isotopes of Yeli-Liangjiashan Formation and
Fengshan Formation.

Serial

Sample

Sampling

i 13 0, 18, 0/
Number Number Lithology Stratum Depth (m) 8§ Cy.ppp (%0) §"°0y.ppB (%0) Remark
1 HB19-1 dolomite Yeli-Liangjiashan - —9.92 —8.84
Formation
2 HB19 dolomite Yelil':“angﬁas}‘a“ - ~7.68 ~797
ormation According to
. Yeli-Liangjiashan Zhang, Y.F,
3 HB12 dolomite Formelos - —5.24 ~9.97 and Wang,
Vel Lianstineh Q.C., 2007 [38]
4 HB09-1 dolomite el-langjlashan - —7.89 ~8.92
Formation
5 HB09 dolomite Yeli-Liangjiashan - _745 —951
Formation
6 CB302-10 dolomite Yeli-Liangjiashan 4003.3 ~1.29 ~13.18
Formation
7 CB302-4 dolomite Yeli-Liangjiashan 4006.5 ~1.28 ~12.39
Formation
8 CB302-8 dolomite Yeli-Liangjiashan 4005.4 —0.14 —9.78
Formation
9 CB302-1 dolomite Yeli-Liangjiashan 4008.3 —0.46 ~9.56
Formation
” A This stud
10 CB302-21 dolomitic Yeli-Liangjiashan 4002 ~09 ~10.42 18 study
breccia Formation
11 CB302-15 dolomite Yeli-Liangjiashan 4003.34 —243 ~13.24
Formation
12 ZH101-2 dolomite Yeli-Liangjiashan 4076.21 -23 ~15.46
Formation
13 ZH101-3 dolomitic Yeli-Liangjiashan 4076.91 —259 —14.87
breccia Formation
14 CBG100-1 dolomite Fengshan Formation 2561.68 —0.02 -7.31
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Table 2. Cont.

Nsuel:'lililer ;i:lil:r Lithology Stratum ]sjzgltlili(rr;g) 83Cy.ppp (%)  680y.ppB (%0) Remark

15 CBG100-2 dolomite Fengshan Formation 2561.68 —0.01 —6.59

16 CBG100-3 dolomite Fengshan Formation 2561.68 —0.38 —6.73

17 CBG100-4 dolomite Fengshan Formation 2561.68 —0.05 —6.24

18 CBG100-5 dolomite Fengshan Formation 2566.27 —0.32 —6.88

19 CBG100-6 dolomite Fengshan Formation 2566.17 —0.22 —8.1

20 CBG100-7 dolomite Fengshan Formation 2566.17 —0.53 —6.59

21 CBG100-8 dolomite Fengshan Formation 2566.17 —0.56 —7.41 )

22 ZG39-1 limestone Fengshan Formation 4338.2 0.27 —10.07 This study

23 7G39-2 limestone Fengshan Formation 4341.1 0.21 —10.6

24 7G39-3 limestone Fengshan Formation 4343.3 0.44 —10.19

25 ZG39-4 ﬁzé’;?;gz Fengshan Formation 43459 0.7 ~14.23

26 ZG39-5 limestone Fengshan Formation 4349.3 1.17 —12.57

27 ZG39-6 limestone Fengshan Formation 4351.8 1.34 -10.9

Table 3. Sr isotope geochemical characteristics of Yeli-Liangjiashan Formation and Fengshan Formation.
Serial Number ~ Sample Number Lithology Stratum Sampling Depth (m) 878r/36Sr

1 CB302-1A dolomite Yeli-Liangjiashan Formation 4001.2 0.7103
2 CB302-2A dolomite Yeli-Liangjiashan Formation 4001.46 0.7133
3 CB302-3A dolomite Yeli-Liangjiashan Formation 4004.45 0.7145
4 CB302-4A dolomite Yeli-Liangjiashan Formation 4008.5 0.7138
5 CB302-5A dolomite Yeli-Liangjiashan Formation 4001.5 0.7105
6 SHG 2-1A dolomite Yeli-Liangjiashan Formation 2404 0.7097
7 SHG2-2A dolomite Yeli-Liangjiashan Formation 2407.9 0.7093
8 SHG2-3A dolomite Yeli-Liangjiashan Formation 2408 0.7116
9 ZG39-1 dolomite Fengshan Formation 4338.2 0.7108
10 7G39-2 dolomite Fengshan Formation 4341.1 0.7107
11 ZG39-3 dolomite Fengshan Formation 4343.3 0.7106
12 ZG39-4 dolomitic limestone Fengshan Formation 43459 0.7144
13 2G39-5 dolomite Fengshan Formation 4349.3 0.7103
14 ZG39-6 dolomite Fengshan Formation 4351.8 0.7116
15 ZH10 dolomite Fengshan Formation 4658.14 0.7113
16 7G39-7 dolomite Fengshan Formation 4359.2 0.7108
17 ZG39-8 dolomite Fengshan Formation 4361.8 0.7117
18 ZG39-9 dolomite Fengshan Formation 4358.1 0.7126

5. Discussion
5.1. Evidence of the Record of Huaiyuan Movement

(1) Geological evidence of the Huaiyuan Movement

Regionally, different parts of the Yeli-Liangjiashan Formation and Lower Majiagou
Formation overlie different strata on the North China Platform, resulting in regional parallel
unconformities between the Yeli-Liangjiashan Formation and Fengshan Formation, and
the same is true between the Lower Majiagou Formation and Yeli-Liangjiashan Formation.
For example, Osleger (1991) [39] noted that at the end of the Cambrian period, a global sea
level decline occurred at the bottom interface of the Ordovician strata. Liu et al. (1997) [40]
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proposed a paleokarst-related unconformity at the top of the Ordovician Liangjiashan
Formation in the North China Platform. The unconformity is parallel, and there is an
apparent change in lithology at the boundary. Underly the boundary are medium-fine
crystalline dolomites with chert bands, which have different degrees of karstification.
According to Mei and Ma (2003) [41], on the basis of the contact relationship between the
Cambrian and overlying strata in different regions of the North China Platform, from the
Xishan section in Beijing to the Zhang Xia section in Tai’an Shandong, the Jiawang section
in Xuzhou, and the Huainandongshan section (see profile 1 in Figure 1 for the specific
location), there was a short period of exposure to different degrees between the Cambrian
and the Ordovician, especially in Shandong Province. There was more prolonged exposure
between the deposition of the Fengshan Formation and the Yeli-Liangjiashan Formation
than between that of the Xuzhou and Zhunnan sections, thus forming an unconformity
between them.

Through field observations of the Yeli-Liangjiashan Formation in the Matouya area,
Xinwen city, Shandong Province, and Yangzhuang, Yishui County, Linyi city, Shandong
Province, many karst breccias are found in the Yeli-Liangjiashan Formation. The vadose
zone and underflow zone can be delineated (Figure 4), indicating that after the deposition
of the Yeli-Liangjiashan Formation, many karst breccias formed in the Yeli-Liangjiashan
Formation. It was briefly uplifted to the surface and weathered and denuded. According
to the seismic data in the study area, different parts of the Lower Majiagou Formation
overlie the Fengshan Formation and Yeli-Liangjiashan Formation, resulting in regional
unconformities between the Lower Majiagou Formation and the Fengshan Formation
and Yeli-Liangjiashan Formation. For example, in the CB271-CBG403-CBG4 North-South
seismic profile (Figure 9, see profile in Figure 10 for the specific location), the bottom seismic
reflection axes of the lower Paleozoic Badou Formation, Upper Majiagou Formation, Lower
Majiagou Formation, Yeli-Liangjiashan Formation, and Fengshan Formation are visible. In
the northeastern area of the CBG4 bulge, the Cambrian and Ordovician Yeli-Liangjiashan
Formation forms wedges from southwest to northeast. The Formation gradually thins in
the northeast direction and truncates and is overlapped by the Majiagou Formation. This
situation is more common in the lower Paleozoic strata of the Chengdao-Zhuanghai buried
hill, indicating that tectonic uplift and exposed denudation occurred during the Huaiyuan
Movement [42]. In the Chengdao-Zhuanghai buried hill, there are three overlapping
regional unconformity surfaces at the top of the Ordovician System, the bottom of the
Majiagou Formation, and the top of the Cambrian System. In the past, people thought that
the unconformity in this area formed during the late Caledonian Movement [25]. However,
it may be the unconformity of the Huaiyuan Movement (early Caledonian Movement) and
the late Caledonian Movement superimposed together.

According to the observations of solid drill cores, karst breccias of different sizes have
been found in the Fengshan Formation and Yeli-Liangjiashan Formation. Saturated sand
structures between breccias are present, and karst breccias are the most direct manifestation
of the strata’s exposure to atmospheric freshwater leaching [17]. The existence of many
karst breccias in the Yeli-Liangjiashan Formation and Fengshan Formation indicates that
the studied strata must have been subjected to atmospheric freshwater leaching for some
time after deposition, resulting in the formation being subjected to dissolution. During the
longitudinal leaching and dissolution of atmospheric freshwater, the mud and sand on the
weathering crust formed by weathering permeated downward into the cracks and filled in
the karst breccia.

The vertical zonation of karst indicates the record of the Huaiyuan Movement. Many
studies on modern and ancient karst regions have been conducted by different geolo-
gists. According to the extent of karst system development and modes of groundwater
movement and karst action, geologists have suggested that there are zones of hydrody-
namic action in vertical karst activity, and these can be delineated from top to bottom:
surface karst zone—vadose karst zone-runoff karst zone—underflow karst zone [43]; surface
karst zone-vertical percolation zone-runoff solution zone—underflow solution zone [44];
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or surface karst zone-vertical percolation zone-horizontal underflow zone—deep slow
flow zone [21]. The drill core shows that similar zones of karst hydrodynamic action are
visible in wells CB244, CB302, CB307, and ZH102 in the study area. The vertical vadose
zone and horizontal underflow zone can be divided from top to bottom (Figures 7 and 8).
The horizontal underflow zone is affected by the mode of horizontal flow. Horizontal
layered dissolved pores and underground rivers are present, and subrounded karst breccia
is present and displays vertical characteristics of normally graded bedding (Figure 5f).
These data show the characteristics of long-distance transport and river deposition. This
zonation results from formation uplift and denudation after deposition and the long-term
transformation of atmospheric freshwater.

CB271 CBG403 CBG4
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Figure 9. Seismic reflection characteristics of each section in the lower Paleozoic in Chengdao-
Zhuanghai buried hill (Tg—Top of the Upper Paleozoic, Tgl—Top of the Lower Paleozoic, Tg2—Top
of Mantou Formation).
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Observing the outcrop and drill core, the unconformity formed during the Huaiyuan
movement exists in the study area, consistent with previous studies. Further compared
with previous studies, it can be seen from the seismic and tectonic characteristics of the
study area and the zonation of core karstification that there were at least two significant
periods of supergene karstification during the Huaiyuan movement, which resulted in
unconformity between the Fengshan Formation and Yeli-Liangjiashan Formation, and
between the Yeli-Liangjiashan Formation and overlying strata.

(2) Geochemical evidence of the Huaiyuan Movement

Isotopic analysis of C, O, and Sr in the Yeli-Liangjiashan Formation reveals that e
values range from —9.92%. to —0.14%0, 6180 values range from —15.46%o to —7.97 %o,
and 87Sr/8Sr values range from 0.7103 to 0.7145. Studies have shown that in Ordovician
seawater, §!13C values vary from approximately —3%o to 3%o, 580 values vary from ap-
proximately —11%o to —3.6%. [45], and the average 878y /86Sr value is 0.7085 [46]. The 513C
values of some carbonate rocks in the Yeli-Liangjiashan Formation are lower than those of
seawater during the same period, and the abnormally low §'3C values (—5.24%0—9.92 %)
are mainly related to atmospheric freshwater [47]. The 5180 values of the Yeli-Liangjiashan
Formation are greater than those of seawater from the same period, and the 8Sr/80Sr
values are more enriched than the 8Sr/86Sr values in seawater from the same period
(Figure 10), indicating that the Yeli-Liangjiashan Formation has been affected by alteration
by atmospheric freshwater, which is more enriched in 8Sr/8Sr than seawater [48-50]. The
diagram showing the Sr-O isotope relationship (Figure 11) reveals that some samples have
Sr-O isotope characteristics that are similar to those of unmodified marine carbonate rocks;
others have abnormally high and abnormally low values, which may be equivalent to the
Sr—O isotope characteristics of atmospheric freshwater, and some samples display values
between the two. These results show that this part of the sample is an intermediate product
of the water—rock reaction.
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Figure 11. Sr—QO isotope correlation between Yeli-Liangjiashan Formation (a) and Fengshan Formation (b).

The results show that the §'3C values range from —0.56 %o to 1.34%o, the §'80 values
range from —14.23%o to —6.24 %o, and the 875y /86Sr values range from 0.7103-0.7144. The
literature shows that the 87Sr/80Sr values of Cambrian seawater are between 0.7081 and
0.7093 [45,46], the 513C values vary from —2%o to 0%o (Veizer et al., 1999) [45], and the
mean 5'80 value is —9.8%o. The §'80 value of the Fengshan Formation carbonate rocks is
more negative than that of seawater from the same period, and the 3Sr/%Sr values are
more enriched than the 8Sr/#Sr values of seawater from the same period, indicating that
the Fengshan Formation was also undergoing alteration by atmospheric freshwater [49-51].
The Sr—O isotopic correlation diagram (Figure 11) shows that the Sr-O isotopic relationship
characteristics are similar to those of the Yeli-Liangjiashan Formation, and some samples
show that the values are the product of water-rock transformation.
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According to the geochemical characteristics of C, O, and Sr isotopes mentioned
above, the carbonates of both the Yeli-Liangjiashan Formation and the Fengshan Formation
have been reformed by atmospheric freshwater. The difference in the 8Sr/80Sr values
between the atmospheric freshwater of the Yeli-Liangjiashan Formation and the Fengshan
Formation is reflected by the covariant Sr-O isotope relationship, which indicates that they
were modified by atmospheric freshwater in the same period.

When we determined the range of isotopic values of the supergene karstification
influenced by the Huaiyuan movement, which is characterized as “carbon-oxygen isotope
poor, strontium isotope rich”, we can preliminarily speculate that the carbonate rocks with
such geochemical characteristics are suitable reservoirs in the Yeli Liangjiashan Formation
and Fengshan Formation. Studying the distribution law of high-quality reservoirs in the
future is beneficial.

(3) Evidence of the forming time

In earlier studies on the supergene karstification of the lower Paleozoic strata in
the Jiyang Depression, many geologists noted the existence of breccia at the top of the
Yeli-Liangjiashan Formation and Fengshan Formation, and some of them have classified
it as a breccia of tectonic origin. Although most of them define it as karst breccia, it is
believed that the formation process was closely related to supergene karstification in the
Indosinian and Himalayan periods. Many studies have shown that the depth of influence
of supergene karstification caused by atmospheric freshwater on strata is approximately
150 m [42,48]. In well CB302 in the study area, a set of gray and gray karst breccia that
is approximately 109 m thick developed continuously in the Yeli-Liangjiashan Formation
and Fengshan Formation (Figure 7), of which the karst breccia in the Fengshan Formation
is approximately 90 m thick. The set of karst breccia lies 488 m below the unconformity
between the Mesozoic and lower Paleozoic strata (late Caledonian—early Hercynian and
Indosinian). In addition, the Majiagou Formation overlying this set of karst breccia contains
mostly gypsum salt and gypsum dolomite layers acting as water barriers. Due to the depth
of karst processes at the top of the Majiagou Formation and the existence of multiple layers
acting as water barriers in the Majiagou Formation, the karst processes occurring at the top
of the Majiagou Formation cannot affect the Yeri-Liangjiashan Formation and Fengshan
Formation. Therefore, the large sets of karst breccia in the Yeli-Liangjiashan Formation and
Fengshan Formation likely formed during the Huaiyuan Movement, and they were likely
the products of supergenetic activity in the late Yeli-Liangjiashan Formation or the late
Fengshan Formation.

In the lower Paleozoic strata of the Jiyang Depression, the C and O isotopes of car-
bonates modified by atmospheric freshwater in the Hercynian and Xishan Stages show a
positive correlation, and their C and O isotope covariant relationships (the detailed charac-
teristics of which will be discussed separately) are obviously different from the C and O iso-
tope covariant relationships formed by paleokarstification in the long Huaiyuan period. In
the diagram of the C-O isotope covariant relationship between the Yeli-Liangjiashan Forma-
tion and Fengshang Formation modified by long-term atmospheric freshwater (Figure 12),
two trend lines with different slopes are visible: one trend line with a positive slope and
the other trend line with a negative slope (Figure 12). These results indicate that the
Yeli-Liangjiashan Formation and Fengshan Formation were subjected to the effects of mod-
ification and superposition by at least two atmospheric freshwater fluids with different
C and O isotopes. Among them, at the sample point in well CB302 (Table 2), the strata
overlying the Ordovician strata are Mesozoic strata, the depth of the boundary is 3520 m,
and the sampling points are in the Yeli-Liangjiashan Formation (approximately 4003 m),
according to which the lower Paleozoic-Mesozoic unconformity is approximately 500 m
deep. According to previous studies, the depth of influence of atmospheric freshwater
leaching is approximately 150 m. The test results show that the sample point in well CB302
plots on the trend line of atmospheric freshwater, with a negative slope (Figure 12). It can
be concluded that the time of atmospheric freshwater occurrence in this period was the
Huaiyuan Movement, that is, the early Caledonian Movement. The values of C and O
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isotopes in this sample were not affected by late supergenetic karstification. On this trend
line, C and O isotopes constitute a good negative linear correlation. One end represents the
initial rock sample, while the other end represents the long-term atmospheric freshwater
end. The C and O isotopes of the initial rock sample are approximately —1%o. and —12 %o,
respectively. The C and O isotopic values are approximately —10%o and —9%o, respectively,
which are obviously different from the C and O isotopic values of the Hercynian and
Xishan Stages. Therefore, the carbonate reservoirs of the Yeli-Liangjiashan Formation and
Fengshan Formation are the direct products of the uplift and denudation in the Huaiyuan
period (early Caledonian Movement) and the transformation of supergene karstification.
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Figure 12. C—O isotope covariant relationship between Yeli—Liangjiashan Formation (a) and
Fengshan Formation (b).

5.2. Influence and Control of Huaiyuan Movement on Reservoir

Through the exploration of peripheral outcrops, core observations, microscopic obser-
vations of thin sections, geochemical analysis and analysis of drilling data, the reservoirs of
the Yeli-Liangjiashan Formation and Fengshan Formation were determined to be controlled
by the original sedimentary facies, dolomitization and supergene karstification.

In the (early Paleozoic) late Cambrian—Early Ordovician sedimentary period, the
overall sedimentary environment was an epicontinental sea. In the early sedimentary stages
of the Fengshan Formation and Yeli-Liangjiashan Formation, the aquatic environment was
relatively stable, the sedimentary facies mainly developed in an open platform environment,
and the original lithology was mainly fine-micritic limestone. This study provides a
foundation for developing high-quality reservoirs in the study area [52-54]. At the end
of the sedimentary period of the Fengshan Formation, the Huaiyuan Movement began
and continued until the deposition of the Majiagou Formation. Several seabed uplifting,
storm turbulence, and uplift-denudation events affected the entire North China Platform in
eastern China [32,33], and diagenesis occurred during this process, including dolomitization
and supergene karstification, which actively transformed the reservoir in the studied
interval. In general, two critical sedimentary facies changes, dolomitization and supergene
karstification, occurred in the late sedimentary period of the Fengshan Formation and the
late sedimentary period of the Yeli-Liangjiashan Formation.

In the late sedimentary period of the Fengshan Formation and Yeli-Liangjiashan
Formation, tectonic movement caused water turbulence and seabed uplift. Significant
changes occurred in the sedimentary facies of the study area: (1) water turbulence and
powerful hydrodynamic forces transformed some of the preformed fine-micritic limestones
into limestone with a granular structure, and then the deposited sparry granular limestone
accumulated to form granular beach facies; (2) the increase in the seabed (sea level decrease)
led to the further development of evaporative platform and restricted platform (restricted
lagoon) sedimentary facies in the sedimentary environment of the study area based on the
open platform facies that formed in the epicontinental sea environment.
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When the sea level in the evaporative and restricted platform environments was
relatively high, quasi-simultaneous dolomitization due to evaporation occurred, and the
fine micrite changed to fine-micritic dolomite and limy dolomite [55,56]. When the sea level
was low and the evaporative platform or restricted platform environment was exposed
to the surface, the water salinity increased, and the fine micrite that developed in the
platform was dolomitized by backflow osmosis to form limy dolomite and fine micritic
dolomite [55]. The granular beach facies formed above the wave base in a high-energy
aquatic environment, and the granular limestone that developed in this environment was
dolomitized under the continuous backflow infiltration of high-energy seawater [26,56-59],
as well as the formation of granular dolomite, the development of primary pores between
grains, and better reservoir performance [60-64]. According to the thin-section microscopic
identification results, in addition to fine crystalline dolomite, mesocrystalline dolomite
also occurs in the granular dolomite of the Yeli-Liangjiashan Formation and Fengshan
Formation (Figure 6), and its crystals are well formed. Therefore, burial dolomitization
occurred in the late study interval [65-67], recrystallization occurred between mud and
fine-grained dolomite, and the grains became coarse, forming the mesocrystalline dolomite
observed today. After various types of dolomitization occurred in the study interval,
the developed lithologies included granular dolomite, medium-fine crystalline dolomite,
mud-microcrystalline dolomite, and limy dolomite. Among them, granular dolomite has
pores, a good intergranular three-dimensional network pore structure, smooth pore fluid
migration, and good original reservoir performance [68]. The reservoir performance of
medium-fine crystalline dolomite is second, and the original reservoir conditions of mud
(micro)crystalline dolomite are relatively poor [69,70].

The local surface environment emerged and suffered from leaching by atmospheric
freshwater, resulting in supergene karstification, which had a positive effect on the trans-
formation of carbonate reservoirs [26,50,51,71], wherein the supergene karstification in the
late Yeli-Liangjiashan Formation lasted longer and was more intense than that in the late
Fengshan Formation. Apparent karst zones (vadose zone and underflow zone) developed
vertically on the tops of the two Formations. Because the dolomitization of the Fengshan
Formation was less intense than that of the Yeli-Liangjiashan Formation, the lithology
of the dolomite of the Fengshan Formation is lower than that of the Yeli-Liangjiashan
Formation. For granular beach facies dolomite, when subjected to supergene karstification,
atmospheric freshwater permeated along cracks, intergranular pores formed in the vadose
zone, and dissolution occurred, forming cavity-type and crack-cavity-type reservoir space
combinations, forming angular karst breccia in the sinkhole and dissolved pores and caves
in the areas between sinkholes (Figure 13b). The infiltrated atmospheric freshwater is prone
to stratified flow in the underflow zone. Due to the development of the primary pores in
the granular dolomite of the granular beach facies, water flows along the existing internal
pores, and dissolution occurs, forming a stratified dissolved pore zone or karst cave zone,
which results in leakage during exploration and drilling in the oilfield. In the underflow
zone, high-quality porous reservoirs easily form. Therefore, the high-quality reservoirs
of the Yeli-Liangjiashan Formation and Fengshan Formation are mainly distributed at the
paleokarst boundary (unconformity), and their distributions are planar.

From a regional perspective, micritic dolomite, micrite, and salt-rock are quickly
formed in the granular beach environment, forming an impermeable layer between the
beach facies; their primary pores are not developed, and atmospheric freshwater has
difficulty penetrating [72-74]. Thus, only a thin surface cavity layer (surface karst zone) is
formed in the surface layer. Karstification occurs during the infiltration of cracks, resulting
in a lateral or longitudinal channel for local fluid migration [58]. Compared with that of
granular beach facies dolomite, its reservoir performance is significantly lower, and it often
forms a tight reservoir (Figure 13a). Due to the leaching effect of atmospheric freshwater,
restricted platform limestone and limy dolomite are prone to develop vertically dissolved
pores and caves. They are vertically connected with high-angle cracks, which can become
excellent vertical fluid transport channels. When encountering impermeable layers, cracks
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and pores with good reservoir properties can form [73]. Compared with those of granular
dolomite, the porosity and permeability of grainy dolomite in an evaporation platform are
better, but the order of the grains is relatively disordered [74]. When strata are exposed
to denudation and subjected to the leaching of atmospheric freshwater, their developed
karst patterns are also different due to the differences in their structural locations. In the
higher terrain areas (karst highlands and karst slopes), the thickness of the vadose zone is
relatively large. The vertical development of dissolved pores, solution caves, connected
cracks, and sinkholes can form an excellent banded reservoir, which is affected by the
underflow zone and boundary [75]. A layered dissolved pore zone and an underground
river are developed in the lower part of the underflow zone. A good stratified reservoir can
be formed. When the grainy dolomite is located in a relatively flat and low-lying area, the
vertical flow and dissolution process of atmospheric freshwater occurs in the surface cracks
of the grains over a short distance. Then, forward flow occurs in the grains to develop
layered dissolved pores, and finally, a high-porosity reservoir can form.
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(b) The vertical flow of the vadose zone in the granular beach forms the solution channel and the solution cracks,
and the lateral flow of atmospheric water in the underflow zone forms the layered dissolved pore zone

Figure 13. Huaiyuan period reservoir development model map of Yeli-Liangjiashan Formation and
Fengshan Formation in Chengdao-Zhuanghai buried hill.
6. Conclusions

This study aimed to reveal the influence of supergene karstification on reservoir
formation during the Huaiyuan Movement. The most important conclusions are as follows:
(1) Geological and geochemical data indicate that the Fengshan Formation and Yeli-

Liangjiashan Formation were affected and controlled by the Huaiyuan Movement

and have apparent vertical karst zonation. From top to bottom, the vadose zone and
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References

the underflow zone can be delimited successively, the karst breccia is present in the
two karst zones, and differences are present.

(2)  There are apparent differences in the types of reservoir space combinations between
the vadose and underflow zones. In the vadose zone, the dissolved pores, karst
caves, and cracks formed by weathering solutions are present and are connected
longitudinally. It is easy to develop a composite crack-cavity reservoir space. In
contrast, in the underflow zone, layered dissolved pores and cracks are present, and it
is easy to develop two types of reservoir spaces: cavity type and crack type.

(3) Primitive sedimentary microfacies, dolomitization, and supergene karstification con-
trolled the Fengshan Formation and Yeli-Liangjiashan Formation reservoirs. Different
sedimentary microfacies have apparent differences in the mode of karst development,
development intensity, reservoir type, and reservoir physical properties. The reservoirs
are mainly distributed along the paleokarst zone that formed in the Huaiyuan period,
and the dolomite of the granular beach facies has the best reservoir physical properties,
which are the features of surface distribution along the upper unconformity in the region.

(4) Limited by the progress of the current work, the data obtained, and the research
methods, the longitudinal and transverse connectivity of the internal reservoir space
of the unconformity structure has not been studied, and it is necessary to increase
the logging data and seismic experiments to carry out this research. It is suggested
that there are longitudinal and transverse migration channels in the unconformity
affected by the Huaiyuan movement, and combined with faults formed by multi-stage
tectonic movement, they form a network of fluid (oil and gas) transport systems. In
the strata of the Jiyang Depression, a large number of source rocks are distributed
in the Paleogene strata. Under mature hydrocarbon expulsion, the source rocks
migrate continuously along the Paleogene sand body and reach the buried hill of the
Lower Paleozoic. After that, the hydrocarbon-bearing fluid migrates and transports
horizontally or vertically along the network transport system, forming hydrocarbon
accumulations in the buried hill of the lower Paleozoic in the Jiyang Depression. Thus,
a new network reservoir formation system is formed, which opens a new avenue for
the exploration of the Jiyang Depression and provides a new research direction for
the study of the area affected by the Huaiyuan movement in Bohai Bay Basin, China.
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Abstract: The integrity of the cement sheath is susceptible to failure during multi-stage fracturing.
In this study, the failure mechanisms of cement sheath integrity during multi-stage fracturing in
the A offshore tight oil reservoir wells were investigated. The cement samples were subject to
triaxial compression test (TCT), triaxial cyclic loading test (TCLT), and permeability test. A full-
scale device was constructed for cement sheath integrity experiments. Additionally, a 3-D finite
element model was developed to simulate the interface debonding and the subsequent growth of
micro-annuli throughout multi-stage fracturing. The results revealed that TCLT induced cumulative
plastic deformation in the cement samples, resulting in a 10.7% decrease in triaxial compressive
strength, an 8.3% decrease in elastic modulus, and a 150% increase in permeability. Despite these
significant variations, no serious damage was caused to the cement sheath matrix. It was observed
that gas leakage occurred at the 8th, 10th, and 14th cycles under cyclic loading with upper limits of
70 MPa, 80 MPa, and 90 MPa, respectively. After 15 cycles, the experimentally measured widths of
micro-annuli were 117 um, 178 um, and 212 um, which were in good agreement with simulation
results of 130 pm, 165 pum, and 205 um, respectively. These findings elucidate the causes of cement
sheath integrity failure, providing insights into the failure mechanisms of cement sheath integrity
during multi-stage fracturing.

Keywords: offshore tight oil reservoir; multi-stage fracturing; cyclic loading; cement sheath integrity

1. Introduction

Global demand for oil and gas has witnessed a substantial increase in recent decades [1].
As the global development of oil and gas reservoirs with medium to high permeability
intensifies, the depletion of high-quality hydrocarbon resources is becoming increasingly
evident [2]. Consequently, there is a growing interest in unconventional resources [3]. The
exploration of unconventional oil and gas resources, particularly tight and low-permeability
reservoirs [4], has steadily expanded and undergone extensive development worldwide [5].

Multi-stage fracturing technology significantly enhances the productivity of oil and
gas wells by creating complex fracture networks within reservoirs, making it the most ef-
fective method for exploiting unconventional resources, such as tight and low-permeability
formations [6]. Offshore unconventional resources, including tight oil reservoirs, constitute
a substantial proportion of the world’s hydrocarbon potential and necessitate multi-stage
fracturing techniques to increase productivity [7].

However, the integrity of the cement sheath is susceptible to failure during multi-
stage fracturing, leading to sustained casing pressure (SCP). It poses threats to the safe
production of oil and gas wells and potentially causes environmental and safety issues
during subsequent drilling operations [8]. Consequently, the sustainable development of
unconventional oil and gas reservoirs is compromised [9]. Understanding the key factors
affecting cement sheath integrity in multi-stage fracturing is crucial [10]. Therefore, it is
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imperative to explore the mechanisms behind cement sheath integrity failure during multi-
stage fracturing, thus providing a basis for the rationalization of fracturing construction
parameters [11].

During multi-stage fracturing, variations in internal pressure within the casing induce
alternating stresses in the cement sheath, serving as a primary factor contributing to its
integrity failure [12]. In addition, the mechanical environment around the cement sheath
becomes more complex during multi-stage fracturing due to abrupt changes in casing
pressure and temperature [13]. This complexity makes it challenging to mathematically
analyze and physically simulate cement sheath integrity failures under such conditions [14].

The causes of cement sheath integrity failure can be categorized into three types:
disking cracks, radial cracks, and debonding. Disking cracks and radial cracks are typically
induced by mechanical stresses, whereas debonding is usually caused by the mismatched
deformation between the casing and the cement sheath [15].

Goodwin and Crook [16] conducted a laboratory test to investigate the integrity of
a casing—cement—casing system. They observed catastrophic shear failure and the forma-
tion of radial cracks in the cement sheath under alternating pressure loading conditions.
Kuanhai et al. [17] designed a simulated wellbore device for evaluating cement sheath
integrity under different pressures. The findings of this study offered valuable insights
into the impact of pressure on the mechanical properties of cement sheath interfaces.
Su et al. [18] developed a mechanical equivalence method to replicate the wellbore loading
on the cement sheath using a self-designed wellbore simulator. Cyclic load tests were
conducted, revealing a decrease in the tensile strength of the cement sheath following cyclic
loading. Feng et al. [19] and Wang and Taleghani [20] developed a combined numerical
model for simulating hydraulic fracturing processes. They observed that fluid pressuriza-
tion may create cracks in the annular space around the wellbore, specifically between the
cement sheath and the formation. This phenomenon subsequently leads to the formation
of channels conducive to gas flow.

Li et al. [21] constructed a comprehensive physical simulation experiment to identify
the primary determinant in scenarios involving cyclic loading and unloading. The results
revealed that plastic strain accumulates throughout the cyclic loading and unloading
process, leading to the formation of micro-annuli at the primary interface, which then
served as channels for gas migration.

In the previous study investigating the integrity of cement sheath, the material
was considered to be elastically brittle with stresses influenced by its properties [22].
Pereira et al. [23] also explored the reduction of shear failure in cement sheaths during
hydraulic fracturing, suggesting that lowering the elastic modulus can mitigate this type
of failure.

Landry et al. [24] found that in a shale gas field in the USA, SCP always occurs after
fracturing and occasionally before fracturing. They attributed the predominance of SCP
to issues such as improper cement placement or incomplete consideration of stimulation
conditions. Additionally, they emphasized the importance of considering changes in
cement sheath stress during stimulation and throughout well operation.

During multi-stage fracturing, the pressure inside the casing frequently rose and
fell, subjecting both the casing and the cement sheath to cyclical loading [25]. Earlier
research has shown that while the cement sheath might withstand a static load, it is prone
to failure under repeated applications of the same load, typical of the pressure fluctuations
experienced in multi-stage fracturing [26].

Ramadan et al. [27] developed a wellbore model to simulate gas migration in the
cemented annulus. A series of tests were performed using this model to assess the sealability
of both neat Class H and Class G cement types. Various additives, including bentonite and
latex, were incorporated. The tests demonstrated that the permeability of annulus cement
in the wellbore increased as the cement aged.

A strong bond between the casing and cement sheath is essential to mitigate the
occurrence of micro-annuli leakage paths at their interface [28]. Various elements, such
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as the cement type, the surface condition of the casing steel, and the curing environment,
significantly affect the bond strength between these materials [29]. Furthermore, the
evaluation of the bond strength between casing and cement sheath commonly involves the
implementation of laboratory pushout tests [30].

Tabatabaei et al. [31] conducted pushout tests to assess the effect of surface-modified
cement additives incorporating graphite nanosheets on bond strength under various sce-
narios involving oil-based mud residues.

Corina et al. [32] examined the sealing effectiveness of neat and silica-cement systems
in pipes with three varying degrees of surface roughness. In their study, gas leaks were
identified in all samples at low differential pressures, demonstrating that the cement-casing
interface is the source of these leaks.

The tight oil reservoir A is located in offshore China, and all of its production wells
utilize a typical three-casing structure. Among them, the structure of Well H is depicted
in Figure 1. After multi-stage fracturing, several wells have exhibited SCP, all of which
occurred in the B annulus (the space between the production casing and intermediate
casing). This phenomenon indicates a failure of the cement sheath integrity within the B
annulus. Thus, investigating the underlying mechanisms responsible for compromising the
integrity of the cement sheath in the B annulus constitutes the primary focus of this study.

Surface casing
339.7mmx50m

C annulus

Intermediate casing
244.5mmx2360m
Production casing
177.8mmx3560m

=

Figure 1. Structure of Well H.

This study aims to investigate the failure mechanisms of cement sheath integrity
during multi-stage fracturing in the A offshore tight oil reservoir wells. The cement
samples were subjected to triaxial compression test (TCT), triaxial cyclic loading test
(TCLT), and permeability test. It quantifies the cumulative plastic deformation pattern
of the cement under cyclic loading, assesses the impact of cyclic loads on the mechanical
properties and permeability of the cement, and experimentally examines the failure of
cement sheath integrity under multi-stage fracturing conditions using a full-scale device.
The morphology of the micro-annuli was observed using a scanning electron microscope
(SEM), and the widths of the micro-annuli were precisely measured. Based on the actual
geological conditions and wellbore structure, a 3-D finite element model was developed
to simulate the development of cumulative plastic strain, interface debonding, and the
growth of micro-annuli during multi-stage fracturing.

The numerical simulation results are in good agreement with the experimental results,
providing valuable insights for a more in-depth understanding of the failure mechanisms
and patterns associated with the cement sheath integrity during multi-stage fracturing.
This study also provides guidance for the rational design of fracturing parameters.

98



J. Mar. Sci. Eng. 2024, 12, 814

Sample-1

Sample-2

2. Physical Experiments
2.1. Mechanical and Permeability Testing of Cement

The test cement was formulated using 100% G-grade cement, 23% silica fume, 6% anti-
gas channeling agents, 4.5% fluid loss additive, 1.0% retarder, and 0.3% dispersion agent,
with a 0.4 water-to-cement ratio and a 1.84 g/cm? density. The cement slurry was then cured
to obtain cement stone. This cement stone was standardized for cylindrical specimens,
measuring 25 mm in diameter and 50 mm in height, as depicted in Figure 2a for samples
1 and 2. These specimens had consistent mechanical and permeability characteristics.
Initially, the initial permeability of sample 1 was evaluated using nitrogen gas as the testing
medium, as illustrated in Figure 2b, followed by a TCT in Figure 2c. Subsequently, sample
2 underwent a TCLT, which replicated the stress conditions experienced by cement sheaths
in multi-stage fracturing. Upon completion of the TCLT, sample 2 was also subjected to a
permeability test, followed by a TCT. TCT, TCLT, and permeability tests were conducted
under 10 MPa confining pressure. The implementation of TCT and TCLT was achieved
with the MTS device, possessing a maximum load of 600 kN and a maximum hydrostatic
pressure of 100 MPa.

Cement
sample

(b)

Figure 2. TCT, TCLT, and permeability test on cement samples: (a) samples 1 and 2, (b) permeability
test, and (c) TCT and TCLT.

TCT procedure: The cement sample was placed within a pressure chamber, the triaxial
cell. The employment of oil ensured the uniform application of confining pressure around
the sample’s lateral surface. On the premise of keeping the confining pressure constant, an
axial load was gradually applied to the sample through a loading platen at the top. The
applied load was increased until the sample failed.

TCLT procedure: With the triaxial cell, the cement specimen was enclosed in a rubber
membrane to isolate it from the confining fluid. During the application of confining
pressure, oil was employed to envelope the specimen. After reaching the desired initial
confining pressure, cyclic axial loading was applied using a dynamic actuator. The cyclic
loading was capped at 80% of the specimen’s initial triaxial compressive strength over
15 cycles.

2.2. Experiment on the Cement Sheath Integrity
2.2.1. Experimental System

A comprehensive full-scale device was designed, comprising a foundation, a wellbore
configuration, and an integrated control and data acquisition system. This device allows
for simulation and evaluation of the cement sheath integrity under multi-stage fracturing.
Notably, considering the exclusive detection of SCP in the B annulus under field conditions,
the current experiments primarily focused on assessing the cement sheath integrity within
this annulus. This device is depicted in Figure 3a, its structural layout is presented in
Figure 3b, and the physical images are shown in Figure 3c,d.
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Figure 3. The full-scale device: (a) schematic diagram, (b) structural layout, (c) device assembled,
and (d) casings.

Cement and casing materials for the experiments were obtained from the oil field.
This practice ensured that the dimensions and materials of the inner and middle casings
were precisely consistent with those used underground. The details of the casing system’s
specifications are provided in Table 1. Specifically, A space within the production casing
was designated to provide cyclic pressure. In contrast, nestled between the production
casing and intermediate casing, the B annulus served as cement injection to establish the
cement sheath. Additionally, the C annulus, with its position between the surface casing
and intermediate casing, exerted confining pressure and simulated the subterranean stress
effects. This configuration guarantees that the experimental setup accurately replicates
real-world field scenarios.

Table 1. Basic parameters of casings.

Casing Grade Diameter Thickness
(mm) (mm)
Surface casing P110 177.8 9.19
Intermediate casing P110 244.5 9.65
Conductor casing N80 339.7 11.99

In this experiment, the adoption of a control system allows for the automated manage-
ment of various modules, thereby ensuring the automation of the experimental procedure.
Briefly, the control system guaranteed the source gas injection from the pump into the
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cement sheath foundation; additionally, it continuously documented the data from the
gas flowmeter at the upper side. Subsequently, the system sent commands to the confin-
ing pressure pump to apply the required pressure in the B annulus, thus simulating the
geo-stress effects. Lastly, under the instruction of the control system, the casing pressure
pump applied the required pressure precisely, creating cyclic pressure within the A space
to replicate the multi-stage fracturing process. This automated workflow improved the
experiment’s safety, convenience, and accuracy.

Two-stage and three-stage cementing jobs are prevalent in cementing operations.
Figure 4a,b depict their typical flowcharts. It can be seen that both processes are complex,
leading to a prolonged duration. Bottom hole circulating temperature and bottom hole
static temperature may impact the performance of cement slurries, potentially delivering
adverse effects.

Ilnstallation of 13-3/8 casing |
¥

Installation of 13-3/8 casing
¥

| The top valve of the DV tool is opened, the cement slurry be injected I
T

The bottom valve of the DV tool is controlled to allow the cement slurry

The top valve of the DV tool is opened, the cement slurry be injected |
T

to flow into the annular space between the 13-3/8 casing and the wellbore

The bottom valve of the DV tool is controlled to allow the cement slurry Installation of 9-5/8 casing
to flow into the annular space between the 13-3/8 casing and the wellbore -

| The top valve of the DV tool is opened, the cement slurry be injected |
)

Installation of 9-5/8 casing
:

The bottom valve of the DV tool is controlled to allow the cement slurry to

flow into the space between the 13-3/8 casing and the 9-5/8 casing

The top valve of the DV tool is opened, the cement slurry be injected | -
T

T
lation of 7-inch casing
¥

The bottom valve of the DV tool is controlled to allow the cement slurry to
flow into the annular space between the 13-3/8 casing and the 9-5/8 casing

| The top valve of the DV tool is opened, the cement slurry be injected |
k2

The bottom valve of the DV tool is controlled to allow the cement slurry to

flow into the annular space between the 9-5/8 casing and the 7-inch casing

() (b)

Figure 4. Diagrams of cementing jobs: (a) two-stage and (b) three-stage.

During the experiments, we prepared the cement slurry in a single batch and injected it
into the annulus within five minutes. This short injection interval ensured consistent prop-
erties throughout, including rheology, permeability, and unconfined compressive strength.

2.2.2. Experimental Procedure

Based on the historical fracturing data from the A oil field, three distinct cyclic internal
pressure groups featuring upper limit pressures of 70 MPa, 80 MPa, and 90 MPa were
selected. The minimum threshold pressure for all cycles was standardized at 20 MPa, con-
sistent with the hydrostatic pressure within the fracturing fluid. The detailed experimental
protocol is outlined below:

(a) The casings from the oil field were installed, and the cement slurry was prepared
according to the on-site cementing formula. Subsequently, the prepared slurry was injected
into Annulus B with a 48 mPa-s plastic viscosity and a 15.3 Pa yield point.

(b) An upper autoclave cover was affixed to the top of the casing strings using bolts
to maintain the integrity of the wellbore system. All necessary valves and sensors were
connected. Confining pressure was applied to the C annulus via the confining pressure inlet
to replicate the compressive force of formation acting on the casing. With the increasing
well depth, the temperature of the geological formations rose continuously [33]. The system
was heated to 60 °C with a heating jacket to simulate the geothermal temperatures. At
this constant temperature, the cement was cured for 168 h, thereby creating a solid cement
sheath [34].

(c) Test gas was pressurized to 2 MPa and introduced at the lower end of the B annulus.
Cyclic internal pressures were applied using the casing inner pressure inlet under the
instruction of the control system to mimic the multi-stage hydraulic fracturing operation.
Each cycle was executed for 10 min, summing up to 15 cycles. In the event of a failure in
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the cement sheath’s integrity during the cyclic loading and unloading phases, test gas was
prone to migrate from the annulus’s base to its summit and exit through the gas outlet. The
data acquisition system recorded the gas flow rate at the upper B annulus.

The flow chart of the experimental work methodology is shown in Figure 5:

I Injected cement slurry into the B annulus |

|An upper autoclave cover was affixed to the top of casings |
¥
|Valves and sensors were connected |

| Confining pressure was applied |

| Heated with a heating jacket |
¥

|F0rmati0n of a solid cement sheath |

| Cyclic casing internal pressures were then applied I

| Cement sheath integrity |

Figure 5. Flow chart of experimental methodology.

3. Numerical Simulation

Full-scale experiments have limitations in accurately simulating non-uniform geo-
stress and capturing the evolution of micro-annulus widths during fracturing. For this
consideration, a numerical model using ABAQUS 2022 finite element software was devel-
oped. The developed model helps elucidate the failure mechanism of the cement sheath
integrity under multi-stage fracturing.

3.1. Finite Element Model

The simulation focused on the vertical section of Well H (Section A, located at a
depth of 2000 m), as shown in Figure 6a. A comprehensive 3-D finite element model was
constructed, comprising the production casing, B annulus cement sheath, intermediate
casing, C annulus cement sheath, surface casing, and the surrounding formation, consistent
with the actual dimensions of the wellbore. By employing structured and variable density
meshing techniques, the model measures 5m x 5m x 5m, as demonstrated in Figure 6b,c.
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Figure 6. Finite element model based on actual wellbore structure: (a) structure diagram of the well,
(b) finite element model, and (c) wellbore structure.

Regarding the simulated geo-stress conditions, the maximum and minimum horizon-
tal principal stresses, along with vertical stress, were set at 26 MPa, 33 MPa, and 30 MPa,
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respectively. The casing was represented through a linear elastic material model. Addition-
ally, the cement sheath and formation were modeled using the Mohr-Coulomb constitutive
model, with material specifics outlined in Table 2.

Table 2. Mechanical properties of cement, casing, and formation.

Elastic Modulus . , . Friction Angle Cohesive Strength
Name (GPa) Poisson’s Ratio ©) (MPa)
Cement 12 0.23 25 9
Formation 23 0.18 30 6.2
Casing 210 0.28

To simulate interface debonding, a zero-thickness cohesive element layer was inserted
at the 1st, 2nd, 3rd, and 4th interfaces. The mechanical properties of these cohesive elements
are detailed in Table 3. The maximum nominal stress damage criterion was used to judge
the damage of the cohesive elements in this study, that is:

Maxd o T Te Uy )
0 79 70

where Tg, 79, and TCO are the cohesive strengths in the normal direction, the first shear direc-
tion, and the second shear direction, respectively; T,, T}, and T, are the interface stresses in
the normal direction, the first shear direction, and the second shear direction, respectively.

Table 3. Mechanical properties of the cohesive elements.

Normal Shear Norm.al Shea.r Critical
. . Cohesive Cohesive
Name Stiffness Stiffness h h Energy
(GPa) (GPa) Strengt Strengt (/m?)
(MPa) (MPa)
The 1st, 2nd, and 3rd interface 0.8 2.2 1.2 2.3 100
The 4th interface 15 45 2.6 5.6 210

The BK fracture criterion was used in this study as the criterion for the damage
evolution, that is:
G = Gy + Gy + G¢ ] 2
Gp+Ge _
Ge+(Gs — Go){ gt} = &°
where G, Z, and G are the critical energies needed for damage in the normal direction,
the first shear direction, and the second shear direction, respectively; G,, Gy, and G, are the

dissipation energies in the normal direction, the first shear direction, and the second shear
direction, respectively; 8 is an empirical index.

3.2. Boundary Conditions and Simulation Steps

Initially, the finite element model was subjected to far-field geo-stresses to achieve a
baseline equilibrium state. Subsequently, cyclic internal pressures were applied to the inner
wall of the production casing to capture the actual construction parameters and replicate
the fracturing experience. The number of circles was 15, with each involving pressurization
and depressurization phases. Moreover, in line with the actual fracturing data from the A
oil field, the internal pressure thresholds were set at upper limits of 70 MPa, 80 MPa, and
90 MPa and a lower limit of 20 MPa. The flow chart of the simulation work methodology is
illustrated in Figure 7.
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Figure 7. Flow chart of simulation work methodology.

3.3. Mesh Sensitive Analysis

A mesh sensitivity analysis on the model is typically necessary to mitigate the effects
of mesh size on computational results [35]. In this process, mesh refinement and the
subsequent coarsening around the wellbore when moving away from the well shaft reduce
the total number of elements in the model, elevating computational efficiency. We adjusted
mesh sizes near the wellbore to obtain different numbers of meshes and varying mesh
divisions. On this basis, three configurations were detailed (refer to Table 4): coarse,
medium, and fine. The coarse configuration comprises 16,371 elements, the medium
configuration contains three times those of the coarse (49,152), and the fine configuration
has seven times those of the coarse, totaling 114,600.

Table 4. Comparison of simulation results under different mesh sizes.

X . Mesh Size of the Total Number of Micro-Annuli Width
Configuration Wellbore
Meshes (um)
(mm)
Coarse 8 16,371 130.33
Medium 4 49,152 130.12
Fine 2 114,600 130

Numerical simulations were performed on the three mesh models under multi-stage
hydraulic fracturing conditions at a maximum load of 70 MPa with 15 circles. The micro-
annuli widths for the coarse, medium, and fine meshes at the 1st interface (Table 4) were
130.33 pum, 130.12 pm, and 130 pum, respectively. The relative differences between the
coarse and medium meshes and between the medium and fine meshes were 0.16% and
0.09%, respectively, indicating the stability of calculations with the fine mesh. Moreover,
the grid convergence index (GCI) was calculated [36]. The GCI values of the coarse and
medium mesh groups (GCly;) and the medium and fine mesh groups (GCl3;) accounted
for 1.35% and 0.91%, respectively. These findings indicate that using a fine mesh reduces
the computational results” dependence on mesh size, thereby confirming the accuracy and
reliability of the numerical simulations with the fine mesh. Based on these analyses, we
adopted this mesh without additional refinement, and all subsequent calculations will be
derived from this fine mesh model.

3.4. Model Validation

Prior to conducting cement sheath integrity experiments, preliminary tests were
conducted to evaluate the stability and safety of the experimental system. We chose 60 MPa
as the upper limit for internal cyclic pressure across 16 cycles. As illustrated in Figure 8a,
the test revealed a gas leak at 125 mL/min during the 15th cycle. The post-experiment
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appearance of the cement sheath indicated the micro-annuli generation at the 1st interface,
as shown in Figure 8b.
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Figure 8. Results from the cement sheath integrity experiments: (a) experiment results and
(b) morphology of cement sheath.

Using the established finite element model, we performed a numerical simulation of
cement sheath integrity with an internal cyclic pressure limit of 60 MPa for 16 cycles. The
simulation results showed that debonding occurred at the 1st interface during the 15th
cycle, giving rise to micro-annuli formation. As detailed in Figure 9a, the morphology
of the micro-annuli was measured at 82 pm in size. The casing was sectioned, and the
micro-annulus was examined with a size of 88 um using SEM, as shown in Figure 9b.

Cement sheath

88um

Microtannuli

Cement sheath
100pm

(@) (b)

Figure 9. Microscopic morphology of micro-annuli: (a) experiment results and (b) simulation outcomes.

In numerical simulations and experiments, micro-annuli appeared at the 1st interface
after loaded at the 15th cycle, and their widths were remarkably consistent. This consistency
between the experimental results and numerical simulations confirms the effectiveness and
reliability of the methods and models employed in this study.

4. Results and Discussion
4.1. Experimental Results
4.1.1. TCT, TCLT, and Permeability Test Results

The post-mechanical testing morphology of the cement samples is illustrated in
Figure 10a, and the stress—strain curves before and after the TCT and TCLT are depicted in
Figure 10b. The triaxial compressive strength, elastic modulus, and permeability before and
after TCLT are detailed in Table 5. Initially, the cement’s triaxial compressive strength and
elastic modulus were 55 MPa and 7.2 GPa, respectively. The upper limit of cyclic loading
was set at 44 MPa. After TCLT, the compressive strength and elastic modulus decreased by
10.7% and 8.3%, respectively, to 49.1 MPa and 6.6 GPa.
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Figure 10. Results of mechanical testing on the cement samples: (a) morphology of the cement
samples after testing and (b) stress—strain curves.

Table 5. Data on cement samples before and after TCLT.

Triaxial Compressive Elastic Modulus -
Type Strength (MPa) (GPa) Permeability (mD)
Before TCLT 55 7.2 0.022
After TCLT 49.1 6.6 0.053

These changes imply microstructural damage in the cement, including elevated micro-
crack and microporosity densities, which reduced the matrix’s load-bearing capacity, as
evidenced by the decreased compressive strength and elastic modulus [37]. Nonetheless,
these reductions were modest, suggesting that the cement retained its significant resilience
to cyclic loading and its mechanical integrity under downhole fracturing conditions [38].

Following the TCLT, the permeability increased from 0.022 mD to 0.053 mD, reinforcing
the observation that cyclic loading facilitated micropore and microcrack development,
thereby enhancing permeability [39]. However, gas leakage through the cement matrix is
only possible under permeabilities above 0.1 mD [40]. Consequently, the cement matrix
maintained its seal integrity even after 15 TCLT cycles, suggesting unlikely bottom-hole
gas leakage through the cement matrix, leading to SCP.

4.1.2. Stress-Strain Evolution in Cement under Cyclic Loading

Figure 11a illustrates the stress—strain curve of TCLT. Initially, the curve ascended
near-linearly during the loading phase until reaching the predetermined upper-stress
limit, triggering the commencement of unloading. The unloading phase featured a linear
decrease until the stress diminished to the lower limit, at which point the cycle of reloading
began. Each loading and unloading cycle contributed to the generation of new plastic
strain, cumulatively increasing the total plastic strain. Notably, the loading and unloading
curves collectively formed a hysteresis loop, which progressively shifted rightward with
each cycle, indicating a gradual increase in accumulated plastic strain.

The dynamics of accumulated plastic strain throughout the TCLT are further detailed
in Figure 11b. From the outset, the irreversible plastic strain (denoted as initial plastic
strain) manifested in the 1st cycle at 0.5%. With the progression of cyclic loading and
unloading, the magnitude of plastic strain grew steadily to 0.85% by the 15th cycle.

The above analysis reveals that the TCLT induces microstructural damage within
the cement, resulting in irreversible plastic deformation. Moreover, as the TCLT cycles
increased, the extent of microstructural damage also intensified, increasing the accumulated
plastic strain.
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Figure 11. Results of cyclic loading: (a) cyclic loading curves and (b) cumulative plastic strain.

4.1.3. Cement Sheath Integrity Experiment Results

Figure 12 presents the results from three experimental groups, each showing changes
in internal casing pressure and the monitoring gas flow rate at the top of the cement sheath
over time. Gas leakage was observed at the 14th, 10th, and 8th cycles under upper limit
pressures of 70 MPa, 80 MPa, and 90 MPa, respectively, solely during the depressurization
phases. The initial leakage rates of the three groups were 151 mL/min, 160 mL/min, and
183 mL/min, respectively. As the cycles increased, the gas leakage rates rose progressively
to 160 mL/min, 210 mL/min, and 235 mL/min, respectively, by the 15th cycle. These
trends indicated that higher upper limit pressures in cyclic loading and unloading reduced
the required cycles for cement sheath integrity failure, with the initial and final cycles
resulting in increased gas leakage rates.
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Figure 12. Results of the cement sheath integrity experiment: (a) 70 MPa, (b) 80 MPa, and (c) 90 MPa.
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Figure 13 illustrates the morphology of cement sheaths following the three cyclic
loading experiments. While no cracking was observed in any of the cement sheaths across
the three experimental groups, distinct micro-annuli appeared at the 1st interface, in
contrast to the well-bonded 2nd interface. Thus, cyclic loading induced cumulative plastic
strain in the inner walls of the cement sheath at the 1st interface, which progressively
increased with each cycle. In the depressurization phase, the inner walls could not return
to their original shape, generating tensile stress at the 1st interface. Once surpassing the
interface’s bonding strength, this stress led to debonding and micro-annuli, serving as gas
leakage conduits and causing SCP in the B annulus. Conversely, the 2nd interface showed
no signs of debonding, likely due to lower stress levels that produced insufficient (minimal
or none) cumulative plastic strain to initiate debonding. Gas leakage occurred solely during
depressurization because the micro-annulus formation allowed the compressive forces
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from the outer wall of the inner casing to close the micro-annuli. Consequently, gas from the
bottom of the cement sheath could not breach the 1st interface. However, the micro-annuli
reopened during depressurization, forming gas leakage pathways.

(b)
Figure 13. Morphology of cement sheaths: (a) 70 MPa, (b) 80 MPa, and (c) 90 MPa.

The casing and cement sheath with micro-annuli were meticulously sectioned, and
their morphology was analyzed via SEM (Figure 14). Precise width measurements of
the micro-annuli indicated that after 15 loading cycles under upper limit pressures of
70 MPa, 80 MPa, and 90 MPa, the widths reached 117 um, 178 um, and 212 pm, respectively.
These results demonstrate that the widths of the micro-annuli increase with the upper
limit pressure during cyclic loading. Thus, higher upper limit pressures induce more
significant cumulative plastic strain on the cement sheath’s inner walls, resulting in broader

212pm

Cement sheath Cement sheath
100pm 100m

(9
Figure 14. SEM results of the micro-annulus morphology: (a) 70 MPa, (b) 80 MPa, and (c) 90 MPa.

4.2. Numerical Simulation Results
4.2.1. Equivalent Plastic Strain Evolution in Cement Sheaths

The Plastic Equivalent Strain (PEEQ) quantifies the accumulated plastic strain follow-
ing cyclic loading. PEEQ = 0 signifies no accumulated plastic strain, whereas PEEQ > 0
confirms its occurrence, with a larger PEEQ indicating a more significant accumulation.
Figure 15 depicts the PEEQ distribution in the cement sheaths of the B and C annuli fol-
lowing 15 loading cycles. A marked plastic strain accumulation is observed in the cement
sheath of the B annulus, whereas the C annulus exhibits no such strain. Despite unequal
horizontal principal stresses, the C annulus’s cement sheath and the intermediate casing
mitigate horizontal geo-stresses, whereas the primary source of accumulated plastic defor-
mation in the cement sheath is the casing’s internal pressure. As a result, PEEQ shows a
relatively uniform circumferential distribution. Notably, the highest PEEQ values are at
the 1st interface, diminishing progressively toward the 2nd interface, with the 3rd and 4th
interfaces exhibiting zero PEEQ values.

Figure 16 illustrates the PEEQ variations at the 1st, 2nd, 3rd, and 4th interfaces of
the cement sheath under cyclic loading, with upper limit pressures of 70 MPa, 80 MPa,
and 90 MPa. The initial PEEQ values at the 1st interface were 0.31%, 0.53%, and 0.66%,
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respectively, for each pressure setting during the 1st cycle. As the cycles increased, the
PEEQ values rose almost linearly to 0.79%, 0.95%, and 1.13% by the 15th cycle. At the 2nd
interface, the initial cycle’s PEEQ values were 0.11%, 0.18%, and 0.23%, which increased
to 0.26%, 0.32%, and 0.47% by the 15th cycle. These results demonstrate that the largest
PEEQ increases occurred during the 1st cycle for both the 1st and 2nd interfaces, with
the 2nd interface’s PEEQ values significantly lower than those at the 1st, indicating lesser
cumulative plastic strain. PEEQ values at the 3rd and 4th interfaces remained at zero
throughout the whole process.
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B annulus
cement sheath

B annulus
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'C annulus
cement sheath

C annulus
cement sheath

@ (b) (0)

Figure 15. PEEQ distribution in the cement sheaths of the B and C annulus: (a) 70 MPa, (b) 80 MPa,
and (c) 90 MPa.
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Figure 16. PEEQ evolution: (a) 70 MPa, (b) 80 MPa, and (c) 90 MPa.

4.2.2. Micro-Annulus Evolution at Interfaces

After 15 internal pressure cycles, the interface bonding states are illustrated in Figure 17.
Micro-annuli were not observed at the 2nd, 3rd, and 4th interfaces but at the 1st interface.

1*tinterface
Micrq-annuli

Cement sheath

() (b)

Figure 17. Debonding state at the interfaces: (a) the 1st interface, (b) the 2nd interface, (c) the 3rd
interface, and (d) the 4th interface.

Post-processing of numerical simulation results yielded the circumferential widths of
the micro-annuli at the 1st interface (Figure 18). Micro-annuli first appeared at the 8th, 10th,
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and 14th cycles under upper limit pressures of 70 MPa, 80 MPa, and 90 MPa, respectively,
with widths nearly uniformly distributed around the circumference. The initial widths of
these micro-annuli were 83 pm, 95 um, and 103 um, respectively. As the cycles increased,
the widths of the micro-annuli gradually expanded to 130 pm, 165 pm, and 205 um by the
15th cycle, indicating that the largest width increase occurred during the initial appearance.

Micro-annuli width (um)
Micro-annuli width (um)
°

Micro-annuli width (um)

210

(0

Figure 18. Evolution of micro-annulus width at the 1st interface: (a) 70 MPa, (b) 80 MPa, and (c) 90 MPa.

4.3. Correlation between Numerical Simulation and Experimental Results

The results of the three sets of experiments consistently demonstrated the presence of
micro-annuli at the 1st interface. This finding was supported by the three sets of numerical
simulations that also identified micro-annuli at the same location, confirming alignment
between the numerically simulated and experimentally observed micro-annuli positions.

Experimental observations recorded gas leakage during the 8th, 10th, and 14th cyclic
loading under upper pressure limits of 70 MPa, 80 MPa, and 90 MPa, respectively. Corre-
sponding numerical simulations displayed micro-annuli at the 1st interface during identical
cycles, corroborating the experimental findings. The agreement between the experimen-
tal cycles with gas leakage and the simulated cycles with micro-annuli substantiates the
simulations” accuracy.

After 15 loading cycles, the experimentally measured widths of the micro-annuli were
117 pum, 178 um, and 212 um, respectively, closely mirrored by the simulation results of
130 um, 165 pm, and 205 pum. This high degree of concordance underscores the consistency,
stability, and reliability of this research.

4.4. Sensitivity Analysis

The mechanical properties of cement materials profoundly affect the stress level within
the cement sheath. Choosing a cement formulation with suitable mechanical parameters can
significantly reduce plastic deformation. This study performed a sensitivity analysis on four
key mechanical properties, elastic modulus, Poisson’s ratio, cohesive force, and friction angle,
to guide future cement formulation designs. This analysis utilized a previously established
finite element model, setting the casing’s cyclic upper pressure at 70 MPa over 15 cycles.

Figure 19 depicts the PEEQ curves of cement sheaths under varying elastic moduli,
where the PEEQ values increase progressively with the cycles, and both initial and final
PEEQ values escalate as the elastic modulus increases. These observations suggest that
cement with a lower elastic modulus can effectively reduce the risk of integrity failure in
cement sheaths during multi-stage fracturing.

Figure 20 depicts the PEEQ curves under varying Poisson’s ratios. Under the Pois-
son’s ratios of 0.13, 0.18, and 0.23, the initial PEEQ values are 0.42%, 0.312%, and 0.09%,
respectively, while the final PEEQ values are 0.51%, 0.79%, and 0.84%, respectively. These
results demonstrate that cement with a higher Poisson’s ratio helps reduce the stress level
of the cement sheath during multi-stage fracturing.
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Figure 19. PEEQ values under different elastic moduli.
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Figure 21 illustrates PEEQ curves under varying friction angles. While both initial and
final PEEQ values increase with the friction angle, the variations across different angles
are not particularly significant. Nevertheless, a higher friction angle still benefits cement
sheath integrity.
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Figure 21. PEEQ values for different friction angles.

Figure 22 depicts the PEEQ curves under various cohesive strengths. The data indicate
that at cohesive strengths of 5 MPa, 9 MPa, and 13 MPa, the initial PEEQ values are 0.14,
0.312, and 0.42, respectively, while the final values are 0.56%, 0.79%, and 0.84%. Thus,
cement with a higher cohesive strength is advantageous for maintaining the integrity of
the cement sheath during multi-stage fracturing.
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Figure 22. PEEQ values under different cohesive strengths.

4.5. Suggestions for Future Work

Experimental and numerical studies on cement sheath integrity revealed that during
multi-stage fracturing, elevated cyclic pressure and increased cycling promoted micro-
annulus formation, resulting in SCP. Therefore, it is essential to design the most appropriate
multi-stage fracturing pressures and cycles based on the specific conditions of the forma-
tion and wellbore. Additionally, numerical simulations showed that cement mechanical
properties significantly influence the plastic deformation extent of the cement sheath.
When selecting cement materials, it is crucial to consider characteristics such as low elastic
modulus, high Poisson’s ratio, high cohesion, and high friction angle. Optimizing engineer-
ing parameters and choosing cement materials with superior properties are essential for
enhancing wellbore integrity.

5. Conclusions

This research used the actual parameters from the A oil field in experiments and
numerical simulations to investigate the integrity failures of cement sheaths during multi-
stage fracturing, which uncovered the mechanisms behind these failures. The key findings
are as follows:

Cyclic loading and unloading experiments on cement samples demonstrated cumu-
lative plastic deformation in the cement, with triaxial compressive strength and elastic
modulus decreasing by 10.7% and 8.3%, respectively, and permeability increasing by 150%.
These results confirmed that cyclic loading caused micro-damage in cement. However,
after 15 cycles, the permeability of the cement remained below the threshold for gas flow,
indicating that gas would not leak through the cement sheath matrix underground.

Experiments with a full-scale device on cement sheath integrity under multi-stage
fracturing confirmed that integrity failure was primarily due to micro-annulus formation at
the 1st interface, attributed to cumulative plastic strain in the inner walls of the B annulus
cement sheath during cyclic loading, leading to debonding at the 1st interface. While the
outer wall of the B annulus cement sheath also experienced plastic strain, it was insufficient
to cause debonding at the 2nd interface. No plastic strain was observed in the cement
sheath of the C annulus, and no debonding occurred at the 3rd and 4th interfaces.

Both full-scale experiments and numerical simulations established that higher cyclic
pressure limits resulted in fewer required cycles for cement sheath integrity failure, wider
micro-annuli formation, and increased gas leakage rates through the interfaces.

The number of cycles for cement sheath integrity failure in the experimental groups
matched perfectly with the cycles at which micro-annuli first appeared at the 1st interface in
the numerical simulations. The measured widths of micro-annuli at the 1st interface were
very close to those determined through numerical simulations, showing strong consistency
between experimental and numerical results. These results validated the reliability of
both approaches and provided valuable insights into the mechanisms of SCP generation
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in offshore A oil field development wells, offering guidance for the design of offshore
multi-stage fracturing parameters.
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Abstract: Shallow marine shelf sedimentation is a hot and difficult topic in today’s reservoir sedi-
mentology research, and it is widely present in the world. The shallow marine shelf sedimentation is
not only affected by complex hydrodynamic effects such as tides and waves, but also controlled by
bottom tectonic features, forming a complex and varied sedimentation pattern. During the Middle
Jurassic period, the northern part of West Siberian Basin was characterized by a shallow marine shelf
sedimentary environment. In the central reion of this basin, a typical tectonic uplift zone developed,
forming a tectonic background of “one uplift zone between two depressions”. Simultaneously, the
dominant influence of tides in the shallow marine shelf environment facilitated the formation of a
typical shelf-type tidal delta sedimentation system in the Jurassic strata of the northern part of West
Siberian Basin. This sedimentation constitutes a significant natural gas reservoir, and it is important
to investigate the sedimentary evolution of shelf-type tidal deltas and to clarify the internal structure
and distribution of sedimentary sand bodies and interlayers in shelf-type tidal deltas, which is the
basis for the fine development of this type of reservoir. This paper takes the Jurassic strata in the
Y region of northern part of West Siberian Basin as the research object, and conducts numerical
simulation based on sedimentary dynamics for the shelf-type tidal delta sedimentation formed
under the tectonic background of “one uplift zone between two depressions”. In addition, tidal
amplitude and initial water level were selected for different hydrodynamic factors to study the main
controlling factors of shelf-type tidal delta sedimentation. The simulation results show that tidal
amplitude is positively correlated with three-dimensional configuration characteristic parameters of
the sedimentary sand bodies, and the development of tidal bars becomes more and more limited as
the initial water level increases. This paper systematically investigates the sedimentary evolution of
shelf-type tidal delta under the tectonic background of “one uplift zone between two depressions” by
the sedimentary dynamics method, which deepens the understanding of the shelf-type tidal delta
sedimentation process and provides a new thinking for the development of this sedimentary reservoir
type (School of Geosciences China University of Petroleum (East China)).

Keywords: shelf-type tidal delta; sedimentary dynamics; numerical simulation; Delft3D

1. Introduction

The hydrodynamic conditions of shallow marine shelf-type tidal deltas are complex
and diverse, including tides, currents, and storm-induced waves [1], and shelf-type tidal
delta deposition is a complex depositional system formed under the joint influence of tidal
action and paleo-uplift tectonics. The shelf-type tidal delta is a special kind of shallow
marine shelf deposition that is mainly developed in the broader continental shelf, shallow
sea water in the coastal zone environment, and it is a kind of sedimentary landform formed
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by the strong influence of tidal action [2]. The sediments of shelf-type tidal deltas are
mainly imported by the fluvial system and interact with periodic tidal currents, forming a
series of complex morphological sedimentary sand bodies on the shelf, and its sedimen-
tary sequences often show obvious tidal rhythmic laminations and interbedded laminar
structures [3]. The formation process of shelf-type tidal deltas involves a number of links
such as fluvial sand transport, tidal current dynamics, sediment resuspension and redepo-
sition [4], and their depositional systems usually include components such as distal bars,
intermediate plains, and frontal subfacies, where the distal bar portion is often shown to be
branching channels and sheet sand bodies due to the action of strong tidal currents, and the
frontal subfacies may develop tidal pads, tidal channels, and tidal sand ridges and other
geomorphological units [5,6]. However, in sedimentary geology, there are fewer literature
records on shelf-type tidal delta deposition formed due to tectonics [1], and there is a lack
of systematic understanding of the internal structure and distribution of sand bodies and
interlayers in shelf-type tidal delta deposition, which is needed to clarify the sedimentary
evolution law, to determine the spreading characteristics of the sand bodies, and to provide
guiding ideas for the research of the exploration and development of oil and gas in this
kind of sedimentary reservoir. As such, study on shelf-type tidal delta deposition has
become a hot and difficult problem nowadays.

Commonly used methods to study ancient sedimentation include ancient sedimen-
tary record analysis, modern sedimentary example dissection, flume physics experiments,
and numerical simulation [7]. Seismic data would be limited by a lack of drilling wells,
resulting in less information available for research [8]. Modern sedimentary example
dissection depends on the practicalities of outcrops; sometimes rock outcrops can pro-
vide the two-dimensional structure of sediments but not enough information on internal
three-dimensional structure [9]. Physical simulation is mainly carried out through flume
experiments for sediments, and it can provide reliable results [10]; however, physical simu-
lation is limited by many conditions, such as small study size and limited run time [11]. The
utilization of numerical simulation as an efficient tool in sedimentary dynamics primarily
relies on the hydrodynamic approaches to investigate sediment transport and geomor-
phological evolution [12]. Numerical simulation is highly actionable and applicable to a
wide range of hydrodynamic scenarios, and can provide strong evidence for the study of
morphodynamic and stratigraphic patterns arising from sedimentary erosion at different
spatial and temporal scales [13]. To date, numerous numerical simulation methods of
sediment dynamic have been developed, which can be classified into various categories
based on different principles and criteria. [14]. This study employs a sediment dynamics
numerical simulation model grounded in hydrodynamic equations. It is the numerical
simulation of sedimentation—erosion based on the Naiver-Stokes equations, which allows
the recovery of the detailed processes of sediment transport and lithofacies distribution
and it is appropriate for modelling the evolution of sediment environments over short
timescales measured in millennia [15]. In 2016, Chatzirodou [16] used Delft3D software
to simulate a deep-water shelf in the Nestor Channel, Scotland, UK, and the model re-
vealed the interactions between the sand bodies and the complex three-dimensional tidal
structures; in particular, how channel currents formed during rising tide periods and tidal
jets formed during ebb tide periods can affect the sediment’s movement and morphology
changes. In 2018, Tristan Salles [17] used the numerical simulation method to study the
millennial-scale sedimentary evolution of a shallow marine shelf. In the same year, Van
de Lageweg [18,19] applied sedimentary dynamics modelling in a land-marine transition
zone environment; the research quantifies the role of factors such as fluvial flow, waves,
tides, and mud supply in the geometry and sedimentary structure of funnel-shaped basins
along the fluvial-marine transition zone region based on a sedimentary dynamics method.
In 2020, Nnafie [20] analyzed the evolution of the natural morphodynamics of tidal sand
ridges on the shelf and the response to human intervention based on numerical simulation
of sedimentary dynamics, and carried out a simulation study of the dynamic process of
large sedimentary sand bodies formed under strong tidal influence in a shallow marine
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shelf environment by Delft3D. These studies exemplify that the Delft3D software is a
reliable and widely used tool for the analysis of shelf environments and tidally driven
sedimentary dynamics problems.

2. Region Setting

The West Siberian Basin is the largest hydrocarbon-bearing basin in the world, with an
area of about 3.5 million square kilometers and a huge potential for hydrocarbon resource
development [21]. The study area is the Y area on the uplift zone in the northern part of the
West Siberian Basin, as shown in Figure 1a, and its Jurassic stratigraphic system shows a
good potential for gas deposits. Shallow marine facies deposits were widely developed in
the northern part of West Siberian Basin during the Jurassic period [22], and in the center of
the northern part of the basin, a significant paleo-uplift zone was formed due to long-term
tectonic movements and crustal uplift [23,24]. This uplift zone serves as an important
geological tectonic line, bisecting the vast northern part of Western Siberian Basin into two
relatively low-lying depressions, thus constituting a typical tectonic pattern of “one uplift
zone between two depressions” [23-26].
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Figure 1. (a) Litho—paleogeographic map of the Vym time in the northern part of West Siberian
Basin [22]; (b) lithostratigraphy and sedimentation conditions of Jurassic deposits in the northern
part of the West Siberian basin [22].

Georgiy Shemin [22] in 2019 carried out a detailed Jurassic paleogeography study in
the northern part of West Siberian Basin, mapping the litho-paleogeography of the Jurassic
strata (Figure 1b). In Vym time, the northern part of West Siberian Basin was in an extensive
shallow marine shelf environment, with depths ranging from 25 to 100 m. The study area is
located in a region where sandstones and siltstones dominate the sediments, accompanied
by the development of some mudstones, in which sandstones generally account for more
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than 50% of the sediments, and sandy and muddy interbedded sediments with a thickness
of up to 260 m have been deposited. The shelf uplift zone below sea level was under the
joint control of tides and paleo-tectonics [22], which resulted in the formation of shelf-
type tidal delta deposition under the tectonic background of “one uplift zone between two
depressions”. Under the tectonic background of “one uplift zone between two depressions”,
the gently sloping zone extending to both depressions not only received a large amount of
sediments from the Ural Mountains and the Taimyr region, but also deposited mud and
sand from the two oceans under the strong influence of tides, which ultimately formed the
complex shelf-type tidal delta depositional system [2].

3. Methods

The simulation software used in this study is the open-source software Delft3D ver-
sion 4.04.01, which is a high-resolution numerical simulation system for dynamic flow
of sedimentary sands based on continuous profiles for hydrodynamic-stratigraphic nu-
merical simulations [27]. Its FLOW module is suitable for predicting hydrodynamic and
sedimentary geomorphological evolution in semi-enclosed coastal areas such as coastal
areas, estuaries, shallow marine shelves, and lagoons [28,29]. Fluid and sediment transport
are discretized on a 3D curvilinear finite-difference grid and solved using the alternate-
direction implicit format ADI method [29]. In this paper, Delft3D software is used to carry
out numerical simulation of the depositional process of shelf-type tidal deltas formed by
the Jurassic strata in the study area, so as to determine the main controlling factors for the
distribution of sand bodies and their internal configuration in the “one uplift zone between
two depressions” shelf-type tidal delta.

3.1. Establishment of Basic Model

In this paper, the target strata in the study area correspond to the Jurassic Vym time
strata. The geological conceptual model topography is set up with reference to the litho-
paleogeographic map of the Vym time in the northern part of West Siberian Basin mapped
by Georgiy Shemin. The horizontal surface area of the model corresponds to the area of
the paleogeographic map (Figure 1a), which is 1500 km long and 1200 km wide, as shown
in Figure 2. According to the litho-paleogeographic map, the ocean boundary is set up in
the north, east, and northwest of the model to provide tidal action, and the Harmonic tidal
force type is adopted, that is, the tide with a period of 12 h and amplitude of 6 m. In the
Ural Mountains, the Taimyr region, and the Siberian craton, river boundaries are set.
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Figure 2. Three—dimensional conceptual model plan of the study area.
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3.2. Basic Model Parameter Setting

The research of modern depositional systems, especially the modern continental shelf
depositional system, can provide a reference for the hydrodynamic and sediment parame-
ters of the numerical simulation model of the “one uplift zone between two depressions”
shelf-type tidal delta [30-37]. The area of the model grid is set to 3 x 3 km?. During the
Jurassic period, the study area was in an extensive shallow marine shelf environment, the
shelf uplift zone, lying below sea level, and was concurrently influenced by the synergistic
controls of tidal forces and paleotectonic activities [22]. In this context, the height value
of the highest point of the uplift zone in the model is defined as 0 m in the Z axis of the
model, and the initial water level of the sea in the model is set as 1 m. Semi-diurnal tidal
control was adopted, the tidal frequency is 12 h/time, and the tidal height was set to 6 m.
The wave frequency is 25 s/time, and the wave height is set to 1 m. The fluvial discharge
is set to 3000 m3 /s, and the amount of sediment carried by the river is 0.525 kg/ m3. The
sediment types are divided into two types, non-cohesive sandy sediment and cohesive
muddy sediment. The non-cohesive sandy sediments are divided into coarse grain size
and fine grain size. The content ratio is coarse sand:fine sand:mud = 1:1:1, the simulation
time is 150 days, every 10 days is recorded as 1 step, the simulation discrete time step is
1 min, the morphological scale factor H is set to 100, and the results can be obtained for
up to 500 months of sedimentary evolution. At the same time, the morphological scale
factor does not have any effect on the formation of the sedimentary morphology of the
shelf tidal delta [38], as shown in Table 1. In the simulation of Delft3D software, the tidal
amplitude and wave height vary automatically with time in a single period, and the input
parameters represent the absolute values of the maximum and minimum within a period.
Fluvial discharge serves as an auxiliary hydrodynamic force, maintained at a constant
rate throughout the simulation. The initial water level height means the water level at
the beginning moment of the simulation, and it is subsequently allowed to fluctuate in
response to the evolving hydrodynamic conditions as the simulation progresses.

Table 1. Basic model parameter settings.

Parameter Settings Value
Size of Study Area 1500 x 1200 km?
Size of Single Grid 3 x 3km?
Time Step 1 min
Initial Water Level 1.0m
Tidal Amplitude 6.0m
Wave Height 1m
Fluvial Discharge 3000.0 m®/s
Sediment Grain Size 130\65\mud pum
Coarse Sand:Fine Sand:Mud 1:1:1
Maximum Water Depth 176 m
Morphological Scale Factor 100

3.3. Main Controlling Factor Analysis Model Parameter Setting

In order to clarify what factors are mainly in control of the sand bodies’ development
in the shelf-type tidal delta, the tidal amplitude and initial water level were selected for
two univariate analyses and the values of the tidal amplitude and the initial water level are
referenced by research of modern depositional systems, mentioned in Section 3.2 of this
paper. In order to study the influence of the two factors on the sedimentation in depth, the
range of values of the two factors in this paper is slightly larger than the reference range of
research of modern depositional systems. Two different casaaaaaes are selected for each
factor on the basis of the basic model, and a total of five models were simulated. Tidal
factors are as follows: high tide, 10 m; medium tide, 6 m (base); and low tide, 2 m. The
water level factors are as follows: high water level, 45 m; medium water level, 15 m; and
low water level, 1 m (base), as shown in Table 2.
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Table 2. Main controlling factor analysis parameters.

Model Name Factor Case Parameter
HIGHWATER High Water Level 45
MIDDLEWATER Initial Water Level (m) Medium Water Level 15
BASE Low Water Level 1
HIGHTIDE High Tide 10
BASE Tidal Amplitude (m) Medium Tide 6
LOWTIDE Low Tide 2

4. Results

4.1. Analysis of Basic Model Results

Figure 3 shows the simulated erosion and sedimentation in the northern part of West
Siberian Basin at simulation time step = 15. Marine boundaries are set in the northwestern,
northern, and northeastern parts of the study area, and the local high part of the uplift
zone and the east and west sides of the target study area are the main sources of sand
supply, and in the shallow marine shelf area, the study area is adjacent to the sources and
the high-current-shear-stress area, forming sand body deposits. In the semi-deep-water
and deep-water shelf area, the currents are far away from the sources and only receive mud
supply from the east and west sides and the northern ancient ocean. The shelf uplift zone
in which area Y is situated, as shown in Figure 3b, has a stronger sedimentary erosion in
the north than in the south. Sedimentary sand bodies are more developed in the north,
and sand sheets are widely distributed in the study area, on which some tidal bars are
developed, and the sedimentary sand bodies are in the form of sand-mud thin interbedded
structures. Tidal channels are distributed on both sides of the uplift zone, dividing the
sand bars. The results of the simulation show that the distribution of sand bodies is similar
to the conclusions obtained from the paleogeographic study of Kontorovich, A.E. [25,26],
which verifies the reliability of this simulation.
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Figure 3. Results of basic model: (a) cumulative erosion and sedimentation of basic model; (b) cumu-
lative erosion and sedimentation of target study area.

Figure 4 shows the simulation results of the erosion and sedimentation distribution in
the target study area during the simulation time. Due to tidal action, sediment accumulation
occurs, and as the simulation time grows, the sheet sand bodies gradually increase in length
and width, and tidal channels appear in some areas; as the bars continue to be deposited,
they begin to move towards the center of the basin, and the rate of deposition slows down.
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At the marine boundary in the northwestern part of the study area, various bars and
tidal channels are developed. In the early period of the simulation, when step = 1, there
is sediment accumulation in the study area, although tidal channels are not obviously
developed, but there is a trend; in the middle period of the simulation, when step = 8, the
basic morphology of the tidal bars and tidal channels in the study area is initially visible,
and in the late period of the simulation, when step = 15, the development of the tidal bars
and tidal channels becomes particularly significant.
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Figure 4. Process of basic model study area simulation: (a) cumulative erosion and sedimentation of
basic model at step 1; (b) cumulative erosion and sedimentation of basic model at step 8; (c) cumulative
erosion and sedimentation of basic model at step 15.

Especially in the study area, it can be observed that under the strong influence of
the tidal channels, strip-shaped bar structure with separation characteristics is gradually
formed. The type of sand bar is mostly dominated by northwest-trending bars, and
statistical results show that the average length of the tidal bar is 11.83 km, the average
width is 5.11 km, and the average thickness is 8.61 m. A large number of thin sand sheets
are developed on both sides of the uplift zone, with the simulation going on, where sand
sheets become more developed and expanded, and statistical results show that the average
length of the sand sheets is 14.83 km, the average width is 12.60 km, and the average
thickness is 0.77 m.

4.2. Analysis of Tide Model Results

Tidal amplitude is one of the important factors affecting the development of bars in the
shelf depositional system. The rest of the parameters are fixed to carry out simulations with
different tidal amplitudes, which are set to be a low tide with 2 m amplitude, a medium
tide with 6 m (basic model) amplitude, and a high tide with 10 m amplitude.

4.2.1. Analysis of Sediment Distribution

As shown in Figure 5, comparison of the models with different tidal amplitudes shows
that, compared to the basic model for the medium tide, the bars develop slowly at low
tide, but the sediment thickness is greater, little sediment is reworked, and tidal channels
are developed along both sides of the uplift zone. At high tide, the tidal modification
is stronger, the bars and tidal channels are more developed, and the bar morphology is
heavily eroded and redeposited. As tidal amplitude increases, tidal bars grow faster and
tidal channels are more developed; the greater the tidal amplitude, the wider the range of
tidal influence, the greater the number of bars, and the more complex the morphology.
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Figure 5. Changes in cumulative erosion and sedimentation of shelf-type tidal delta with different
tidal amplitude: (a) low tide model at step §; (b) low tide model at step 15; (c) medium tide model at
step 15; (d) medium tide model at step 8; (e) high tide model at step 15; (f) high tide model at step 15.

4.2.2. Analysis of Flow Velocity Distribution

As shown in Figure 6, at low tide, deposition occurs only at the ends of the channel
of the uplift zone, with less tidal action, and the water flows in the channel during rising
tide, resulting in the formation of a bar at that location. At medium tide, the oscillation of
water flow caused by tidal action is significantly enhanced, and multiple tidal channels
develop on both sides of the northern side of the uplift zone under the impact of rising tidal
currents. At high tide, the tidal action is the strongest, and the water flow in the channel
meets with the tidal current to form a vortex current, resulting in the rapid formation of
bars on both sides of the uplift zone.
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Figure 6. Changes in velocity of shelf-type tidal delta with different tidal amplitude: (a) study area at
low tide; (b) zoom in on study area at low tide; (c) study area at medium tide; (d) zoom in on study
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4.2.3. Analysis of Sand Bodies

According to the simulation results, as shown in Table 3, the three-dimensional config-
uration characteristic parameters of the sand bodies for each tidal amplitude model were
counted. At low tide, the average length, average width, and average thickness of the sand
bodies decreased to different degrees compared to the medium tidal amplitude model used
as the basic model. The average length of the tidal bars decreased by 21.13%, the average
width by 9.78%, and the average thickness by 10.57%, while the average length of the
sand sheet decreased by 7.42%, the average width by 16.19%, and the average thickness by
29.87%. On the other hand, at high tide, the three-dimensional configuration characteristic
parameters of the sand bodies increased significantly compared to the basic model. The
average length of the tidal bars increased by 26.63%, the average width by 23.09%, and
the average thickness by 19.28%, while the average length of the sand sheet increased by
34.05%, the average width by 7.30%, and the average thickness by 27.27%. The simulation
results show that the tidal energy effect has the greatest influence on the length of the
deposited sand body, and with the increase in tidal amplitude, there is a trend of advancing
towards the northern ocean of the study area, indicating that the tidal amplitude is one of
the main factors controlling the sedimentation in the study area.

Table 3. Three-dimensional configuration characteristic parameters of the sand bodies with different

tidal amplitude.
Average Length/km Average Width/km Average Thickness/m
Tidal Amplitude
Tidal Bar Sand Sheet Tidal Bar Sand Sheet Tidal Bar Sand Sheet
Low tide (2 m) 10.33 13.73 4.61 10.56 7.70 0.54
Medium tide (6 m) 11.83 14.83 5.11 12.60 8.61 0.77
High tide (10 m) 13.48 19.88 6.49 13.52 10.27 0.98

Analyzing the relationships of the three-dimensional configuration characteristic
parameters of tidal bars, as shown in Figure 7, the values of the length-to-width ratio of
the tidal bars ranged from 1.15 to 5, and the values of the length-to-thickness ratio ranged
from 0.62 to 2.33. Tidal amplitude is positively correlated with the length, width, thickness,
length-to-width ratio, and length-to-thickness ratio of tidal bars.
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Figure 7. (a) Tidal bars’ length-to-width ratio distribution map with different tidal amplitude; (b) tidal
bars’ length-to-thickness ratio distribution map with different tidal amplitude.

4.2.4. Analysis of Interlayers

As shown in Figure 8, at low tide, the length of the interlayers ranges from 8 to 25 km,
the thickness of the interlayers ranges from 1.0 to 2.5 m, and the length of the interlayers
is concentrated at 18.73 km; at medium tide, the length of the interlayers ranges from
4 to 18 km, the thickness of the interlayers ranges from 0.3 to 0.6 m, and the length of the
interlayers is concentrated at 9.16 km; at high tide, the length of the interlayers ranges from
2 to 12 km, the thickness of the interlayers ranges from 0.1 to 0.3 m, and the length of the
interlayers is concentrated at 5.94 km. The statistical result shows that the interlayers are
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widely developed at low tide; at medium and high tide, the development of the interlayers
is limited and the thickness is thinner. With the increase in tidal amplitude, the length
of the interlayers tends to become shorter, and the thickness of the interlayers gradually
becomes smaller.
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Figure 8. Distribution of interlayer length with different tidal amplitude.

After the above analysis, we know that three-dimensional configuration characteristic
parameters of the sand bodies all increase with the increase in the tidal amplitude, and
the larger the tidal amplitude, the more bars are eroded and redeposited. The larger the
tidal amplitude, the larger the average length and average width, the thicker average
thickness of the tidal bars, and the larger the length-to-width and length-to-thickness ratios
of the bars; the larger the tidal amplitude, the larger the length and width, the thicker
the thickness of the sand sheets; the tidal factor is positively correlated with the above
parameters. The interlayers are widely developed at low tide with a large number, and
the length and the thickness of the interlayers are large. The development of interlayers is
limited at medium and high tide with a decreasing number, while the length and thickness
of the interlayers decrease with the increase in tidal amplitude.

4.3. Analysis of Initial Water Level Model Results

The initial water level is also one of the important factors affecting the shelf tidal delta
depositional system, and different initial water levels produce very different results in the
sedimentary numerical simulation. Simulations in different initial water level conditions
are carried out with remaining parameters fixed; the initial water level is set as 1 m for low
water level (basic model), 15 m for medium water level, and 45 m for high water level, with
the bottom of the channel in the uplift zone as the 0 m water level surface. A simulation is
carried out in different initial water level conditions.

4.3.1. Analysis of Sediment Distribution

As shown in Figure 9, the low water level model (basic model) has formed tidal bars
and tidal channels at the study area in the early stage of the simulation, but the segmentation
is not clear enough, and the development of tidal bars and tidal channels is obvious in the
later stage of the simulation, with the development of distinctly segmented bars under the
tidal action in the study area. The medium water level model has formed a large area of
sand sheets in the early stage of the simulation, and there is a slight development of the
tidal channels but not the development of tidal bars. In the later stage of the simulation,
large sand sheets are further developed in the study area, and a small number of tidal bars
and tidal channels are developed near the area. In the high water level model, the tidal
bar and tidal channel are not developed in the whole simulation process, and only part of
the sand sheets are developed. Comparison of the different water level models shows that
from the tidal delta to the shallow-water shelf to the deep-water shelf, the cutting of the
channel becomes weaker and weaker, and the concentration of the sand bodies becomes
less and less, and the thickness becomes thinner and thinner.
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Figure 9. Changes in cumulative erosion and sedimentation of shelf-type tidal delta with different
water level: (a) low water level model at step 8; (b) low water level model at step 15; (c) medium
water level model at step 15; (d) medium water level model at step 8; (e) high water level model at
step 15; (f) high water level model at step 15.

4.3.2. Analysis of Flow Velocity Distribution

As shown in Figure 10, at low water level, the current oscillation caused by tidal action
is obvious, and in the north side of the uplift zone, many tidal channels and tidal bars are
developed on the east and west sides of the study area under the impact of rising tidal
currents. At medium water level, the flow velocity in the study area does not change
significantly under the same tidal action, and only a small number of tidal bars and tidal
channels are developed on the west side. At high water level, the uplift zone is in deep
water and less affected by tidal action, the flow oscillation in the study area is not obvious,
and neither tidal bar nor tidal channel is developed.
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Figure 10. Changes in velocity of shelf-type tidal delta with different water levels: (a) study area at
low water level; (b) zoom in on study area at low water level; (c) study area at medium water level;
(d) zoom in on study area at medium water level; (e) study area at high water level; (f) zoom in on
study area at high water level.
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4.3.3. Analysis of Sand Bodies

According to the simulation results, as shown in Table 4, the three-dimensional con-
figuration characteristic parameters of the sand bodies for each water level model were
counted, and the low water level model (basic model) can be used as a control group
for comparison. When the initial water level increases to 15 m, the length and width
of the deposited sand bodies show a decreasing trend, while the thickness of the tidal
bars increased and the thickness of the sand sheet decreased. The average length and
average width of the tidal bars decreased by 5.07% and 12.13%, respectively, and the
average thickness increased by 5.23%. The depositional condition in the study area changes
drastically when the water level increases significantly up to 45 m. At high water, the study
area is at a lower depth below the water’s surface, and tidal bar is not developed. Only large,
thin sand sheets are developed, and the length of the sand sheet increases substantially.
The simulation results show that the development of sedimentary sand bodies is more and
more limited as the water level rises and the whole study area is gradually submerged
deeper and deeper below the water’s surface. The simulation results under different water
levels with other parameters kept constant are quite different, indicating that the water
level is also one of the main controlling factors of sedimentation in the study area.

Table 4. Three-dimensional configuration characteristic parameters of the sand bodies with different
water levels.

Average Length/km Average Width/km Average Thickness/m
Water Level N N .
Tidal Bar Sand Sheet Tidal Bar Sand Sheet Tidal Bar Sand Sheet
Low water level (1 m) 11.83 14.83 5.11 12.60 8.61 0.77
Medium water level (15 m) 11.23 13.55 4.49 11.43 9.06 0.68
High water level (45 m) - 49.21 - 13.29 - 0.64
Analyze the relationships of the three-dimensional configuration characteristic pa-
rameters of tidal bars, as shown in Figure 11, the values of the length to width ratio of the
tidal bars ranged from 1.5 to 5, and the values of the length to thickness ratio ranged from
0.6 to 3.36. Initial water level is positively correlated with the length, width, and length to
thickness ratio of tidal bars and it is negatively correlated with the thickness and length to
width ratio of tidal bars.
(a) B (b)
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Figure 11. (a) Tidal bars’ length-to-width ratio distribution map with different water levels; (b) tidal
bars’ length-to-thickness ratio distribution map with different water levels.

4.3.4. Analysis of Interlayers

As shown in Figure 12, at low water level, the length of the interlayers ranges from
4 to 18 km, the thickness of the interlayers ranges from 0.3 to 0.6 m, and the length of the
interlayers is concentrated at 9.16 km; at medium water level, the length of the interlayers
ranges from 6 to 40 km, the thickness of the interlayers ranges from 0.5 to 1.8 m, and the
length of the interlayers is concentrated at 23.88 km; at high water level, the length of the
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interlayers ranges from 12 to 50 km, the thickness of the interlayers ranges from 1.0 to 3.0 m,
and the length of the interlayers is concentrated at 31.43 km. From the statistical results, it
shows that at low water level, the interlayers are developed with thin thickness; at medium
and high water level, the interlayers are more developed and become thicker.
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Figure 12. Distribution of interlayer length with different water levels.

After the above analysis, we know that at low water level, sedimentary sand bodies
on the uplift zone are more developed, forming shelf-type tidal delta deposition. The
development of tidal channels is obvious, as well as the development of strip-shaped
bars with clear divisibility under its action. At medium water level, the development
of sand bars is limited and it is easier to form dispersed and spreading thin sand sheets,
with only a few tidal bars and tidal channels developed. At high water level, a deep-
water shelf is formed, so that sand deposits do not easily to develop. Sedimentation is
dominated by remotely suspended and slowly settling mud, with no tidal bar or tidal
channel developed, and only a large area of thin sand sheets formed. With the increase in
water level height, the length of the interlayers tends to become longer, and the thickness
of the interlayers increases.

5. Discussion

This study has conducted extensive research on parameter selection during the pre-
liminary model construction phase and has carried out multiple simulation experiments
to adjust the modeling parameters. To validate the rationality of the models built in this
research, this section compares the simulation results of the series of models with the
parameters of the Jurassic strata sand bodies in the study area, as shown in Table 5.

Table 5. Comparison of study area’s actual conditions and numerical simulation.

Hydrodynamic Condition Statistical Result of Tidal Bars

Model

Tide/m  Water Levellm  Wave/m  Discharge/(m®.s~1) Lg:,ge:}?;gkem WAl:let;a/i:n Th:;:;:fse/m
Study area - - - - 12.02 5.38 8.93
Base 1 6 1 1 3000 11.83 511 8.61
Base 2 4.5 1 2 3000 10.71 4.69 7.98
Base 3 3 5 1 4500 9.66 6.05 11.06
Base 4 7.5 5 2 4500 13.24 6.67 10.62

Extensive simulation experiments were performed to establish a basic model that

best represents the characteristics of the study area. Table 5 presents a comparison of
typical simulation outcomes with the actual parameters of the sand bodies in the study
area, and the three-dimensional configuration characteristic parameters of simulated sand
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bodies of the Base 1 model show the highest degree of congruence with the real conditions.
Subsequent random fine-tuning of the Base 1 model’s parameters led to a decline in the
degree of congruence between the simulation results and the actual conditions of the study
area. In this study, based on existing data from the study area, we present the sedimentary
facies map of the Jurassic Vym time in the study area. As shown in Figure 13, a comparative
examination of the map of cumulative erosion and sedimentation from the Base 1 model
and the sedimentary facies map of the Jurassic Vym time in the northern study area reveals
obvious similarities. Both illustrations show the prominent development of tidal bars
atop sand sheets. Notably, these tidal sand bars, under the partitioning influence of tidal
channels, have evolved into a diverse array of morphologies, thereby testifying to the
model’s capability in replicating complex depositional patterns akin to those observed in
natural settings. This visual correlation reinforces the notion that the model simulates the
tide-dominated dynamic processes in a shallow marine shelf environment during Jurassic
Vym time, including the intricate interplay between sedimentation and erosion forces giving
rise to the varied forms of tidal bars. The comparison shows the optimality of the Base 1
model’s parameter settings and further validates the Base 1 model’s similarity with the
depositional characteristics of the Vym time strata. Therefore, the Base 1 model is adopted
as the basic model in this paper, serving as a platform for subsequent univariate analyses.
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Figure 13. Comparison between the actual conditions and numerical simulation in study area:
(a) sedimentary facies map of the Jurassic Vym time in the study area; (b) cumulative erosion and
sedimentation simulation result of basic model.

6. Conclusions

The present study utilizes numerical simulation of sedimentary dynamics to investi-
gate the distribution of sand bodies and interlayers in the target strata in the study area,
and to provide prediction and guidance for the development of oil and gas reservoirs.
In addition, we carry out numerical simulation with two factors, namely model tide and
water level, and establish a numerical evolution model of sedimentary dynamics under the
control of the two factors. By comparing the morphology and three-dimensional config-
uration characteristic parameters of sand bodies under different single-factor conditions,
the shelf-type tidal delta depositional system with mixed fluvial and tide is quantitatively
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studied. The sedimentary numerical simulation can obtain the following insights about the
main controlling factors of the development of the sedimentary sand bodies and interlayers.

Based on numerical simulation of sedimentary dynamics, models adopt conceptual
paleogeographic topography in this study, with tidal hydrodynamics as the main role. The
analysis of the results shows that the tide and water level as the main controlling factors all
have a significant influence on the development of tidal bars, sand sheets, and the length
and width of tidal channels and interlayers in the location of the study area.

1.  The tidal amplitude effect is the factor that produces the greatest impact on the shelf
tidal delta; the average length, width, and thickness of tidal bars and sand sheets
increase with tidal amplitude, and the three-dimensional configuration characteristic
parameters are positively correlated with tidal amplitude.

2. The effect of initial water level height on the development of shelf-type tidal delta
sand bodies shows that the development of tidal bars, sand sheets, and tidal channels
is limited with the increase in water level from a low water level to medium water
level, and only a large area of thin sand sheets is formed under a high water level,
indicating that the development of sediment is more appropriate in the low water
level, namely the shallow-water shelf condition. Sand bodies do not easily form in a
deep-water shelf.

3. Quantitative characterization of the distribution of interlayers in the bars shows that
the tidal amplitude and initial water level have a strong influence on the morphology
of the interlayers. In this case, the tidal amplitude is negatively correlated with both
the length of the interlayers and the thickness of the interlayers, and the initial water
level is positively correlated with both the length and the thickness of the interlayers.
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Abstract: Formation testing is widely used in offshore oil and gas development, and predicting the
sampling time of pure fluids during this process is very important. However, existing formation
testing methods have problems such as long duration and low efficiency. To address these issues, this
paper proposes a hybrid-driven method based on physical models and machine learning models to
predict fluid sampling time in formation testing. In this hybrid-driven model, we establish a digital
twin model to simulate a large amount of experimental data (6000 cases, totaling over 1 million
data points) and significantly enhance the correlation between features using physical formulas. By
applying advanced machine learning algorithms, we achieve real-time predictions of fluid sampling
time with an accuracy of up to 92%. Additionally, we use optimizers to improve the model’s accuracy
by 3%, ultimately reaching 95%. This model provides a novel approach for optimizing formation
testing that is significant for the efficient development of offshore oil and gas.

Keywords: formation testing; probe sampling; neural network; MLP; hybrid-driven

1. Introduction

As a vital component of petroleum resources, offshore oil and gas have always been a
focus of attention in oil and gas development [1]. Formation testing is crucial in offshore
oil development, especially given offshore oil extraction’s high costs and risks. The overall
development costs of offshore oil extraction are significant, including those for drilling,
platform construction, and maintenance, making minimizing trial-and-error costs essential.
Formation testing provides critical subsurface reservoir information by directly measuring
formation pressure, temperature, and fluid properties, helping to determine the presence,
scale, and production potential of oil and gas reservoirs [2]. Figure 1 shows the application
of formation testing in offshore oil development. Formation testing is essential in offshore
oil development to detect subsurface information. These formation test data are crucial
for optimizing extraction plans, maximizing recovery rates, and reducing uncertainties,
thereby effectively lowering development risks and costs [3].

Formation testing plays an indispensable role at each stage. During the exploration
stage, formation testing provides preliminary data about the reservoir, confirming the
presence and scale of oil and gas reservoirs, thus avoiding the risks and costs associated
with blind drilling. Formation testing optimizes well placement and pattern layout in the
development stage, ensuring maximum recovery rates and economic benefits. During the
production phase, continuous formation testing can monitor changes in reservoir pressure
and fluid properties, helping adjust production strategies to extend the oil field’s life and
ensure sustainable and economic production [4].
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Figure 1. Application of formation testing in offshore oil development.

Additionally, formation testing can detect and assess potential leakage risks early,
allowing for preventive measures to protect the marine environment. Therefore, formation
testing is an essential part of offshore oil development, ensuring a more efficient, safe,
and economical oil extraction process.

Predicting pure fluid sampling time is crucial in formation testing, especially when oil-
based mud (OBM) or synthetic-based mud (SBM) filtrates mix with crude oil and are hard
to separate. When crude oil samples are contaminated by OBM filtrates beyond a certain
level, it becomes difficult to determine the properties of the original crude oil [5]. Figure 2
shows a profile of contaminated crude oil samples. The pollution zones represent the
part contaminated by mud filtrates, while the non-pollution zones represent the formation
fluid, which is the desired sample for analysis. During sampling, the probe first collects
contaminated samples. As sampling time increases, the contamination level decreases,
eventually obtaining pure fluid. Accurately determining the contamination level to infer
the properties of the original crude oil from contaminated samples is a critical part of
formation testing.

Figure 2. Diagram of crude oil sample contamination by invasion.

Current methods for predicting and determining pure fluid sampling time and fluid
contamination levels rely mainly on optical fluid identification, sensor fluid property
measurements, and resistivity. In 2000, Mullins and Schroer introduced an optical fluid
identification module for real-time monitoring using optical fluid analysis (OFA) data to
assess OBM filtrate contamination during MDT sampling [6]. By 2006, C. Del Campo and
colleagues developed a new “focused sampling” device with an innovative formation
testing probe that effectively separated drilling fluid filtrate contamination, allowing for
faster acquisition of clean reservoir fluid samples [7]. In 2008, Hsu and others created a
new model to calculate contamination using multi-wavelength OD measurement data,
recognizing that traditional fluid cleanup simulations were overly optimistic because of
incomplete mud cake formation during LWD measurements [8]. In 2009, Abdolhamid’s
study used a 3D multiphase, multicomponent reservoir simulator to understand mud
filtrate invasion, considering gravity and capillary pressure, and assessed the impact of
sampling time on fluid sample quality [9]. With advances in real-time downhole fluid mea-
surement technology, Zuo and colleagues in 2015 developed a contamination monitoring
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workflow using multi-sensor fluid property measurements, improving the accuracy and
robustness of quantifying hydrocarbon contamination mixed with OBM. Gisolf and others
proposed a method for quantifying water sample contamination using on-site fluid density
and resistivity measurements [10]. In 2016, Ryan Lee and colleagues introduced a new
focused sampling parameter estimation algorithm using direct sensor measurements for
more accurate and reliable estimation of formation fluid properties [11]. Overall, current
methods predict or observe other indicators to indirectly determine the timing for pure
fluid sampling, which is time-consuming and affects timely decision-making. Achieving
real-time downhole determination of water sample filtrate contamination and direct pre-
diction of sampling time will significantly reduce offshore oil development costs and risks.
Table 1 presents the main methods for determining formation test sampling times and the
various explorations conducted by previous researchers.

Table 1. Review of formation test sampling times.

Author Year Input Description Output
Developed an optical fluid-recognition mod-
. ule for real-time monitoring using OFA data . S
O.C. Mullins [6] 2000 OFA data Filtrate contamination

to determine the percentage of OBM filtrate
contamination during sampling

M.E. Chenevert [12] 2001

Filtration measurement
data of 100 water-
based muds

Developed a theory to predict mud cake
buildup and filtrate invasion, measured var-
ious filtration characteristics of water-based
muds, and developed a corresponding numeri-
cal simulator

Prediction of mud cake buildup
and filtrate invasion

Formation parameters

Developed an effective time-dependent flow
rate function that captures the effects of mud
cake buildup to simulate complex mud filtrate
invasion scenarios

Simulation of mud filtrate inva-
sion

Parameters of OBM fil-
trate contamination

Studied the physical mechanisms of OBM fil-
trate contamination cleanup and constructed
and validated a numerical model capable of
handling multicomponent fluid flow and the
thermodynamics of phase behavior.

Numerical model output

Drilling mud filtrate and
reservoir fluid samples

This paper introduced a new “focused sam-
pling” device that rapidly separates drilling
mud filtrate, improving sample quality, and
presented real-time fluid characterization tech-
niques to optimize the sampling process

Faster acquisition of clean fluid
samples and real-time fluid
property information

Methods for collecting
reservoir fluid samples
and downhole conditions

Explores the impact of downhole conditions
and fluid characteristics on sample quality as
well as the application of single-phase and
isokinetic sampling methods

Quality and accuracy of repre-
sentative fluid samples

Formation parameters

Developed a 3D multiphase, multicomponent
reservoir simulator considering the gravity and
capillary pressure, studied the impact of the
pollution function, and evaluated the impact
of sampling time on fluid sample quality

Sampling time

Probe shape

The shape and layout of the sampling probe are
crucial for obtaining low-contamination sam-
ples in a short time

Sampling time

Sensor fluid characteris-
tic measurement data

Developed a pollution monitoring workflow
based on multiple sensor fluid characteristic
measurements, improving the accuracy and
robustness of pollution quantification

Contamination degree

J. Wu [9] 2004
K. Hsu [8] 2006
Del Campo [7] 2006
Bon Johannes [13] 2007
A. Hadibeik [14] 2009
FO. Alpak [15] 2015
J.Y. Zuo [10] 2015
R. Lee[11] 2016

Fluid density and resis-
tivity measurement data

Proposed a new water-sampling contamina-
tion quantification method applicable to all
fluid combinations, demonstrating its effec-
tiveness and robustness through multiple
case studies

Contamination degree
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In recent years, the developments of digital twin technology [16], artificial intelligence
(AI) [17], and big data [18] have provided new approaches for predicting pure fluid sam-
pling time. Digital twin technology combines physical systems with digital simulations,
enabling virtual modeling of real operations and making sampling time predictions more
accurate and reliable. Through digital twin models, the sampling process can be simulated
under various conditions and continuously adjusted and optimized based on real-time
monitoring data, achieving precise predictions of pure fluid sampling time. Additionally,
the use of AI and big data technology allows for a more comprehensive and in-depth
analysis of various variables in offshore oil development, providing more data support and
an analytical basis for predicting pure fluid sampling time. These new technologies offer
powerful tools and methods for optimizing the sampling process and improving sample
quality, which is expected to further enhance the efficiency and reliability of offshore oil
development.

This study addresses the prediction of pure fluid sampling time in offshore oil devel-
opment. By combining physical models and machine learning with large-scale simulated
data generated by surrogate models, we establish a hybrid-driven model. This model
significantly enhances the correlation between features and target variables, enabling real-
time prediction of pure fluid sampling time with an accuracy exceeding 95%. In field
development, using this model to predict sampling time allows for better estimation of
the pump-out duration and reduces the number of sampling analyses required. This has
significant implications for the efficient development of offshore oil resources.

2. Materials and Methods

This paper presents a hybrid-driven model that combines physical methods and
machine learning, significantly enhancing the accuracy and speed of predicting pure fluid
sampling time in offshore oil development while adhering to physical principles. The
detailed process is illustrated in Figure 3. Initially, this paper develops a proxy model to
simulate the probe sampling seepage. Next, this paper processes the simulated data to
construct a comprehensive database for the digital twin. Finally, this paper integrates a
machine learning model with physical relationships to create a hybrid-driven model for
predicting probe sampling time.

Establishment of Proxy Model
Parameter Space Proxy Model Creating Data Files Simulated
Construction Establishment Based on Eclipse Solution

[ Simulated Data }

Data Formatting Processing i
Data Distribution Comparison of Selection of Database
; Analysis Interpolation Algorithms Interpolation Algorithm Construction H

'

[ Digital Twin Large Database

Relationship between Physical Model
Parameters and Variables

’ Construction of Hybrid-Driven Model I

’ Dataset for Prediction I

Training the Optimal Machine
Learning Model

'

[ Model Optimization l

!

’ Optimal Model I

Figure 3. Workflow of the hybrid-driven model for predicting pure fluid sampling time.
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2.1. Proxy Model Development

This paper establishes a proxy model based on Eclipse for the pumping process of
downhole fluid sampling during formation testing with 3D probes, standard probes, large-
type inlet probes, large-type plate probes, elliptical probes, and dual packers. The model
introduced a new OBM-contamination-monitoring (OCM) algorithm using the inversion
of downhole-fuid-analysis(DFA) data,references the new OCM algorithm proposed by
Morten Kristensen in 2019, which uses a full 3D numerical flow model to invert DFA data
and reverses sensor data in real time to provide contamination predictions [19].

In this proxy model, six independent parameters affect the cleanup behavior: per-
meability anisotropy (kv/kh), the radius of filtrate invasions (doi), Wellbore diameter
(rw), formation thickness (H), relative tool distance from formation top (h), and formation-
fluid /mud-filtrate viscosity ratio (vrat) [20]. The proxy model constructs input parameters
according to Equation (1). By running this model, this paper simulates the entire cleanup
process and examines various parameter indicators, mainly including cleanup time (time),
cleanup volume (wvpt), pump rate (wvpr), and pressure (wbhp). Only one of these four
outputs is needed to fully describe the cleanup behavior. For example, a tool operating at
a constant pump rate can be described by cleanup volume and pressure drop; similarly,
a tool operating at a constant pressure drop can be described by cleanup volume and
rate. Equations (2)-(5) are derived from the paper by Kristensen, M. [19], illustrating the
relationships among the four observed outputs. In the equations, t;, V;, Q;, and P; represent
the cleanup time, cleanup volume, cleanup rate, and drawdown pressure at contamination
level j, respectively. £, V, Q, and P are the corresponding scaled quantities simulated by the
proxy model.

T

_ ko Ho _ H

X = <ln E,ln Tmfllanv,ln Dy, In m,z) @
P— 8 zj:m($> @
v=[0- 0] W:ln(%) 3
~ ~ ~ ~ Qi
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p—1[p,-. ", Isjzln(E'QM) )

2.2. Constructing Training Data

Based on the proxy model, this paper constructed the input parameter space, ensuring
parameters are within typical maximum and minimum values, as shown in Table 2.

Table 2. Typical range of parameters in proxy model.

Parameter \1/\:1[11111; ‘1/\;[ ﬁi‘ e Mean Median St;:;:;fi Skewness Unit

Wellbore Diameter 29375 6.125 4.53 453 0.93 0 inch

Radius of Filtrate Invasions 2 30 16 16 8.17 0 inch
Permeability Anisotropy 0.01 100 0 0 1.167 0 -
Formation Thickness 0.5 100 50 50 30 0 ft
Fluid Viscosity Ratio 0.01 100 0 0 1.167 0 -
Relative Tool Distance 0 0.5 0.25 0.25 0.15 0 -

To ensure diversity and comprehensiveness, each parameter was randomly distributed
within its range, resulting in 6000 different cases for each probe type. The range of maximum
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and minimum values for the selected parameters was based primarily on the following
sources: first, a statistical analysis of actual experimental data provided the typical range
for each parameter; second, a review of numerous research papers in related fields helped
determine reasonable values for parameters in different contexts; finally, industry stan-
dards and regulations were referenced to ensure that the parameter settings meet practical
application requirements. The data within this parameter range included almost all on-site
conditions. Therefore, as a large database, it was reasonable to include as much data as
possible on all on-site situations, and the models trained with these data had a certain
representativeness for the site. Table 2 shows the specific maximum and minimum values
for each parameter. For example, the well diameter range was set as [5.27, 12.25] inches,
and the filtrate invasion depth range was [2, 30] inches. These ranges ensure the parameter
space is broad and representative.

To generate randomly distributed parameters, this paper used Python’s random
number generation library, numpy. The specific implementation is as follows: define the
range for each parameter and then use the numpy.random.uniform function [21] to generate
uniformly distributed random numbers within these ranges. Each parameter generated
6000 cases, ensuring data diversity and representativeness. Based on the above parameter
space, this paper used commercial simulation software Eclipse to build a seepage model,
including basic settings like geological structure, fluid properties, and boundary conditions.
This paper then created numerous input data files from the randomly generated parameter
space to serve as inputs for Eclipse simulations. Using Eclipse’s batch processing feature,
this paper performed batch simulations for all the generated input data files, with each
case corresponding to an independent seepage simulation. Finally, this paper collected
and organized the raw data generated by Eclipse simulations to form the initial dataset.
After extensive and long-term multiple simulations, this paper generated a large amount of
raw data. This data formed the initial dataset, providing a solid foundation for subsequent
analysis and model optimization.

2.3. Data Processing and Construction of a Large Digital Twin Database

In the raw data generated by the proxy model, the sampling times vary for each
parameter, and each data length is different. To examine the sampling timing on the same
scale, we needed to process the data to obtain rate (wvpr), volume (wvpt), time (time), and
pressure (wbhp) at the same contamination level (wspc) intervals. Before data interpolation,
we had to examine the data distribution to choose the appropriate preprocessing method
and the optimal interpolation function [22]. Taking the standard probe data as an example,
this paper selected data with wspc in the range of [0, 1] from the raw data and plotted the
relationships between wspc and wvpr, wspc and wvpt, and wspc and time, as shown in
Figure 4.

a Relationship wspc-wvpr b Relationship wspc-wvpt c Relationship wspc-tine
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Figure 4. Relationships between wspc and wvpr (a), wspc and wvpt (b) and wspc and time (c).

We find that wspc (horizontal axis) follows a logarithmic distribution. Therefore, this
paper interpolated wspc at interval points in the logarithmic space.

137



J. Mar. Sci. Eng. 2024, 12, 1348

After analyzing the data distribution, we needed to choose the appropriate interpo-
lation algorithm. We tested various interpolation methods, considering the nonlinearity
of parameter distribution, and experimented with several nonlinear interpolation meth-
ods. Using the first dataset of the standard probe as an example, this paper tested the

effectiveness of each interpolation function, as shown in Figure 5.

b <

d e

00 02 04 06 08 10 00 02 04 06

00 02 04 06 08 10 00 02 04 06

22104 2x10?
2x10

sx107) § P J\
ax10% B
ax10-3{ -2x1072 K
2 3x1073 2-4x1077 -
®3x107] -6x107%
2%10°% -8x107%

2x1073{

1x1073{

02 o4 06 08 10

Figure 5. Interpolation results (from left to right, (a) quadratic spline interpolation, (b) linear interpo-
lation, (c) cubic spline interpolation, (d) nearest interpolation, and (e) Pchip spline interpolation).

These tests helped us determine the most suitable interpolation method to accurately
reflect the probe measurements. From the analysis of the interpolation results, it is evident
that the nearest interpolation does not conform to the original data pattern on wvpr. Both
quadratic and cubic spline interpolations exhibit the Runge phenomenon [23] because
of their high degrees and the uneven distribution of the data. Among the remaining
interpolation methods, Pchip spline interpolation [24] handles data points more smoothly
and aligns better with the original data trend. Therefore, this study ultimately selected
Pchip spline interpolation for subsequent interpolation processing.

Regarding the interpolation range, based on experience and the range and distribution
of most data, this paper first interpolated to generate 200 points for wspc within the interval
[—2, 0] in the logarithmic space. Then, this paper interpolated the remaining columns based
on wspc. Each case resulted in a target parameter matrix with 200 rows and 5 columns
(5 evaluation parameters). After completing the interpolation process described above,
a digital twin database containing 6000 x 200 observation target values under different
stratigraphic parameters was formed for each probe.

2.4. Correlation Analysis

After constructing the database using proxy models and data interpolation, this paper
used stratigraphic parameters as input features and fluid sampling time as the target vari-
able. The goal was to predict sampling time using six input features (log(kv/kh), doi, H, h,
log(vrat)). Improving the correlation between features and the target variable could signifi-
cantly enhance the model’s predictive accuracy and performance. This approach reduces
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training time and resource consumption, lowers the risk of overfitting, increases model
interpretability, and optimizes the feature engineering and selection process. Ultimately, it
makes the model more effective and reliable in practical applications [25]. For example,
using the XLProbe, this paper employed Python’s heatmap function [26] to visualize the
correlation between formation parameters (input features) and the target variable (fluid

sampling time) (see Figure 6).

Correlation Matrix
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H doi
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time log(vrat) doi H h w log(kv/kh)

Figure 6. Feature—target correlation before adding physical correlations.

The results show that the correlation between the features and the target variable is
generally low, with only log(vrat) and time showing a correlation of 0.34, while the rest are
below 0.2 with an average of just 0.11.

. tj-M-P

The low correlation between features and the target variable directly affects the training
and prediction of subsequent machine learning models. To improve this correlation, this
paper incorporated physical relationships (Equations (1)—(5)) to enhance the input features’
relevance to the target variable. The physical model used was the same as that employed
during the proxy model construction. Time satisfies Equation (6), where M = kyj, /o, P is
the drawdown pressure and ¢ is the porosity. The input features adhere to the relationships
defined in Equation (1).

After incorporating the physical model, the changes in features are shown in Table 3.
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Table 3. Comparison of features and targets before and after processing.

Before Processing After Processing

tj-M-P
t ln(ij 7 )
h
doi In(doi)
™w In(rw)
; in( )
log 10(kv/kh) In(kv/kh)
log 10(vrat) In(vrat)

The correlation between features and the target variable improved significantly. The
heatmap of the correlation after adding the hybrid-driven features is shown in Figure 7.
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Figure 7. Feature—target correlation after adding physical correlations.

The highest correlation increased from 0.34 to 0.72, and the overall correlation also
improved, with the average correlation rising to 0.2. This enhancement in feature—target
correlation, driven by the physical model, lays a solid foundation for the subsequent model
development.

2.5. Construction of Hybrid-Driven Model

After data interpolation and enhancing correlation, this paper transformed the data
generated by the proxy models into high-quality big data suitable for machine learning
training. Building upon this foundation, this paper introduced machine learning models,
integrating traditional physics simulations with artificial intelligence techniques. This
integration resulted in a hybrid-driven model that adheres to physical principles while
leveraging machine learning for real-time and accurate predictions.

Within the context of data-driven simulation, this paper employed machine learning
and artificial intelligence methods, utilizing different models for training to obtain the
optimal predictive model. The primary goal of these models is to accurately predict the
variation in the target purity of formation fluids obtained by various sealing mechanisms,
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such as probes and packers, during the sampling process. Through training these models,
this paper aimed to understand and capture the dynamic evolution of formation fluid
purity. This enables us to better predict the target purity of formation fluids collected
by different sealing mechanisms over time during sampling operations. Such predictive
models are expected to play a crucial role in the oil and gas exploration and production
field, enhancing sampling efficiency and accuracy and providing more reliable support for
geological and engineering decisions. The machine learning model training process [27] is
shown in Figure 8, where the input features are the following processed features: In(kv/kh),
In(vrat), In(doi), In(rw), In(H/+/kv/kh), and h. The target variable is In(tj - M - P/ ¢).

In selecting the research model, this paper experimented with various machine learn-
ing models, including linear models [28], support vector machines [29], XGBoost [30],
decision trees, random forests [31], and multilayer perceptrons [32]. Additionally, selecting
an appropriate optimizer is a critical step in the neural network training process. The opti-
mizer determines how to update the model’s weights to minimize the loss function, thereby
improving model performance and accuracy. Testing and selecting the best optimizer
during model optimization helps enhance model performance. For instance, comparing
the performance of Adam, Nadam, and RMSprop allowed us to choose the most suitable
optimizer for model training, achieving higher accuracy and faster convergence speeds.
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Data
‘ Physical Model Assisted ‘
Feature Engineering

Data Preprocessing (Dataset
Construction, Correlation
Enhancement, etc.)

f
| Test Dataset (20%) \ | Training Dataset (80%) \
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Model Parameter
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inim Achieved MSE
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Results

Figure 8. Hybrid-driven machine learning model training process.
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3. Results and Discussion

In this section, this paper used simulated data generated by proxy models for machine
learning training and prediction. The training and testing datasets were split in an 80:20
ratio [33]. This paper evaluated each model using R? score, MSE, and loss. The coefficient
of determination R? (R-squared score) is a statistical metric used in regression analysis to
assess the predictive performance of the model [34]. It indicates the proportion of variance
in the target variable that is explained by the model. R? score is a unitless measure ranging
between zero and one, where values closer to one indicate better model performance. The
coefficient of determination (R?) is given by R?> = 1 — ggz; , where SSres = Y14 (vi — 7i)?

and SSiot = Y (y; — 7)?, with 7 = % Y.I' 1 yi. Here, y; is the actual value of the i-th sample
(i.e., the true sampling time), 7; is the predicted value of the i-th sample (i.e., the model’s
predicted sampling time), and 7 is the mean of the target variable’s sampling times. The
mean squared error (MSE) [35-37] is a commonly used metric to evaluate the performance
of regression models [38]. It measures the average of the squares of the differences between
the predicted and actual values: MSE = 1 ¥ | (y; — ;). The loss function of a model is
very similar to MSE [39]. The loss function is the metric used to optimize the model during
training. Different models may use different loss functions, depending on the model type
and the nature of the problem. In neural networks, a weighted MSE is typically used as the
loss function: Loss = 1 Y, (y; — 9;)2 + A PR wjz, where A is the regularization parameter
and wj is the j-th weight of the model.

In the model evaluation, this study integrated multiple indicators mentioned above to
comprehensively assess the model’s performance from various dimensions and ultimately
select the optimal model.

3.1. Correlation Enhancement

After incorporating physical relationships, the model showed significant improvement
in target-feature correlations. Compared to the model without these enhancements, the
model saw a 74.21% reduction in error percentage.

As shown in Figure 9, before incorporating physical correlations, the model’s perfor-
mance was poor.
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Figure 9. Before (a—c) and after (d-f) incorporating physical relationships, scatter plots of model
error percentages are shown overall (left), locally (middle), and as a distribution histogram (right).
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The error scatter plot indicates that most points have large errors, reflecting poor
model fitting, making prediction nearly impossible. The error distribution histogram also
shows that about half of the points have errors exceeding 100%. Overall, the model’s per-
formance was suboptimal and unsuitable for practical predictions, with an average error
percentage calculated at 82.31%. However, after integrating physical correlations for auxil-
iary processing, the model’s performance improved significantly. As illustrated in Figure 9,
most of the absolute error percentages fall within 15% or even 10%. The average error
percentage dropped to 8.10%, demonstrating that combining physical correlations with
machine learning models, or the hybrid-driven approach, greatly enhanced the accuracy of
the machine learning model.

3.2. Optimal Model Selection

To select the optimal model, this study employed experimental testing. The models
tested included linear regression, support vector machines, XGBoost, decision trees, random
forests, and multilayer perceptrons. Using the same training data, different models were
evaluated based on R? score, MSE, and mean percentage error. After testing various models,
the performance metrics were obtained, as shown in Table 4. From Table 4, it can be seen
that the MLP model, trained using forward and backward propagation algorithms to adjust
network parameters gradually and minimize the loss function, performed exceptionally
well in handling the large-scale and complex dataset generated by the proxy model in
this study. It achieved the highest R? score and the lowest MSE among all models. Linear
regression showed the poorest performance, while MLP had the best performance, with
support vector machine (SVM) following closely.

Table 4. Comparison of model performance.

Mean Absolute
Model R MSE Percentage Error (%)
MLP 0.9969 0.0107 8.0997
Support Vector Machine 0.9872 0.0322 11.3467
Xgboost 0.9691 0.1064 30.9935
Decision Tree 0.7721 0.7857 258.1168
Linear Regression 0.6622 1.1647 1820.6289

Figure 10 shows the comparison of the normal distribution curves of errors for each
model. It visually illustrates that the error distribution is most compact for the MLP
model, followed by SVM. The XGBoost model also exhibited decent error performance,
outperforming the remaining models but still falling short compared to MLP and SVM.
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Figure 10. Performance of various machine learning models.

Overall, the MLP model significantly outperformed all other models, with an average
error percentage 3.25% lower than that of the SVM model. Considering multiple evaluation
metrics, the MLP model was ultimately selected as the machine learning prediction model.
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3.3. Model Parameter Optimization

The optimizer plays a crucial role in MLP optimization. MLP is a neural network
comprising input, hidden, and output layers. During training, the optimizer continuously
adjusts model parameters to minimize the error between predicted and actual values, which
is a critical step in model learning and optimization. Testing and selecting the best optimizer
during MLP optimization helps enhance model performance and accuracy. In this study,
seven common MLP optimizers were tested, including Adam [40], Adamax, RMSprop,
Adagrad, Nadam, Adadelta, and FTRL. Evaluating these optimizers aimed to identify the
most effective one for improving MLP model performance and prediction accuracy.

Table 5 presents the performance test results of the selected seven optimizers. From
the table, it is evident that Adam and Adamax demonstrated the best performance. Adam
performed the highest, while Adamax closely followed. On the other hand, FTRL, which
is more suitable for sparse and high-dimensional data, showed the poorest performance,
which was not well-aligned with the characteristics of the dataset in this study. Overall, the
Adam optimizer performs the best.

Table 5. Comparison of optimizer performance.

Optimizer R? Loss
Adam 0.9976 0.0080
Adamax 0.9974 0.0085
RMSprop 0.9894 0.0356
Adagrad 0.9849 0.0507
Nadam 0.9837 0.0548
Adadelta 0.7881 0.7140
FTRL 0.6639 1.1324

Figure 11 provides a clearer visualization of the optimizers’ performance. Adam
optimizer showed higher R? scores and lower loss compared to the other optimizers. Based
on these results, Adam optimizer was selected for subsequent model development to
achieve higher precision and faster convergence speed.

Comparison of various optimizers

— Lloss

0.8

Loss/R2

0.4

0.2

0.0

Adadelta Adagrad Adam  Adamax FTRL Nadam  RMSprop
optimizers

Figure 11. Comparison of performance of multiple optimizers.

Parameter tuning is also a significant optimization direction for neural networks. This
study performed parameter optimization for the neural network, conducting simple tuning
for epochs, batch size, and neurons using cross-validation. The test results are shown in
Figure 12. As can be clearly seen from the figure, the model performed best when the
epochs were set to 1000, the batch size to 32, and the neurons to 128.
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Figure 12. Neural network parameter tuning.

Figure 13 illustrates the performance comparison between the optimized and unopti-
mized models. It clearly shows that using the superior optimizer improved the model’s
performance. With Adam’s optimizer, the scatter plot of errors converged better, and
overall errors decreased. After computation, the error percentage of the MLP model using
Adam optimizer reduced to 4.88%, which represents a 3.22% improvement compared to
previous results.
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Figure 13. Before (a—c) and after (d—f) using Adam optimizer, scatter plots of model error percentages
are shown overall (left), locally (middle), and as a distribution histogram (right).

In conclusion, optimizing MLP with Adam optimizer significantly enhanced model
performance across various metrics, underscoring its suitability for achieving higher accu-
racy and faster convergence in this study.

3.4. Optimal Model Performance

After optimizing the model, the optimal MLP prediction model was obtained. Figure 14
displays the scatter plot of actual vs. predicted values for the optimized model. This plot
shows the relationship between model predictions and actual values. The horizontal axis
represents actual values, and the vertical axis represents predicted values, typically used to
assess prediction accuracy. Ideally, all points should lie on the 45-degree diagonal line if the
model predicts perfectly. From Figure 14, it is evident that most points are closely aligned
along the diagonal line, indicating excellent model performance and accurate predictions.
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Figure 14. Scatter plot of actual vs. predicted values.

A residual plot displays the scatter of predicted values against residuals (the differ-
ences between actual and predicted values). The horizontal axis represents predicted
values, and the vertical axis represents residuals, which are used to check for patterns in
prediction errors. Ideally, residuals should randomly scatter evenly around the horizontal
zero line without noticeable patterns or trends [41]. Figure 15 shows the residual plot of
the optimized model.
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Figure 15. Model residuals.

From Figure 15, it can be observed that residuals are tightly distributed around the
horizontal zero line without any obvious nonlinear patterns or spreading trends, indicating
ideal model performance.

Figure 16 presents the line plot of predicted vs. actual values for the optimized model.
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Figure 16. Line plot of predicted vs. actual values.
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This plot provides a visual comparison of predicted values against actual values in
terms of numerical differences. The x-axis represents point IDs, and the y-axis represents
values. The orange dashed line represents predicted values, while the blue solid line
represents actual values. From Figure 16, it is clear that very few predicted values deviate
slightly from actual values, with the majority closely matching, demonstrating the excellent
performance of the optimized MLP model.

3.5. Comprehensive Discussion and Practical Implications

This study integrated physical methods with machine learning to develop and validate
a high-precision model for predicting the sampling time of pure fluids during offshore oil
development. Compared to traditional field methods, this model significantly improves
the accuracy of sampling time predictions, thereby optimizing formation testing plans and
reducing the required number of sampling analyses. Traditional methods often rely on
empirical judgments, which can lead to prolonged sampling procedures due to uncertainties
and inaccuracies. In contrast, our model combines physical principles with machine
learning to quickly and accurately predict the optimal sampling time, resulting in a more
streamlined and efficient drilling process that reduces downtime and operational delays
caused by fluid sampling.

Our model outperforms existing advanced technologies by offering higher predictive
accuracy and better generalizability. Compared to traditional empirical methods and some
of the most advanced machine learning models, our model demonstrates superior perfor-
mance, highlighting its effectiveness in improving prediction accuracy. We compared the
sampling times predicted by our model with the actual times recorded by formation testers.
The results showed that the predicted sampling times closely matched the actual times,
indicating that our model can reliably predict the optimal moments for fluid sampling.
This not only improves the accuracy of the sampling process but also reduces the overall
time spent on drilling operations.

In terms of time and cost efficiency, the methodology presented in this study offers
significant advantages. By utilizing this method, it is possible to estimate the sampling time
early in the logging process, eliminating the need for multiple downhole contaminated
sample collections and analyses. This reduces both the total sampling duration and the
number of sampling attempts. By shortening the time required for fluid sampling, the
model helps decrease the overall duration of drilling operations, thereby directly lower-
ing operational costs. Furthermore, reducing the frequency of equipment usage saves
additional costs by decreasing wear and tear on sampling equipment, thus extending its
operational lifespan. Overall, the application of this predictive model enhances both the
time efficiency and cost-effectiveness of drilling operations, making it a valuable tool for
the oil and gas industry.

The methodology developed in this study significantly enhances the automation and
digitization of drilling operations. By integrating physical principles with machine learning
algorithms, the model enables real-time, data-driven decision-making, reducing reliance
on manual judgments. The predictive model can be embedded into automated control
systems to monitor and adjust drilling parameters, ensuring optimal performance and
minimizing downtime. Additionally, the digitized process allows for comprehensive data
logging and analysis, facilitating continuous improvement and operational insights. This
approach aligns with the industry’s shift toward smarter, more sustainable practices.

Despite significant progress, the model has certain limitations. The current dataset
may not encompass all possible geological conditions, which can affect the model’s gener-
alizability. Additionally, the model’s performance may be influenced by the quality and
diversity of the input data. Future research should focus on expanding the dataset sources
and dimensions to enhance the model’s robustness and applicability, optimizing algorithms
to improve performance, and increasing the model’s stability and reliability. In complex
geological conditions or situations where real-time prediction results are required, the
method proposed in this study can be attempted.
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By reducing the frequency of equipment usage and optimizing the sampling pro-
cess, this study also contributes to safety and environmental protection, aiding in energy
efficiency and emission reduction. This aligns with the decarbonization goals of the oil
and gas industry. Furthermore, the developed methodology is not limited to offshore oil
development but can be extended to other drilling contexts, such as onshore oil exploration
and geothermal energy extraction, providing valuable tools for various subsurface fluid
sampling operations.

This study addresses a critical gap in predicting fluid sampling times by offering a
quantitative, data-driven approach, filling the void left by current practices that largely rely
on empirical judgment. The model provides a more rigorous prediction tool, enhancing
both prediction accuracy and operational efficiency.

4. Conclusions

This article proposes a hybrid-driven model that combines big data and artificial
intelligence data to achieve high-precision prediction of formation testing sampling time.
Our main contributions include the following:

e  This study established a digital twin model for downhole formation testers to simulate
the process of obtaining pure fluid samples, forming a large database of sampling
simulations.

° In the prediction of pure fluid sampling time, this research model improved the data
feature correlation through physical formulas and combined machine learning to
establish a hybrid-driven model; the accuracy of the model improved by 74.21%.
Moreover, on high-quality processed data, the optimal selected model outperformed
others by 3.25% in accuracy and post-parameter optimization; it improved accuracy
by 3.22% compared to before optimization. The final accuracy of the model is 95.12%.

e  Based on simulated cleaning process data, this study devised an intelligent prediction
method, enabling rapid forecasting of the onset time for pure formation fluid extrac-
tion without the need for modeling on offshore platforms. It has the advantages of
accuracy, speed, and real-time feedback. Subsequently, it will play a crucial role in
determining the timing of downhole fluid sampling.

e In future research, efforts can be directed toward expanding the data sources and
dimensions to enhance the model’s generalizability. Additionally, optimizing algo-
rithms through model integration and adaptive learning can improve performance
robustness. Strengthening interpretability and stability also presents opportunities
for further refinement.
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Nomenclature

Abbreviation  Full Term

OBM Qil-based mud

SBM Synthetic-based mud

MLP Multilayer perceptron

Al Artificial intelligence

DFA Downbhole fluid analysis

OCM OBM-contamination-monitoring

Pchip Piecewise cubic hermite interpolating polynomial
MSE Mean squared error

R? R-squared (coefficient of determination)
Adam Adaptive moment estimation

Nadam Nesterov-accelerated adaptive moment estimation
RMSprop Root mean square propagation

Adagrad Adaptive gradient algorithm

Adadelta Adaptive learning rate method

FTRL Follow-the-regularized-leader

kv/kh Permeability anisotropy

™w Wellbore diameter

H Formation thickness

h Relative tool distance from formation top
vrat Formation-fluid /mud-filtrate viscosity ratio
wspc Wellbore sampling contamination

wvpr Wellbore volume pump rate

wvpt Wellbore volume pump time

wbhp Wellbore bottom hole pressure

SVM Support vector machine

XGBoost Extreme gradient boosting

References

1.  Tian, G.; Han, P. Research on the Application of Offshore Smart Oilfield Construction Based on Computer Big Data and Internet
of Things Technology. J. Phys. Conf. Ser. 2021, 1992, 032002. [CrossRef]

2. Proett, M.; Walker, M.; Welshans, D.; Gray, C. Formation Testing While Drilling, a New Era in Formation Testing. In Proceedings
of the SPE Annual Technical Conference and Exhibition, Denver, CO, USA, 5-8 October 2003; p. SPE-84087-MS. [CrossRef]

3. Proett, M.; Welshans, D.; Sherrill, K.; Wilson, J.; House, J.; Shokeir, R.; Solbakk, T. Formation Testing Goes Back To The Future.
In Proceedings of the SPWLA 51st Annual Logging Symposium, Perth, Australia, 13-23 June 2010; p. SPWLA-2010-95856.
Available online: https:/ /onepetro.org/SPWLAALS/proceedings-pdf/SPWLA10/All-SPWLA10/SPWLA-2010-95856 /17568
38/spwla-2010-95856.pdf (accessed on 4 August 2024).

4. Golovko, J.; Jones, C.; Dai, B.; Pelletier, M.; Gascooke, D.; Olapade, P.; Van Zuilekom, A. Formation Fluid Microsampling While
Drilling: A New PVT and Geochemical Formation Evaluation Technique. In Proceedings of the SPE Annual Technical Conference
and Exhibition, Calgary, AB, Canada, 30 September—2 October 2019; p. D032S098R001. [CrossRef]

5. Partouche, A,; Yang, B.; Tao, C.; Sawaf, T.; Xu, L.; Nelson, K.; Chen, H.; Dindial, D.; Edmundson, S.; Pfeiffer, T. Applications of
Wireline Formation Testing: A Technology Update. In Proceedings of the OTC Offshore Technology Conference, Houston, TX,
USA, 4-7 May 2020; p. D031S038R001. [CrossRef]

6. Mullins, O.C.; Schroer, J. Real-Time Determination of Filtrate Contamination during Openhole Wireline Sampling by Optical
Spectroscopy. In Proceedings of the SPE Annual Technical Conference and Exhibition, Dallas, TX, USA, 1-4 October 2000;
p- SPE-63071-MS. [CrossRef]

7. Del Campo, C.; Dong, C.; Vasques, R.; Hegeman, P; Yamate, T. Advances in Fluid Sampling with Formation Testers for Offshore
Exploration. In Proceedings of the OTC Offshore Technology Conference, Houston, TX, USA, 1-4 May 2006; p. OTC-18201-MS.
[CrossRef]

8. Hsu, K,; Hegeman, P; Dong, C.; Vasques, R.R.; O’Keefe, M.; Ardila, M. Multichannel Oil-Base Mud Contamination Monitoring
Using Downhole Optical Spectrometer. In Proceedings of the SPWLA Annual Logging Symposium, Austin, TX, USA, 25-28
May 2008; p. SPWLA-2008-QQQQ. Available online: https:/ /onepetro.org/SPWLAALS/proceedings-abstract/ SPWLA08/ All-
SPWLAO08/SPWLA-2008-QQQQ/27872 (accessed on 4 August 2024).

9. Wu,],; Torres-Verdin, C.; Sepehrnoori, K.; Delshad, M. Numerical Simulation of Mud-Filtrate Invasion in Deviated Wells. SPE

Reserv. Eval. Eng. 2004, 7, 143-154. [CrossRef]

149



J. Mar. Sci. Eng. 2024, 12, 1348

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zuo, ].Y.; Gisolf, A.; Dumont, H.; Dubost, E,; Pfeiffer, T.; Wang, K.; Mishra, VK.; Chen, L.; Mullins, O.C.; Biagi, M.; etal. A
Breakthrough in Accurate Downhole Fluid Sample Contamination Prediction in Real Time . Petrophys.-Spwla ]. Form. Eval. Reserv.
Descr. 2015, 56, 251-265. Available online: https://onepetro.org/petrophysics/article-pdf/56,/03 /251 /2202504 /spwla-2015-v5
6n3a2.pdf (accessed on 4 August 2024).

Lee, R.; Chen, L.; Gisolf, A.; Zuo, ].Y.; Meyer, ].C.; Campbell, T. Real-Time Formation Testing Focused-Sampling Contamination
Estimation. In Proceedings of the SPWLA Annual Logging Symposium, Reykjavik, Iceland, 25-29 June 2016; p. SPWLA-2016—
LLLL.

Chenevert, M.; Dewan, ]. A Model For Filtration Of Water-base Mud During Drilling: Determination of Mudcake Parame-
ters. Petrophys.-Spwla ]. Form. Eval. Reserv. Descr. 2001, 42, SPWLA-2001-v42n3a4. Available online: https://onepetro.org/
petrophysics/article-pdf/2201111/spwla-2001-v42n3a4.pdf (accessed on 4 August 2024).

Bon, J.; Sarma, H.; Rodrigues, T.; Bon, J. Reservoir-Fluid Sampling Revisited—A Practical Perspective. SPE Reserv. Eval. Eng.
2007, 10, 589-596. [CrossRef]

Hadibeik, A.; Proett, M.; Torres-Verdin, C.; Sepehrnoori, K.; Angeles, R. Wireline and While-Drilling Formation-Tester Sampling
with Oval, Focused, and Conventional Probe Types in the Presence of Water- and Oil-Base Mud-Filtrate Invasion in Deviated Wells.
In Proceedings of the SPWLA Annual Logging Symposium, The Woodlands, TX, USA, 21-24 June 2009; p. SPWLA-2009-86800.
Available online: https:/ /onepetro.org/SPWLAALS/proceedings-pdf/SPWLAQ09/All-SPWLA09/SPWLA-2009-86800/17996
42 /spwla-2009-86800.pdf (accessed on 4 August 2024).

Alpak, EO.; Elshahawi, H.; Hashem, M.; Mullins, O. Compositional Modeling of Oil-Based Mud-Filtrate Cleanup During
Wireline Formation Tester Sampling. In Proceedings of the SPE Annual Technical Conference and Exhibition, San Antonio, TX,
USA, 24-27 September 2006; p. SPE-100393-MS. [CrossRef]

Strielkowski, W.; Rausser, G.; Kuzmin, E. Digital Revolution in the Energy Sector: Effects of Using Digital Twin Technology.
In Proceedings of the Digital Transformation in Industry; Kumar, V., Leng, J., Akberdina, V., Kuzmin, E., Eds.; Springer: Cham,
Switzerland, 2022; pp. 43-55.

Minsky, M. Steps toward Artificial Intelligence. Proc. IRE 1961, 49, 8-30. [CrossRef]

Al-Jarrah, O.Y,; Yoo, P.D.; Muhaidat, S.; Karagiannidis, G.K.; Taha, K. Efficient Machine Learning for Big Data: A Review. Big
Data Res. 2015, 2, 87-93. [CrossRef]

Kristensen, M.; Chugunov, N.; Gisolf, A.; Biagi, M.; Dubost, F. Real-Time Formation Evaluation and Contamination Prediction
Through Inversion of Downhole Fluid-Sampling Measurements. SPE Reserv. Eval. Eng. 2018, 22, 531-547. [CrossRef]
Kristensen, M.; Ayan, C.; Chang, Y.; Lee, R.; Gisolf, A.; Leonard, J.; Corre, P.Y.; Dumont, H. Flow Modeling and Comparative
Analysis for a New Generation of Wireline Formation Tester Modules. In Proceedings of the SPE Latin America and Caribbean
Petroleum Engineering Conference, Maracaibo, Venezuela, 21-23 May 2014; p. D031S028R001. [CrossRef]

Meng, X. Scalable Simple Random Sampling and Stratified Sampling. In Proceedings of the 30th International Conference on Ma-
chine Learning, Atlanta, GA, USA, 17-19 June 2013; Proceedings of Machine Learning Research; Dasgupta, S., McAllester, D., Eds.;
PMLR: Sacramento, CA, USA, 2013; Volume 28, pp. 531-539.

Lam, N.S.N. Spatial Interpolation Methods: A Review. Am. Cartogr. 1983, 10, 129-150. [CrossRef]

Ye, C; Feng, S.; Xue, Z.; Guo, C.; Zhang, Y. Defeating Runge Problem by Coefficients and Order Determination Method with
Various Approximation Polynomials. In Proceedings of the 2018 37th Chinese Control Conference (CCC), Wuhan, China,
25-27 July 2018; pp. 8622-8627. [CrossRef]

Arandiga, F; Donat, R.; Santdgueda, M. The PCHIP subdivision scheme. Appl. Math. Comput. 2016, 272, 28-40. [CrossRef]
Peng, H.; Long, F.; Ding, C. Feature selection based on mutual information criteria of max-dependency, max-relevance, and
min-redundancy. IEEE Trans. Pattern Anal. Mach. Intell. 2005, 27, 1226-1238. [CrossRef] [PubMed]

Gu, Z. Complex heatmap visualization. iMeta 2022, 1, e43. Available online: https:/ /onlinelibrary.wiley.com/doi/pdf/10.1002/
imt2.43 (accessed on 4 August 2024). [CrossRef] [PubMed]

Jordan, M.I; Mitchell, .M. Machine learning: Trends, perspectives, and prospects. Science 2015, 349, 255-260. [CrossRef]
[PubMed]

Pavlyshenko, B. Machine learning, linear and Bayesian models for logistic regression in failure detection problems. In Proceedings
of the 2016 IEEE International Conference on Big Data (Big Data), Washington, DC, USA, 5-8 December 2016; pp. 2046—2050.
[CrossRef]

Hearst, M.; Dumais, S.; Osuna, E.; Platt, J.; Scholkopf, B. Support vector machines. IEEE Intell. Syst. Appl. 1998, 13, 18-28.
[CrossRef]

Chen, T.; Guestrin, C. XGBoost: A Scalable Tree Boosting System. In Proceedings of the 22nd ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining, KDD "16, New York, NY, USA, 13-17 August 2016; pp. 785-794. [CrossRef]
Ho, T.K. Random decision forests. In Proceedings of the 3rd International Conference on Document Analysis and Recognition,
Montreal, QC, Canada, 14-16 August 1995; Volume 1, pp. 278-282. [CrossRef]

Kruse, R.; Mostaghim, S.; Borgelt, C.; Braune, C.; Steinbrecher, M. Multi-layer Perceptrons. In Computational Intelligence: A
Methodological Introduction; Springer International Publishing: Cham, Switzerland, 2022; pp. 53-124. [CrossRef]

van der Goot, R. We Need to Talk About train-dev-test Splits. In Proceedings of the 2021 Conference on Empirical Methods in
Natural Language Processing, Punta Cana, Dominican Republic, 7-11 November 2021; Moens, M.E,, Huang, X., Specia, L., Yih,
S.W.t., Eds.; Association for Computational Linguistics: Stroudsburg, PA, USA, 2021; pp. 4485-4494. [CrossRef]

150



J. Mar. Sci. Eng. 2024, 12, 1348

34.
35.

36.

37.

38.

39.

40.

41.

Lewis-Beck, M.S.; Skalaban, A. The R-Squared: Some Straight Talk. Political Anal. 1990, 2, 153-171. [CrossRef]

Malvi¢, T,; IvSinovi¢, J.; Veli¢, J.; Raji¢, R. Interpolation of Small Datasets in the Sandstone Hydrocarbon Reservoirs, Case Study of
the Sava Depression, Croatia. Geosciences 2019, 9, 201. [CrossRef]

Barudzija, U.; Ivinovi¢, J.; Malvi¢, T. Selection of the Value of the Power Distance Exponent for Mapping with the Inverse
Distance Weighting Method—Application in Subsurface Porosity Mapping, Northern Croatia Neogene. Geosciences 2024, 14, 155.
[CrossRef]

Ivsinovi¢, J.; Malvi¢, T. Comparison of mapping efficiency for small datasets using inverse distance weighting vs. moving
average, Northern Croatia Miocene hydrocarbon reservoir. Geologija 2022, 65, 47-57. [CrossRef]

Sara, U.; Akter, M.; Uddin, M. Image Quality Assessment through FSIM, SSIM, MSE and PSNR—A Comparative Study. .
Comput. Commun. 2019, 7, 8-18. [CrossRef]

Zhu, X.; Suk, H.I; Shen, D. A novel matrix-similarity based loss function for joint regression and classification in AD diagnosis.
Neurolmage 2014, 100, 91-105. [CrossRef]

Zhang, Z. Improved Adam Optimizer for Deep Neural Networks. In Proceedings of the 2018 IEEE/ACM 26th International
Symposium on Quality of Service (IWQoS), Banff, AB, Canada, 4-6 June 2018; pp. 1-2. [CrossRef]

Larsen, W.A.; McCleary, S.J. The Use of Partial Residual Plots in Regression Analysis. Technometrics 1972, 14, 781-790. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

151



Journal of
Marine Science

and Engineering

Article

Occurrence Mechanism and Controlling Factors of Shale Oil
from the Paleogene Kongdian Formation in Cangdong Sag,
Bohai Bay Basin, East China

Binyu Ma >*, Qinhong Hu 3%*, Xiugang Pu °, Shengyu Yang 3, Xuyang Wang 3, Wenzhong Han ®

and Jiacheng Wen 3

Citation: Ma, B.; Hu, Q.; Pu, X,; Yang,
S.; Wang, X.; Han, W.; Wen, J.
Occurrence Mechanism and
Controlling Factors of Shale Oil from
the Paleogene Kongdian Formation in
Cangdong Sag, Bohai Bay Basin, East
China. J. Mar. Sci. Eng. 2024, 12, 1557.
https:/ /doi.org/10.3390 /jmse12091557

Academic Editor: Anabela Oliveira

Received: 8 July 2024
Revised: 24 August 2024
Accepted: 27 August 2024
Published: 5 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Exploration Technologies for Oil and Gas Resources, Ministry of Education,
Yangtze University, Wuhan 430100, China

School of Geosciences, Yangtze University, Wuhan 430100, China

National Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China),
Qingdao 266580, China; s.yang@upc.edu.cn (S.Y.)

Laboratory for Marine Mineral Resource, Qingdao Marine Science and Technology Center,
Qingdao 266237, China

Exploration and Development Research Institute, Dagang Oilfield Company, PetroChina,

Tianjin 300280, China; puxgang@petrochina.com.cn (X.P.); hanwzhong@petrochina.com.cn (W.H.)
Correspondence: mabinyu@yangtzeu.edu.cn (B.M.); huginhong@upc.edu.cn (Q.H.)

Abstract: Free oil, rather than adsorbed oil, is the main contributor to shale oil production with
current development technologies, and assessing oil contents in different occurrence states (adsorbed
oil vs. free oil) is a critical component in evaluating the economics of shale wells and plays. Although
various methodologies have been developed, there are still some fundamental issues in assessing
the oil contents in different occurrence states in shale. In this study, a new method was developed
to estimate the adsorbed and free oil contents in the Second Member of the Eocene Kongdian
Formation (Ek;) shales in Cangdong Sag, Bohai Bay Basin. This method combines the results of
standard Rock-Eval pyrolysis and multi-step Rock-Eval pyrolysis with thin section petrography, X-ray
diffraction for mineralogy, total organic carbon analyses, field emission scanning electron microscopy
for pore morphology, and pore structure analyses by nitrogen physisorption and mercury intrusion
porosimetry. Nine lithofacies were identified in a total of 50 shale samples, and the results show that
the adsorbed and free oil are mainly contained in pores with diameters > 20 nm, and their contents
are mainly controlled by organic matter abundance and thermal maturity of shales. While pore
space volume influences the storage of shale oil, it is not a major determinant. Models of shale oil
occurrence and its evolution are proposed, suggesting that the high S; contents of organic-rich and
-fair shales, which the latter resulted from oil migration, are the most favorable exploration targets of
Ek; shales. The findings of this study will help prioritize shale oil exploration targets in Ek; shales.

Keywords: lacustrine shale; Kongdian Formation; oil distribution; free oil; adsorbed oil

1. Introduction

Although large reserves of oil have been discovered in lacustrine shales in China,
economic exploration and development of shale oil are still at an early stage due to the
complex properties of lacustrine shales (e.g., high heterogeneity, low thermal maturity)
and the poor mobility of shale oil [1-6]. In recent years, understanding the accumulation
mechanism of shale oil and its controlling factors has attracted considerable attention
since they are essential for identifying the “sweet spots” for the occurrence of poten-
tially productive shale oil reservoirs [7-10]. In addition, the occurrence characteristic of
shale oil is a critical factor influencing its sustainable development [11,12]. Generally,
shale oil occurs primarily as free oil and adsorbed oil, with free oil being the primary
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contributor to oil production using current technology [13-15]. Consequently, the quan-
tification of free oil content plays a crucial role in the evaluation of shale oil resources and
production potential.

The current techniques to quantify the contents of free and adsorbed oil primarily
involve the multi-step solvent extraction method, swelling method, and multi-step Rock-
Eval pyrolysis method [15-17]. For example, using a multi-step solvent extraction method,
Zhang et al. (2019) investigated the free and adsorbed oil contents of shales in the Shahejie
Formation in Dongying Depression [17]. In their study, core chips (8-10 mm in size) were
extracted with a mixed organic solvent (chloromethane: methanol = 9:1 by volume) for
48 h to obtain the extracts as free oil. The extracted core chips were crushed to 2-5 mm
in size for another extraction under the same conditions to obtain the adsorbed oil [17].
This method is not only complicated in operation but is also influenced by various factors
affecting the amount of extracts, such as the types and ratios of organic solvents, as well
as the extraction time [18]. On the other hand, the swelling method has been utilized
mainly to study the oil adsorbed by kerogen [19-21]. In recent years, some researchers
have used the swelling method to study the adsorption of oil on minerals and have
found that the adsorbed oil content of clay minerals is higher than that of siliceous and
calcareous minerals [16,22,23]. However, it is likely that the adsorbed capacities of minerals
extracted from shales or pure minerals do not represent the actual contents of oil adsorbed
of minerals in the bulk shale since oil is not adsorbed on all pore surfaces due to variable
pore connectivity, wettability, and oil saturation, as shown by scanning electron microscopy
(SEM) observations [9,10,24,25]. Consequently, the adsorbed oil obtained using the swelling
method is obviously overestimated, occasionally resulting in higher adsorbed oil content
than the total oil content [16].

The multi-step Rock-Eval pyrolysis method has been widely used to analyze shale
oil contents in adsorbed versus free oil state since free and adsorbed oils volatilize at
different temperatures and can be detected and quantified instrumentally [11]. Free oil
mainly includes small-sized hydrocarbon molecules, which are released at low tempera-
tures, while adsorbed oil mainly consists of macromolecular hydrocarbons (HC) that are
typically released at high temperatures [14]. Consequently, a multi-step Rock-Eval pyroly-
sis can quantitatively evaluate the contents of free and adsorbed oil using the appropriate
temperature ranges. For example, Romero-Sarmiento (2019) proposed a scheme where
volatiles at pyrolysis temperatures of <200 °C, 200-350 °C, and 350-650 °C correspond
to free, adsorbed, and cracked oil, respectively [15]. In contrast, Li et al. (2020) defined
the volatiles released at heating temperatures of <350 °C, 350450 °C, and >450 °C as free,
adsorbed, and cracked oil, respectively [26]. However, it has been confirmed that alkenes
crack from kerogen at temperatures above 350 °C, while some residual oils remain in shales
at temperatures above 350 °C and even above 450 °C [7,13]. As a result, effectively distin-
guishing the temperature ranges of free and adsorbed oils by only using the multi-step
Rock-Eval pyrolysis method presents challenges.

In this study, a novel method is proposed to quantify the contents of free and adsorbed
oils that combines standard Rock-Eval pyrolysis with multi-step Rock-Eval pyrolysis to
quantify the contents of free and adsorbed oils in shales. This method not only offers
ease of operation but also addresses the inaccuracies associated with solely using multi-
step Rock-Eval pyrolysis. Shales from the Second Member of the Kongdian Formation
(Eky) shales in Cangdong Sag, Bohai Bay Basin, were studied to determine the contents of
total oil, free oil, and adsorbed oil. In addition, the samples were analyzed to determine
the factors controlling their free versus adsorbed oil contents, including TOC contents,
thermal maturity, and mineralogy and lithofacies. Models of oil occurrence in Ek; shales
are proposed that can help prioritize favorable shale oil exploration targets in lacustrine-
sourced Ek,.
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2. Samples and Methods
2.1. Samples

In this study, a total of 50 samples of Ek; shales were selected from three wells
(G108-8, GD12, and GD14) from depths of 2900-4200 m. The locations of the wells
are shown in Figure 1, and detailed information about each sample is listed in Table 1.
Each sample was prepared in three different forms for the following analyses: (1) cubes
(~1em x 1 cm x 1 cm) for thin sections and field emission scanning electron microscopy
(FE-SEM); (2) grains with a size of 500-841 pum (#20-35 mesh) for low-temperature nitrogen
adsorption (LNA) and mercury intrusion porosimetry (MIP) analyses; and (3) powders
with a particle size <75 um (<#200 mesh) for X-ray diffraction (XRD), total organic carbon
(TOC), and standard and multi-step Rock-Eval pyrolysis analyses.
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Figure 1. Location of Cangdong Sag and three sampling wells and stratigraphic column of Ek; in
Cangdong Sag (modified from [27]).

Table 1. Sample list, mineral compositions, and TOC contents of Ek; shales used in this study.

Well Depth Quartz  Feldspar Calcite  Dolomite  Clays Analcime  Others TOC

SampleID  \ome  (m)  (We%)  (we%)  (Wt%)  (We%)  (wk%)  (wt%)  (wt%) (%)  Lithofacies
G10882928 Gl088 292856 13 15 17 24 21 10 0 178 OFMM
G108-82944  G1088 294463 12 8 12 36 15 17 1 398 ORLC
G108-82945 Gl088 294549 12 13 13 21 19 21 1 468  ORLM
G108-82946 G1088 294683 13 5 21 2 21 13 1 121 OFLC
G108-82947  Gl088 294797 19 13 8 11 16 31 1 500  ORLM
G108-82949  G1088 294965 12 14 13 28 16 16 1 455 ORLC
G108-82958 G1088 295890 17 11 13 10 17 30 3 259  ORLM
G108-82964 G1088 296434 7 6 9 63 10 5 0 263 ORLC
G108-82971 Gl088 297188 13 14 11 20 19 20 4 347  ORLM
G108-82973  Gl088 297307 9 6 9 18 20 8 1 218 ORMC
G108-83027 Gl088 3027.85 16 14 12 24 2 12 1 107  OFMM
G108-83050 G1088 305026 16 18 15 23 17 11 1 136 OFLM
G108-83052 G108 305222 16 16 6 4 15 4 2 323 ORLS
G108-83059 G1088 305918 14 13 12 19 15 2 3 419  ORLM
G108-83088 G1088 308809 10 9 6 38 24 13 0 115  OFMC
G108-83104 GI088 310493 12 25 7 9 2 20 3 558 ORLM
G108-83114  GI088 311488 14 16 7 38 16 10 0 181  OFLM
G108-83127 Gl088 312743 14 25 5 13 20 23 1 553 ORLS
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Table 1. Cont.

Well Depth Quartz  Feldspar  Calcite Dolomite Clays Analcime  Others TOC . .
SampleID Ll T Wit (Wil b (wh%)  wEs) (Wit (wive (v Lithofacies
G108-83135  Gl088 313572 11 15 0 50 13 11 0 446 ORLC
G108-83143  G108-8 314387 16 10 2 2 24 21 2 2.49 ORLM
G108-83150  G108-8 315023 19 15 8 7 15 36 1 166 OFLS
G108-83161  Gl08-8 316147 16 12 6 2 18 17 0 156  OFMM
G108-83183  G108-8 318308 20 20 7 24 17 10 2 458 ORLM
G108-83204  G108-8 320405 20 11 4 3 29 0 4 3.56 ORLM
G108-83212  Gl088 321216 19 37 6 1 29 4 4 6.74 ORLS
G108-83235  Gl08-8 323544 11 23 14 2 18 6 2 474 ORLM
G108-83268 G088 326809 17 14 3 8 3 24 1 6.44 ORLM
GDI23823  GDI2 382387 20 36 1 27 10 7 0 115 OFLS
GDI23826  GDI12 382602 17 14 3 8 3 2 1 039  OFMM
GD123831  GDI2 383192 20 12 6 5 36 20 1 048  OFMM
GDI23833  GDI2 383348 8 10 8 34 23 16 2 128 OFMC
GDI2383%4  GDI2 383415 15 9 2 8 29 36 1 044  OFMM
GDI23847  GDI2 384725 18 0 6 12 19 3 0 2.79 ORLS
GD123855  GDI2  3855.72 9 60 1 24 6 0 0 3.84 ORLS
GDI2385%9  GDI2 385939 10 64 3 9 11 0 3 a7 ORLS
GDI23894  GDI2 389493 18 25 4 31 » 0 0 337 ORLM
GD144078  GDI4  4078.07 7 11 21 38 15 7 1 051 OFLC
GD144081  GD14 408155 14 47 18 5 13 0 3 2.60 ORLS
GD144082  GDI4 408209 10 4 14 17 14 0 2 438 ORLS
GD144084  GDI4 408438 11 68 11 6 4 0 0 2.70 ORLS
GD144095  GDI4 409527 12 34 6 25 20 0 3 179 OFLM
GD14409  GDI4 409666 14 44 9 15 19 0 0 2.02 ORLS
GD144103  GDI4  4103.11 9 52 10 5 2 0 2 326 ORLS
GD144113  GDI14 411326 15 4 8 24 13 0 0 220 ORLS
GDI44115  GDI4  4115.10 8 28 14 39 10 0 1 0.92 OFLC
GD144116  GDI4 411629 19 20 10 4 7 0 0 337 ORMC
GD144117  GDI4  4117.69 6 16 15 54 10 0 0 107 OFMC
GD144126  GDI4 412607 14 23 10 8 10 0 0 240 ORMC
GD144134  GDI4 413452 15 34 15 19 16 0 1 277 ORLM
GD144136  GDI4 413621 11 4 5 2 6 0 2 413 ORLS

2.2. Mineralogical and Geochemical Analyses

An X'Pert Pro X-ray diffractometer from Panalytical Company (Almelo, Holland) was
utilized to determine the mineral compositions of shales at a working voltage of 40 kV and
a current of 40 mA. The powdered samples were scanned from 3° to 65° with a step of 0.02°,
and the mineralogical compositions were semi-quantified by using the K-value method
following the Chinese Oil and Gas Industry Standard (SY/T 5163-2010). Thin sections of
the Ek; lacustrine shales were studied using an optical microscope to analyze the laminar
structures. The TOC content of the shale was measured using a LECO CS230 instrument
(LECO, St. Joseph Charter Township, MI, USA) after undergoing decarbonation treatment,
as described in previous studies [28].

Standard Rock-Eval pyrolysis analyses were performed using the Rock-Eval 7 An-
alyzer manufactured by Vinci Technologies (Nanterre, France). The powdered samples
were initially heated at 300 °C for 3 min and then heated to 650 °C with a heating rate
of 25 °C/min. Free hydrocarbon content (S;), thermal cracking hydrocarbon content (S,),
and pyrolysis peak temperature for Sy (Tmax) were obtained [29]. Then, a second series
of pyrolysis analyses using the same procedures and equipment were performed on the
samples after they had been extracted using a mixture of dichloromethane and methanol
(volumetric ratio of 93:7) for seven days to remove residual oil [30].

The multi-step Rock-Eval pyrolysis experiments were also carried out using the Rock-
Eval 7 Analyzer. Using the pyrolysis procedures outlined by Romero-Sarmiento (2019) [15],
powdered shales (~100 mg) were initially heated at 200 °C for 5 min to obtain Sh0, then
heated to 350 °C with a heating rate of 25 °C/min and held for 5 min to obtain Sh1, and
followed by heating to 650 °C at a rate of 25 °C/min to obtain Sh2.
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2.3. Field Emission Scanning Electron Microscopy Imaging

A FEI Quanta FEG 650 scanning electron microscope (FEI, Lexington, KY, USA)
equipped with an energy-dispersive spectrometer was used to analyze the pore mor-
phology of shales. A surface of a cubic sample oriented perpendicular to the laminae was
polished using a GATAN Ilion II 697 Argon Beam Milling System (GATAN, San Diego, CA,
USA) and then coated with a 10-nm-thick carbon film to enhance the electrical conductivity
and SEM image resolution.

2.4. Low-Temperature Nitrogen Adsorption Analyses

The LNA analyses were performed using a Micromeritics ASAP 2460 instrument
(Micromeritics, Norcross, GA, USA) to analyze the pore structure of shales. Granular shale
samples were first extracted with a mixed organic solvent (dichloromethane and methanol
at a volumetric ratio of 93:7) for seven days and then oven-dried at 110 °C for 24 h to
eliminate the residual oil and moisture. The dried and organic solvent-extracted shales
were degassed at 110 °C for 24 h and then adsorbed with nitrogen incrementally at 77.3 K.
The relative pressure P/Py (the ratio of absolute pressure to saturation pressure) ranged
from 0.002 to 0.998. The specific surface area, pore volume, and pore size distribution were
determined using the BET (Brunauer-Emmette-Teller) and BJH (Barrette-Joynere-Halenda)
methods, respectively [31,32]. To investigate the distribution of residual oil in shales, a
second series of LNA analyses were carried out by using as-received (non-extracted) shales,
following the same procedures outlined above.

2.5. Mercury Intrusion Porosimetry Analyses

Similar to LNA analyses, two sets of granular shale samples were analyzed: a set
of organic solvent-extracted shales for pore structure evaluation and a set of as-received
shales for residual oil distribution. The samples were prepared for MIP analyses using
a Micromeritics AutoPore IV 9520 instrument (Micromeritics, USA) at an incremental
intrusion pressure of mercury from 0.2 psi (0.001 MPa) to 60,000 psi (414 MPa). To elim-
inate the conformance effect caused by voids between shale grains, which artificially
increases the total pore volume, the effective pressure range of MIP tests for data analyses
was set at 20-60,000 psi (0.138-414 MPa), corresponding to a pore-throat size range of
2.8 nm-12 pm, based on the Washburn Equation and the nanopore confinement correc-
tion [33,34], as described in previous studies [35].

3. Results
3.1. Petrological and Geochemical Properties

The mineral composition of Ek; shales is dominated by quartz, feldspar, calcite,
dolomite, analcime, and clays, as well as minor minerals such as pyrite and siderite
(Table 1). The quartz content ranges from 6.0 to 20.0%, with an average of 13.8%, while the
feldspar content ranges from 5.0 to 68.0%, with an average of 23.5%. The average contents
of calcite and dolomite are 8.9 and 23.7%, respectively. The content of clay minerals ranges
from 4.0 to 36.0%, with an average of 17.9%, while analcime content ranges from 0 to 41.0%,
with an average of 11.3%. The average content of other minerals is only 1.3%. According
to the relative contents of siliceous minerals (quartz and feldspar), carbonates (calcite,
dolomite, and siderite), and clay minerals, the Ek; shales can be categorized into siliceous
shale, mixed shale, and calcareous shale (Figure 2) [36]. The lithology is mainly composed
of mixed and calcareous shales in Well G108-8, siliceous and mixed shales for Well GD12,
and mainly siliceous and calcareous shales in Well GD14.
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Figure 2. Ternary mineralogy classification of Ek, shales from three wells.
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The TOC contents of Ek; shales range from 0.39 to 6.74%, with a mean value of 2.90%
(Table 1). The shales are categorized into organic-rich shale (TOC > 2%) and organic-fair
shale (TOC < 2%) [37]. The S; and S, values of as-received shales vary from 0.11-6.71 to
0.48-49.71 mg HC/g rock, with averages of 1.92 and 16.78 mg HC/g rock, respectively,
indicating good source rock potential (Table 2). The free hydrocarbon content (S1g) and
thermal cracking hydrocarbon content (Syg) of the organic solvent-extracted shales have
decreased to 0.02-0.33 and 0.05-40.22 mg HC/g rock, respectively (Table 2).

Table 2. Results of standard Rock-Eval pyrolysis of as-received and organic solvent-extracted shales

and oil contents.

As-Received Shales

Organic Solvent-Extracted

Shales - Residual Oil Total Oil Heavy Oil
Sample ID S, S, Sig Sop (C{"Ca; Content Content Content
(mg HC/g (mg HC/g (mg HC/g (mg HC/g (mg HC/g Rock)  (mg HC/g Rock)  (mg HC/g Rock)
Rock) Rock) Rock) Rock)
G108-8 2928 0.58 7.09 0.11 3.98 444 3.69 433 3.11
G108-8 2944 0.94 27.17 0.09 20.27 444 7.84 8.88 6.90
G108-8 2945 0.95 35.86 0.15 27.31 445 9.50 10.54 8.55
G108-8 2946 0.19 2.09 0.06 0.18 442 2.10 2.31 1.91
G108-8 2947 1.52 49.56 0.03 38.43 447 12.65 14.33 11.13
G108-8 2949 0.86 27.25 0.08 20.33 446 7.78 8.73 6.92
G108-8 2958 1.33 25.05 0.04 18.55 440 7.83 9.30 6.50
G108-8 2964 0.87 12.73 0.07 8.55 440 5.05 6.00 4.18
G108-8 2971 0.90 18.53 0.11 13.26 440 6.17 7.16 527
G108-8 2973 2.20 9.82 0.06 6.19 438 5.83 8.25 3.63
G108-8 3027 0.17 1.03 0.11 0.18 438 1.02 1.21 0.85
G108-8 3050 0.11 3.44 0.09 1.02 446 2.53 2.65 242
G108-8 3052 1.03 23.48 0.15 17.55 442 6.96 8.09 593
G108-8 3059 0.95 24.93 0.06 18.45 446 7.43 8.48 6.48
G108-8 3088 0.13 0.90 0.03 0.18 440 0.85 0.99 0.72
G108-8 3104 1.80 46.49 0.08 35.94 439 12.35 14.33 10.55
G108-8 3114 0.25 6.94 0.04 3.86 444 3.33 3.61 3.08
G108-8 3127 0.99 41.97 0.07 32.27 438 10.69 11.78 9.70
G108-8 3135 1.60 29.51 0.11 22.16 438 8.95 10.71 7.35
G108-8 3143 1.28 18.08 0.25 12.13 443 7.23 8.64 5.95
G108-8 3150 0.81 9.68 0.19 6.79 442 3.70 4.59 2.89
G108-8 3161 0.54 9.62 0.16 7.02 444 3.14 3.73 2.60
G108-8 3183 2.00 36.54 0.17 23.98 444 14.56 16.76 12.56
G108-8 3204 3.21 23.82 0.06 17.55 442 9.48 13.01 6.27
G108-8 3212 5.60 49.71 0.11 40.22 439 15.09 21.25 9.49
G108-8 3235 2.12 35.85 0.20 26.82 448 11.15 13.48 9.03
G108-8 3268 2.61 43.83 0.33 36.44 446 10.00 12.87 7.39
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Table 2. Cont.

As-Received Shales

Organic Solvent-Extracted

Shales Residual Oil Total Oil Heavy Oil
Sample ID S, S, SiE Sop T;“Ca; Content Content Content
(mg HC/g  (mgHC/g  (mgHC/g (mg HC/g (mg HC/g Rock)  (mg HC/g Rock)  (mg HC/g Rock)
Rock) Rock) Rock) Rock)
GD12 3823 0.70 232 0.06 1.06 445 1.96 2.73 1.26
GD12 3826 0.96 1.44 0.08 0.22 442 2.18 3.24 1.22
GD12 3831 0.29 0.59 0.07 0.18 494 0.70 1.02 0.41
GD12 3833 0.28 7.10 0.03 3.64 444 3.74 4.05 3.46
GD12 3834 0.23 0.48 0.03 0.05 450 0.66 091 0.43
GD12 3847 3.93 10.81 0.11 7.62 446 7.12 11.44 3.19
GD12 3855 2.67 22.32 0.05 17.85 442 7.14 10.08 4.47
GD12 3859 3.87 22.73 0.07 18.70 446 7.90 12.16 4.03
GD12 3894 445 10.97 0.02 5.03 445 10.39 15.29 5.94
GD14 4078 0.32 0.77 0.04 0.37 439 0.72 1.07 0.40
GD14 4081 3.39 14.55 0.11 11.06 450 6.88 10.61 3.49
GD14 4082 3.25 16.35 0.12 11.02 444 8.58 12.16 5.33
GD14 4084 6.71 12.35 0.13 9.35 447 9.71 17.09 3.00
GD14 4095 4.52 6.67 0.11 2.76 442 8.43 13.40 3.91
GD14 4096 4.02 8.46 0.09 4.69 443 7.79 12.21 3.77
GD14 4103 2.84 17.50 0.15 16.36 447 3.98 7.10 1.14
GD14 4113 1.60 9.33 0.06 8.45 447 2.48 4.24 0.88
GD14 4115 2.52 2.50 0.03 0.34 435 4.68 7.45 2.16
GD14 4116 3.03 8.01 0.08 421 443 6.83 10.16 3.80
GD14 4117 1.49 3.44 0.04 1.32 444 3.61 5.25 212
GD14 4126 247 9.11 0.07 4.56 445 7.02 9.74 455
GD14 4134 2.34 12.39 0.11 11.00 448 3.73 6.30 1.39
GD14 4136 473 17.99 0.06 10.44 446 12.28 17.48 7.55

In Figure 3, thin section petrography images of the shales show a range of lamina
types, including siliceous lamina (SIL), calcareous lamina (CAL), clay lamina (CLL), organic
matter lamina (OML), analcime lamina (ANL), and mixed organic matter-clay lamina
(OM-CLL) (Figure 3a—f). The Ek; shales are mainly classified as laminated shales and
massive shales depending on the extent of the development of laminae (Figure 3).

Considering the mineral compositions, TOC contents, and the development of laminae
of shales, nine lithofacies are identified, including organic-rich laminated siliceous shale
(ORLS), organic-rich laminated mixed shale (ORLM), organic-rich massive calcareous shale
(ORMC), organic-rich laminated calcareous shale (ORLC), organic-fair laminated siliceous
shale (OFLS), organic-fair massive mixed shale (OFMM), organic-fair laminated mixed
shale (OFLM), organic-fair massive calcareous shale (OFMC), and organic-fair laminated
calcareous shale (OFLC), among which ORLS, ORLM and ORMM are the main lithofacies
(Table 1). In the organic-rich shales, the ORLM and ORLC shales have higher TOC contents
but lower S; contents compared to ORLS and ORMC shales (Figure 4). This is possibly
influenced by the variation in thermal maturities (expressed as the vitrinite reflectance Ro)
of the shale core samples at different depths. Zhao et al. (2020) found that the Ro values of
shales from the shallow Well G108-8 ranged from 0.66 to 0.91%, with an average of 0.76%,
while shales from the deep Wells GD12 and GD14 have similar Ro values, ranging from
0.80 to 1.21%, with a mean value of 1.02% [27].
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Figure 3. Thin section petrography of typical Ek; shales: (a) Laminated structure, G108-8 well,
3183.08 m, plane polarized light; (b) Laminated structure, G108-8 well, 3183.08 m, crossed polarized
light; (c) Laminated structure, G108-8 well, 3235.44 m, plane polarized light; (d) Laminated structure,
G108-8 well, 3235.44 m, crossed polarized light; (e) Laminated structure, GD14 well, 4103.11 m, plane
polarized light; (f) Laminated structure, GD14 well, 4103.11 m, crossed polarized light; (g) Massive
structure, GD12 well, 3831.92 m, plane polarized light; (h) Massive structure, GD14 well, 4126.07 m,
plane polarized light.
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Figure 4. Organic matter abundance of organic-rich shales related to lithofacies.

3.2. Pore Properties
3.2.1. Qualitative Description of Pore Morphology from FE-SEM Imaging

According to the classification scheme proposed by Loucks et al. (2012), the matrix-
related pores in shales can be categorized into interparticle, intraparticle, and OM-hosted
pores [38]. All of these pore types have been observed in this study. Examples of interpar-
ticle pores are shown in Figure 5a—c: these pores mainly occur between quartz, feldspar,
and dolomite grains, and typically have angular or rounded shapes. They are usually
coated with an OM film (bitumen) varying from tens to hundreds of nm in thickness.
This film is thought to have been formed by migration of mobile bitumen, suggesting
good connectivity of pre-existing pores [39,40]. Additionally, there are some primary and
secondary interparticle pores without OM films in Ek;, shales, mainly developed between
brittle minerals or between brittle minerals and clay minerals, with sizes ranging up to a
dozen microns (Figure 5d—f). The secondary interparticle pores are mainly developed at
the edges of feldspar, probably resulting from the dissolution of minerals by organic acids
released during kerogen maturation (Figure 5e,f) [41].

Intraparticle pores include both dissolved intraparticle and intercrystalline pores. The
former mainly develops in calcite and dolomite, have rounded shapes and range from tens
of nm to several microns in size (Figure 5g,h). Intercrystalline pores occur mainly between
clay aggregates and occasionally in dolomite framboids. They have angular or rounded
shapes and also range from tens of nm to several microns in size (Figure 5i-1). The OM
films also occur in intraparticle pores, suggesting good connectivity of these pores.

Examples of OM-hosted pores are shown in Figure 5l-0, and can be classified as
inherited OM pores and hydrocarbon-generating OM pores. The inherited OM pores are
densely distributed with rounded shapes and range in size from hundreds of nm to tens
of microns (Figure 5m,n). Their genesis is probably related to the OM types rather than
thermal maturity [40]. The hydrocarbon-generating OM pores are developed mainly within
OM and between OM and minerals, exhibiting rounded and crescent shapes with sizes up
to several microns (Figure 51,0).

In addition, microfractures are widely observed in Ek, shales, mainly at the edges of
OM and minerals (clay and calcite), and can be tens of microns in length, which are specu-
lated to be related to hydrocarbon generation and mineral transformations, respectively
(Figure 5a,i,p). Some microfractures occur within or cut through mineral particles, possi-
bly resulting from overpressure induced by compaction and/or hydrocarbon generation
(Figure 5q). Shale oil can be observed in microfractures, indicating the enhancement of
shale oil mobility by microfracturing (Figure 5r).
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60 pm

Figure 5. SEM images of pore morphologies in Ek; shales: (a) G108-8 well, 3212.16 m; (b) GD12 well,
3894.93 m; (c) GD14 well, 4082.09 m; (d) G108-8 well, 2949.65 m; (e) G108-8 well, 3204.05 m; (f) G108-8
well, 3212.16 m; (g) G108-8 well, 3212.16 m; (h) GD14 well, 4082.09 m; (i) G108-8 well, 3050.26 m;
(j) GD14 well, 4082.09 m; (k) GD14 well, 4136.21 m; (1) G108-8 well, 3204.05 m; (m) G108-8 well,
3204.05 m; (n) G108-8 well, 3212.16 m; (o) G108-8 well, 3212.16 m; (p) G108-8 well, 3212.16 m;
(q) GD12 well, 3833.48 m; (r) GD14 well, 4095.27 m. Interp P: interparticle pore; Intrap P: intra-
particle pore; Dis Intrap P: dissolved intraparticle pore; Dis Interp P: dissolved interparticle pore;
OM P: organic matter pore; Micro F: micro-fracture; Q: quartz; F: feldspar; CAL: calcite; DOL: dolomite;
Clay: clay minerals.

3.2.2. Quantitative Analyses of Pore Structure from LNA Analyses

Typical N2 adsorption/desorption curves of organic solvent-extracted shale samples
and their corresponding pore size distributions, ranging from ~2 to 200 nm in diameters,
are shown in Figure 6. The pore size distribution curves gradually change from unimodal
to bimodal patterns with increasing maximum adsorption volumes (Figure 6). Zou et al.
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(2015) found that the oil seepage through shale pores exhibited lower and upper thresholds
at 20 nm and 200 nm, respectively [42]. It was observed that oil did not penetrate pores
with diameters smaller than 20 nm, while pores with diameters exceeding 200 nm were
easily permeable to oil regardless of the chemical or physical conditions. So that pores in
shales can be classified into three types: non-seepage-pores (<20 nm in diameter), potential
seepage-pores (20-200 nm in diameter) and seepage-pores (>200 nm in diameter). The LNA
mainly analyzes the characteristics of non-seepage-pores and potential seepage-pores.
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Figure 6. (a) Nitrogen adsorption-desorption curves; and (b) Pore size distributions of typical organic
solvent-extracted Ek; shales.

The specific surface areas and pore volumes for the organic solvent-extracted shale
samples are shown in Table 3. The specific surface area ranges from 0.85 to 19.63 m?/g,
with an average of 6.58 m?2/ g. The pore volume ranges from 3.41 to 35.77 mm?3/ g, with
an average of 14.34 mm?3/g. In general, the specific surface areas and pore volumes of
organic-rich shales are lower than those of organic-fair shales (Figure 7a), possibly due
to pore filling by bitumen. Among the organic-rich shales, the ORMC lithofacies exhibit
the highest specific surface area, pore volume, non-seepage-pore and potential seepage-
pore volume. Other organic-rich shales and organic-fair shales have similar potential
seepage-pore volumes but differ significantly in non-seepage-pore volumes. This difference
is probably the cause of the high specific surface areas and pore volumes of organic-fair
shales (Figure 7b).

Table 3. Pore parameters of as-received and organic solvent-extracted shales from LNA analyses.

As-Received Shales Organic Solvent-Extracted Shales . Increase in Increase in Potential
Specifi Specifi Increase in Non-Seepage- Seepage-Pore

Sample ID Surfi icel Acrea Pore Volume Surflz icel Acrea Pore Volume Pore Vt;lume Pore Volume Volume

(mm®/g) 2 (mm®/g) (mm>/g) (mm3/g) (mm?®/g)

(m?/g) (m?/g) 8 8
G108-8 2928 13.10 22.96 18.32 25.78 2.83 2.28 0.55
G108-8 2944 1.05 8.82 232 11.27 245 1.39 1.06
G108-8 2945 0.54 3.69 1.19 5.09 1.40 0.49 0.91
G108-8 2946 14.56 24.37 17.42 25.88 1.51 1.49 0.02
G108-8 2947 0.62 5.09 1.68 8.57 3.48 125 2.23
G108-8 2949 0.96 7.44 234 11.21 3.76 1.26 2.50
G108-8 2958 0.75 441 2.62 7.67 3.26 1.94 1.32
G108-8 2964 1.99 13.61 6.50 19.39 5.78 3.82 1.96
G108-8 2971 1.00 5.73 7.19 17.75 12.03 5.44 6.58
G108-8 2973 5.02 23.75 14.56 35.77 12.02 9.03 2.99
G108-8 3027 18.10 28.33 19.14 29.80 1.47 1.08 0.39
G108-8 3050 9.37 18.64 11.57 19.66 1.02 0.92 0.10
G108-8 3052 2.33 11.55 5.15 14.25 2.71 1.86 0.85
G108-8 3059 0.49 227 1.83 476 2.49 1.32 1.17
G108-8 3088 18.62 25.16 19.63 26.26 1.10 0.40 0.70
G108-8 3104 0.18 1.25 0.85 3.59 2.34 0.46 1.89
G108-8 3114 12.26 20.92 14.61 22.30 1.38 0.84 0.55
G108-8 3127 0.20 111 233 3.41 2.30 1.07 1.10
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Table 3. Cont.

As-Received Shales Organic Solvent-Extracted Shales Increase in Increase in Increase in Potential
Specific Specific Non-Seepage- Seepage-Pore
Sample ID Surfi e Area Po(re Vc;l/ume Surfg e Area Po(re Vc;}ume Po(r;]\][/gl/;ne Pore V(;]ume Volusme
(m?/g) mm>/g) (m?/g) mm>/g) (mm?®/g) (mm°/g)
G108-8 3135 0.13 0.89 3.10 7.25 6.36 2.41 3.96
G108-8 3143 1.04 6.32 6.16 14.93 8.61 4.71 3.90
G108-8 3150 3.77 16.50 6.97 19.34 2.85 1.98 0.87
G108-8 3161 6.69 17.96 12.34 20.50 2.54 2.38 0.17
G108-8 3183 1.46 9.05 12.48 22.53 13.48 7.13 6.36
G108-8 3204 1.31 6.99 18.60 24.65 17.65 11.47 6.19
G108-8 3212 0.20 1.59 7.35 14.62 13.03 413 8.90
G108-8 3235 0.77 5.25 3.12 7.46 2.21 1.48 0.72
G108-8 3268 0.54 3.47 1.83 5.58 211 0.77 1.35
GD12 3823 3.75 9.24 6.37 10.87 1.64 1.46 0.17
GD12 3826 16.73 23.20 17.99 23.70 0.49 0.36 0.13
GD12 3831 15.41 21.78 15.86 22.11 0.33 0.03 0.30
GD12 3833 1391 27.47 16.53 30.02 2.55 1.42 1.13
GD12 3834 14.23 21.67 14.91 21.91 0.24 0.17 0.07
GD12 3847 0.31 3.04 1.68 10.95 791 2.04 5.87
GD12 3855 0.26 2.44 0.93 7.46 5.02 0.80 4.22
GD12 3859 0.40 3.29 1.13 7.03 3.74 0.97 2.77
GD12 3894 0.86 6.14 3.60 13.83 7.70 3.42 4.27
GD14 4078 4.85 12.25 5.98 14.03 1.78 1.12 0.66
GD14 4081 0.63 521 1.31 8.13 292 1.06 1.86
GD14 4082 0.24 2.10 1.34 9.52 7.42 1.70 5.71
GD14 4084 0.46 3.45 1.60 10.16 6.71 1.86 4.84
GD14 4095 0.38 3.88 1.60 9.76 5.87 2.03 3.84
GD14 4096 0.48 4.01 1.38 8.69 4.68 1.49 3.18
GD14 4103 0.39 3.35 0.97 7.35 4.00 091 3.09
GD14 4113 0.56 4.39 113 7.61 3.22 0.83 2.39
GD14 4115 0.77 4.67 3.25 10.40 5.74 3.11 2.63
GD14 4116 0.52 5.14 1.62 11.43 6.30 1.70 4.59
GD14 4117 0.42 2.58 3.69 9.71 7.13 3.72 3.41
GD14 4126 0.48 4.26 2.03 12.49 8.23 2.38 5.84
GD14 4134 0.49 433 143 8.58 425 1.48 2.77
GD14 4136 0.48 4.50 1.67 11.96 7.45 173 5.72
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Figure 7. Pore structure parameters of organic solvent-extracted shales from LNA analyses;
(a) Specific surface area and pore volume; (b) Volume of different types of pores.
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3.2.3. Quantitative Analyses of Pore Structure from MIP Analyses

Table 4 shows the porosity and total pore volume of organic solvent-extracted shales
obtained from MIP analyses. The porosity and total pore volume of Ek, shales range from
1.80-12.95% and 7.16-43.87 mm?3/ g, with averages of 5.18% and 22.49 mm?/ g, respectively.
The volumes of non-seepage-pores, potential seepage-pores and seepage-pores are 8.56,
457, and 9.36 mm?3/ g, with relative proportions of 38%, 20%, and 42%, respectively,
indicating that a significant proportion of pore space is contained in the non-seepage-pores.
The volume of non-seepage-pores is higher than potential seepage-pores, which is different
from the results from LNA analyses. This discrepancy is probably due to the different
measurement methodologies, since the measured pore volume using MIP represents the
volume of throats and their controlling pore bodies, while the latter are measured by

LNA [33,43,44].

Table 4. Pore parameters of as-received and organic solvent-extracted shales from MIP analyses.

As-Received

Organic Solvent-Extracted

Increase in Pore

Sample ID Pore Volume Porosity Pore Volume Volume
(mm®/g) (%) (mm3/g) (mm®/g)

G108-8 2928 18.22 3.70 21.26 3.04
G108-8 2944 20.94 5.50 26.94 6.00
G108-8 2945 13.31 6.29 26.47 13.16
G108-8 2946 22.08 5.44 23.42 1.34
G108-8 2947 5.86 4.25 20.43 14.57
G108-8 2949 16.92 5.84 25.36 8.44
G108-8 2958 11.12 3.11 14.61 3.49
G108-8 2964 13.50 5.08 22.50 9.00
G108-8 2971 19.40 5.28 24.56 5.17
G108-8 2973 2212 7.54 34.50 12.38
G108-8 3027 25.54 5.88 26.34 0.79
G108-8 3050 11.27 3.73 16.15 4.88
G108-8 3052 26.33 7.68 36.20 9.87
G108-8 3059 741 2.35 12.36 4.95
G108-8 3088 21.34 5.05 22.82 147
G108-8 3104 9.54 5.49 2243 12.88
G108-8 3114 11.94 3.87 17.55 5.61
G108-8 3127 2.38 2.78 13.76 11.38
G108-8 3135 5.50 3.23 12.11 6.60
G108-8 3143 9.82 5.19 20.12 10.30
G108-8 3150 14.09 4.31 18.73 4.64
G108-8 3161 15.01 4.14 18.03 3.02
G108-8 3183 9.30 7.18 28.65 19.35
G108-8 3204 18.67 7.86 34.00 15.32
G108-8 3212 29.36 12.95 43.87 14.51
G108-8 3235 15.17 7.11 28.76 13.59
G108-8 3268 17.92 8.13 30.84 12.92
GD12 3823 0.47 1.80 7.16 6.69
GD12 3826 13.94 3.16 17.78 3.84
GD12 3831 17.32 3.94 18.25 0.93
GD12 3833 27.18 6.18 27.99 0.81
GD12 3834 18.80 4.73 19.91 1.11
GD12 3847 18.92 6.81 29.83 10.91
GD12 3855 14.74 5.09 22.80 8.06
GD12 3859 13.73 5.88 24.91 11.18
GD12 3894 7.22 4.85 20.90 13.68
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Table 4. Cont.

As-Received Organic Solvent-Extracted Increase in Pore

Sample ID Pore Volume Porosity Pore Volume Volume

(mm?3/g) (%) (mm?/g) (mm?3/g)
GD14 4078 10.77 2.77 12.27 1.50
GD14 4081 14.03 5.18 22.29 8.26
GD14 4082 15.69 6.46 27.64 11.96
GD14 4084 13.32 5.46 25.82 12.50
GD14 4095 6.15 3.69 15.86 9.71
GD14 4096 18.26 6.84 27.50 9.24
GD14 4103 17.12 5.02 21.86 474
GD14 4113 19.81 5.18 22.29 2.48
GD14 4115 10.99 3.80 15.70 471
GD14 4116 14.93 497 22.33 7.40
GD14 4117 6.10 2.08 7.94 1.84
GD14 4126 13.13 4.15 20.53 7.40
GD14 4134 17.08 492 21.13 4.05
GD14 4136 19.15 6.99 28.87 9.72

The pore structures of organic solvent-extracted shales of different lithofacies are
shown in Figure 8. The porosities and total pore volumes of the extracted organic-rich
shales are higher than those of organic-fair shales, and the organic-rich shales also have
higher volumes of potential seepage-pores and seepage-pores volumes compared with
organic-fair shales. This indicates that the promotion of OM to larger pores, which is
consistent with the findings from FE-SEM observations (Figure 5i-0). In the organic-rich
shales, the ORLS and ORLM lithofacies have the higher volumes of potential seepage-pores
and seepage-pores, followed by ORLC lithofacies, showing a higher potential for shale oil
storage (Figure 8b).
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Figure 8. Pore structure parameters of organic solvent-extracted shales from MIP analyses;
(a) Porosity and total pore volume; (b) Volume of different types of pores.
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3.3. Estimation of Total Oil Content

According to the method proposed by Jarvie (2012) [45], the residual oil content of
shale can be determined by Equation (1):

Residual oil = (S1+S2) — (S1e + S2E) (1)

where S and S; are the free and thermal cracking hydrocarbon contents of as-received
shale samples, while S and Sy are the free and thermal cracking hydrocarbon contents of
organic solvent-extracted shales. The Sig of organic solvent-extracted shales is possibly the
residual oil in isolated pores that are inaccessible by organic solvent [46]. Thus, the residual
oil content can be calculated by Equation (2):

Residual oil = S1 + So— Soe 2

According to Equation (2), the oil content contains the light-medium oil (S1) and
heavy oil (S; — Syg), but still does not account for the light hydrocarbons lost due to
volatilization during storage, so that the contents of total oil and movable oil are clearly
underestimated [47]. Zhao et al. (2021) compared the S; contents of Ek; shales that had
been frozen by liquid nitrogen and those exposed to air for several days and determined
the correction factor for light hydrocarbon loss is a value of 2.1 [48]. Although it is strictly
inappropriate to apply the same correction factor to all shales, the lack of sealed core data
is evident. The estimated total oil content can be obtained using Equation (3):

Total 0il =2.1 xS+ S, — Sop 3)

The total oil contents of Ek, shales range from 0.91 to 21.25 mg HC/g rock, with an
average of 8.62 mg HC/g rock, while the contents of heavy oil range from 0.40 to 12.56 mg
HC/g rock (Table 2), with a mean value of 4.59 mg HC/g rock, accounting for 53.2% of the
total oil content, which is unfavorable for shale oil mobility. The total oil contents of shales
from different lithofacies are shown in Figure 9, in which the total oil contents of organic-
rich shales are generally higher than those of organic-fair shales, and the ORLS and ORLM
shales have slightly higher total oil contents compared with ORMC and ORLC shales. In
addition, there are some organic-fair shales, such as samples GD14 4095 (OFLM), GD14
4115 (OFLC), and GD14 4117 (OFMC) that have higher total oil contents than some organic-
rich shales (Table 2); probably due to the migration of fluids from adjacent organic-rich
intervals [49-51].
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Figure 9. Comparison of the total oil content of shales of different lithofacies.

3.4. Estimation of Oil Contents in Different Occurrence States

As described above, the contents of shale oil in different occurrence states cannot be
accurately determined solely by multi-step Rock-Eval pyrolysis analyses. In this study, by
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combining the standard Rock-Eval pyrolysis results of both as-received and organic solvent-
extracted shales with the data for multi-step Rock-Eval pyrolysis of as-received shales, the
shale oil contents in different occurrence states can be obtained. As illustrated in Figure 10,
Sh0 means light hydrocarbons in 0-200 °C; Sh1-1 means light-medium hydrocarbons
in 200-300 °C and is the difference between S; and ShO of as-received shale; Sh1-2 are
medium hydrocarbons in the 300-350 °C range and are determined by the difference
between Sh1 and Shl-1 of shale; Sh2-1 means heavy hydrocarbons, determined by the
difference between Sh2 of as-received shale and Syp of organic solvent-extracted shale;
Sh2-2 means hydrocarbons generated by the cracking of kerogen, equivalent to Syg of
shales. Consequently, free oil contains Sh0, Sh1-1, and Sh1-2, while the adsorbed oil is
related to Sh2-1. Since the sum of Sh0, Sh1-1, and Sh1-2 is the residual free oil content, the
total free oil content can be determined by the difference between total oil content and
adsorbed oil content.
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Figure 10. Schematic diagram of pyrolysis spectra of as-received and solvent-extracted shales and
division of shale oil into different occurrence states (FID: flame ionization detector).

Table 5 shows the contents of adsorbed and free oil, which range from
0.06-11.90 mg HC/g rock and 0.23-15.79 mg HC/g rock, with averages of 4.04 and
4.59 mg HC/g rock, showing a higher proportion of free oil (53.2%) than adsorbed oil
(46.8%). Figure 11a presents the adsorbed oil contents of shales of different lithofacies. The
ORLS and ORMC shales contain similar adsorbed oil contents that are slightly higher than
organic-fair shales but are clearly lower than ORLM and ORLC shales. The free oil contents
of shales of different lithofacies are shown in Figure 11b, in which some organic-fair shales
(GD14 4095 of OFLM, GD14 4115 of OFLC, GD14 4117 of OFMC) contain higher free oil
contents that are higher than some organic-rich shales (Table 5), indicating that the migrated
oil increases the content of free oil but not adsorbed oil. The ORLS shales have the highest
amount of free oil content, followed by ORMC and ORLM shales, and so have a higher
potential for shale oil exploitation (Figure 11b).
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Table 5. Adsorbed and free oil contents of Ek; shales.

Sample ID Adsorbed Oil Content Free Oil Content Sample ID Adsorbed Oil Content  Free Oil Content
(mg HC/g Rock) (mg HC/g Rock) (mg HC/g Rock) (mg HC/g Rock)
G108-8 2928 3.17 1.16 G108-8 3235 7.98 5.51
G108-8 2944 6.59 2.29 G108-8 3268 6.09 6.78
G108-8 2945 8.25 2.29 GD12 3823 0.97 1.76
G108-8 2946 1.89 0.42 GD12 3826 0.82 242
G108-8 2947 10.85 3.47 GD12 3831 0.31 0.71
G108-8 2949 6.62 211 GD12 3833 3.35 0.70
G108-8 2958 6.00 3.30 GD12 3834 0.67 0.24
G108-8 2964 4.10 1.90 GD12 3847 1.35 10.09
G108-8 2971 497 2.19 GD12 3855 4.04 6.03
G108-8 2973 2.68 5.56 GD12 3859 3.28 8.88
G108-8 3027 0.87 0.33 GD12 3894 5.08 10.20
G108-8 3050 242 0.23 GD14 4078 0.19 0.89
G108-8 3052 5.87 222 GD14 4081 3.00 7.61
G108-8 3059 6.22 2.26 GD14 4082 3.54 8.62
G108-8 3088 0.72 0.27 GD14 4084 1.30 15.79
G108-8 3104 10.07 4.26 GD14 4095 1.76 11.64
G108-8 3114 3.13 0.48 GD14 4096 3.00 9.21
G108-8 3127 9.44 2.34 GD14 4103 0.64 6.47
G108-8 3135 6.92 3.78 GD14 4113 0.06 4.18
G108-8 3143 5.57 3.07 GD14 4115 1.71 5.74
G108-8 3150 2.70 1.90 GD14 4116 3.21 6.95
G108-8 3161 2.53 1.20 GD14 4117 2.01 3.24
G108-8 3183 11.90 4.86 GD14 4126 3.40 6.34
G108-8 3204 5.42 7.59 GD14 4134 0.94 5.36
G108-8 3212 7.73 13.52 GD14 4136 6.44 11.04
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Figure 11. Comparison of the (a) adsorbed oil content and (b) free oil content of shales of different lithofacies.
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4. Discussion
4.1. Occurrence Space of Shale Oil at Ek,
4.1.1. Occurrence Space of Shale Oil Based on LNA Analyses

In previous studies, the shale oil (actually residual oil) distribution was usually de-
termined by the difference in pore size distributions between as-received and organic
solvent-extracted shales [10,52]. In this study, the pore volume of as-received shales
obtained from LNA analyses and the increase volumes of pores with different types af-
ter extraction are shown in Table 3. The increase in pore volume of organic-rich shales
(mean value of 5.97 mm?3/g) is higher than that of organic-fair shales (a mean value of
2.38 mm?3/ g), and their ratios to pore volume (diameters < 200 nm) of organic solvent-
extracted shales are 53.6% and 11.8%, indicating that more than half of the volume with
diameters <200 nm of organic-rich shales is filled with residual oil. The proportions of pore
volumes filled by residual oil of ORLS, ORLM, ORMC, and ORLC shales are 58.7%, 55.9%,
44.5%, and 37.4%, respectively. The relative proportions of residual oil in non-seepage-pore
and potential seepage-pore are 28.8% and 71.2% (ORLS), 51.0% and 49.0% (ORLM), 49.4%
and 50.6% (ORMC), 48.4% and 51.6% (ORLC), in which the ORLS shale shows different
residual oil distribution from other organic-rich shales. In addition, there is only a slightly
positive relationship between the increase in pore volume and residual oil content of
organic-rich shales (Figure 12a), suggesting that amounts of oil being stored in pores with
diameters >200 nm.
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Figure 12. Correlations between pore volume increment and residual oil content: (a) Pore volume
increment from LNA vs. residual oil content of organic-rich shales; (b) Pore volume increment from
MIP vs. residual oil content of all shale samples.

4.1.2. Occurrence Space of Shale Oil Based on MIP Analyses

The pore-throat size range obtained from MIP analyses is 2.8 nm-12 um in diameter,
which includes almost all the storage space of residual oil. A positive relationship between
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the increase in pore volume and residual oil content is shown in Figure 12b, indicating the
effectiveness of MIP analyses of residual oil distribution. The increases in pore volume
are shown in Table 4. The pore volume increases in the organic-rich shale (mean value of
9.86 mm?/ g) are obviously higher than that of organic-fair shale (mean value of
3.29 mm?/g), and their ratios to total pore volume of organic solvent-extracted shales
are 39.8% and 18.2%, indicating that ~40% of the pore volume is filled by the residual oil in
organic-rich shales. The proportions of pore volumes filled by residual oil of ORLS, ORLM,
ORMC, and ORLC shales are 35.9%, 47.0%, 35.1%, and 34.6%, respectively, and the relative
proportions of residual oil in the three different types of pores are shown in Figure 13. The
sums of relative proportions of residual oil in potential seepage-pore and seepage-pore
are 80% (ORLS), 70% (ORLM), 35% (ORMC), and 56% (ORLC). This indicates that the
laminated ORLS, ORLM, and ORLC shales have higher potential for oil exploitation than
the massive ORMC shales.
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Figure 13. Relative proportions of residual oil in pores with different types.

4.2. Factors Controlling the Total Oil Content
4.2.1. Effects of OM Abundance on Total Oil Content

OM is the source of hydrocarbons and the concentration of OM is a key determinant of
the hydrocarbon-generating potential of source rock [53]. In this study, the total oil contents
of organic-rich and organic-fair shales (except for three shales in which oil migration has
occurred) are 11.2 and 2.60 mg HC/g rock (Table 2), showing a significant difference
between the two. The TOC and S; contents both show good relationships with total oil
content, indicating that they are effective parameters for total oil evaluation, especially the
Sy (Figure 14a,b).
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4.2.2. Effect of Thermal Maturity on Total Oil Content

Previous studies found that Eocene samples from Well G108-8 have lower thermal
maturities (Ro values of 0.66 to 0.91%) compared with those from Wells GD12 and GD14
(Ro values 0.80 to 1.21%) [27]. To eliminate the influence of TOC on oil content, TOC
normalization is first carried out for total oil content. The TOC-normalized total oil content
of organic-rich shales from Well G108-8 ranges from 1.92 to 3.79 mg/g rock with a mean
value of 2.70 mg/g rock, which is lower than that of Wells GD12 and GD14, in which the
range is 1.93 to 6.33 mg/g rock (mean of 3.63 mg/g rock), indicating shales with higher
thermal maturity have higher oil content. In addition, the proportion of heavy oil to total
oil of organic-rich shales from Well G108-8 (67.6%) is obviously higher than that of Wells
GD12 and GD14 (33.7%), which suggests that the differences in the proportion of heavy oil
to light oil are related to differences in thermal maturities between shales from these wells.

4.2.3. Effect of Pore Space on Total Oil Content

A shale oil reservoir is a self-generating and self-storing petroleum system, and
generally, the larger the pore volume of shales is, the more oil that can be stored [54]. This
is the reason for a positive relationship shown in Figure 14c. However, non-hydrocarbon
fluids also occur in pores of shale, such as the formation water [55], and Zhao et al. (2019)
found that the average oil saturation of Ek, shales from Well G108-8 is ~40% [56]. The
presence of non-hydrocarbon fluids results in only a slight positive correlation between
pore volume and total oil content (Figure 14c).

171



J. Mar. Sci. Eng. 2024, 12, 1557

4.2 4. Effect of Mineral Compositions on Total Oil Content

Statistically, the mean TOC-normalized total oil contents of organic-rich siliceous,
organic-rich calcareous, and organic-rich mixed shales are 3.44,2.91, and 2.81 mg HC/g
rock, respectively. This suggests that siliceous minerals are more favorable for the reservoir-
ing of shale oil, possibly due to the pore space being better-preserved in siliceous minerals
and shale oil migration from adjacent OM-clays mixed lamina. This concept is supported
by the optical microscopy and SEM observations in the literature [48,57].

4.3. Factors Controlling the Adsorbed and Free Oil
4.3.1. Effects of OM Abundance on Adsorbed and Free Oil

Compared with inorganic minerals, OM has stronger adsorbed capacity for shale
oil [16]. Figure 15a,c show the relationships between TOC, S;, and S, and adsorbed oil
content, in which positive relationships are observed between TOC, S, and adsorbed oil
content, especially for shales from Well G108-8, indicating the control of TOC on adsorbed
oil, and S; can be used to estimate the amount of adsorbed oil, especially for shales with
lower maturity. There is a clearly positive relationship between S; and free oil content, and
there are slight positive relationships between TOC, S, and free oil content, which suggests
that the controlling of TOC on free oil and S; can be used to estimate the amount of free oil
(Figure 15d-f). As the material source of hydrocarbons, the relationships between TOC and
adsorbed oil and free oil are predictable, which has also been reported in the literature [58].
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between TOC, Sy, S; and free oil content, respectively.

4.3.2. Effect of Thermal Maturity on Adsorbed and Free Oil

In Figure 15a,d, the shales from Well G108-8 have higher adsorbed oil contents and
lower free oil contents, compared with those of Wells GD12 and GD14 shales with similar
TOC contents, probably resulting from the thermal maturities difference between shales
from Wells G108-8, GD12, and GD14. Generally, higher thermal maturity means more light
and medium oil, as well as more free oil, enhancing the overall mobility of shale oil.

4.3.3. Effects of Mineral Compositions on Adsorbed and Free Oil

Figure 16 shows the relationships between the siliceous, calcareous, and clay miner-
als contents and the TOC-normalized adsorbed and free oil contents. As can be seen in
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Figure 16, slightly negative and positive relationships are observed between TOC-normalized
adsorbed oil content and free oil content and siliceous minerals, respectively, and there are

no relationships with calcareous and clay minerals. The pore space preserved by brittle

siliceous minerals and shale oil migrated from adjacent OM-clays mixed lamina, and the

lower adsorption capacity of siliceous minerals [16], results in a slightly negative relation-

ship with adsorbed oil (Figure 16a) and positive relationship with free oil (Figure 16b).

Although there are abundant pores within and between/in calcareous mineral particles,

the organic-rich calcareous shales have lower total oil contents compared with organic-rich

siliceous and mixed shales (Figure 9), which is possibly the main reason for the lack of

relationships between calcareous minerals content and adsorbed and free oil contents.
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calcareous, clay minerals and TOC-normalized adsorbed oil content, respectively; (b,d,f) the relation-
ships between siliceous, calcareous, clay minerals and TOC-normalized free oil content, respectively.

4.3.4. Effects of Pore Structure on Adsorbed and Free Oil

It has been generally believed that adsorbed oil occurs on the pore surface, while free
oil mainly occurs in the center of pores. Consequently, the volumes of adsorbed and free oil
may be related to the pore surface area and pore volume, respectively [9]. However, there is
no relationship between adsorbed oil and pore surface area, while a positive relationship is
shown between adsorbed oil content and the seepage-pores volume (Figure 17). In addition,
there are positive relationships between porosity, potential seepage-pores, seepage-pores
volume, and free oil content (Figure 18), suggesting that porosity and abundance of larger
pores significantly influence the volume of free oil. This suggests that both the adsorbed
and free oil are mainly stored in larger pores (potential seepage-pores and seepage-pores),
which is also implied by the occurrence of ~70% residual oil stored in potential seepage-
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pores and seepage-pores of the organic-rich shales (Figure 13). Liang et al. (2018) proposed
that the shale oil preferentially migrates along microfractures and large pores with good
connectivity and low resistance, and as a result, the adsorbed and free oil are mainly in
large pores [41].
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15 - 15 15

@ (b) ° (©) °
10 1@ 101 @
} (J o ° L]
%‘ 5 4 5 ® .. a
S [
4 '. e°®
) °® @®e
ER ; ; — 0 ee
E 0 5 10 15 2 15 0 10 20 30
2 Specific surface area (mm¥g) Porosity (%) Non-seep-pore volume (mm¥g)
515 15
5 .
2 (] o (©) %
=]
8 R2=0.6578
= 10 1 ° 10 1 °
R*~0.3656
° ° o
Ie o . ] o ° ¢
5i & 5
9. 4 °
b Y X e o
; o o8 ®
ol 0 r S
0 5 10 15 20 0 5 10 15 20
Potential seep-pore volume (mm¥/g Seep-pore volume (mm¥g)
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ships between specific surface area, porosity and free oil content, respectively; (c—e) the relationships
between non-seep-pore, potential seep-pore, seep-pore volumes and free oil content, respectively.

4.4. Models for Shale Oil Occurrence

Generally, the total oil content of Ek; shales is primarily controlled by TOC contents
and thermal maturity, in which variation of the TOC content is the principal factor causing
significant differences in total oil content between organic-rich and organic-fair shales. The
variations in TOC are combined with differences in thermal maturity to influence total
oil volumes. For example, the ORLS shales have lower TOC contents but similar total oil
contents compared to the ORLM shales (Figures 4 and 9), which is due to the influence of
thermal maturity. The ORLS shales, which predominantly occur in Wells GD12 and GD14,
exhibit a higher thermal maturity, while the ORLM shales, mainly found in Well G108-8,
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show a lower thermal maturity (Table 1). Pore space influences the storage of shale oil, but
the variation in oil saturation in shales diminishes the influence of pore space on total oil
content. Additionally, the migration of oil causes some organic-fair shales, such as GD14
4095 (OFLM), GD14 4115 (OFLC), and GD14 4117 (OFMC), to have high total oil contents.

The adsorbed oil contents of Ek; shales are mainly controlled by thermal maturity
and TOC contents. Thermal maturity directly controls generated oil components and
determines the adsorbed and free oil contents. In addition, OM not only generates oil
during the thermal evolution but also has high adsorption capacity for oil. Consequently,
low thermal maturity and high TOC contents are the main reasons for high adsorbed
oil contents of ORLM and ORLC shales (Figure 4). The free oil contents are also mainly
controlled by TOC contents and thermal maturity, which are the main reasons for high
free oil content of organic-rich shales, especially the ORLS and ORMC shales. Similar to
the factors controlling the total oil content, pore space is a necessary condition for free oil
storage but has a smaller influence due to the variation of oil saturation. The organic-fair
shales with oil migration (GD14 4095 in OFLM, GD14 4115 in OFLC, GD14 4117 in OFMC)
contain high values of free oil contents, some of which are higher than some organic-rich
shales (Table 5), indicating that the immigrated oil increases the contents of free oil, not
adsorbed oil.

Based on the results and analyses of this study as well as previously published studies
of Ek; shales [24,56-58], models of shale oil with different occurrence states in organic-
rich laminated shale and organic-fair massive shale are proposed (Figure 19). In shales
with a low maturity (such as shales in shallow Well G108-8), the generated oil from OM
was first stored in OM pores and then migrated to adjacent large mineral pores, showing
a higher proportion of adsorbed oil (heavy hydrocarbons) than of free oil (Figure 19a).
With the increase of thermal maturity (such as shales in deep Wells GD12 and GD14), a
higher proportion of lighter petroleum and a lower proportion of heavy hydrocarbons were
generated, promoting the migration of oil to large pores in mineral laminae and organic-fair
shales (Figure 19b). This suggests that the organic-rich shales, especially the ORLS, ORMC,
and ORLM shales, and organic-fair shales in which oil migration has occurred are the most
favorable exploration targets in the Ek; shales.

Calcarcous lamina

Adsorbed oil in organic matter pore
Siliccous lamina Free oil in organic matter pore
Mixed lamina Adsorbed oil in mineral pore

Organic matter lamina Free oil in mineral pore

Je-NN

Massive shale Mineral pore

vEREOR

Oil migration

Figure 19. Models of shale oil occurrence for (a) adsorbed and free oil distribution in shales with
lower maturity and (b) adsorbed and free oil distribution in shales with higher maturity.
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References

5. Conclusions

In this study, the total oil contents of Ek; shales of different lithofacies were determined,
and the factors controlling the total oil content were found to include OM abundance (TOC
contents), thermal maturity, pore space, and mineral compositions. OM abundance and
thermal maturity are the primary factors controlling the total shale oil content. Organic-rich
shales and organic-fair shales with oil migration show high total oil contents. In organic-
rich shales, ~40% of the pore volume is filled with residual oil, and ~70% of this residual oil
is stored in pores with diameters >20 nm.

The adsorbed oil contents of Ek; shales are mainly controlled by thermal maturity and
TOC contents: lower thermal maturity and higher TOC content resulted in high adsorbed
oil contents. The free oil contents are mainly controlled by TOC and thermal maturity:
higher TOC contents and thermal maturity resulted in high free oil content. In addition, S;
can be used to estimate the free oil contents in Ek, shales.

Oil migration within shale reservoirs can lead to readjustments in both the contents
and occurrence states of shale oil. With increasing thermal maturity, a higher proportion of
lighter oil and a lower proportion of heavy hydrocarbons were generated, which enhanced
the migration of oil to larger pores in mineral laminae and organic-fair shales. The organic-
rich shales, especially the ORLS, ORMC, and ORLM shales, and organic-fair shales with
oil migration have high free oil contents and are the most favorable exploration targets
of Ek; shales. In addition, in other lacustrine shale reservoirs, organic-fair shales with oil
migration may demonstrate a higher proportion of free oil and benefit oil development.
Quantifying the content of migration oil in shale reservoirs is a crucial challenge for
further research.
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Abstract: As global energy demands continue to rise, the development of unconventional oil re-
sources has become a critical priority. However, the complexity and high dimensionality of these
problems often cause existing optimization methods to get trapped in local optima when designing
key tools, such as deep-sea probes. To address this challenge, this study proposes a novel meta-
heuristic approach—the Salmon Salar Optimization algorithm, which simulates the social structure
and collective behavior of salmon to perform high-precision searches in high-dimensional spaces.
The Salmon Salar Optimization algorithm demonstrated superior performance across two benchmark
function sets and successfully solved the constrained optimization problem in deep-sea probe design.
These results indicate that the proposed method is highly effective in meeting the optimization
needs of complex engineering systems, particularly in the design optimization of deep-sea probes for
unconventional oil exploration.

Keywords: salmon salar optimization; high-dimensional optimization; collective behavior; deep-sea
probe design

1. Introduction

The development of unconventional oil resources is increasingly recognized as a criti-
cal component in addressing global energy demands. As conventional oil reserves dwindle
and geopolitical factors introduce uncertainties in supply, the ability to access unconven-
tional resources, such as shale oil, oil sands, and ultra-deepwater reserves, has become
imperative [1,2]. Although these resources are abundant, they require advanced extrac-
tion technologies and sophisticated engineering solutions due to their complex geological
formations and challenging extraction environments [3,4].

Deep-sea probes play an indispensable role in the exploration and extraction of un-
conventional oil resources, particularly in ultra-deepwater environments. These probes
must navigate and analyze extreme underwater conditions, characterized by high geo-
logical complexity and a hostile operational environment. The design and deployment
of deep-sea probes present high-dimensional optimization challenges, where multiple
factors—such as structural integrity, sensor accuracy, energy efficiency, and environmental
resilience—must be considered simultaneously [5]. The complexity of this task is further
amplified by the need to ensure reliable long-term operation under conditions of extreme
pressure, temperature fluctuations, and corrosive seawater.

While metaheuristic methods have demonstrated success in solving many complex
optimization problems, several challenges remain. These include the risk of getting trapped
in local optima, particularly in high-dimensional optimization problems where the search
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space is vast, making it difficult for algorithms to escape local optima and find the global
solution. Additionally, the convergence speed of these algorithms can be slow, especially
in high-dimensional settings, where computational resource consumption is substantial,
leading to reduced efficiency. In applications, tasks like deep-sea probe design for un-
conventional oil exploration require highly precise, adaptable, and robust optimization
methods capable of handling complex, multi-dimensional environments under extreme
conditions. To address these limitations, this study proposes the Salmon Salar Optimization
(SSO) algorithm, inspired by the social and cooperative behavior of salmon, as a novel
approach to achieving more effective and scalable solutions in high-dimensional optimiza-
tion tasks.

2. Related Works

Evolutionary algorithms, such as particle swarm optimization (PSO) [6], firefly algo-
rithms [7], differential evolution [8], and the wolf pack algorithm [9], are effective methods
for solving high-dimensional optimization problems. PSO is inspired by the social behavior
of animals like birds and bees and is used to find global optimal solutions to optimization
problems. In PSO, a group of particles represents potential solutions moving through the
search space. These particles are initialized with random positions and velocities and are
guided by two factors: their personal best position (the best solution each particle has
found) and the global best position (the best solution found by any particle in the swarm).
At each iteration, particles update their velocities and positions based on these two factors,
aiming to move toward more promising regions of the search space. The movement of the
particles is controlled by acceleration constants, which determine how much influence the
personal and global best positions have on the particle’s trajectory.

In recent years, convex optimization, which deals with optimization problems where
the objective function is convex, has gained increasing importance. Other active research
areas in optimization include global optimization [10] and multi-objective optimization [11].

Optimization problems are widely applied across various fields, such as supply chain
management [12], transportation [13], colored TSP problems [14,15], networks [16], per-
manent magnets [17], sound classification [18], feature selection [19], risk prediction [20],
route design [21], and financial management [22]. As the Internet continues to grow rapidly,
the complexity and scale of optimization problems have also increased, making traditional
optimization algorithms less suited to modern needs. As a result, researchers continue to
develop and improve optimization algorithms to meet these evolving challenges.

In 2015, Gao [23] proposed a selectively informed PSO (SIPSO). In SIPSO, densely
connected particles receive information from all their neighbors, while sparsely connected
particles follow only the best-performing neighbor. Liang [24] introduced an adaptive PSO
based on clustering (APSO-C), which involves two main steps: first, a K-means clustering
method is used to divide the swarm into several sub-groups, and second, the inertia
weights of individuals are adjusted based on the evaluation of clusters and swarm states.
Li [25] proposed a composite PSO with historical memory (HMPSO), in which each particle
considers three candidate positions: its historical memory, personal best position, and the
global best of the swarm.

In 2016, Pornsing [26] proposed techniques for self-adaptive inertia weight and time-
varying adaptive swarm topology to enhance the performance of particle swarm optimiza-
tion (PSO). Guo [27] introduced several variants of the Bare Bones PSO (BBPSO) algorithm,
including pair-wise bare bones PSO (PBBPSO), dynamic local search bare bones PSO (DLS-
BBPSO) [28], and hierarchical bare bones PSO (HBBPSO) [29], all aimed at improving the
search capabilities of the original BBPSO [30].

In 2017, Xu [31] proposed a chaotic PSO (CPSO) for combinatorial optimization prob-
lems, which combines a chaos method with the traditional PSO. In 2018, Tian [32] in-
troduced a modified PSO that incorporates chaos-based initialization and robust update
mechanisms. That same year, Guo [28] developed a dynamic allocation bare bones PSO
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(DABBPSO) and a dynamic reconstruction bare bones PSO (DRBBPSO) to further improve
the original BBPSO.

In 2019, Ghasemi [33] proposed the Phasor PSO (PPSO), while Guo [34] introduced
a fission-fusion hybrid BBPSO (FBBPSO) for single-objective optimization problems. Xu [35]
presented a dimensional learning strategy for PSO.

In 2020, Xu [36] proposed a reinforcement learning-based communication topology for
PSO. In 2021, Yamanaka [37] developed a gravitational PSO (SPSO) for multi-modal opti-
mization problems, and Liu [38] introduced a Sigmoid-Function-Based adaptive weighted
PSO (SAWPSO). Wang [39] proposed an adaptive granularity learning distributed PSO
(AGLDPSO). In 2022, Li [40] introduced a multi-population PSO with neighborhood
learning (MPSO-NL), and Tian [41] proposed an electronic transition-based BBPSO for
high-dimensional problems. Guo [42] later introduced a twinning strategy for BBPSO,
and Zhou [43] proposed an atomic retrospective learning BBPSO (ARBBPSO).

Many researchers have also drawn inspiration from the natural world and developed
various metaheuristic algorithms, such as the Dung Beetle Optimizer (DBO) [44], Whale
Optimization Algorithm (WOA) [45], Grey Wolf Optimizer (GWO) [46], Harris Hawks Op-
timization (HHO) [47], African Vultures Optimization Algorithm (AVOA) [48], and Gorilla
Troops Optimizer [49]. These algorithms have demonstrated strong performance in solving
both benchmark and engineering problems.

With the advancement of artificial intelligence technology, optimization problems have
grown in both scale and dimensionality. Traditional optimization algorithms are no longer
sufficient to address the wide range of complex optimization challenges. To overcome
these issues, this work proposes a new metaheuristic method, Salmon Salar Optimization
(SSO). The strength of the SSO method lies in its ability to simulate the social structure
and collective behavior of salmon, effectively balancing exploration and exploitation in
high-dimensional search spaces. This approach helps the algorithm escape local optima
and improves the convergence rate, even in highly complex and constrained environments.
These features make SSO particularly well-suited for solving complex engineering optimiza-
tion problems, such as the design of deep-sea probes for unconventional oil exploration.
The major contributions of this work are summarized as follows:

(1) Biologically-Inspired Design: The Salmon Salar Optimization algorithm is a novel
high-dimensional optimization method inspired by the collective behavior of salmon in
nature. Unlike traditional algorithms, it emulates the migration and cooperative strategies
of salmon, making it more effective in tackling high-dimensional optimization problems.

(2) High-Precision Solutions: The SSO algorithm excels in high-dimensional spaces,
demonstrating a unique ability to discover highly accurate solutions. It is particularly
effective at addressing complex multi-dimensional problems, providing robust solutions
across engineering, scientific, and commercial applications.

(3) Adaptiveness: The SSO algorithm exhibits a high degree of adaptiveness, allowing
it to dynamically adjust based on the nature and dimensionality of the problem. This
adaptability enables it to handle various types of high-dimensional optimization problems
without requiring extensive parameter tuning beforehand.

The rest of this paper is organized as follows: Section 2 introduces the design and
structure of the Salmon Salar Optimization algorithm; Section 3 presents the experimental
details and results and Section 4 provides the conclusion of this work.

3. Materials and Methods
3.1. Salmon Salar Optimization

Drawing inspiration from the structural composition and social behaviors observed
in salmon salar populations, the Salmon Salar Optimization (SSO) Algorithm is proposed.
The SSO Algorithm derives its conceptual foundation from three principal search objec-
tives: food procurement, breeding habitat identification, and hazard avoidance. Primarily,
the food procurement objective corresponds to the imperative for sustenance, enabling the
algorithm to pursue optimal solutions within the problem domain to ensure individual
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health and viability. Subsequently, the breeding habitat identification objective reflects
the algorithm’s capacity to discern suitable problem domain solutions in support of repro-
duction and ensuing population expansion. Lastly, the hazard avoidance objective equips
the algorithm with adaptability to volatile problem conditions, enabling it to circumvent
potential threats or adverse factors, thereby ensuring search process stability.

Consequently, the SSO amalgamates these three fundamental search strategies to
achieve efficient, diversified, and adaptive search processes. This approach, when applied
to the resolution of intricate high-dimensional optimization problems, evinces signifi-
cant potential by not only furnishing robust solutions but also introducing an innovative
optimization instrument applicable across diverse domains, encompassing engineering, sci-
entific inquiry, and commercial enterprises. By emulating the efficacious survival strategies
exhibited by salmon salar populations, the SSO introduces biologically inspired paradigms
into the realm of optimization, promising noteworthy advancements in the solution of
complex problem sets.

3.2. The Multi-Purpose Fusion Search Strategy

Considering the complexity of the high-dimensional optimization problem, the Gaus-
sian distribution is used to select the position of the particle in the next iteration. The next
position of a salmon is calculated by Equation (1).

« = (Salmon + LeaderSalmon) /2
B = |Salmon — LeaderSalmon| 1)
Salmon_candi = Gausi(a, )

where Salmon is the initial position of a normal salmon; LeaderSalmon contains the food
memory, breeding memory, and danger memory. Gausi(a, B) is a Gaussian distribution with
a mean « and a standard deviation p. Since LeaderSalmon has three levels, Salmon_candi
will contain three candidate positions. After the candidate position selection, the next
position of a normal Salmon is calculated by Equation (2).

candidatelist' 1 = [Salmon', Salmon_candi* ™1 @
Salmont'*! = FindBest(candidatelist', 1)

where candidatelist'*1 is a list containing the position of a Salmon in the tth generation
and three candidate positions in the (t + 1)th generation, FindBest(X, 1) is a function used
to find the best position from X. After every Salmon finds a new position in the (f + 1)th
generation, the next position of the LeaderSalmon is calculated by Equation (3).

LeaderSalmon_candi'™! = FindBest(Salmont'*1,1)
leader.andidatelist'*! = [LeaderSalmon®, LeaderSalmon_candi' ™1 3)
LeaderSalmont'*! = FindBest(candidatelist',3)

where leadercandidatelist'*! is a list containing the position of the LeaderSalmon in tth
generation and the best position of all Salmons in the (f + 1)th generation. FindBest(X, 3)
is a function used to find the best three positions from X.

To better describe the operation mode of SSO, this section details the pseudo-code
and flowchart of SSO. The flowchart is shown in Figure 1; pseudo-code of SSO is shown in
Algorithm 1.
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Figure 1. Flowchart of SSO.
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Algorithm 1 Pseudo-code of SSO.

Require: IT, max iteration time
Require: func, fitness function,
Require: Ran, searching Range
Require: Max, Max generation time
Require: #, number of Salmon
1: for gen=1to Max do
2:  Randomly generate the initial position of Salmons

3:  Find the LeaderSalmon from all Salmons

4:  Update the position of Salmons, using Equations (1) and (2)
5. Update the position of LeaderSalmon, using Equation (3)

6:  gen=gen+l

7: end for

8: Output: LeaderSalmon

4. Results
4.1. Numerical Experiments with CEC2017

To explore the optimization ability of SSO, the CEC2017 benchmark functions are
selected in the simulation test. The CEC2017 contains four different groups of types:

1.  Unimodal Functions, f1 — fo;

2. Simple Multimodal Functions, f3 — fo;
3. Hybrid Functions, f19 — fi9;

4. Composition Functions, fo0 — f29.

Eight state-of-the-art optimization algorithms, DBO, WOA, GWO, HHO, AVOA, GTO,
ARBBPSO, and ETBBPSO are selected in the control group. To ensure the fairness of the
experiment, all algorithms use the same number of particles with the same number of
iterations. To reduce the error caused by chance, all calculations are repeated thirty-seven
times. The mean and variance of these thirty-seven times are recorded, and these results
are used to evaluate the performance of the algorithms. The parameters of experiments are
listed below:

Population size for all algorithms, 100;
Max iteration times, 1.000 x 10%;
Dimension, 100;

Individual runs, 37.

search range, [—100, +100]

SRRl

To easily compare the optimization ability of each algorithm, the FE (final error) is
used in the results analysis. The FE is defined in Equation (4).

FE = |finalgbest — TOV| (4)

where the finalgbest is the gbest value of an algorithm after the last evolution, TOV is the
theoretical optimal value of the test function. Obviously, when comparing the two methods,
the method with a smaller FE has better optimization performance. Numerical and ranked
results of CEC2017 are shown in Tables 1-4. The convergence curves of the experiments are
shown in Figures 2-7.
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Figure 3. Convergence graph and standard deviation of F6 to F10. In the Error figure, the red square
stands for the mean value, and the blue line stands for the error.
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Figure 4. Convergence graph and standard deviation of F11 to F15. In the Error figure, the red square
stands for the mean value, and the blue line stands for the error.
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Figure 5. Convergence graph and standard deviation of F16 to F20. In the Error figure, the red square
stands for the mean value, and the blue line stands for the error.
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Figure 6. Convergence graph and standard deviation of F21 to F25. In the Error figure, the red square

stands for the mean value, and the blue line stands for the error.
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Figure 7. Convergence graph and standard deviation of F26 to F29. In the Error figure, the red square
stands for the mean value, and the blue line stands for the error.
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Table 1. The simulation results of SSO, DBO, WOA, GWO, HHO, AVOA, GTO, ARBBPSO and
ETBBPSO, f1-£8, best results are shwon in bold.

F  Type SSO DBO WOA GWO HHO AVOA GTO ARBBPSO ETBBPSO

1 Mean 2.808 x 10* 5.748 x 107 3.515 x 107 3.184 x 1010 2.097 x 10% 6.690 x 10° 2.604 x 10° 2912 x 10* 1.656 x 10*
Std 2.760 x 10* 3.705 x 107 1.173 x 107 7.385 x 10° 2.181 x 107 9.224 x 10° 1.822 x 10° 3.091 x 10* 2.186 x 10*
Best 1.851 x 10 1.490 x 10° 1.560 x 107 2.009 x 1010 1.621 x 10° 9.860 x 10° 7.170 x 108 1.369 x 107 4.990 x 10°
Worst 8.870 x 10* 1.431 x 108 7.225 x 107 5.204 x 101 2,517 x 108 3.450 x 10* 8.877 x 10° 1.281 x 10° 1.120 x 10°
Rank 3 6 5 9 7 1 8 4 2

2 Mean 1.909 x 10% 1.845x 10" 8159 x 10 6547 x 10"  1.117 x 107 1.326 x 10%° 3.553 x 101°  9.078 x 10'% 7.782 x 10"
Std 7.879 x 10% 1122 x 10" 4955 x 10" 3.976 x 10'% 5615 x 107 5.600 x 10% 1423 x 10" 5522 x 10'%° 3.073 x 1011°
Best 1.679 x 10% 2.434 x 10% 2,676 x 1010 5.418 x 10%7 6.231 x 10% 3.731 x 1013 9.303 x 10% 6.574 x 10%* 2.233 x 10%
Worst 4.579 x 10%° 6.822x10' 3014 x 10" 2418 x10'¥  3.375x 107 2.681 x 10°! 7.773 x 10" 3359 x 10'%7 1.718 x 10'16
Rank 3 8 9 6 2 1 5 7 4

3 Mean 1.227 x 10° 3.241 x 10° 6.068 x 10° 2.008 x 10° 3.406 x 10* 2.034 x 10* 2.030 x 10° 1.589 x 10° 2.934 x 10°
Std 1.186 x 10° 1.856 x 10* 1.497 x 10° 1.767 x 10* 8.364 x 10° 6.828 x 10° 7.150 x 10° 6.647 x 10° 1.808 x 10°
Best 4.535 x 10° 2.578 x 10° 3.368 x 10° 1.638 x 10° 1.796 x 10* 8.612 x 10° 2.438 x 10° 6.560 x 10° 1.059 x 10°
Worst 4.888 x 10° 3516 x 10° 8.400 x 10° 2421 x 10° 5.648 x 10* 3.839 x 10* 4.276 x 107 3.261 x 10° 8.476 x 10°
Rank 6 4 5 3 2 1 8 7 9

4  Mean 1.493 x 10% 4.300 x 102 6.164 x 102 2.268 x 10° 4.530 x 102 2.495 x 102 1.473 x 10° 1.578 x 10? 1.683 x 10*
Std 4,601 x 10 7.513 x 10" 8.827 x 10! 6.743 x 107 5.750 x 10" 4472 x 10 4581 x 107 5.156 x 10" 5.145 x 10"
Best 8.963 x 10! 2.765 x 102 4.498 x 102 1.096 x 10° 3.622 x 102 1.930 x 102 7.983 x 10* 7.623 x 10! 7.982 x 10!
Worst 2.934 x 102 5.789 x 102 8.222 x 102 4.021 x 103 5.927 x 102 3.663 x 102 2.757 x 103 3.117 x 102 2.893 x 102
Rank 1 5 7 9 6 4 8 2 3

5  Mean 8.255 x 102 1.089 x 10° 9.223 x 102 5.395 x 10* 9.242 x 102 7.989 x 102 8.184 x 102 9.809 x 102 9.808 x 102
Std 1.336 x 102 1.545 x 10% 1.244 x 107 5.188 x 10! 4758 x 10" 6.290 x 10 1.499 x 10% 1.781 x 10? 1.639 x 10%
Best 5.462 x 102 8.141 x 102 7.312 x 102 4.092 x 102 8.221 x 102 6.398 x 10% 6.021 x 102 6.248 x 10* 6.706 x 10?
Worst 1.081 x 10° 1.361 x 10° 1.250 x 10° 6.650 x 102 1.038 x 10° 9.522 x 102 1.393 x 10° 1.369 x 10° 1.270 x 10°
Rank 4 9 5 1 6 2 3 8 7

6  Mean 3.455 x 10! 7.188 x 10! 7.737 x 10 2.697 x 10! 7.590 x 10" 4.148 x 10! 7.272 x 10! 3.194 x 10 3.806 x 10"
Std 9.455 x 10° 9.560 x 10° 9.166 x 10° 4.047 x 10° 3.312 x 10° 4.854 x 10° 1.090 x 10 5.052 x 10° 7.284 x 10°
Best 1.108 x 10! 5.496 x 10! 6.168 x 10! 1.967 x 10 6.720 x 10! 3.192 x 10! 4.958 x 10! 1.972 x 10 2.120 x 10!
Worst 5.381 x 10 9.361 x 10! 1.048 x 10? 3.501 x 10" 8.179 x 10! 5.283 x 10! 9.305 x 10! 4202 x 10 5.119 x 10!
Rank 3 6 9 1 8 5 7 2 4

7 Mean 8.635 x 10* 1.507 x 10° 2.561 x 10° 1.044 x 10% 2.740 x 10° 2.101 x 10° 1.754 x 10° 9.204 x 10? 9.485 x 10?
Std 1.510 x 10% 3.905 x 102 1.393 x 10? 1.037 x 10* 8.270 x 10! 1.582 x 10% 2.081 x 102 1.256 x 10? 1.575 x 10*
Best 6.102 x 102 1.036 x 10° 2212 x 103 8.211 x 107 2.560 x 10° 1.773 x 10° 1.337 x 10° 6.931 x 10? 6.999 x 10?
Worst 1.147 x 10° 3.145 x 10° 2.894 x 10° 1.309 x 10% 2.932 x 10° 2.442 x 10° 2.239 x 10° 1.212 x 10° 1.326 x 10°
Rank 1 5 8 4 9 7 6 2 3

8  Mean 7.509 x 102 1.143 x 10° 1.069 x 10° 5.528 x 10% 1.026 x 10° 9.013 x 10? 8.395 x 107 9.049 x 102 9.439 x 107
Std 1.620 x 102 1.525 x 10* 1.231 x 10? 7.252 x 10 5.340 x 10! 8.687 x 10 1.798 x 10* 1.495 x 10? 1.705 x 10*
Best 5.174 x 102 7.631 x 10% 8.041 x 102 4.036 x 102 8.413 x 102 7.323 x 102 5.891 x 102 5.801 x 102 5.612 x 102
Worst 1.132 x 10° 1.405 x 10% 1.476 x 10° 7.012 x 10* 1.108 x 10° 1.102 x 10° 1.533 x 10° 1.296 x 10° 1.223 x 10°
Rank 2 9 8 1 7 4 3 5 6
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Table 2. The simulation results of SSO, DBO, WOA, GWO, HHO, AVOA, GTO, ARBBPSO and
ETBBPSO, f9-f16, best results are shwon in bold.

F  Type SSO DBO WOA GWO HHO AVOA GTO ARBBPSO ETBBPSO

9  Mean 3.189 x 10* 3.533 x 10* 3.694 x 10* 1.929 x 10* 2.902 x 10* 2.176 x 10* 4.350 x 10* 3.872 x 10* 3.285 x 10*
Std 8.257 x 10° 9.423 x 10° 1.313 x 10* 1.023 x 10* 2.590 x 10% 1.672 x 10° 1.855 x 10* 1.076 x 10* 1.002 x 10*
Best 1.398 x 10* 1.751 x 10* 2.303 x 10* 9.616 x 103 2.394 x 10* 1.901 x 10* 2.294 x 10* 1.777 x 10* 1.762 x 10*
Worst 4.255 x 10* 4.880 x 10* 8.197 x 10* 4.220 x 10* 3.367 x 10* 2.774 x 10* 7.876 x 10* 8.490 x 10* 4.980 x 10*
Rank 4 6 7 1 3 2 9 8 5

10  Mean 1.808 x 10* 1.735 x 10* 2.023 x 10* 1.434 x 10* 1.783 x 10* 1.521 x 10* 2,516 x 10* 2.355 x 10* 2,671 x 10*
Std 7.565 x 10° 1.543 x 10° 2.902 x 10° 2.535 x 10° 1.718 x 10° 1.573 x 10° 6.647 x 10° 5.728 x 10° 8.382 x 10°
Best 1.069 x 10* 1.446 x 10* 1.545 x 10* 1.057 x 10* 1.334 x 10* 1.213 x 10* 1.270 x 10* 1.233 x 10* 9.839 x 10°
Worst 3.297 x 10* 2.025 x 10* 2.601 x 10* 2.693 x 10* 2.084 x 10* 1.979 x 10* 3.375 x 10* 2.947 x 10* 3.364 x 10*
Rank 5 3 6 1 4 2 8 7 9

11 Mean 4.957 x 102 1.867 x 10* 6.803 x 10° 3.741 x 10* 1.861 x 10° 1.202 x 10% 1.087 x 10° 5.786 x 102 3.974 x 10
Std 1.357 x 10 3.081 x 10* 3.448 x 10° 1.107 x 10* 1.889 x 10 2.255 x 102 9.458 x 10* 2.244 x 10% 5.112 x 10°
Best 2.573 x 102 2.700 x 10° 4322 x 10° 1.755 x 10* 1.512 x 10° 7.107 x 10% 2.676 x 10* 2.266 x 102 3.565 x 102
Worst 7.958 x 102 1.483 x 10° 2.567 x 10* 6.831 x 10* 2.247 x 10° 1.602 x 10° 5.289 x 10° 1.058 x 10° 2318 x 10*
Rank 1 7 6 8 4 3 9 2 5

12 Mean 1.830 x 107 4.235 x 10° 6.533 x 10° 4.330 x 10° 3.029 x 108 1.190 x 107 4.165 x 10° 2.783 x 107 4.958 x 107
Std 1.196 x 107 2.298 x 10° 2.408 x 10% 2.095 x 107 9.060 x 107 6.478 x 10° 1.147 x 108 1.477 x 107 2.681 x 107
Best 6.615 x 10° 7.719 x 107 2.185 x 108 1.473 x 10° 1.635 x 108 3.719 x 10° 2.026 x 10° 7.105 x 10° 5.747 x 10
Worst 5.860 x 107 9.782 x 108 1.079 x 10° 9.595 x 10° 5.550 x 10° 2.737 x 107 7.120 x 108 8.331 x 107 1.144 x 108
Rank 2 7 8 9 5 1 6 3 4

13 Mean 9.419 x 10° 9.405 x 10° 9.002 x 10* 4.787 x 108 3.105 x 10° 3.811 x 10* 3.234 x 10* 9.378 x 10° 7.642 x 10°
Std 1.186 x 10* 1.835 x 107 3.417 x 10* 4293 x 108 5.306 x 10° 1.059 x 10* 1.306 x 10* 1.530 x 10* 1.233 x 10*
Best 6.528 x 10% 1.196 x 10° 4.051 x 10* 9.201 x 10* 2.014 x 10° 2.153 x 10* 1.419 x 10* 2912 x 10? 2.868 x 10?
Worst 3.599 x 10* 9.361 x 107 1.596 x 10° 1.853 x 10° 4.130 x 10° 6.888 x 10* 6.511 x 10* 8.090 x 10* 4.816 x 10*
Rank 3 8 6 9 7 5 4 2 1

14  Mean 4.505 x 10° 3.598 x 10 1.782 x 106 3.591 x 10 8.700 x 10° 2.184 x 10° 7.977 x 10° 6.176 x 10° 1.325 x 100
Std 2.583 x 10° 3.441 x 10° 1.059 x 10° 2.115 x 10° 3.002 x 10° 9.406 x 10* 6.201 x 10° 4.363 x 10° 6.751 x 10°
Best 1.425 x 10° 1.266 x 10° 4.800 x 10° 6.837 x 10° 3.137 x 10° 5.758 x 10* 9.775 x 10* 1.427 x 10° 4.959 x 10°
Worst 1.131 x 10° 1.302 x 107 4.792 x 10° 9.880 x 10° 1.634 x 10° 4.261 x 10° 3.816 x 10° 2.290 x 10° 2.803 x 10°
Rank 2 9 7 8 5 1 4 3 6

15  Mean 6.377 x 10° 7.555 x 10° 1.308 x 10° 7.000 x 107 7.655 x 10° 2.200 x 10* 7.456 x 10° 7.748 x 10° 7.439 x 10°
Std 5.773 x 10° 1.481 x 10° 2.144 x 10° 1.005 x 108 3.090 x 10° 7.872 x 10° 4.781 x 10° 1.019 x 10* 1.312 x 10*
Best 1.849 x 102 4.700 x 10* 2.620 x 10* 4352 x 10° 1.394 x 10° 6.418 x 10° 3.032 x 10° 1.612 x 102 1.635 x 10%
Worst 2.138 x 10* 7.265 x 100 1.054 x 10° 3.816 x 10° 1.849 x 10° 4234 x 10* 2.806 x 10* 4.044 x 10* 7.599 x 10*
Rank 1 7 6 9 8 5 3 4 2

16 Mean 5.132 x 10° 5.921 x 103 7.751 x 103 3.684 x 103 5.377 x 10° 4.724 x 103 5.854 x 10° 5.957 x 10° 6.546 x 103
Std 1.326 x 10° 9.500 x 102 1.853 x 10° 6.423 x 102 5.029 x 102 5.282 x 102 1.846 x 10° 2.099 x 10° 2.552 x 10°
Best 3.655 x 103 3.863 x 10° 4193 x 103 2.205 x 103 4483 x 10° 3.733 x 103 3.794 x 10° 3.357 x 10° 3.885 x 10°
Worst 9.912 x 103 7.955 x 10% 1.340 x 10* 4.936 x 10 6.998 x 10° 6.212 x 10° 9.924 x 10° 1.031 x 10* 1.209 x 10*
Rank 3 6 9 1 4 2 5 7 8
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Table 3. The simulation results of SSO, DBO, WOA, GWO, HHO, AVOA, GTO, ARBBPSO and
ETBBPSO, f17-£24, best results are shwon in bold.

F  Type SSO DBO WOA GWO HHO AVOA GTO ARBBPSO ETBBPSO

17 Mean 4331 x 10° 5.316 x 10° 5.418 x 10° 2.500 x 103 4.207 x 10° 4.230 x 10° 3.994 x 10° 4.892 x 10° 4.818 x 10°
Std 8.247 x 10% 1.054 x 10° 7.340 x 102 5.376 x 102 4.684 x 102 4.697 x 102 9.162 x 102 1.001 x 10° 1.093 x 10°
Best 2.686 x 10° 3.639 x 10° 4328 x 103 1.546 x 10% 3.531 x 10° 3.003 x 103 2,678 x 10° 2.963 x 10° 3.252 x 10°
Worst 6.121 x 10° 8.138 x 10° 7.694 x 10° 4.048 x 10° 5.525 x 10° 4.990 x 10° 6.177 x 10° 7.715 x 10° 7.388 x 10°
Rank 5 8 9 1 3 4 2 7 6

18 Mean 2.582 x 10° 5.795 x 10 2.207 x 10° 3.302 x 10 2.056 x 10° 3.554 x 10° 1.581 x 10° 3.123 x 10° 7.391 x 10°
Std 1.838 x 10° 5.146 x 10° 7.891 x 10° 1.528 x 10° 6.659 x 10° 1.237 x 10° 8.044 x 10° 1.601 x 10° 4.976 x 10°
Best 7.702 x 10° 4.827 x 10° 7.334 x 10° 7.652 x 10° 8.964 x 10° 1.826 x 10° 4.847 x 10° 7.828 x 10° 1.886 x 10°
Worst 7.819 x 10° 2227 x 107 4.676 x 10° 6.225 x 10° 3.805 x 10° 6.416 x 10° 4.410 x 10° 8.323 x 10° 2.448 x 107
Rank 5 8 4 7 3 1 2 6 9

19  Mean 5.543 x 10° 1.876 x 10° 1.434 x 107 7.688 x 107 3.721 x 10° 1.077 x 10* 2.169 x 10* 7.613 x 10° 1.652 x 10*
Std 7.741 x 10° 2.501 x 10° 6.244 x 10° 9.678 x 107 1.493 x 10° 8.269 x 10° 2.103 x 10* 1.145 x 10* 1.577 x 10*
Best 1.186 x 10% 4.900 x 10* 2.480 x 10° 5.702 x 10 1.125 x 10° 2.071 x 10 1.116 x 10° 1.396 x 10? 1.491 x 10*
Worst 4335 x 10* 1.205 x 107 2.536 x 107 4576 x 10° 6.880 x 10° 4351 x 10* 7.993 x 10* 4.363 x 10* 5512 x 10*
Rank 1 6 8 9 7 3 5 2 4

20 Mean 3.053 x 10° 3.737 x 10 4162 x 10° 2.184 x 10° 3.717 x 10° 3.664 x 10° 4.850 x 10° 3.737 x 10° 3.296 x 10°
Std 5.343 x 102 6.889 x 107 5.279 x 10? 4.699 x 107 5.790 x 107 4433 x 10? 1.186 x 10° 8.359 x 102 1.128 x 10°
Best 1.318 x 10° 2.061 x 10 3.318 x 10° 1.209 x 10° 2.461 x 10° 2.420 x 10° 2.189 x 10° 2.255 x 10° 1.451 x 10°
Worst 3.761 x 10 4976 x 10 5.401 x 10° 3215 x 103 4.876 x 10° 4418 x 103 7.470 x 10® 5.557 x 10% 6.233 x 10°
Rank 2 7 8 1 5 4 9 6 3

21 Mean 9.983 x 102 1.432 x 10° 1.747 x 10° 7.743 x 10* 1.664 x 10° 1.370 x 10° 1.011 x 10° 1.090 x 10° 1.088 x 10°
Std 1.302 x 102 1.335 x 102 2.281 x 102 1.130 x 102 1.967 x 10 1.409 x 102 2.289 x 102 1.394 x 102 1.405 x 10%
Best 8.102 x 102 1.145 x 10° 1.290 x 10° 6.484 x 102 1.267 x 10° 1.049 x 10° 7.903 x 10* 8.929 x 10* 8.240 x 102
Worst 1.282 x 10° 1.724 x 10° 2.225 x 10° 1.326 x 10° 2.080 x 10° 1.761 x 10° 1.600 x 10° 1.577 x 10° 1.443 x 10°
Rank 2 7 9 1 8 6 3 5 4

22 Mean 2.166 x 10* 1.800 x 10* 2.085 x 10* 1.476 x 10* 1.969 x 10* 1.730 x 10* 2,692 x 10* 2.551 x 10* 2.484 x 10*
Std 8.214 x 10° 2.021 x 10° 3.096 x 10° 1.398 x 10° 1.251 x 10° 1.118 x 10° 5.593 x 10° 5.254 x 10° 8.665 x 10°
Best 1.341 x 10* 1.397 x 10* 1.660 x 10* 1.157 x 10* 1.537 x 10* 1.492 x 10* 1.829 x 10* 1.133 x 10* 1.276 x 10*
Worst 3.406 x 10* 2.250 x 10* 2.691 x 10* 1.859 x 10* 2211 x 10* 2.052 x 10* 3.415 x 10* 2.974 x 10* 3.452 x 10*
Rank 6 3 5 1 4 2 9 8 7

23 Mean 1.203 x 10° 1.789 x 10° 2.420 x 10° 1.100 x 10° 2264 x 10° 1.418 x 10° 1.436 x 10° 1.301 x 10° 1.298 x 10°
Std 9.380 x 10" 1.926 x 10* 2.668 x 102 6.199 x 10 2.421 x 102 1.267 x 10% 2.203 x 102 1.001 x 10? 1.120 x 10*
Best 1.051 x 10° 1.370 x 10° 1.855 x 10° 9.835 x 107 1.804 x 10° 1.134 x 10° 1.169 x 10° 1.116 x 10° 1.046 x 10°
Worst 1.376 x 10° 2222 x 10° 3.034 x 10° 1.235 x 10° 2.739 x 10° 1.726 x 10° 1.949 x 10° 1.479 x 10° 1.508 x 10°
Rank 2 7 9 1 8 5 6 4 3

24  Mean 1.753 x 10° 2492 x 103 3.476 x 10° 1.530 x 10° 3.168 x 10° 2.330 x 10° 1.952 x 10° 1.927 x 10° 1.815 x 10°
Std 1.663 x 102 2.807 x 102 4.040 x 102 9.677 x 10! 2.494 x 102 1.994 x 102 2.455 x 102 1.607 x 10? 1.550 x 10*
Best 1.462 x 10° 1.758 x 10% 2,537 x 10° 1.297 x 10% 2.619 x 10° 1.899 x 10% 1.587 x 10® 1.629 x 10° 1.484 x 10®
Worst 2172 x 10° 3.261 x 10° 4.256 x 10° 1.706 x 10° 3.718 x 10° 2.763 x 10° 2.540 x 10° 2.250 x 10° 2172 x 10°
Rank 2 7 9 1 8 6 5 4 3
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Table 4. The simulation results of SSO, DBO, WOA, GWO, HHO, AVOA, GTO, ARBBPSO and
ETBBPSO, f25-f29, best results are shwon in bold.

F Type SSO DBO WOA GWO HHO AVOA GTO ARBBPSO ETBBPSO

25  Mean 7.624 x 10? 2.310 x 10° 1.113 x 10° 2.813 x 10° 1.021 x 10° 8.076 x 107 1.766 x 10° 7.614 x 10* 7.745 x 102
Std 6.221 x 10! 3.353 x 10° 5.379 x 10! 6.758 x 102 7.246 x 10! 6.130 x 10! 1.783 x 10? 5.359 x 10! 6.691 x 10!
Best 6.506 x 102 7.359 x 102 1.010 x 10% 1.868 x 10° 8.443 x 102 6.832 x 102 1.467 x 10° 6.328 x 102 6.448 x 102
Worst 9.385 x 102 1.559 x 10* 1.203 x 10° 4.875 x 10° 1.140 x 10° 9.031 x 102 2123 x 10° 8.624 x 102 8.997 x 102
Rank 2 8 6 9 5 4 7 1 3

26 Mean 1.346 x 10* 1.788 x 10 2922 x 10* 9.924 x 10° 2,127 x 10* 1.854 x 10* 1.510 x 10* 1.433 x 10* 1.445 x 10*
Std 1.774 x 10° 3.869 x 10° 3.190 x 10° 7.893 x 10? 1.640 x 10° 2.705 x 10° 2.739 x 10° 1.675 x 10° 2.077 x 10°
Best 1.043 x 10* 1.018 x 10* 2117 x 10* 8.657 x 10° 1.867 x 10* 1.417 x 10* 1.026 x 10* 1.085 x 10* 1.021 x 10*
Worst 1.875 x 10* 2475 x 10* 3.657 x 10* 1.159 x 10* 2,513 x 10* 2.298 x 10* 2.191 x 10* 1.800 x 10* 1.965 x 10*
Rank 2 6 9 1 8 7 5 3 4

27 Mean 5.000 x 10* 1.206 x 10° 2.317 x 10 1.153 x 10° 1.396 x 10° 1.265 x 10° 1.018 x 10° 5.000 x 102 5.000 x 102
Std 3785x107* 2531 x 10? 5.599 x 102 9.433 x 10! 2.785 x 10? 1.821 x 10* 1.125 x 10% 5.206 x 1074 5.264 x 1074
Best 5.000 x 102 7.054 x 10% 1.422 x 10° 9.829 x 102 1.056 x 10° 9.671 x 102 8.444 x 10% 5.000 x 102 5.000 x 102
Worst 5.000 x 102 1.959 x 10° 3.740 x 10° 1.351 x 10° 2.277 x 10° 1.732 x 10° 1.268 x 10° 5.000 x 10? 5.000 x 10?
Rank 1 6 9 5 8 7 4 2 3

28 Mean 5.000 x 10* 1.200 x 10* 9.275 x 102 4120 x 10° 7.670 x 10% 5.559 x 102 1.835 x 10° 5.000 x 102 5.000 x 102
Std 4422 x10°*  7.865 x 10° 4.799 x 10" 1.190 x 10° 4914 x 10! 3.666 x 10" 3.997 x 102 4211 x10°* 5.674 x 104
Best 5.000 x 102 6.750 x 102 8.462 x 102 1.866 x 10° 6.391 x 102 5.000 x 102 1.188 x 10° 5.000 x 102 5.000 x 102
Worst 5.000 x 102 2.256 x 10* 1.051 x 10% 8.132 x 10° 8.968 x 102 6.575 x 102 2.845 x 10% 5.000 x 102 5.000 x 102
Rank 1 9 6 8 5 4 7 2 3

29 Mean 3.553 x 10° 6.307 x 10° 1.093 x 10* 4.494 x 10° 5.608 x 10° 4.691 x 10° 6.756 x 10° 4.502 x 10 4514 x 10°
Std 8.641 x 102 1.198 x 10° 1.755 x 10% 5.604 x 102 6.617 x 102 5.392 x 102 1.300 x 10° 9.586 x 102 1.046 x 10°
Best 1.911 x 10° 3.721 x 10° 8.172 x 10° 3.257 x 10° 4514 x 10° 3.146 x 10° 4.721 x 10° 2.849 x 10° 3.025 x 10°
Worst 5.768 x 10° 9.492 x 10° 1.531 x 10* 6.276 x 10° 6.787 x 10° 5.560 x 10° 9.779 x 10° 7.920 x 10° 8.239 x 10°
Rank 1 7 9 2 6 5 8 3 4

Average Rank  2.6207 6.6897 7.2759 43793 5.6897 3.5862 5.7931 4.3448 4.6207

Numerical Analysis

In a total of nine algorithms, SSO achieved eight first places, nine second places, five third
places, two fourth places, three fifth places, and two sixth places, with an average ranking of
2.62, ranking first among all algorithms. Specific results comparison are listed below:

1. In fj, The rank of SSO is 3, the first method is AVOA, the difference between the
two methods is 76.174%;

2. In fp, The rank of SSO is 3, the first method is AVOA, the difference between the
two methods is 100%;

3. In f3, The rank of SSO is 6, the first method is AVOA, the difference between the
two methods is 98.343%;

4. In f4, The rank of SSO is 1, the second method is ARBBPSO, the difference between
the two methods is 5.42%;

5. In f5, The rank of SSO is 4, the first method is GWO, the difference between the
two methods is 34.647%;

6. In fs, The rank of SSO is 3, the first method is GWO, the difference between the
two methods is 21.938%;

7. In f7, The rank of SSO is 1, the second method is ARBBPSO, the difference between
the two methods is 6.178%;

8. In fg, The rank of SSO is 2, the first method is GWO, the difference between the
two methods is 26.383%;

9. In f9, The rank of SSO is 4, the first method is GWO, the difference between the
two methods is 39.515%;
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

In f19,The rank of SSO is 5, the first method is GWO, the difference between the
two methods is 20.694%;

In f11, The rank of SSO is 1, the second method is ARBBPSO, the difference between
the two methods is 14.329%;

In f15, The rank of SSO is 2, the first method is AVOA, the difference between the
two methods is 34.981%;

In fi3, The rank of SSO is 3, the first method is ETBBPSO, the difference between the
two methods is 18.873%;

In f14, The rank of SSO is 2, the first method is AVOA, the difference between the
two methods is 51.522%;

In fi5, The rank of SSO is 1, the second method is ETBBPSO, the difference between
the two methods is 14.277%;

In f15, The rank of SSO is 3, the first method is GWO, the difference between the
two methods is 28.221%;

In f17, The rank of SSO is 5, the first method is GWO, the difference between the
two methods is 42.281%;

In fi1g, The rank of SSO is 5, the first method is AVOA, the difference between the
two methods is 86.234%;

In fi9, The rank of SSO is 1, the second method is ARBBPSO, the difference between
the two methods is 27.192%;

In fo0, The rank of SSO is 2, the first method is GWO, the difference between the
two methods is 28.455%;

In f71, The rank of SSO is 2, the first method is GWO, the difference between the
two methods is 22.436%;

In f5, The rank of SSO is 6, the first method is GWO, the difference between the
two methods is 31.869%;

In f»3, The rank of SSO is 2, the first method is GWO, the difference between the
two methods is 8.565%;

In f4, The rank of SSO is 2, the first method is GWO, the difference between the
two methods is 12.753%;

In fp5, The rank of SSO is 2, the first method is ARBBPSO, the difference between the
two methods is 0.131%;

In f6, The rank of SSO is 2, the first method is GWO, the difference between the
two methods is 26.263%;

In fp7, The rank of SSO is 1, the second method is ARBBPSO, the difference between
the two methods is 0%;

In frg,The rank of SSO is 1, the second method is ARBBPSO, the difference between
the two methods is 0%;

In fr9, The rank of SSO is 1, the second method is GWO, the difference between the
two methods is 20.934%;

In summary, SSO demonstrates outstanding performance, versatility, efficiency, ro-

bustness, and broad applicability in addressing high-dimensional optimization problems.

4.2. Numerical Experiments with CEC2022

To further validate the performance of SSO, CEC2022 was utilized for simulation experi-

ments. The experimental results showed that out of a total of 12 test functions, SSO secured
eight first-place rankings, one second-place ranking, and three third-place rankings, with an
average ranking of 1.58. Numerical and ranked results of CEC2022 are shown in Tables 5 and 6.
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Table 5. The simulation results of SSO, DBO, WOA, GWO, HHO, AVOA, and GTO, CEC2022, f1-{7,
best results are shwon in bold.

F  Type SSO DBO WOA GWO HHO AVOA GTO

1 Mean 8.450 x 10~ 9.707 x 10° 1.223 x 10 5.130 x 10° 1.502 x 10° 2.827 x 10713 5.531 x 10*
Std 3.934 x 10714 2.158 x 10! 1.619 x 10 3.105 x 10° 6.404 x 1071 1.164 x 10713 2432 x 10°
Best 5.684 x 10714 5.684 x 1014 6.837 x 10! 8.533 x 102 3.373 x 107! 1.137 x 1013 8.955 x 102
Worst 1.705 x 1013 8.868 x 10! 7.809 x 10’ 1.232 x 10* 2.876 x 10° 6.253 x 10713 1.487 x 10°
Rank 1 4 5 6 3 2 7

2 Mean 2.039 x 10° 4.625 x 10! 5.740 x 10 6.977 x 10! 5.700 x 10" 3.560 x 10" 5.656 x 10!
Std 1.824 x 10° 2.145 x 10! 1.793 x 10 2.433 x 10! 2279 x 10! 2364 x 10! 1.401 x 10!
Best 1.986 x 10~ 6.377 x 100 6.135 x 10° 4.497 x 10! 4.462 x 10° 9.160 x 104 9.619 x 10°
Worst 6.481 x 10° 1.207 x 10% 9.476 x 10! 1.759 x 10% 1.454 x 102 6.775 x 10! 7.504 x 10
Rank 1 3 6 7 5 2 4

3 Mean 7.457 x 1073 1.299 x 10! 5.617 x 10! 1.395 x 10° 3.816 x 10! 1.102 x 10 1.680 x 10!
Std 2.705 x 1072 6.720 x 10° 1.235 x 10 1.513 x 10° 1.011 x 10! 6.929 x 10° 9.457 x 10°
Best 1.137 x 1013 1.712 x 10° 3.042 x 10 3.802 x 102 2.057 x 10" 6.057 x 10! 2112 x 10°
Worst 1.232 x 101 2.645 x 10 8.445 x 10! 6.357 x 100 6.284 x 10 2.599 x 10! 5.112 x 10
Rank 1 4 7 2 6 3 5

4 Mean 5.623 x 10 8.186 x 10 1.172 x 102 3.746 x 10" 8.384 x 10! 8.659 x 10! 7.928 x 10
Std 2.091 x 10! 2.469 x 10! 3.671 x 10 1.430 x 10! 1.422 x 10! 2.900 x 10! 2.119 x 10!
Best 2.288 x 10! 3.285 x 10 4.975 x 10! 1.431 x 10! 5.699 x 10! 2.885 x 10! 4.020 x 10!
Worst 1.224 x 102 1.304 x 102 2.060 x 102 9.085 x 10! 1.219 x 102 1.662 x 102 1.598 x 102
Rank 2 4 7 1 5 6 3

5  Mean 3.504 x 10" 3.804 x 102 2.158 x 10° 7.464 x 10 1.415 x 10% 1.552 x 10° 8.221 x 10%
Std 7.383 x 10 3.077 x 10% 1.139 x 10° 5.327 x 10! 2.363 x 102 4.757 x 102 8.107 x 102
Best 1.791 x 107! 4.877 x 10° 6.416 x 102 1.225 x 10° 9.214 x 102 2.568 x 102 4.134 x 10!
Worst 4.034 x 102 1.065 x 10° 5.899 x 10° 2.777 x 10% 1.843 x 10° 2.986 x 10° 2.835 x 10°
Rank 1 3 7 2 5 6 4

Table 6. The simulation results of SSO, DBO, WOA, GWO, HHO, AVOA, and GTO, CEC2022, f8-f12,
best results are shwon in bold.

F  Type SSO DBO WOA GWO HHO AVOA GTO

6  Mean 5.617 x 10° 1.832 x 10* 4.887 x 10° 9.515 x 10° 7.657 x 10° 3.968 x 10° 5.974 x 103
Std 6.412 x 10° 4.973 x 10* 5.665 x 10° 3.539 x 100 6.873 x 10° 4.852 x 10° 9.473 x 103
Best 6.222 x 10! 2.311 x 102 1.899 x 102 2.544 x 102 3.994 x 102 1.379 x 102 1.454 x 102
Worst 2.102 x 10* 3.079 x 10° 1.867 x 10* 1.773 x 107 2.848 x 10* 1.861 x 10* 5.192 x 10*
Rank 3 6 2 7 5 1 4

7 Mean 3.543 x 107 8.382 x 10! 1.520 x 102 4.246 x 10! 1.010 x 102 7.208 x 10’ 1.589 x 102
Std 1.194 x 10 3.448 x 10! 5.237 x 10! 1.361 x 10 3.128 x 10! 3.763 x 10! 8.407 x 10?
Best 2.171 x 10! 3.203 x 10! 5.223 x 10! 2.271 x 10? 5.024 x 10" 3.137 x 10! 6.022 x 10
Worst 6.577 x 10" 1.829 x 102 2.940 x 102 8.749 x 10! 1.558 x 102 1.919 x 102 4.697 x 102
Rank 1 4 6 2 5 3 7

8  Mean 2.105 x 10" 4558 x 10! 4910 x 10! 3.523 x 10! 3.935 x 10! 2.643 x 10! 1.045 x 102
Std 4.800 x 10! 3.979 x 10! 3.129 x 10! 3.342 x 10° 2.003 x 10" 7.248 x 100 7.315 x 10
Best 2.003 x 10" 2.186 x 10! 2.824 x 10! 2.164 x 10! 2.816 x 10! 2.108 x 10" 3.293 x 10!
Worst 2.244 x 10" 1.649 x 102 1.717 x 102 1.471 x 10? 1.492 x 10? 4.390 x 10! 3.282 x 102
Rank 1 5 6 3 4 2 7
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Table 6. Cont.

F  Type SSO DBO WOA GWO HHO AVOA GTO

9 Mean 1.653 x 10% 1.809 x 102 1.813 x 10% 1.921 x 102 1.813 x 10% 1.808 x 10? 1.809 x 102
Std 3.039 x 1013 5.324 x 1072 5.481 x 107! 1.362 x 10 3.341 x 107! 9.752 x 10~° 2.468 x 107!
Best 1.653 x 102 1.808 x 102 1.808 x 102 1.808 x 102 1.808 x 102 1.808 x 102 1.808 x 102
Worst 1.653 x 10? 1.809 x 102 1.828 x 102 2.329 x 102 1.821 x 102 1.808 x 10? 1.823 x 102
Rank 1 4 5 7 6 2 3

10 Mean 1.272 x 10? 1.206 x 10? 1.431 x 10° 4.844 x 102 3.147 x 102 2.645 x 107 1.016 x 10?
Std 9.533 x 10! 9.312 x 10! 1.078 x 10° 5.006 x 102 2.695 x 102 2.349 x 102 5.654 x 1071
Best 1.525 x 10! 1.003 x 102 1.008 x 102 1.003 x 102 5.298 x 10! 4508 x 10! 1.007 x 102
Worst 4,689 x 107 6.317 x 102 3.247 x 10° 1.850 x 10° 9.701 x 102 8.968 x 102 1.032 x 102
Rank 3 2 7 6 5 4 1

11 Mean 3.216 x 102 3.426 x 102 2.985 x 10% 6.291 x 102 3.496 x 102 3.270 x 102 3.152 x 102
Std 4.173 x 10! 1.483 x 102 9.834 x 10! 2.079 x 102 6.459 x 10! 4502 x 10! 1.122 x 102
Best 3.000 x 102 4547 x 10~13 6.195 x 10! 3.006 x 102 2.661 x 10! 3.000 x 102 3.556 x 103
Worst 4.000 x 102 7.009 x 102 4.001 x 102 1.171 x 10° 4.050 x 102 4.000 x 102 7.605 x 102
Rank 3 5 1 7 6 4 2

12 Mean 2.000 x 10% 2.754 x 102 3.029 x 102 2.534 x 102 3.098 x 102 2.616 x 102 2.486 x 102
Std 2.000 x 104 2.589 x 10! 4.893 x 10! 1.284 x 10! 5.648 x 10! 2.173 x 10 8.500 x 10°
Best 2.000 x 102 2.459 x 102 2.446 x 102 2.351 x 102 2,517 x 102 2.392 x 102 2.406 x 102
Worst 2.000 x 102 3.662 x 102 4432 x 102 2.884 x 102 5.061 x 102 3.453 x 102 2.864 x 102
Rank 1 5 6 3 7 4 2

Average Rank ~ 1.58 4.08 5.42 442 5.17 3.25 4.08

4.3. Optimization Problem Formulation for Deep-Sea Probe Design

In this extended design optimization problem for a deep-sea probe, we aim to mini-

mize the total weight of the probe while accounting for various critical design variables
and constraints. The problem is formulated with eight design variables, including wall
thickness, radius, length, material density, internal pressure capacity, battery energy storage,
and sensor diameter. The objective function reflects the total weight, which is influenced
by these variables, while the constraints ensure the probe’s structural integrity, energy
sufficiency, and appropriate sensor arrangement within the probe’s internal volume. In this
optimization problem, we aim to minimize the total weight of the deep-sea probe by
adjusting eight design variables. The design variables are shown in Equation (5).

X = [xlr X2,X3,X4,X5,X6,X7, xs} = [ts/ ty,r, I, Pmaterials Prmax, Ebatteryr dsensor} 5)

where:
e t;: Wall thickness of the cylindrical section,
. t,: Wall thickness of the end caps,
e r: Radius of the probe,
e [: Length of the probe,
®  Omaterial: Material density,
®  Prax: Maximum internal pressure capacity,
®  Epattery: Battery energy storage,
®  deensor: Sensor diameter.
The objective function, which represents the total weight of the probe, is shown in
Equation (6).

Minimize f(x) = c1x1x3x4 + 022223 + C3X%X4 + c4x%x3+
2 2
C50material¥3X4 + C6 Ebattery + c7d5ensor

(6)

where ¢1, ¢y, ..., c7 are constants related to material properties, gravitational acceleration,
and design specifics. The problem is subject to the severe constraints which are shown in
Equation (7):
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Pmax

85 (X - Ebattery - Ereqmred >0
86(X = dsensor — Amax < 0
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The goal is to find the optimal set of variables x that minimizes the total weight while
satisfying all the constraints. Experimental results are shown in Table 7. Convergence
graph are shown in Figure 8, standard deviation are shown in Figure 9. The experimental
results demonstrate that SSO provides high-precision solutions for the Deep-Sea Probe
Design Problem.

Table 7. The simulation results of SSO, DBO, WOA, GWO, HHO, AVOA, and GTO, best results are
shwon in bold.

Type SSO DBO WOA GWO HHO AVOA GTO
Mean 5.265 x 102 5.414 x 102 6.669 x 102 5.295 x 102 6.939 x 102 5.396 x 102 5.357 x 102
Std 2.496 x 10° 1.613 x 10! 5.779 x 10 2.538 x 10° 5.889 x 10! 1.169 x 10! 7.616 x 10°
Best 5.248 x 102 5.248 x 102 5.532 x 102 5.251 x 102 5.908 x 102 5.270 x 102 5.264 x 102
Worst 5.327 x 102 5.909 x 102 7.907 x 102 5.324 x 102 8.123 x 102 5.918 x 102 5.563 x 102
Rank 1 5 6 2 7 4 3
850
800
750
E
g 700
3 1
o
< 650
(]
=

600

550

500

Iteration

Figure 8. Convergence graph of simulated Deep-Sea Probe Design Problem.
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Figure 9. Standard deviation of simulated Deep-Sea Probe Design Problem. The red square stands
for the mean value, and the blue line stands for the error.

4.4. Discussion

The Salmon Salar Optimization (SSO) algorithm offers several key advantages in
high-dimensional optimization problems, primarily due to its ability to balance exploration
and exploitation effectively. By simulating the collective behavior of salmon, the algorithm
dynamically adjusts its search strategy, allowing it to explore new areas of the search space
while refining known solutions. This enables SSO to avoid local optima, a common issue
in high-dimensional problems, and consistently move toward global optimal solutions.
The algorithm’s adaptability further enhances its performance by allowing it to adjust
key parameters based on the nature and complexity of the problem, ensuring robust and
efficient optimization without the need for extensive parameter tuning.

However, in each iteration, SSO performs three fitness function evaluations (FFEs),
leading to a significant increase in computational time, particularly for high-dimensional
and complex optimization problems. This increased computational load can hinder the
algorithm’s efficiency, making it less suitable for large-scale or time-sensitive applications
that demand fast convergence. The need to perform multiple FFEs per iteration poses a
challenge, as it directly impacts the algorithm’s scalability and practicality in real-world
scenarios. One of the primary limitations of SSO lies in this computational cost, which
can become a bottleneck in certain applications. Future research should focus on reduc-
ing the number of FFEs or optimizing the evaluation process to improve the algorithm’s
efficiency without compromising solution accuracy. Addressing this limitation is essen-
tial for enhancing SSO’s competitiveness and applicability in complex engineering and
scientific problems.

5. Conclusions

A novel metaheuristic approach, Salmon Salar Optimization (S50), is proposed to
address the complex design challenges associated with deep-sea probes, which are crucial
for unconventional oil exploration. SSO distinguishes itself as an innovative solution to
the intricate issues of high-dimensional optimization by emulating the social structure and
collective behavior of salmon populations.

To rigorously evaluate SSO’s effectiveness, a series of simulation experiments were
conducted using the challenging CEC2017 benchmark functions. In these benchmarks,
SSO was tested against eight historically top-performing algorithms, serving as a stringent
control group. The results were remarkable. Out of the nine algorithms considered, SSO
achieved an impressive record: eight first-place rankings, nine second-place rankings, five
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third-place rankings, and several additional top placements. With an average ranking of
2.62, SSO clearly emerged as the leading algorithm among its competitors.

5SSO demonstrated its ability to effectively tackle the complex, high-dimensional design
challenges associated with deep-sea probes, which are critical for offshore exploration and
extraction of unconventional oil resources. By optimizing both the structural and functional
aspects of these probes under stringent conditions, SSO has made significant advancements
in deep-sea exploration technologies, facilitating the efficient and sustainable development
of unconventional oil resources.

In summary, SSO exhibits outstanding characteristics, including high performance,
adaptability, efficiency, robustness, and broad applicability to the multifaceted challenges
of high-dimensional optimization problems. These qualities underscore SSO’s position as a
powerful tool for addressing complex optimization issues and pave the way for promising
future research directions.

Future work should focus on further fine-tuning SSO parameters to enhance opti-
mization performance across diverse problem domains. Additionally, investigating SSO’s
potential in multi-objective optimization scenarios and extending its application to real-
world problem-solving contexts represent exciting research avenues that merit exploration.
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Abstract: Permeability is a crucial parameter in the exploration and development of oil and gas
reservoirs, particularly in unconventional ones, where fractures significantly influence storage ca-
pacity and fluid flow. This study investigates the fracture permeability of granite reservoirs in the
South China Sea, introducing an enhanced evaluation model for planar fracture permeability based
on Darcy’s law and Poiseuille’s law. The model incorporates factors such as fracture heterogeneity,
tortuosity, angle, and aperture to improve permeability assessments. Building on a single-fracture
model, this research integrates mass transfer equations and trigonometric functions to assess inter-
secting fractures’ permeability. Numerical simulations explore how tortuosity, angle, and aperture
affect individual fracture permeability and the influence of relative positioning in intersecting frac-
tures. The model makes key assumptions, including minimal consideration of horizontal stress and
the assumption of unidirectional laminar flow in cross-fractures. Granite outcrop samples were
systematically collected, followed by full-diameter core drilling. A range of planar models with
varying fracture apertures were designed, and permeability measurements were conducted using
the AU-TOSCAN-II multifunctional core scanner with a steady-state gas injection method. The
results showed consistency between the improved model and experimental findings regarding the
effects of fracture aperture and angle on permeability, confirming the model’s accuracy in reflect-
ing the fractures’ influence on reservoir flow capacity. For intersecting fractures, a comparative
analysis of core X-ray computed tomography (X-CT) scanning results and experimental outcomes
highlighted discrepancies between actual permeability measurements and theoretical simulations
based on tortuosity and aperture variations. Limitations exist, particularly for cross-fractures, where
quantifying complexity is challenging, leading to potential discrepancies between simulation and
experimental results. Further comparisons between core experiments and logging responses are
necessary for model refinement. In response to the challenges associated with evaluating absolute
permeability in fractured reservoirs, this study presents a novel theoretical assessment model that
considers both single and intersecting fractures. The model’s validity is demonstrated through actual
core experiments, confirming the effectiveness of the single-fracture model while highlighting the
need for further refinement of the dual-fracture model. The findings provide scientific support for the
exploration and development of granite reservoirs in the South China Sea and establish a foundation
for permeability predictions in other complex fractured reservoir systems, thereby advancing the
field of fracture permeability assessment.

Keywords: fracture permeability; cross-fracture model; mass transfer equation; granite reservoir;
plate fracture experiment; X-ray computed tomography; South China Sea
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1. Introduction

Permeability is a fundamental parameter in the exploration and development of oil and
gas reservoirs, making its precise evaluation essential for assessing resource recoverability
and formulating effective development strategies [1,2]. As exploration and production
efforts evolve, there has been a notable shift toward unconventional reservoirs, such as shale
oil, tight oil, coalbed methane, and carbonate formations [3]. Among these, the development
of fractures is recognized as a critical factor for successful resource extraction [4]. Fractures
play a significant role in enhancing both storage capacity and fluid flow within these
unconventional reservoirs, underscoring the importance of accurately assessing fracture
permeability for their effective exploration and development [5,6].

Currently, two primary methods are recognized for evaluating permeability. The first
method, laboratory measurement, is the most direct and accurate approach for determining
core permeability using experimental instruments on samples sent to the laboratory [7].
However, in fractured reservoirs, the permeability obtained from these measurements
primarily reflects matrix permeability, as acquiring plunger samples from fractured sections
is often challenging [8,9]. Subsequent assessments of permeability conducted on full-size
samples from these fractured sections yield a combined measure of both matrix and fracture
permeability [10]. Despite the benefits of laboratory methods, challenges associated with
coring in fracture-prone zones—such as high costs, segment discontinuity, and limited
borehole coverage—impede their widespread application [11]. The second approach in-
volves utilizing geophysical exploration data, particularly focusing on the calculation of
permeability through logging data analysis [12,13]. The porosity-permeability equation es-
tablished by Kozeny [14] elucidates the relationship between pore-throat radius, tortuosity,
and permeability, employing Archie’s formula to characterize the numerical correlations
among these factors. This relationship has been further examined across various lithologies.
However, the permeability evaluation model derived from the pore-permeability relation-
ship exhibits limitations in its applicability, especially when addressing unconventional
reservoirs characterized by significant heterogeneity [15]. Such limitations constrain the ac-
curacy of permeability evaluations in these complex geological settings [16]. Recent studies
on rock permeability have revealed a consistent negative correlation between permeability
and depth; specifically, as depth increases, permeability tends to decrease [17]. This trend
is influenced by factors such as the stress state of the reservoir, seismic activity, and the
long-term geological history [18]. This negative relationship is evident across various rock
types [19]. Currently, the evaluation of permeability in complex unconventional pore-type
reservoirs primarily relies on the petrophysical characteristics of the target reservoir, com-
bined with core permeability experimental data, to develop various tailored permeability
evaluation models [20,21]. This approach has been widely adopted and has yielded fa-
vorable results. With advancements in geophysical logging technology, the use of nuclear
magnetic resonance (NMR) logging for permeability evaluation has produced significant
outcomes, exemplified by classic models, such as the SDR model [22,23], the Timur-Coates
model [24,25], the Prince-Rezaee model [26,27], and the Hossain model [28]. Building on
these foundational frameworks, several researchers have successfully developed improved
permeability evaluation models, achieving notable breakthroughs [29]. Additionally, the
application of array acoustic wave logging data for calculating permeability through Ston-
ley wave attenuation has emerged as a widely utilized evaluation tool [30]. Among the
aforementioned methods, NMR logging data effectively reflect the pore structure of for-
mations, leading to permeability evaluation models that utilize NMR parameters (e.g., T»
geometric mean, T cutoff permeability evaluation model) often demonstrating superior
accuracy compared to those based on the porosity—permeability relationship [31]. However,
these models face challenges in accurately assessing fracture permeability, as the changes in
reservoir seepage capacity induced by fractures are difficult to capture in the T, distribution
spectrum. With the rise of big data technology, permeability prediction methods leveraging
artificial intelligence have gained traction. These methods utilize machine-learning and
deep-learning algorithms to explore the non-linear relationships between logging curve
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responses and core permeability, subsequently constructing permeability evaluation mod-
els [32]. While these approaches have been successfully implemented across various blocks
and demonstrate greater accuracy than traditional techniques, they are primarily appli-
cable to pore-permeability reservoirs with favorable pore-permeability relationships [33].
Consequently, despite their higher accuracy in many scenarios, data-driven methods are
not well suited for complex fractured reservoirs, as the difficulty in obtaining core samples
that meet experimental criteria, combined with the limited availability of full-size cores,
hampers the development of effective permeability prediction models.

Consequently, establishing a model analogous to Archie’s formula for calculating
fracture permeability holds significant engineering importance, particularly in the explo-
ration and development of fractured reservoirs [34]. For instance, the Qiongdongnan Basin,
located in the northern South China Sea, is abundant in subducted reservoirs characterized
by diverse basement lithologies, including granite, volcanic rocks, metamorphic rocks, and
greywacke, all of which are accompanied by numerous fractures [35,36]. Despite advance-
ments in electric imaging logging technology enabling the identification of fractures as
narrow as tens of microns, the existing research on fracture permeability prediction predom-
inantly emphasizes the functional relationship between fracture aperture and permeability,
often with a limited scope [37]. Given that the shape of fractures is frequently irregular, and
the accuracy of aperture calculations is constrained, the calculated fracture permeability
usually fails to align with experimental data and field test results [38]. Therefore, it is
imperative to investigate the calculation model of fracture permeability through a more
comprehensive response mechanism.

This study employs a plate fracture model as its foundational framework, utilizing
Darcy’s law and Poisson’s law. Unlike traditional modeling approaches, this research incor-
porates the heterogeneity of fractures in the permeability calculation model, introducing
the concept of tortuosity while accounting for the angle and aperture of the fractures. By
integrating these factors, we establish a model for fluid flow through a single fracture.
For the scenario involving two fractures, we introduce a mass transfer equation to ex-
amine the effects of inclination angle, aperture, and fracture intersection on permeability.
To explore the influence of various factors on permeability, numerical simulations were
conducted based on the derived formulae. In the experimental phase, after collecting
granite outcrop samples, core drilling was performed to assemble the planar model, and
models with varying fracture apertures were designed to measure fracture permeability.
An artificial fracturing method was employed to create multiple-fracture cores, and X-ray
computed tomography (X-CT) technology was utilized to extract fracture characteristics
while measuring permeability. The results of the numerical simulations were compared and
analyzed against experimental data, demonstrating the effectiveness of the single-fracture
permeability model. Additionally, the discrepancies between theoretical model results
and actual measurements in evaluating the permeability of intersecting fractures were
discussed. The findings of this study hold promise for advancing the development of a
permeability logging assessment system.

Figure 1 illustrates the research workflow. Chapter Two presents the derivation of
formulae and results from numerical simulations. Chapter Three details the core acquisition
process, the methods for measuring the permeability of single fractures at different aper-
tures, the artificial fracturing techniques, and the application of X-CT technology. Chapter
Four showcases the experimental results from Chapter Three, providing a comprehensive
comparison between numerical simulation outcomes and core experimental results. Fi-
nally, Chapter Five discusses the observed discrepancies, highlighting the innovations and
limitations of this study.
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Figure 1. Flow chart of this research.

2. Formula Derivation and Simulation
2.1. Conventional Flat Plate Model for Single Fracture

As a conduit for fluid flow, the flow conductivity of a single fracture can be modeled
as a finite plane extending from within the rock mass to the well wall [39,40]. In the context
of an ideal rock body containing a fracture, Figure 2 illustrates a rectangular rock structure
with a width w and a length [. This structure includes a fracture height of #, a fracture width
of wy, and experiences a pressure differential AP across its sides, defined as AP = Py — P.

P2

L
b wf
w\

Figure 2. The classic flat plate fracture model.

The classical hydrodynamic equation governing flow [41] through a regularly shaped
unit width fracture is expressed as follows:

h3w AP
= T @
12uL

In Equation (1), Q denotes the flow rate, m3/s; u represents the fluid’s viscosity, Pa-s.
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The flow of fluid within the fracture adheres to Darcy’s law [42], articulated as

_ Ak(P — P,)

Q WL

)
In Equation (2), A signifies the cross-sectional area of flow, m?2; meanwhile, k indicates
the permeability of the medium, m?. By integrating Equations (1) and (2), we derive the
expression for permeability:
Bw &
" 12wl
The volume of the unit length fracture model can be described as

®)

Based on this, the porosity of the fracture can be formulated as

_ vy wy
= Twn w ®)

Combining Equations (3) and (5) yields the relationship between fracture permeability
and porosity:

3
- e ©

In the plate model, the influence of horizontal stress needs to be explained. Horizontal
stress affects the formation, development, and closure of fractures, which in turn alters their
characteristics; for instance, increasing horizontal stress can compress the width of fractures,
leading to a reduction in permeability. However, in the classic models used for calculating
planar permeability, this aspect is not directly considered due to the segmentation of
the model.

This study aims to measure absolute air permeability in core samples, assuming uni-
directional flow within the fractures. The flat plate model classifies the fluid as air and
describes the flow as laminar in accordance with Darcy’s law. This characterization indi-
cates a uniform fluid velocity across the fracture cross-section, ensuring stability without
transitioning to turbulence. Furthermore, the physical properties of air, including density
and viscosity, are treated as constant within the specified ranges of pressure and tempera-
ture. The fractures are assumed to be parallel, homogeneous, and straight, with consistent
apertures and heights maintained throughout their length.

2.2. Improved Flat Plate Model for Single Fracture

In contrast to the classical model depicted in Figure 2, which fails to account for the
non-smooth nature of fractures, the improved model is formulated based on Poiseuille’s
law [43]. Initially, for the roar channel, the actual configuration is expected to be curved, as
illustrated in Figure 3, where L represents the straight-line length of the pipe at both ends,
La denotes the actual length of the curved roar channel, and R signifies the radius of the
pipe, A = 2R, reflecting the degree of aperture.

Figure 3 illustrates the flow within a curved channel. Poiseuille’s law [43] delineates
the laminar flow of fluid in a pipe, and for the configuration shown in Figure 3, the flow
rate is given by

(P, — Py)R*
Q=" )

The fracture can be subdivided into La/L infinitesimally small straight sections, corre-
sponding to
_ nt(dAP)R*

10 = =g ®)
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Integrating Equation (8) results in

n.R4f0(P1*P2) (dAP) B 7T(P1 _ P2)R4

Qo = )
‘ 8u [l dl 8uLa
R/ !
1 |
1 \
/ \
P71 i AN P2

Figure 3. Flow diagram of curved roar.
Combining Equation (9) with Equation (2) leads to

AL

~ 128ALa a0

By incorporating the tortuosity T = (LT“)Z, the permeability equation can be reformu-
lated as [44]
L R S
" 128ALat  128La3

Equation (11) represents the permeability of the curved interconnected pores, relevant
for porous reservoirs, as shown in Figure 4a. For fracture reservoirs, the fractures within
the rock can be conceptualized as a plane composed of 1 interconnected pores, illustrated
in Figure 4b.

k (11)

(a) (b)

Figure 4. A sketch of roars and fractures. (a) A diagram of the curved connected pores in the rock
mass; (b) The fracture in the fractured reservoir is regarded as a plane composed of 1 connected pores.
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Figure 4 depicts the flow in a curved channel within a cylindrical rock mass. For the
permeability of fractured reservoirs, based on Equation (11) and considering n = %, the
permeability of horizontal fractures can be expressed as

4 372
:nTL')LL:TL')LL (12)
128La%  128Lad

To account for the influence of fracture angle on radial permeability, when the inclina-
tion angle of the fracture in the model is & (Where a < 90°),

Lo VTL

= 13
cosw (13)
Combining Equation (13) with Equation (12) allows us to express permeability as
A3 cos
k= T8cLa (14)

Equation (14) is the derived expression for the permeability of the plate fracture model,
which integrates the effects of fracture aperture, tortuosity, and angle.

2.3. Derivation of Dual-Fracture Permeability Model

In real reservoirs, the fractures exhibit intricate geometries, particularly when multiple
fractures intersect. This section focuses on deriving the permeability formula for two
intersecting fractures.

Initially, for two fractures, the flow state of the fluid within the pipeline can be charac-
terized by the Reynolds number [45]:

Re = vA (15)
H

In Equation (15), v represents the average fluid velocity.

The Reynolds number indicates the flow regime, with the critical Reynolds number
marking the transition from laminar to turbulent flow. The subsequent deductions assume
that the fluid flow in the pipeline is laminar.

Figure 5 illustrates the laminar flow of fluid in a pipe with constant diameter. The
flow state of the fluid is defined by the Reynolds number. The flow remains laminar when
the Reynolds number is below a critical value, typically around 2000; exceeding this value
may lead to turbulence. In this study, the flow is maintained in a laminar state. As shown,
the fluid divides into several layers along the pipe’s diameter, each exhibiting varying
velocities. A small cylindrical segment aligned with the pipe axis serves as the subject of
analysis, where the fluid is in a state of force equilibrium:

(p1 — pz)m'z = Apmf2 =Fs (16)

‘\L___ o }U

u-du

Figure 5. A schematic diagram of laminar flow of liquid in an equal-diameter pipe.
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In Equation (16), Fy denotes the internal frictional force of the fluid.
According to Newton’s law of viscosity, we have

Ff:Sxyxz—]: 17)

In Equation (17), S represents the contact area of the friction layer, and ‘;—’j defines the
velocity gradient, indicating the rate of change in velocity perpendicular to the flow direction.
Thus, Equations (16) and (17) can be combined to yield

du
2 _fp—
Aprr® = Fp = —27mrlp I (18)
Equation (18) can be reformulated as

__Ap
du = z—ylrdr (19)
Integrating Equation (19) and applying boundary conditions leads to
_ AP 2
U= 4Ttl(R ) (20)

It is evident that the velocity distribution in the radial direction follows a parabolic
pattern, with maximum velocity at the center of the pipe and decreasing toward the wall,
where the velocity is zero.

The flow rate of a differential element can be expressed as

dg = udA = 2nurdr = ZHALATZ(RZ —)rdr (21)

Integrating Equation (21) leads to a modified form of Poiseuille’s equation:

At
q= —HSWAP (22)
The average velocity is given by
_a_ N
=4~ nuh (23)
The pressure loss along the pipe is expressed as
2
Ap = 32ulv 32u“Re (24)

A2 A3

Therefore, under ideal conditions, where other variables remain constant, the fluid
flow in the fracture exhibits a linear gradient pressure drop with respect to the flow distance:

321°Re

P:Pl_( AS

) (25)
When calculating the permeability of intersecting fractures, the embedded discrete
fracture permeability model introduces a mass transfer coefficient T to compute the flow

within the grid model of the intersecting fractures:

a5 = Trs(pgi = pg) (26)
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In Equation (26), Ty is the mass transfer coefficient, while py; and py; denote the
pressures in fractures 7 and j, respectively.
The mass transfer coefficient [46] is defined as

_ TnTy

Tee= —2L 77 27
I Thv Ty )

k’; ;\lf L Tfj = k»Z;}lf Ik fi and kﬁ are the permeabilities of fractures
i and j, derived from Equation (14) in Section 2.2. A represents the fracture aperture, and d
is the distance from a single fracture to the intersection point.

Figure 6a illustrates the scenario where fractures i and j intersect at angles « and j,
respectively. The intersection point divides fracture i into segments [;; and [;, and fracture

o g e ol + R
j into segments [j; and Ijp; then, d; = Jo Jo d; = Jo + Jo
In+1ln lj1 + lj2

shows the vector diagram of cross-fractures’ pressure conduction.

In Equation (27), Tfi =

. Figure 6b

(b)

Figure 6. Model diagram of cross-fractures. (a) The case where fracture i with an inclination angle of «

intersects fracture j with an inclination angle of §; (b) Pressure conduction diagram of cross-fractures.

Combining Equations (26) and (27), the flow rate through the intersecting fractures
can be expressed as

0y 2k ik A fidsi(in + L) (In + 1) (pri — pgi)
H [kfi/\fi(lil + 1) (1112 + lj22) +kgilg (11'12 + lizz) (In + ljZ)}

(28)

In simulating the flow through intersecting fractures using Darcy’s law, it is essential
to consider the difference in the radial vector sums of the pressures entering and exiting
the fractures. The pressures P; and P, can be expressed as

Py = —ppipcosa + pgjy cos B (29)

Py = —pgpcosa+ prppcos (30)

Given that the pressure loss in the laminar flow state within the fractures is

321%Re 321%Re
P = —(psin — %li)ms“ + (Pt — }/{7311) cos B (31)
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By integrating Equations (29)—(31), the radial pressure difference can be determined as

324Re
A3

AP =P — P, = (=licosa+1jcos B) (32)
In Equation (32), l] = 1]1 + lj2/ and l; = Ij; + Ijp.
The flow rate through the intersecting fractures can be represented using Darcy’s
law as

2
B Akyg [325'\31{8(71{1 cosa + 1j cos ﬁ)]
= i

By combining Equation (33) with the flow rate expression for the embedded discrete
fracture model (Equation (28)), we can derive the permeability calculation formula for two
intersecting fractures:

2k ik gid pidgi(lin + L) (In + 12) (i — pj)

Q

(33)

kff:L[

kidgi(ln + 1) <1/12 + ljzz) +ksiAg (lilz + lizz) (In + l/z)] PiéRe (—licosa +1j cos ﬁ)}

(34)

2.4. Numerical Simulation Results of the Equation

Building on the fundamental concepts of fracture mechanics and traditional plate-like
fracture models, a new plate-like fracture model is derived by considering fracture aperture,
tortuosity, and angle. An improved permeability calculation formula for two intersecting
fractures is developed by combining the mass transfer equation and trigonometric functions,
followed by numerical simulations of the derived results.

2.4.1. Improved Single-Fracture Model

Equation (14) delineates the functional relationship between permeability and the de-
gree of fracture tortuosity, fracture angle, and fracture aperture within the flat model. In this
study, numerical simulations were conducted to explore these factors while maintaining
other parameters at constant values. Under conditions where fracture aperture, angle, and
tortuosity are uniform—specifically within a homogeneous reservoir—the permeability of
the flat model demonstrates an exponential correlation with porosity, as shown in Figure 7a.
Figure 7b illustrates how flat permeability varies with the tortuosity of the fracture. When
the fracture angle and aperture remain constant, an increase in the meandering degree
leads to a more intricate fluid pathway within the rock, resulting in decreased permeability.
This relationship can be characterized by an exponential function that depicts the decline
in permeability with heightened meandering degree. Figure 7c presents the relationship
between flat permeability and fracture angle. It is noteworthy that the fitting employed is
polynomial, although it is fundamentally linked to the cosine function; radial permeabil-
ity diminishes as the fracture angle increases. Figure 7d reveals the correlation between
flat permeability and fracture aperture. As the fracture aperture expands, permeability
increases significantly, especially at larger apertures, where the enhancement in permeabil-
ity becomes particularly pronounced. Combined with the relationship between different
factors and fracture permeability obtained from the above simulation results, the radial
permeability is taken as an example. This analysis underscores that the permeability of
the rock is governed by a complex interplay of factors, with fracture aperture serving as a
crucial determinant for permeability enhancement. In contrast, increases in the meandering
degree and angle hinder radial fluid flow, thereby diminishing radial permeability.
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Figure 7. Numerical simulation results of single fracture. (a) Fracture porosity vs. permeability
in homogeneous reservoir; (b) Fracture tortuosity vs. permeability (constant angle and aperture);
(c) Fracture angle vs. permeability (constant tortuosity and aperture); (d) Fracture aperture vs.
permeability (constant tortuosity and angle).

2.4.2. Dual-Fracture Permeability Model

Based on Equation (34), cross-fracture permeability is influenced by a variety of factors
and their respective variation patterns. This methodology can, in principle, be applied to
simulate any cross-fracture scenario. Since the numerical simulation is performed on a per-
unit-volume basis for the rock mass, most fixed parameters are dimensionless, allowing for
the calculation of only relative permeability values to elucidate the trends and variations.

The calculations presented in this study were conducted using MATLAB 2022b. The
model for simulating the intersecting fractures is constructed based on the results obtained
from single-fracture simulations. Parameters such as fracture aperture, angle, and tortuosity
had already been considered in the single-fracture model, allowing the results to be effec-
tively utilized in the intersecting fracture simulations. For the boundary conditions of the
intersecting fractures, both the inlet and outlet were set to fixed fluid pressure to ensure that
the fluid flow characteristics within the fractures accurately reflect real-world conditions.
Additionally, a constant flow rate was applied to simulate the inflow and outflow of fluids,
ensuring a continuity of flow. No-slip boundary conditions were implemented for the
walls of the fractures, assuming that the fluid velocity at the wall is zero. This assumption
aligns with the actual flow characteristics of fluids near solid surfaces. In the simulation
of intersecting fractures, a mass transfer equation was applied to account for the flow
characteristics at the intersections. Special attention was given to variations in the angles of
the fractures, and scenarios where the angles of the two fractures are identical were not
considered. This assumption simplifies the model and better represents the complexity
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of actual fracture networks. Considering that in the actual reservoir, the development of
fractures is more complicated, and the relative error and production of the two fractures in
the cross-fracture are also very different, to clarify the influence of the relative position of
fractures on the permeability of fractures, the influence of the difference in the angle of the
cross-fracture and the change in the position of the intersection point on the permeability is
simulated under the control variables.

Figure 8 illustrates the numerical simulation of the relative positions of three types of
cross-fractures. Figure 8a shows two diagonally crossed fractures within the square grid of
the discrete fracture model under ideal conditions, with their inclinations set at o = 135°
and 3 =45°, and their intersection point located at the center.
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Figure 8. Numerical simulation results of cross-fractures. (a) Two diagonally crossed fractures in the
discrete fracture model under ideal conditions; (b) Relationship between fracture opening and rock
mass permeability at fixed cross-fracture angles; (c) Model with one fixed fracture and the angle of the
other increasing from 1° to 45°; (d) Relationship between fracture angle and rock mass permeability
with varying single-fracture angle; (e) Model with fixed angles and radial horizontal movement
of one fracture, shifting the intersection point; (f) Relationship between the relative position of the
intersection and rock mass permeability.
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Figure 8b demonstrates the impact of fracture tortuosity on the permeability of the
rock mass model, given the relative positions of fractures depicted in Figure 8a, specifically
when the cross-fracture angle is held constant. The color gradient of the curve in Figure 8b
represents various pressure differential conditions, including high, medium, and normal
pressure differentials. The results indicate that permeability increases with larger fracture
tortuosity across all pressure differential conditions, with the most pronounced increase
observed under high-pressure differentials. Additionally, it is important to note that the
tortuosity of the two fractures in the simulation is inherently aligned with the default
tortuosity settings.

Figure 8c illustrates a scenario in which one fracture remains fixed, intersecting angle
o at a constant 0°. The angle of the other fracture varies from 1° to 45°, with the intersection
point of the two fractures centered. It is important to note that the application of the mass
transfer equation is not considered in this scenario, as the angle of the two fractures is at
0°, resulting in their recombination into a single crack. The simulation results presented in
Figure 8d demonstrate that as the angle of the other fracture increases, permeability exhibits
a downward trend across all pressure differential conditions, with a more pronounced
decrease under high-pressure differentials.

Figure 8e illustrates a scenario in which the angles of the two fractures remain fixed
while one fracture moves horizontally and radially, causing the intersection point to shift
from left to right. Figure 8f reveals the impact of intersection location on the permeability
model of the rock mass. As the intersection point shifts from the leftmost section of
the fracture to the right, its distance is measured relative to the entire length of the rock
mass, serving as the horizontal coordinate. The results indicate that permeability initially
increases under all pressure differential conditions, reaching a maximum at the midpoint
before gradually declining back to the initial permeability. The permeability change curve
exhibits axisymmetry.

Unlike the numerical simulation results for a single fracture, a novel permeability
calculation for the cross-fracture is derived by incorporating the mass transfer equation
and trigonometric functions into the analysis of single fractures. Variations in the angle of
the cross-fracture and the relative position of the intersection significantly influence the
permeability calculation results of the model.

3. Experimental Materials and Methods

The measurement of fracture permeability is essential for validating the accuracy of the
derived permeability equations. Therefore, permeability measurements on actual granite
were utilized. Two approaches were used: one was to verify the effect of fracture aperture
on core permeability in a single fracture, while the other was to measure permeability after
crevassing the core to validate the permeability formula for cross- fracturing.

3.1. Acquisition of Experimental Materials

Considering the extensive development of granite fracture-type reservoirs in the
Qiongdongnan Basin of the South China Sea, the outcrop samples were collected (Figure 9b)
from granite outcrop rock samples (Figure 9a) at a single location.

The preparation process for drilling full-diameter granite cores consists of five key
steps. First, the rock sample is positioned on the drilling platform. Next, it is secured to
ensure stability during the drilling operation. Following this, the water supply is activated
to cool the drill bit and clean the borehole walls. Subsequently, the power supply is engaged
to operate the drilling machine. Finally, the height of the drilling platform is adjusted to
achieve optimal contact between the drill bit and the rock sample. The full-diameter drill
bit has an inner diameter of 8.5 cm, as depicted in Figure 10a, which illustrates the actual
procedure for full-diameter core drilling. Figure 10b presents the core sample obtained,
which will be utilized for subsequent measurements of planar fracture permeability. The
collected samples are cylindrical, with a length of 50 mm and a diameter of 85 mm. We
prepared 12 effective sample groups, each containing multiple samples. The average
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density measurement of the samples was found to be 2.9 g/cm®. To accurately depict the
fracture features of the South China Sea granite reservoirs, the X-ray diffraction (XRD)
results of the rock were included in the manuscript. The scanning results indicate that
the primary constituents of the samples are plagioclase (37%), potassium feldspar (20%),
quartz (20%), clay (11%), with minor amounts of rhodochrosite (4%) and pyrite (1%).

(@) (b)

Figure 10. Full-diameter core drilling schematic diagram. (a) Drilling the operating table; (b) Core
drilling finished product.

3.2. Flat Plate Fracture Permeability Measurement

For single fractures, the gasket method was used to change the fracture aperture to
ensure the reliability of the experiments, especially for the investigation of fracture aperture.
Following core drilling, the flat plate model was assembled, incorporating five distinct
fracture apertures. These apertures were adjusted using shims and grippers, with the
designated fracture apertures for the five configurations set at 90 um, 140 um, 200 um,
250 um, and 300 um, respectively. Figure 11a shows the plate model diagram; Figure 11b
is the gasket application diagram (100 um); and Figure 11c is the gripper diagram.
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Figure 11. Plate model apparatus diagram. (a) Flat plate model diagram; (b) Gasket schematic
diagram; (c) Schematic diagram of the gripper.

AUTOSCAN-II Core multifunction scanning instrument is used to measure the per-
meability of plate fractures, and the permeability of the instrument is measured using a
steady-state gas injection method. The standard 4 mm permeability probe is used to mea-
sure permeability in the range of 0.1 md~3D during the measurement process. Figure 12 is
the schematic diagram of AUTOSCAN-II (NER USA, Inc., White River Junction, VT, USA)
Core multifunctional scanner.

Figure 12. AUTOSCAN-II Core multifunctional scanner.

The experiment in this study is carried out by collecting granite outcrop samples,
drilling full-diameter cores, based on the plate model, controlling the fracture aperture using
gaskets, and measuring the core fracture permeability under different fracture apertures.

3.3. Core Fracturing Methods and X-CT Scanning

Artificial tensile fractures were created based on the Brazilian splitting theory. How-
ever, this method may cause fragmentation of the core samples, making them unsuitable
for subsequent X-CT scanning. To mitigate this issue, we employed a manual clamping
method using a vise during the fracturing process, thereby preventing the core samples
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from being crushed. Precise control over the initiation time and fracture strength is critical;
however, the cores are vulnerable to crushing, which limits the number of viable samples
that can be collected. Figure 13 presents a schematic representation of the process used to

create artificial joints.

Figure 13. Artificial fracture experiment process.

Computed tomography (CT) scanning experiments were performed on core sam-
ples both before and after the fracture construction process. The resolution achieved
for full-diameter samples in these experiments was 50 um. The micro-pore structure of
the reservoir—including the geometry, size, distribution, and connectivity of pores and
throats—plays a critical role in influencing reservoir capacity and seepage efficiency. Re-
cently, X-ray computed tomography (X-CT) has become an essential tool for characterizing
the microscopic pore structures in tight sandstone reservoirs. This technique reconstructs
the three-dimensional structure of pore throats by using conical X-rays in conjunction with

a 360-degree rotation of the sample (Figure 14).
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Figure 14. X-CT scan imaging layout diagram.
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4. Results
4.1. Core Permeability Test Results

Figure 15 presents the results of five experimental schemes for measuring the per-
meability of slab fractures, all conducted with a fixed measurement direction and a corre-
sponding fracture angle of 0°. In Figure 15a, a fracture aperture of 90 um is shown, which
corresponds to an average permeability of 30 mD, as illustrated in Figure 15b. Figure 15¢
displays a fracture aperture of 140 um, linked to an average permeability of 50 mD, de-
picted in Figure 15d. In Figure 15e, a fracture aperture of 200 um results in an increase
in average permeability to 230 mD, as shown in Figure 15f. Figure 15g corresponds to a
fracture aperture of 250 um, yielding an average permeability of 350 mD, as demonstrated
in Figure 15h. Finally, Figure 15i illustrates a fracture aperture of 300 um, leading to an
impressive average permeability of up to 1300 mD, as presented in Figure 15j. Overall,
Figure 15 summarizes the measurement results for the fracture plate models with apertures
of 90 um, 140 um, 200 wm, 250 um, and 300 pm.
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219



J. Mar. Sci. Eng. 2024, 12, 1868

Permeability
(mD)

2 000001

et

R

31
i
509
3705
2091
by

it
5
i
35
21
it
i
it
10

2oz 1kl P

(8)

Permeability
(mD)

paan

®

Figure 15. Experimental results of core permeability. (a) Measurement results for a core fracture
aperture of 90 pm; (b) Permeability measurement results for the 90 pm fracture slab model; (c) Mea-
surement results for a core fracture aperture of 140 um; (d) Permeability measurement results for
the 140 um fracture slab model; (e) Measurement results for a core fracture aperture of 200 um;
(f) Permeability measurement results for the 200 pm fracture slab model; (g) Measurement results for
a core fracture aperture of 250 um; (h) Permeability measurement results for the 250 um fracture slab
model; (i) Measurement results for a core fracture aperture of 300 um; (j) Permeability measurement
results for the 300 um fracture slab model. The non-English fonts in the lower left corner of Figures
(a,c,e,g,i) are the recorded measurement point numbers and test times.

In this study, the experimentally derived fracture permeability was assessed alongside
the measured fracture apertures. Figure 16 presents the calculated results, where the
blue spheres represent the core permeability of a single fracture with varying apertures
measured during this experiment under shim action. It is important to note that the
permeability measurements were aligned with the fracture direction, which is why the
figure does not include information regarding the fracture angle. Due to the technical
limitations associated with artificial fractures, the experimental results can only achieve
a minimum fracture aperture of 49 um, making it impossible to investigate the trend of
permeability at smaller fracture apertures. The results obtained in this study are consistent
with the findings of previous research [47,48].

4.2. X-CT Scanning Results and Permeability Test Results of Cores before and after Fracturing

The three-dimensional digital core obtained through CT technology provides a detailed
representation of the microstructural features of the rock mass [49]. Figure 17 illustrates
the entire application process, with Figure 17a presenting an overall view of the three-
dimensional digital core, while Figure 17b and 17c depict the digital reconstruction results
of the core samples before and after the fracture construction, respectively. Following
the scanning and three-dimensional reconstruction of the CT images, a series of image
processing steps are required, including filtering and threshold segmentation.
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Figure 16. Fitting results of single-fracture aperture and permeability.
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Figure 17. Processing workflow and results of 3D digital core. (a) Overall view; (b) Reconstruction
results of the core before fracturing; (c) Reconstruction results of the core after fracturing; (d) 2D
cross-sectional image before filtering; (e) 2D cross-sectional image after filtering; (f) Filtered 2D
cross-sectional image of the core before fracturing; (g) Filtered 2D cross-sectional image of the core
after fracturing; (h) Preliminary extraction results of fractures; (i) Visualization results of the 3D
fracture distribution based on threshold segmentation; (j) Processing results of the actual full-size
core before fracturing; (k) Display of fracture morphology of the actual full-size core after fracturing
(The different colors in the diagram represent different fracture groups).

In the threshold segmentation process, median filtering is first applied to eliminate
noise and enhance image quality, followed by a binarization step to construct the three-
dimensional pore network model of the core. Figure 17d,e show the two-dimensional
cross-sectional images before and after filtering, while Figure 17f,g correspond to the
results obtained before and after the fracture construction, reflecting changes in fracture
characteristics. Figure 17h illustrates the fracture extraction process, and Figure 17i presents
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the visualization of the three-dimensional fracture distribution obtained through threshold
segmentation. Finally, Figure 17jk display the processing results of the full-diameter
samples before and after the fracture construction, along with a detailed representation of
the fracture morphology.

By comparing the CT scan results of full-size samples before and after fracture forma-
tion, the fracture complexity in the actual rock core is higher, especially the cross-fracture,
and the aperture and tortuosity of the fracture are significantly different from the ideal
model. Table 1 measures the porosity and permeability of eight full-diameter cores before
and after fracture formation. After the fractures were formed, only five samples were
complete and did not drop, and valid data were extracted.

Table 1. Porosity and permeability measurement results of eight full-diameter cores before and after
fracture formation.

Fracture Information Before Fracturing After Fracturing
Core
Fracture Aperture Aperture Porosi Permeabilit Porosit Permeabilit
No. P! P ty y y y
No. Angle wm  AEe ) %) (mD) %) (mD)
D 73° 324 34 25
) 129° 205 o 20.88 8.43 _ _
X1 ® 74° 172 68.26 15.54 3175 0263
@ 28° 99 3.13 6.71
X2 @D 58° 309 — — 2 0.091 43 12.09
o 84° 324
X3 )] 98° 162 99.32° 109 1.5 0.206 4.4 48.841
[©) 9° 182
10) 91° 359 ; . .
X4 @ 98° 7 99.348 80 1.4 0.229
10) 84° 354 . .
X5 ® 83° 297 1.7 0.028 47 60.743
X6 D 74° 159 116.68° 79 21 0.209 4.2 46.649
X7 D 118° 284 — — 0.9 0.022 4 20.323
10} 80° 255
X8 @ 93° 76 80.57° 121 1.3 0.053 — —
[©) 179° 303

After excluding certain seamless cores and those affected by falling blocks, we first
compare the relationship between porosity and permeability for the cores before and after
fracturing, as illustrated in Figure 18. Notably, the permeability shows a significant increase
following the formation of fractures. Analyzing the permeability variations among the X2,
X3, X5, X6, and X7 samples reveals the emergence of two distinct clusters in the cross-plot,
with an overall goodness of fit reaching 0.84.
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Figure 18. The relationship between porosity and permeability of full-size core before and after
fracture formation.
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4.3. Comparative Analysis of Simulation and Experiment Results

To verify the validity of the improved single-fracture flat plate model, the formulae
used to fit the permeability of the laboratory core, as shown in Figure 16, were compared
with Equation (14). Both equations share the same structure, and the coefficients in the
numerical simulation results of the theoretical formulae (Figure 7d) closely align with those
from the laboratory results. In Equation (14), permeability is positively proportional to
the cubic power of the fracture apertures when only the fracture apertures are considered.
However, in the actual results, the exponential coefficient for the fracture apertures is 2.51.
This discrepancy arises from the challenges in obtaining the tortuosity of the actual core
and the complexity of the fracture surfaces.

To further assess the accuracy of the equation, the model was additionally verified
using full-diameter core samples. Permeability was calculated by measuring the fracture
aperture and angle within these full-diameter core samples, and the results were subse-
quently compared with the experimental permeability of the cores. Table 2 presents an
analytical summary of the verification results for the plate permeability model. The data
indicate that the calculated results of the plate fracture permeability model closely align
with the core fracture permeability, exhibiting an average absolute error of 11.47 mD and
an average relative error of 25.57%. For the dual-fracture samples after fracture formation,
we take X5 as a representative case. Utilizing Equation (34), along with the aperture and
angles of the two fractures derived from CT scanning results, we calculate a permeability
of 114 mD, which significantly exceeds the laboratory measurements. The comparison be-
tween the theoretical derivation and experimental results for a single fracture demonstrates
consistency, indicating the effectiveness of the model. The CT scan results align well with
the principles established through core experiments and the trends explored in this study.
However, for intersecting fractures, the model’s calculated permeability is higher than the
measured values.

Table 2. Plate fracture permeability model verification table.

Validation Fracture Fracture Core Fracture Calculated Relative
o Fracture Absolute Error
Sample Aperture Angle Permeability o Error
s Permeability (mD) o
Number (um) ©) (mD) (%)
(mD)

Vi 94.9 0 61.58 59.57 2.01 3.26
V2 173.6 0 247.63 268.51 20.88 8.43
V3 109 40 48.94 64.48 15.54 31.75
V4 89 31 46.65 43.52 3.13 6.71
V5 99 58 20.32 36.11 15.79 77.71
94.9 0 61.58 59.57 2.01 3.26
Average Error 11.47 25.57

5. Discussion
5.1. Error Analysis of Single-Fracture Model

Building on the classical plate model, this research introduces and validates a perme-
ability calculation model that integrates fracture tortuosity, angle, and aperture, utilizing
core experimental data for validation. The identified errors can be summarized as follows.

(1) Although Equation (14) aligns formally with the model depicted in Figure 19, there
are discrepancies in the coefficients. The theoretical fracture aperture index in Equation
(14) is higher, while the coefficient observed in the numerical simulation (Figure 7d) is
lower. Although the tortuosity of fractures is not reflected in the experimental data, the
irregularities of fractures within the rock samples result in a non-uniform fracture aperture
across the core sample, leading to differences between the final fitting results and the
theoretical predictions.
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Figure 19. Calculated intersection diagram of fracture aperture and core fracture aperture.

(2) In calculating fracture aperture, electrical imaging logging data may be utilized
for calibration with actual logging results. Luthi S.M. et al. [50] developed a formula for
determining fracture aperture using the finite element method. This method establishes
a correlation between the conductivity anomaly at the fracture and the fracture aperture,
with the anomalous conductivity represented by a curve. The area under this curve is
influenced by both the fracture aperture and the resistivity of the adjacent intrusion zone
near the wellbore. Consequently, a formula is derived for the quantitative assessment of
crack opening;:

W =cx A; X Ryl x Ry ™! (35)

In Equation (35), the parameters b and ¢ represent instrument-specific constants; Ry,
denotes the resistivity of the mud; Ry, indicates the resistivity of the wash zone; and A;
signifies the area of abnormal current.

Using the ERMI instrument as a case study, the calibrated parameters for the fracture
aperture formula are b = 0.7 and ¢ = 3.5, which are applied in the calculation of fracture
aperture. Figure 15 illustrates a comparison between the calculated values and the core
measurements. Figure 15 reveals a substantial relative error between the fracture aperture
obtained using the original parameters and the core-derived fracture aperture, highlighting
the necessity for calibration. In the context of calculating actual fracture permeability,
inaccuracies in the determination of fracture aperture frequently lead to errors in the
computed permeability values.

(3) The computation of tortuosity within the fracture formula presents considerable
challenges. In porous reservoirs, researchers such as Li et al. [51] have established numeri-
cal relationships among the formation factors, cementation index, and tortuosity through
rock electrical experiments. They derived the cementation index by assessing the difference
between total porosity and connected porosity, which subsequently allowed for the cal-
culation of tortuosity. However, for fractured reservoirs, establishing a similar numerical
relationship for tortuosity calculations remains problematic. Currently, most rock electrical
experiments are focused on porous sections, while conducting resistivity experiments on
fractured sections is complicated by the inability of core samples to meet experimental
standards, preventing the establishment of consistent rules. As a result, the calculation of
the cementation index largely remains confined to numerical simulation at this stage [52].

5.2. Limitations of the Dual-Fracture Model

The cross-dual-fracture model is generalized based on the single-fracture model,
incorporating the mass transfer equation and trigonometric functions. This paper conducts

224



J. Mar. Sci. Eng. 2024, 12, 1868

numerical simulations; however, further verification through actual experimental data
remains challenging. The study identifies the primary limitations.

5.2.1. Limitations of the Suture Experiment

To create fractures in the core, a clamp is gradually tightened to achieve the fracturing
process, resulting in artificial fractures that closely resemble the morphology of natural
fractures. However, during the actual operation of core fracturing, there are stringent
requirements for controlling the crack initiation time and strength, which makes the core
susceptible to crushing [53]. As a result, the number of samples collected is limited.
Figure 20 illustrates the outcomes of fracturing in artificial fractures, demonstrating the
ability to generate fractures at various angles. However, controlling the opening and
angle of these fractures proves to be challenging, and there is a significant incidence of
core failure.

Figure 20. Cores with artificial fractures at different angles.

5.2.2. Differences between the Ideal Fracture Model and Actual Core Characteristics

For the cross-fractures observed in the actual core, the model’s calculated results are
significantly higher than the measured values. This discrepancy arises from the fact that
actual data cannot account for the tortuosity, leading to the assumption that the fracture
aperture remains constant. This assumption can be identified as one of the primary sources
of error in the analysis. At the same time, the X-CT scan results can be used for further
demonstration. Figure 21a illustrates the interface of the X5 sample after fracture formation,
while Figure 21b depicts the fracture morphology obtained from CT scanning. Analysis
reveals that the fractures in the actual core data exhibit greater complexity, particularly
regarding the irregularities of the fracture surfaces, which are not smooth and exhibit
variable apertures. Additionally, the quantification of tortuosity poses challenges. These
factors can occasionally contribute to increased discrepancies in the results.
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Figure 21. CT scan results of X5 sample. (a) The cross-section of X5 sample; (b) Fracture structure
diagram of X5 sample.

5.2.3. Limitations of Logging Methods in Evaluating Cross-Fracture Permeability

Simultaneously, it must be considered that in practical exploration, logging infor-
mation is commonly used to evaluate fracture segments and calculate permeability. The
resistivity of the core was measured both before and after fracturing, revealing a strong
correlation with fracture porosity, with a goodness of fit reaching 0.89 (Figure 22a). Ad-
ditionally, owing to the established relationship between porosity and permeability, the
goodness of fit between resistivity and permeability was found to be 0.69 (Figure 22b). This
finding aligns with the perspective of Zheng et al. [54], who suggest that resistivity data can
be utilized to predict parameters related to fracture occurrence. However, it is important
to note that discrepancies exist between core measurement techniques and logging data
acquisition methods, which introduces several limitations to the direct application of these
findings. The actual resistivity response is influenced by multiple coupled factors, making it
significantly more complex than laboratory measurements. Additionally, the fluids present
in the reservoir must be considered, as they also affect resistivity. Furthermore, the presence
of high-angle fractures in intersecting fractures can lead to non-unique solutions in the
results [54].
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Figure 22. The relationship between resistivity and porosity and permeability. (a) The relationship
between porosity and resistivity; (b) The relationship between permeability and resistivity.
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6. Conclusions

This study proposes a novel fracture permeability evaluation model based on the
classical planar fracture model, specifically tailored for marine granite reservoirs. The
model effectively incorporates the heterogeneity of fractures, accounting for factors such
as tortuosity, fracture angle, and aperture, thus enhancing traditional models. Addition-
ally, building upon the single-fracture model, we introduce mass transfer equations and
trigonometric functions to develop a dual-crossed fracture model.

By integrating numerical simulations with experiments on full-diameter core samples,
we validate the effectiveness of the proposed model. The results indicate that the single-
fracture model aligns well with actual experimental data in predicting fracture permeability,
demonstrating its practical applicability. Depending on the fracture aperture, when the
fracture aperture varies from 90 pm to 130 pm, the permeability values derived from the
laboratory tests range from 30 mD to 1300 mD. When the results calculated by the model
derived in this paper are compared with the actual measurements, the average absolute
error is 11.47 mD, and the relative error is 25.57%, which demonstrates the validity of the
model deduced in this paper.

In the case of the dual-crossed fracture model, we elucidate the influence of fracture
aperture, relative positioning of the two fractures, and intersection points on permeability.
To address the complexities associated with crossed fractures, we employ X-ray computed
tomography (X-CT) scanning technology to extract and compute fracture parameters.
Although the calculated results from the model exceed the actual measurements, the
application of digital core technology confirms that this discrepancy arises from the inher-
ent complexity of fractures in the actual rock samples. Furthermore, we investigate the
sensitivity of resistivity in permeability calculations.

The current challenges in this research include the preparation of dual-fracture cores,
the computation of tortuosity, and the direct application of simulation results to experimen-
tal data.

In summary, the proposed fracture permeability evaluation model offers new insights
for theoretical research and provides practical solutions for engineering applications, thus
advancing the scientific study and development of fractured reservoirs. Future research
could further explore the model’s applicability across various geological conditions and op-
timize parameter extraction methods to enhance the accuracy of permeability assessments.
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Abstract: The development of the effective source rocks of the Eocene and Oligocene
directly determines the oil and gas exploration potential in the northern Yinggehai Basin
in China. Based on the analogy with the Hanoi Depression in Vietnam and the Yacheng
District in the Qiongdongnan Basin and the comprehensive analysis of self-geological con-
ditions, the development conditions of Eocene and Oligocene source rocks in the northern
Yinggehai Basin are examined, focusing on tectonic evolution, sedimentary facies, and the
paleoenvironment. Finally, the sedimentary models for the effective source rocks are estab-
lished. The tectonic activity controlled the formation of the sedimentary deep depression
and the migration of the sedimentary trough center, which migrated from east to west
and then south from the Eocene to the Oligocene, leading to the sedimentary migration
of good muddy source rocks. There are multiple sedimentary facies in favor of source
rocks, including lacustrine facies, shallow marine facies, and delta plain swamps. The
paleoenvironment indicates that the paleoclimate transitioned from warm and humid to
cold and arid, the redox conditions evolved from semi-reducing to oxic, and paleopro-
ductivity increased from the early to late Oligocene. Therefore, the early Oligocene was
more conducive to the enrichment of organic matter. It is speculated that the warm and
humid paleoclimate, reducing environment, and high paleoproductivity of the Eocene
promoted the sedimentation and preservation of more organic matter. The above studies
show that the northern Yinggehai Basin, especially the sedimentary period of the Eocene
and Oligocene, has favorable geological conditions for the development of effective source
rocks. The sedimentary models for Eocene lacustrine mudstones and Oligocene marine
mudstones and marine—continental transitional coal-measure source rocks were established.
These studies make up for the serious deficiency of previous research and mean that there
is great exploration potential for oil and gas in the northern Yinggehai Basin in China.

Keywords: Geological conditions; Eocene lacustrine mudstone; Oligocene marine—
continental source rocks; Sedimentary model
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1. Introduction

Effective source rocks not only produce and discharge hydrocarbons but also signif-
icantly contribute to the formation of commercial reservoirs [1]. The evaluation criteria
for effective source rocks vary depending on the region. In this study, source rocks with
a total organic carbon (TOC) greater than 0.5% are considered effective. Previous studies
have identified two main sets of gas source rocks in the Yinggehai Basin: the Oligocene
Yacheng Formation and the middle Oligocene Sanya Formation and Meishan Forma-
tion [2—4], as well as the possibility of another set of source rocks in the Eocene Lingtou
Formation [5,6]. However, current analyses of source rocks in the Yinggehai Basin are
limited to the marine source rocks of the Miocene Sanya and Meishan Formations, which
are mainly distributed in the Yinggehai Depression with organic matter types dominated
by humic types (III-1I,) [4,7-9]. However, few domestic studies have explored the ge-
ological conditions, distribution, and paleoenvironments of potential Paleogene source
rocks [5,10,11].

Because of the considerable thickness of the overlying Neogene and Quaternary strata
in the Yinggehai Basin, the Paleogene strata are rarely exposed through drilling. Only a
few exploratory wells have been drilled in the Lingao Bulge in the northwestern section
and the Yingdong Slope in the northeastern section. However, Paleogene strata have been
encountered in exploratory wells in the Vietnamese portion of the Yinggehai Basin, and
the development conditions of Paleogene (mainly Oligocene and Eocene) source rocks
have been thoroughly studied [12,13]. The Oligocene and Eocene source rocks in the
Vietnam region have accumulated more than 3000 x 10* tons of recoverable reserves of
hydrocarbons, primarily derived from the Eocene and Oligocene source rocks [14]. The
Oligocene coal-measure source rocks have also been encountered in the Yacheng District
in the western portion of the Qiongdongdong Basin [15]. This provides a useful reference
for studying the Oligocene and Eocene source rocks in the northern Yinggehai Basin and
offers hope for exploration. In summary, the northern Yinggehai Basin has a low level of
exploration which has been stopped for 20 years, and the study of the geological conditions
of oil/gas accumulations is still in its early stages [5]. The o0il/gas source conditions are
unclear, particularly whether the deep Eocene and Oligocene have favorable geological
conditions for developing effective source rock. This uncertainty affects the resource
potential evaluation in the northern Yinggehai Basin and has become a prominent problem,
restricting exploration.

Because the basin genesis and geological conditions of the Hanoi Depression and
Yacheng District of the Qiongdongdong Basin are similar to those of the northern Yinggehai
Basin, this study discussed the development conditions of the Oligocene and Eocene source
rock in the northern Yinggehai Basin from the perspectives of tectonics, sedimentary facies,
and paleo-sedimentary environments by drawing analogies with these conditions and
established source rock sedimentary models. These studies will not only guild the oil and
gas potential evaluation and exploration in the northern Yinggehai Basin but will also make
up for the serious deficiency of previous research and play a role in encouraging other
marine and petroleum geologists to study the deep Eocene and Oligocene source rocks in
the northern Yinggehai Basin or similar basins.

2. Geological Background

The Yinggehai Basin holds significant importance as one of the prominent Cenozoic
sedimentary basins located on the northern continental shelf of the South China Sea between
China’s Hainan Province and Vietnam. The basin spans an expansive area of more than
11 x 10* km? and features a rhombic structure with a NNW strike and a length-to-width
ratio of approximately 2.5:1 (Figure 1) [16]. The basin is interconnected with the Beibuwan
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Basin to the north, the Kunsong Uplift in the northwest, and the Qiongdongdong Basin in
the southeast in a nearly vertical direction across the Yingdong I Fault Belt, which is a strike-
slip tensile basin primarily composed of Cenozoic sediments. The maximum thickness of
these sediments exceeds 17 km, making them rich sources of hydrocarbons, particularly oil
and gas, in the northwestern part of the South China Sea [16,17]. The basin can be classified
into three primary tectonic units: the central depression, the Yingdong slope, and the Yingxi
slope. The central depression can be further divided into three secondary tectonic units,
namely, the Hanoi Depression, Lingao Uplift and the Yinggehai Depression with a NW-SE
orientation [5].
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Figure 1. Geological map showing the location and sampling wells of the northern Yinggehai Basin,
Hanoi Depression, and Yacheng District.

The Cenozoic tectonic evolution of the basin can be divided into four distinct stages.
The early rifting stage characterized by the deposition of the Eocene Lingtou Formation
(Eol), and the late rifting stage characterized by the deposition of the Oligocene Yacheng
Formation (E3y) and the Lingshui Formation (E3l). Egy and E3l may be divided into three
sections, namely, the first member (Eyc;), the second member (Eyc;), and the third member
(Eycs) for Egy, and the first member (Els;), the second member (Els,), and the third member
(Els3) for E3l. During the thermal subsidence zone, the Miocene Sanya Formation (Nys),
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Meishan Formation (N;m), and Huangliu Formation (N;h) were deposited, whereas the
rapid subsidence zone gave rise to the Pliocene Yinggehai Formation (N,y) and the Qua-
ternary Ledong Formation (Ql) (Figure 2). Throughout the Eocene, lacustrine deposition
dominated, whereas during the Oligocene, a prevalence of marine—continental intersection
and coastal marine deposition occurred. The Miocene and upper strata are characterized
by a predominance of marine deposits [5].
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Figure 2. Stratigraphic column of the northern Yinggehai Basin.

In fact, the oil and gas exploration has been stagnant in the past two decades in the
northern Yinggehai Basin. There are only about ten exploratory wells (LG20-X1, LG20-X2,
HK17-X1, HK29-X1, HK29-X2, HK30-X1, LG35-X1, and LG36-X1). Only two wells (LG20-X1
and LG20-X2) drilled into the Oligocene Lingshui Formation, but they did not penetrate
into the deeper Oligocene Yacheng Formation and the Eocene. At present, there are not
significant oil and gas discoveries in the northern Yinggehai Basin.

3. Samples and Methods
3.1. Samples

In this study, 29 rock debris samples were collected from four wells in the study area.
These samples were obtained from wells LG20-X2 (6 samples from the Lingshui Formation,
northern Yinggehai Basin), YC13-X1 (2 samples from the Yacheng Formation, Yacheng
District), YC13-X2 (17 samples from the Yacheng Formation, Yacheng District), and YC13-4X
(4 samples from the Yacheng Formation, Yacheng District), and the total organic carbon
(TOC), major element, and trace element contents were analyzed. Furthermore, the CNOOC
Hainan Branch provided 28 samples from the Yacheng District in the Qiongdongdong
Basin for geological analysis.
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3.2. Geological Analogy

The exploration level of the northern Yinggehai Basin was relatively low, and the
drilled wells did not encounter the Oligocene Yacheng Formation or the Eocene [18].
Thus, evaluating the geological conditions and models for the effective source rocks of the
Oligocene and Eocene is challenging owing to the limited available data. This includes
the assessment of both geological development conditions and the hydrocarbon source
rock sedimentary model. However, the tectonic and sedimentary conditions of the study
area are similar to those of the Yacheng District in the Qiongdongnan Basin and Hanoi
Depression in Vietnam [12,19]. This study employed a geological analogy to examine the
tectonic evolution, sedimentary types, and paleoenvironmental conditions of each layer of
the Oligocene and Eocene in the northern Yinggehai Basin. Although the analogy method
cannot fully and accurately reproduce the geological conditions and characteristics of
hydrocarbon source rock development in the northern Yinggehai Basin, an analogous study
is a feasible and effective method given the lack of deep drilling data.

3.3. Structural Evolution Profile Drawing Methods

In this work, by employing the stratigraphic back-stripping method and adhering to
the principle of a “balanced profile”, the current evolution profile of the Hanio Depression
and the study area is gradually regressed to its original and undeformed state before the
deposition of each stratum [10]. This approach allows the reconstruction of the structural
development history profile of the area. The tectonic evolution profile encompasses three
primary processes: profile selection, application of actual geological data, and profile
equilibrium [20]. A profile line perpendicular to the direction of tectonic movement is
typically chosen to portray the evolution of underground geological structures reasonably
and effectively. In this study area, the prevailing tectonic stress direction is primarily
east-west extension and displacement, resulting in the majority of fractures and tectonic
developing in a nearly south-north direction. Consequently, several main survey line
profiles in the east-west direction were selected to create the evolution profile, and the
tectonic period and tectonic style of the study area were analyzed in conjunction with
regional geologic features to establish the regional geotectonic framework. In this study,
by employing the stratigraphic back-stripping method and adhering to the principle of a
balanced profile, the current evolution profile of the Hanio Depression and the study area
was gradually regressed to its original and undeformed state before the deposition of each
stratum [10]. This approach allows the reconstruction of the structural development history
profile of the area.

3.4. TOC Analysis

The total organic carbon (TOC) content was measured via an ELTRR CS-800 Sulfur-
Carbon Analyzer (Equipment source: Verder, Shanghai, China) in accordance with the
standards outlined in GB/T 19145-2003 [21]. To commence the TOC measurement process,
dilute hydrochloric acid was first employed to remove carbonate minerals from the sample
under controlled conditions at 68 °C in a water bath. The TOC present in the sample was
subsequently completely combusted via a CS-230 analyzer (Equipment source: LECO,
St. Joseph, MO, USA) operated under high-temperature conditions. Finally, the TOC
content was determined on the basis of the quantity of CO, produced, as monitored via an
infrared detector.

3.5. Analysis of Major and Trace Element Contents

After the sample was thoroughly dried at 105 °C, it was weighed accurately and
placed in a platinum crucible. Next, a mixture of lithium tetraborate, lithium metaborate,
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and lithium nitrate, which served as the melting agent, was added to ensure homogeneity
between the sample and the melting agent. The sample was then melted via a high-
precision melting machine at 1050 °C, and the resulting melt was poured into a platinum
mold and cooled to form a frit. The quality of the frit was then assessed to determine
whether it met the necessary standards (if it did not, it was reweighed and remelted). Once
the frit was deemed acceptable, the flake was weighed and melted again, and the major
element content was determined via a PANalytical PW2424 X-ray fluorescence spectrometer
(Malvern Panalytical, Malvern City, UK).

To determine the presence of trace elements, perchloric acid, nitric acid, and hydrofluo-
ric acid were added to the samples, which were then evaporated to near dryness by heating.
The samples were then dissolved and fixed with dilute hydrochloric acid, and the resulting
solution was analyzed via plasma emission spectroscopy and plasma mass spectrometry
with an Agilent 7900 (Equipment source: Agilent, Santa Clara, CA, USA) instrument.

4. Results and Discussion
4.1. Tectonic Conditions

The Paleogene Basin underwent initial rifting, during which time the Yinggehai Basin
exhibited a characteristic graben-horst structure, with its eastern boundary fault (Yingdong
I Fault Belt) experiencing heightened activity. The central part of the Hanoi Depression is
double-faulted, whereas the eastern subdepressions are east-faulted and west-superfaulted
(Figure 3). However, strong tectonic inversion occurred in the late Oligocene in the Hanoi
Depression, and obvious truncation was observed at the T60 interface, seeing seismic line
YGHO1 (Figures 1 and 3a). To compare the similarities and differences in the evolution of the
Hanoi Depression and the northern Yinggehai Basin, the 2D seismic line 913393 (Figure 1)
in the northern Yinggehai Basin was selected to construct the evolutionary history section
(Figure 3b), which is NE-oriented and can clearly reflect the structural characteristics of the
basin during the rifting period and fracture activities at the basin boundary. In the early
stage of rift subsidence (Eocene), the northern Yinggehai Basin was characterized by east
breaking and west superposition. In the late stage of rift subsidence (Oligocene), the sliding
activity of the main trunk fracture decreased, and the Lingao Inversion Structural Belt
developed in the central part of the basin. Thus, during the Eocene, the basin experienced
a rift-based style with east breaking and west superpositioning, and several half-grabens
developed in the Hanoi Depression and Yingdong slope. The northern Yinggehai Basin
is connected to the Hanoi Depression and belongs to the same secondary tectonic unit.
During the Oligocene, both faults had two dominant strike directions: NW-SE-oriented
and E-W-oriented fractures. Most boundary fault zones are NW-SE-oriented and mainly
consist of long-term active faults. The E-W-oriented faults, as secondary faults in the basin,
are characterized by small fracture distances and small extension lengths and are very well
developed in the upper plate of the eastern boundary faults. Both the northern Yinggehai
Basin and Hanoi Depression experienced multi-deformation processes of cracking and
trapping, followed by slip during the rifting period, and were controlled by northeast-
oriented faults, which resulted in the same stage of overall tectonic evolution and the
development of similar source rocks. In summary, the analogy of the tectonic evolution
between the northern Yinggehai Basin and the Hanoi Depression shows that the northern
Yinggehai Basin has favorable tectonic conditions for developing effective source rocks
from the Oligocene and Eocene because it has been proved that the Hanoi Depression
develops good source rocks [12,13,22].

In view of the wide scope of the study area and the lack of directly available drilling
data but the rich seismic line resources, this study proposes a well-seismic joint analysis
method. This method integrates the analysis of geological background and existing data
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and uses impression technology to restore ancient geomorphic features. The tectonic
inversion periods, fold development characteristics, and degrees of tectonic evolution differ
between the northern Yinggehai Basin and Hanoi Depression. The anticlines formed in
the Hanoi Depression region during the late Oligocene-Miocene and Pliocene epochs,
reflecting a strong inversion process and a tendency toward weakening in a southerly
direction. Conversely, anticlines in the northern Yinggehai Basin emerged in two periods:
the end of the Eocene and the late Oligocene-Miocene. The tectonic inversion period in
the northern Yinggehai Basin is earlier than the Hanoi Depression, which means that the
source rocks of the Eocene and Oligocene are possibly slightly worse than those of the
Hanoi Depression.
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Figure 3. (a) Tectonic evolution profile of the Hanoi Depression of seismic line YGHO01 [22]. (b) Tec-
tonic evolution profile of the northern Yinggehai Basin of the 2D seismic line 913393.

The Hanoi Depression and the northern Yinggehai Basin are both located in the NW-
oriented fracture zone, and the controlling effect of the eastern boundary fault zone is
stronger; therefore, the deep-lying zones are concentrated in the east. Because the fracture
zones controlling the Hanoi Depression and northern Yinggehai Basin are left-ordered
rather than through faults, the depression zones are arranged in a bead-like fashion along
the eastern boundary fracture zone because of differences in fracture activity. Although
there is no complete stratigraphic interpretation of the Cenozoic basement owing to the
depth of burial, the distribution of the Eocene sub-sag can be roughly inferred from the
study of fracture activity, tectonic evolution, and tectonic deformation. During the deposi-
tional period of the Lingtou Formation (Eocene), the Yingdong I Fault Belt was more active,
which led to strong subsidence control and the formation of the eastern deep depression
zone (Figure 4a). In the late stage of rift sinking in the northern Yinggehai Basin, during
the development of E3y and Ejl, the activity of the Yingxi Fault Belt increased, the sliding
activity of the basin’s backbone fracture generally decreased, and the Lingao Inversion
Structural Belt developed in the central part of the basin. During the development of the
Yacheng and Lingshui Formations, the strike-slip movement of the Honghe fracture zone
strongly modified the pre-existing tectonics, controlling the migration of the sub-sag, and
the center of the sub-sag migrated from east to southwest. During the depositional period
of the Yacheng Formation, the controlling effect of the Yingdong I Fault Belt on subsidence
decreased, a nose-like structure developed close to the eastern boundary fracture, the water
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body became shallow, and the center of subsidence migrated to the southwest (Figure 4b).
In contrast, the eastern boundary fracture did not control subsidence during the Lingshui
Formation, and the subsidence center migrated to the center and the south (Figure 4c). In
summary, there is a difference in the activities of the Yingdong I Fault Belt and the Yingxi
Fault Belt, which led to the migration of the center of the sedimentary depression, meaning
the migration of good muddy source rocks.
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Figure 4. Sedimentary paleotopography of the Eocene-Oligocene in the northern Yinggehai Basin
(the water body gradually gets deeper from yellow to blue). (a) Sedimentary paleomorphology of the
Eocene; (b) sedimentary paleomorphology of the Yacheng Formation; (¢) sedimentary paleomorphol-
ogy of the Lingshui Formation.

4.2. Depositional Conditions

The northern Yinggehai Basin is characterized by three river systems, including the
Red River in the northwest, which follows the direction of the basin, the Ma River in the
west, and the Changhua River in the east [23]. The northern Yinggehai Basin and Hanoi
Depression are both affected by the Red River source. The Yinggehai Basin is more distant,
resulting in greater formation of muddy source rocks. The Ma River is a crucial source
of material for the Oligocene and Eocene source rocks on the western slopes of Vietnam
and China. In contrast, the Changhua River is a unique source in the eastern part of the
northern Yinggehai Basin, providing a continuous supply of material, which is beneficial
for the development of mudstone and coal-measure source rocks.

In this study, we relied primarily on the conversion of seismic facies to sedimentary
facies to determine the sedimentary characteristics. This conversion allows for multi-
resolution analysis because different sedimentary facies types can produce the same seismic
facies response. To convert seismic facies to sedimentary facies accurately and reasonably,
it is essential to consider the geological meaning of the seismic facies and obtain a thorough
understanding of regional sedimentary sequences and features. Typically, taking the seismic
line 5600 as an example (Figure 1), the seismic facies in delta plains are wedge-shaped
or mat-shaped, parallel or subparallel; in delta fronts, they are wedge-shaped, with large
stacked-tile front deposits or diagonal intersections; in seafloor fans, they are lenticular or
wedge-shaped, with disorganized reflections; and in shallow seas, they are mat-shaped,
with parallel, subparallel, or wave-like patterns (Figure 5).

Considering the sedimentary and seismic facies characteristics of the drilled wells
in the Yacheng District of the Qiongdongnan Basin and the sedimentary characteristics
of the Hanoi Depression, the sedimentary pattern of the northern Yinggehai Basin is de-
termined by analogy. The northern Yinggehai Basin exhibits seismic facies characteristics
similar to those of the coal strata at the edge of the Yacheng District, Hanoi Depression,
and other basins, characterized by medium-high continuity, low frequency, and strong
amplitude [5,14,24]. Despite the limitations of seismic resolution, the integrated response
of multiple thin coal seams was discernible, resulting in the same facies axis displaying

238



J. Mar. Sci. Eng. 2025, 13, 100

low-, medium-, and high-amplitude seismic facies characteristics. The presence of several
low-frequency, strong-amplitude reflections and prominent continuous strong-amplitude
seismic facies in the northern Yinggehai Basin suggests that lacustrine mudstone, marine
mudstone, and coal-measure source rocks were deposited. The stronger the amplitude is,
the thicker the coal seams are. The wedge-shaped, subparallel, long-axis, high-frequency,
strong-amplitude seismic facies that developed in the northern Yinggehai Basin are indica-
tive of coal strata. The seismic and drilled data both prove that high-organic lacustrine
mudstones developed in the Eocene and Lower Oligocene of the Hanoi Depression [5,13,21],
and high-quality lacustrine source rocks were also present in the second section of the
Eocene Liushagang Formation in the Beibuwan Basin, which is located in the eastern part
of the Yinggehai Basin, particularly in deep and semi-deep lakes with thicker layer, parallel,
continuous medium and a low frequency and strong amplitude [25-27]. By analogy, it is
inferred that deep lake and semi-deep lake facies are also present in the northern Yinggehai
Basin, which is favorable for developing effective lacustrine source rocks (Figure 5).
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Figure 5. Typical seismic facies and sedimentary facies identification of seismic line 5600 in the
northern Yinggehai Basin. T80-T60 represent the seismic (stratigraphic) interface (see Figure 2).

The Yacheng Formation in the northern Yinggehai Basin exhibited specific depositional
characteristics. First, three to four fan deltas spanning a length of 3545 km and a width
of 30-35 km were used. Second, two to four fans were developed in the fan delta with a
length of 25 km and a width of 20 km. Finally, the coal-measure source rocks are located
primarily in coastal plains and the marshy facies of diversion plains, covering an average
area of 5.0 x 103 km? (Figure 6). The Lingshui Formation also has certain sedimentary
characteristics. First, three to four fan deltas, measuring 30-40 km in length and 25-35 km in
width, have developed at the front edge of the braided river delta. Second, two to four fans
were present in the fan delta, extending 25 km in length and 10-25 km in width. Finally,
the coal-measure source rocks are mainly found in the coastal plains and the swamp facies
of the diversion plains, covering an average area of 4.5 x 10° km? per stratum. Tectonic
evolution influences sedimentary development. The Eocene was a fault-bound lake basin
in the northern Yinggehai Basin, predominantly characterized by lake facies sedimentation,
and a small-scale fan-delta system emerged in the eastern steep-slope area. The Oligocene
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primarily represented a marine—continental transitional facies with an expanding sea level
and extensive fan-delta and braided river delta formations in the eastern steep-slope zone
and northwestern slope. These conditions enabled the deposition of coal-measure source
rocks in the swampy Delta Huchou plains and the development of marine mudstone
in the south-central region, which was dominated by shallow coastal marine deposition
(Figures 4-6). The distribution of sedimentary facies corresponds to paleogeomorphology.
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Figure 6. Sedimentary facies of source rocks of the Oligocene Yacheng Formation in the northern
Yinggehai Basin, mainly including neritic facies and coastal plain, which are conducive to the
sedimentation for mudstone and coal-measure source rocks.

4.3. Paleoenvironmental Conditions
4.3.1. Paleoclimate

The Sr/Cu, Mg/Ca, Al,03/MgO, SiO;/Al,O3, and FeO/MnO ratios are commonly
used to distinguish paleoclimatic conditions [28,29]. An arid and hot climate accelerates
the evaporation of water, resulting in an increase in water alkalinity. Elements such as
Na, Mg, Ca, and Mn in the sedimentary medium precipitate at the bottom of the water;
therefore, these elements are more likely to be enriched under arid climatic conditions. Sr is
a typical dry element. A high Sr content can reflect arid climatic conditions, whereas a low
Sr content indicates a humid climate [29]. Furthermore, diagenesis may have a profound
impact on the mobility and quantity of these elements. However, in view of the complexity
of this field and the large workload needed, we plan to conduct more detailed research in
subsequent stages. Therefore, in the present study, diagenesis was not considered in the
analysis of the paleo-sedimentary environment of the source rocks with elements.

Because Sr and Cu are very sensitive to changes in climatic conditions, Sr/Cu ratios
are commonly used to reflect paleoclimatic conditions, with w(Sr)/w(Cu) > 5 indicating a
cold and dry climate and w(Sr)/w(Cu) < 5 reflecting a warm and humid climate [28-30].
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Low Mg/Ca ratios indicate a dry and hot climate, whereas high ratios indicate a relatively
humid climate [31-33]. Most of the values of Sr/Cu in the early stages of Elsz and Eyc3
were less than 5, indicating a warm and humid climate, whereas the values of Sr/Cu in
the late stages of Els, and Els; were greater than 5, indicating a cold and arid environment
(Figure 7). In addition, there was an obvious decreasing trend in the Mg/Ca values from the
Oligocene Yacheng Formation to the Lingshui Formation (Figure 8), which also indicates
that the paleoclimate transitioned from warm and humid to cold and arid from the early
to later Oligocene, suggesting that the early Oligocene was more favorable for organic
matter enrichment.
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Figure 7. Diagram of the Sr/Cu and Mg/Ca ratios used to discriminate paleoclimatic conditions of
the northern Yinggehai Basin and Yacheng District.

4.3.2. Paleoproductivity

The nutrient elements such as phosphorus (P), copper (Cu), iron (Fe), and zinc (Zn)
are commonly used as indicators of paleoproductivity, with higher values reflecting greater
paleoproductivity [34-36]. To eliminate the influence of terrigenous detrital deposits, P/Ti
was used in this study to determine the productivity, and high P/Ti values generally
indicate high productivity [37]. The values of P/Ti for the source rocks of Els1 and Els3
ranged from 0.1 to 0.12, with an average of 0.11, and the values of P/Ti for the source rocks
of Els; ranged from 0.1 to 0.31, with an average of 0.14. These values are all lower than the
P/Ti ratio of the UCC (0.17; [37]), suggesting that the productivity of the late Oligocene
stage was moderate (Figure 8). On the other hand, the P/Ti values of the source rocks of
Eycs range from 0.06 to 0.14, with an average of 0.08, much lower than the P/Ti of the
UCC (0.17; [37]). This may be attributed to the fact that the source rocks of the Yacheng
Formation are dominated by marine—continental transitional facies, which have more input
of terrestrial organic matter.

In addition, the rate of elemental barium (Ba) accumulation was positively correlated
with the organic carbon content and biological productivity. Therefore, Ba enrichment
indicates high productivity [38]. There are various sources of sediment Ba, among which
only biogenic Ba (Bay,,) accurately reflects the magnitude of primary productivity [38,39],
with the following expression:

Bayio = Bagoral — Bagjusiticate = Basample - Alsample X (Ba/Al)alusﬂicate 1)
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where Als;mple and Bagymple are the Al and Ba contents of the measured samples, respec-
tively, and (Ba/Al)ajusilicate is @ correction factor used to exclude the effect of Ba in terrestrial
aluminosilicates [39]. The Bay,, thresholds for low, moderate, and high paleoproductivity
were <200 ppm, 200-1000 ppm, and >1000 ppm, respectively [40]. The Bay;, values of Els3
range from 737.96 ppm to 1057.3 ppm, of which 66.7% of samples have Bay;, values less
than 1000, indicating moderate primary productivity, which is consistent with the P/Ti
index. The Bay;, values of Eycs samples were all greater than 1000 ppm, indicating high
productivity in the early Oligocene (Figure 8). From the early to late Oligocene, the overall
paleoproductivity showed a gradual declining trend.
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Figure 8. The paleodepositional environment reflected by the major and trace elements in the well
YC13-X2 in the Yacheng District. Paleoclimate indicators (Sr/Cu and Mg/Ca), paleoproductivity-
related indicators (Babio and P/Ti), and redox indicators (Ni/Co and Cu/Zn).

4.3.3. Redox Conditions

Because trace elements such as vanadium (V), uranium (U), and molybdenum (Mo)
are affected by terrigenous components, there is uncertainty in characterizing the redox
properties of water bodies only by their absolute content [33,41]. The redox-sensitive
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indicators can be used to effectively identify the redox status of water bodies. Commonly
used elemental ratios include U/Th, Cu/Zn, Ni/Co, and V/(V + Ni); smaller ratios indicate
a greater degree of oxidation, whereas larger ratios reflect a greater degree of reduction [42].

A Ni/Co ratio greater than 7 indicates a reducing environment, a Ni/Co ratio ranging
from 5 to 7 indicates an anoxic reducing environment, and a Ni/Co ratio less than 5 indicates
an oxic sedimentary environment. A Cu/Zn value less than 0.21 indicates a reducing
environment, a Cu/Zn value ranging from 0.21 to 0.63 indicates a dysoxic sedimentary
environment, and a Cu/Zn value greater than 0.63 indicates a dysoxic environment [42].
The Ni/Co values of the mudstone samples in Els; range from 2.68 to 2.8, with an average
of 2.74. The Ni/Co values of Els, range from 1.8 to 3.04, with an average of 2.47. The
Ni/Co values of Elsz ranged from 1.46 to 1.97, with an average of 1.78. The Ni/Co values
of Eycs range from 1.22 to 2.26, with an average of 1.77 (Figure 9). The diagram clearly
shows that Ni/Co exhibited a decreasing trend from Eycj to Els;. The value of Cu/Zn in
Els; ranges from 0.09 to 0.15, with an average value of 0.11. The Ni/Co values of Els, range
from 0.03 to 0.21, with an average of 0.08. The Ni/Co values of Elsz range from 0.05 to
0.18, with an average of 0.12. The Ni/Co values of Els; range from 0.04 to 0.21, with an
average of 0.13 (Figure 9). The sedimentary environment of E3y is mainly characterized by
suboxic conditions, while the water environment of Ezl becomes more and more oxidized
(Figures 8 and 9). From the early to late Oligocene, the redox conditions changed from
suboxic (semi-reducing) to an oxidizing environment.
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Figure 9. Diagram of Ni/Co versus Cu/Zn ratios of the source rock samples from Ezl and Ezy.

4.4. Sedimentary Model of Source Rock

Overall, the climate in the northern Yinggehai Basin and Yacheng District shifted
from a warm and humid environment to a cold and arid environment during the early to
late Oligocene. Paleoproductivity tended to decrease during this period, and the redox
conditions changed from a semi-reducing to an oxidizing environment. Therefore, it was
conducive to the enrichment of organic matter during the early Oligocene. Statistical
analysis of the TOC contents of the Oligocene source rocks in the Yacheng District and
Hanoi Depression proved this point. From the early to late Oligocene and from deep to
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shallow depths, the overall TOC content clearly decreased, and the quality of the source
rocks also decreased [43].

In addition, the early Oligocene source rocks (Ezy) were deposited mainly during the
marine—continental transitional facies, which were controlled by early deposition and
tectonics, and relatively few rocks formed on the northwestern, eastern, and western sides
of the study area. On the other hand, the upper part of E3l is mainly a shallow coastal
marine environment; that is, the water body gradually deepened from the early to late
Oligocene. Based on the study of the paleo-sedimentary environments of Ezy and E3l, a
sedimentary model of the effective source rocks of the Oligocene in the northern Yinggehai
Basin was established (Figure 10). The Oligocene Els3 and Eys; were deposited in a warm
and humid climate, which was conducive to the growth and prosperity of plants and
provided favorable conditions for coal seams. The cold and arid paleoclimate of Els; and
Els, lowered the TOC and was not conducive to the enrichment of organic matter. The
depositional environment of Ezy was dominated by oxic—reducing conditions, which
reduced the decomposition of organic matter and favored the preservation of organic
matter. In the late Oligocene, the oxidation gradually became stronger, and the water
became deeper, resulting in a reduction in salinity, all of which were unfavorable to the
deposition and preservation of organic matter.

Mudstone

Oligocene W

& Warm and semi-humid .

Coal Delta Neritic  Sedimentation Plankton
rate

Figure 10. A sedimentary model of source rocks in the marine-continental transitional facies of the
Oligocene in the northern Yinggehai Basin.

The Eocene source rocks were deposited in a faulted lake basin with a steep-slope
zone in the eastern part and a gently sloping zone in the western part. From the pa-
leodepositional environment of the northern Yinggehai Basin in the Oligocene, it can
be inferred that the Eocene had a warm and humid climate, a reducing environment,
and high paleoproductivity, which is consistent with the Hanoi Depression and Beibuwan
Basin [5,6,12,13,21,23,25-27]. The enrichment of mudstone organic matter is the result of the
combined effects of the paleoclimate, redox conditions, and paleoproductivity (Figure 11).
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Owing to the influence of the warm and humid paleoclimate, the species and number
of paleontological organisms reached unprecedented levels, and large quantities of lake
benthic organisms and plankton subsequently appeared and flourished, which promoted
an increase in the primary productivity of the paleolake and provided a rich source of
material for the enrichment of organic matter. In addition, reducing water decreases the
decomposition of organic matter and promotes the preservation of more organic matter.
This suboxic-reducing depositional environment provided good preservation conditions
for organic matter, which led to the development of lacustrine oil shale and mudstone with
more organic matter.

Eocene

o] 0

W E
“ Warm and humid :..3

LR A
R

L] ] EE

Sandstone Mudstone Lake water Plankton Evaporation Normal Subaqueous

Fracture fan

Figure 11. Sedimentary model of the Eocene lacustrine mudstone in the northern Yinggehai Basin.

5. Conclusions

(1) Through the comprehensive analysis of the geological characteristics and the anal-
ogy with the Hanoi Depression in Vietnam and Yacheng District in Qiongdongnan Basin,
the northern Yinggehai Basin has favorable geological conditions for the development of
effective source rocks in terms of tectonic, sedimentary, and paleoenvironmental conditions.
Specifically, the tectonic movement not only shaped the sedimentary deep depression
but also drove the dynamic migration of the center of sedimentary depression of source
rocks. In addition, there is a diversified sedimentary source supply system in the northern
Yinggehai Basin, including lacustrine facies, neritic facies, and delta plain swamp facies,
which are conducive to the deposition of effective source rocks.

(2) From the early to late Oligocene, the paleoclimate transitioned from warm and
humid to cold and arid, and the water depth gradually increased, evolving from a marine—
continental transitional facies to a coastal shallow sea. As the water body deepened,
the redox conditions shifted from a semi-reducing to an oxidized environment, and the
paleoproductivity decreased. From the depositional environment of the Oligocene and the
analogy with the Eocene in the Hanoi Depression, it is inferred that the Eocene lacustrine
mudstone developed in a warm and humid paleoclimate under a reduced environment
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and high paleoproductivity. The paleodepositional environment suggests that the Eocene
and early—middle Oligocene periods promoted organic matter enrichment source rocks,
which means that there is great exploration potential for oil and gas. Some exploration
activities are worth pursuing in the future in the northern Yinggehai Basin.

(3) Based on the comprehensive analysis of paleo-sedimentary environments and
sedimentary conditions including sedimentary tectonic setting and sedimentary facies,
the sedimentary model of coal-measure source rocks of marine—continental transitional
deltas and mudstone of shallow seas was established in the Oligocene. At the same time,
the sedimentary model of Eocene lacustrine mudstone deposited in the faulted lake basin
has also been established. These studies make up for the serious deficiency of previous
studies and play a role in encouraging the study of the deep Eocene and Oligocene source
rocks in the northern Yinggehai Basin. As the deep wells are drilled and the seismic data
quality is improved, the deep Eocene and Oligocene source rocks in the northern Yinggehai
Basin will be studied systematically and meticulously and be recognized more accurately
in the future.
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Abstract: Pore connectivity and ultimate imbibed porosity are two important parameters
used to assess the shale oil reservoir property, the proper appraising of which could facil-
itate the efficient flow of oil from the matrix and an improvement in recovery efficiency.
In previous studies, the uncertainty in sample dimensions and the extra-long stable time
during imbibition experiments exploring pore connectivity and ultimate imbibed poros-
ity showed a lack of discussion, which influenced the accuracy and efficiency of the SI
experiments. In this study, SI experiments with shale samples of different thicknesses are
carried out to acquire the two parameters in a short period of time. As a result, the pore
connectivity of sample D86-5 from the Qingshankou Formation (Fm) in the Songliao Basin
fluctuates with the increase in thicknesses, with an average of 0.265. The water penetrates
sample D86-5 of all thicknesses, so the ultimate imbibed porosity fluctuates around 3.7%,
and the stable time increases with thicknesses. The pore connectivity of sample Y172 from
the Shahejie Fm in the Bohaiwan Basin fluctuates around an average of 0.026, which is
much smaller than that of D86-5. The ultimate imbibed porosity of Y172 decreases with
thicknesses because the penetration depth is so small that the pores cannot be fully accessed,
and the stable time increases before becoming stable with fluctuations. The method is
examined using the samples from the Liushagang Fm in the Beibuwan Basin measuring
around 400 pm: the ultimate imbibed porosity of BW1-1 and BW1-3 is 5.8% and 18.1%,
respectively, the pore connectivity of BW1-1, BW1-2, and BW1-3 is 0.086, 0.117, and 0.142,
respectively, and the results can be obtained within a day. In comparison, the average pore
connectivity of the 400 pm samples from Qingshankou, Shahejie, and Liushagang Fms is
0.324, 0.033, and 0.097, respectively, and the average ultimate imbibed porosity of these
Fms is 3.7%, 3.1%, and 12.0%, respectively. Based on the above results, a quick method for
measuring the two parameters with thin samples by spontaneous imbibition is established,
providing a fast solution for the evaluation of the sweet spot.

Keywords: spontaneous imbibition; pore connectivity; ultimate imbibed porosity; capillary
force; shale oil/gas
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1. Introduction

With the growing demand for fossil fuels and the diminishment of conventional reser-
voirs, unconventional reservoirs, such as shale oil reservoirs, have grabbed the attention of
researchers worldwide [1]. Shale reservoirs hold abundant oil, but they have low porosity
and permeability, which impacts the high-efficiency exploitation of their resources [2]. The
pore network is the storage space of shale oil; connected pores contribute to the fluid flow
channel, whereas unconnected pores are called dead pores [3,4]. The pore connectivity
of connected pores is a key factor influencing the flowing capacity of shale oil because
good pore connectivity has the potential to realize high yield [5,6]. Some petrophysical
methods have been used to investigate the pore connectivity of hydrocarbon reservoirs,
such as mercury intrusion porosimetry (MIP), fluid tracing, wood’s metal impregnation,
spontaneous imbibition (SI), and so on [7-12]. Imbibition commonly occurs in the process
of exploiting shale oil/gas, referring to the phenomenon of the wetting phase penetrating
into the non-wetting phase of shale rocks spontaneously, which is triggered by capillary
force [13]. Comprehensively, in the research of pore connectivity, SI is readily implemented
compared with other methods, where the slopes of imbibition curves reflect pore connec-
tivity; however, it requires a considerable amount of time to complete. In some studies,
imbibition could take more than 600 h before reaching a stable status, and it is hard to
determine whether the imbibition fluid has entered all connected pores [14,15]. Therefore,
it is critical to raise the efficiency of SI tests on shale rocks by reducing the imbibition time.

Apart from pore connectivity, the ultimate imbibed porosity of shale rocks during
imbibition is also a crucial parameter when appraising the potential of a shale reservoir,
which is reflected by the water volume that can penetrate the rock by the time when the
imbibition curve reaches a stable status [16,17]. During the process of imbibition, the
wettability of shale rocks plays a significant role in the affinitive ability of the rocks to
a certain kind of fluid [18]. When oil-wet pores are predominant in the rock, the rock
demonstrates a preference for oil instead of water, and vice versa, thereby influencing the
volume of the water entering the rock. Therefore, ultimate imbibed porosity is also affected
by the wettability and the pore structure [19,20]. When the ultimate imbibed porosity
is large in the imbibition process, the efficiency of enhanced oil recovery (EOR) can be
improved, which is a set of techniques employed to increase the amount of crude oil that can
be extracted from an oil field after the primary and secondary recovery methods have been
exhausted [21]. The main methods of EOR can be summarized into three techniques, i.e.,
solvent, chemical, and thermal, which are mainly involved with the injection of different
substances that are not naturally found in the reservoir, where SI is highly engaged in and
contributes to the displacement of oil by water [22-24]. By defining the ultimate imbibed
porosity of shale rock, the recovery efficiency of the exploitation can be estimated.

To ascertain pore connectivity and ultimate imbibed porosity, a number of experiments
were conducted in the past. Laboratory SI tests were widely conducted as a crucial method
combined with other laboratory methods for the characterization of pore connectivity
and ultimate imbibed porosity, for example, contact angle analysis, fluid tracing, nuclear
magnetic resonance (NMR), mercury intrusion porosimetry (MIP), and so on [25-29].
Some studies were conducted extensively on different aspects of the pore structure, pore
connectivity, and ultimate imbibed porosity of shale samples from a specific source, for
instance, the influence of changing the imbibition liquid on the matrix, the flowing feature
of the tracer fluid in the shale matrix, or the comprehensive analysis of the shale in a
particular location [27,30-33], but the dimensions of the samples selected in the research
were out of focuses. In addition, some researchers observed that the distinct depths at which
tracer fluids permeated into the rock from the solid-liquid boundary during SI reflected
certain differences in the imbibition results [34], which also stressed the importance of
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defining the thickness of the tested shale rock. Apart from that, by constructing a three-
dimensional (3D) pore structure with stacking scanning electron microscopy (SEM) images
of an Eagle Ford sample, Davudov et al. discovered that the amount of connected pores
decreases with an increase in the thickness of digital samples by modeling, showing the
effect of thickness [35]. By setting samples with different thicknesses and origins, the
identification of the penetration depth of certain shale rocks during SI could not only
improve the scientific research on the shale structure but also provide a possibility for the
productive practical exploitation of shale oil/gas [36].

The results of SI tests on ultimate imbibed porosity and pore connectivity are also
influenced by mineral components and the amount of organic matter. Mineral components
and TOC were also found to remarkably influence the shale pore structure. Clay minerals
tend to form more complex pores compared with brittle minerals like quartz, which create
larger pores [15,37,38]. When SI happens, the clay in shale swells, and cracks are created,
making it more efficient to exploit shale oil/gas [14]. TOC is essential in describing the
organic matter in the pore space, which helps in shaping the pores in the early stage of
layer formation [39].

Based on the previous studies, this research was designed to explore the following
problems: the extremely long time of imbibition tests, the difficulty in the measurement of
pore connectivity and ultimate imbibed porosity, and the unknown influence of parameter
thickness during SI.

By conducting SI tests with samples of different thicknesses, this research aims to
explore how the penetrating process during SI is related to thickness and to further analyze
the pore connectivity, ultimate imbibed porosity, and their distributions according to
different formations. Samples from the Qingshankou, Shahejie, and Liushagang Fms were
chosen and evenly sliced into cylinders in certain thicknesses and approximately the same
diameter, covering onshore and offshore shale rocks. In this study, a quick method for
evaluating the pore connectivity and ultimate imbibed porosity of the shale matrix using
small-thickness samples was established, introducing thickness as a critical parameter
and emphasizing the significance of length control in future assessments of pore structure.
Utilizing this method, the pore connectivity and ultimate imbibed porosity of all samples
were observed to vary with thicknesses.

2. Sample Background, Experimental Methods, and Theory Preparation
2.1. Sample Background and Experimental Methods

Shale samples were chosen from Qingshankou Fm in Songliao Basin, Shahejie Fm in
Bohaiwan Basin, and Liushagang Fm in Beibuwan Basin. The Liushagang Fm samples were
collected from offshore drilling boreholes, and the samples from other formations were
onshore cores. Some experimental methods were conducted in this research, including FEI
Helios Nanolab 650 dual beam FIB and SEM, Rigaku TTR III diffractometer, ELTRACsi,
and Mettler Toledo ME204, from which the SEM pictures and the basic properties of the
samples, as well as the SI test results, were obtained accordingly.

The ion-milled mudstone blocks were tested by Zeiss GeminiSEM450 and FEI Helios
Nanolab 650 dual beam FIB-SEM to detect the mineral and organic matter particles and
pore spaces with a working distance of 10 mm, following the methods of SEM equipment
and sample preparation in prior studies [40,41]. The mineral properties were tested by
the Rigaku TTR III diffractometer, while the TOC content was examined by ELTRACsi,
presenting the mineral content and the content of organic matter in the examined samples.
In the meantime, the samples of each origin were sliced into cylinders, whose thicknesses
increased at an interval of approximately 200 pm from about 400 to 2000 pm, which varied
with the different conditions of the samples, as can be seen in Figure 1. The minimum
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thickness of 400 um represented the finest increment achievable by the cutting machine
and was therefore selected as the starting point for the increasing thicknesses. Given that
liquid penetrates from both sides of the samples, it was theoretically expected that with
each 200 um increase in thickness, there would be a corresponding 100 um increase in the
depth of water penetration. A final thickness of 2000 um was chosen, but more samples of
larger thicknesses are expected in future studies in case the liquid cannot penetrate. The
thicknesses and volumes of the samples are listed in Table 1. The cylindrical samples whose
thicknesses were >1400 um had their flank covered with epoxy adhesive in order to prevent
the imbibition liquid from injecting via the flank side. The imbibition liquid in this research
was deionized water, reducing the influence of other impurity substances.

The thickness of
the shale sample

u uJ J J L J [ |
400 ym 600 pm 800 pm 1000 pm 1200 pm 2000 pm

Figure 1. The target thickness of shale samples, from 400 pm to 2000 pm.

Table 1. The thicknesses and volumes of the samples.

Thickness, mm Buoyant Sample Volume, cm?

0.45 0.2022

0.64 0.2965

0.75 0.3605

bge-5 11 0.5251
1.27 0.6353

1.94 0.9492

0.46 0.2067

0.68 0.313

Y172 0.84 0.4171

1.07 0.5226

1.14 0.5436

BW1-1 0.44 0.0621
BW1-2 0.40 0.0591
BW1-3 0.41 0.042

The cylindrical samples were placed and examined in the equipment below, which
was improved based on a former research study [16], as shown in Figure 2a, consisting
of a data-recording computer and a thermostatic testing part. A balance (Mettler Toledo
ME204) is attached to a small beaker and connected to the computer so that the data of the
content in the small beaker can be recorded every minute (see Figure 2a). The samples are
put into the small beaker that hangs in a bigger beaker filled with imbibition liquid using a
fishing line. The equipment is connected to the balance so that the recorded data represent
the weight of the imbibed water. This method guarantees that even if any fragments of the
samples fall, the small beaker makes sure that the data are not affected. Dissimilar to the
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(@)

sample placement of the previous research, which has no requirements for the samples’
positions, the samples are placed perpendicularly to the bottom of the small beaker, with
supports on both undersides of the cylindrical samples, ensuring that the gaseous phase
products generated during the imbibition can be removed in time.

Big beaker- — E’ -

. Balance : 1

1
Thermostat B : (b) S127-4-1

1

1 1
1

i |

Fine fishing line - - - { =L - = = = = = — >| i

1 ! of

| g

| 1 <

! ' o5

1 ! -

1 ! 9

1 1 £

1 : =

; i |

l i

! : === The first imbibition
1 1
Cylindrical sample - - - — — — ! «==The second imbibition
1 - 1
Small beaker - = ~ : 0 ! ' . '

1 0 100 200 300 400 500
1
1
1

Imbibition time, min

Figure 2. The equipment and repeated group of spontaneous imbibition experiments: (a) the
equipment; (b) the repeated group of sandstone sample S127-4-1.

The imbibition method was tested with repeated groups of a sandstone sample, and
the change in the mass of sample 5127-4-1 during two SI experiments is exhibited in
Figure 2b. It can be seen that the imbibition curves between two SI experiments on the same
sample are highly similar, which proves that the method in this research can be repeatable.
In comparison, the sliced shale samples tested in repeated groups have more fluctuations
than the sandstone samples. This is because the heterogeneity in shales and the expansion
of the clay content influence the imbibition curves, making the SI experiments of thin shale
rocks less repeatable [42].

2.2. Theory Preparation

Washburn [43] found that the pores of porous materials can be seen as cylindrical
capillaries, and at the end of time ¢ (in s), the volume of the liquid (V, cm?®) that enters into
n cylindrical capillaries with radii 1, 72, . . ., r, can be presented as:

1/2
_ 0T /2 2y 3
V‘”Zrl_zﬂl/zt Z(PE"'T) r (1)
where [ is the length of the capillary tube, cm; 7 is the viscosity of the intruding liquid, mP;
Pr is the total external pressure the liquid receives from the back, MPa; and y is the surface
tension of the liquid, Newton per cm. If the pressure of the liquid is constant and small
relative to /7, this equation can be simplified as:

1/2
V= k’(%) 1172 @

where k' is a constant that is relevant to the total pore diameter, and the latter also remains
unchanged in the same sample during imbibition, so it is not involved with the charac-
teristics of the liquid. In this way, the volume that penetrates a porous body within SI is
proportional to the imbibition time ¢, s.
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Furthermore, the Handy equation [44] is widely used to describe the imbibition
process. The Handy equation assumes that the liquid imbibes as pistons in a vertical
direction, neglecting the gas pressure gradient in the front of the imbibed liquid. The

_ ke (P
vy = o < . Apg> (3)

where vy, is flow rate, cm?®/cm?/sec; ky, is the effective water permeability, D; p is the
water viscosity, centipoises; P, is the capillary pressure, MPa; Ap is the density difference
for water and air; g is the acceleration due to gravity; x is the position of front, cm; and P is
a constant. When there is piston displacement,

equation is presented as follows:

dx

where ¢ is the fractional porosity; Sy, is the fractional water content of pore spaces; and ¢ is
the imbibition time, s. Combining Equation (3) and Equation (4), the result would be:

P ( Apgx) kwApg
X+ In{1-— = — 5
Apg P Qbswﬂw ( )

When the gravity force is dramatically smaller than the capillary force and x = %,
the equation would become:

2
Q%,, _ 2Pcpky AZ Swt ©)
Hw

where Qy, is the total imbibed liquid, cm’; P, is the capillary pressure, MPa; ¢ is fractional
porosity, %; ky, is effective water permeability, D; A, is the cross-sectional area of the sample,
cm?; Sy, is the fractional water content of the pore spaces, %; iy is the water viscosity, mP;
and t is the imbibition time, s. When the buoyancy effect of the sample volume needs to be
removed to obtain the imbibed porosity, this equation can become:

Qu/Qu = at'/? 7)

where Q; is the volume of the dry sample, em?, and a is the quality of the sample that is
not influenced by other conditions but by the nature of the shale. In this equation, Q,/Q
represents the imbibed porosity per unit volume of the samples, %, and a represents the pore
connectivity of the shale sample. This provided simplified and concrete evidence to investigate
spontaneous imbibition, leaving the imbibed porosity and time in a linear relationship.

The slope of the curve showing the changes in imbibed porosity with time (Equation (7))
reflects the pore connection of the samples [27,45]. In this research, pore connectivity is
normalized to mitigate the impact of thickness, which is a critical parameter:

T
an =07 (8)

where a,, is the pore connectivity, a is the slope in the linear fitting of the imbibition curve,
which is called the initial imbibition rate, and T is the thicknesses of the samples, cm. The
slope was normalized by multiplying half of the length of the corresponding sample since
the injection of imbibition liquid occurs from both undersides of the cylinder sample.

3. Results and Discussion
3.1. Basic Properties and Material Components

The measured basic properties and material components of the samples are presented
in Table 2, where the percentages of the figures signify the mass percentages of the prop-
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erties versus the whole samples. The samples are from different origins, and their depth
varies from 1957.6 m to 3561.9 m. The lithofacies of samples include mixed and clayey
shales. Sample D86-5 from the Qingshankou Fm is clayey shale, and sample Y172 from
the Shahejie Fm is mixed shale. The samples from the Liushagang Fm have both clayey
and mixed shales, such as BW1-1 and BW1-2 belong to mixed shales, and BW1-3 belongs to
clayey shale. Quartz is widely seen in the mineral content of all selected samples; sample
BW1-2 holds the highest quartz content of 37.1%, and sample BW1-1 holds the lowest con-
tent of 18.3%, showing a great divergence because of the heterogeneity in the samples. The
feldspar content in all samples is at a lower level compared with the quartz content, which
is the highest in sample D86-5 at 13.7%. Sample Y172 and samples BW1-1, BW1-2, and
BW1-3 all have lower contents of feldspar (1.9%, 1.3%, 1.7%, and 0.9%, respectively). The
calcite content of sample BW1-1 is the highest at 32.6%, which is dramatically distinct from
the other two groups of samples that are also from the Liushagang Fm (BW1-2 and BW 1-3),
whose content of calcite is much smaller, at 6.8% and 0.2%, respectively. Sample Y172 from
the Shahejie Fm contains 27.4% calcite content, which is also relatively high. Samples D86-5
and BW1-3 contain no ankerite, while sample Y172 shows the highest ankerite content in
all samples (20.6%). The siderite and pyrite content of the samples are in the range of below
10%, and the divergence between the different samples is not as significant as the other
minerals. The clay content of most samples has a relatively large percentage. Sample D86-5
from the Qingshankou Fm and samples BW1-1, BW1-2, and BW1-3 from the Liushagang
Fm are all abundant in clay minerals, at 46.8%, and an average of 41.23%, respectively.
Sample Y172 from the Shahejie Fm holds a lower clay content of 24.7%. The TOC content
of all the samples is in the range of 2.2% to 5.8%. The samples from the Liushagang Fm
have a relatively high level of TOC content (2.7%, 5.8%, and 3.9%, respectively) but vary
considerably despite the same origin, while the samples from Qingshankou and Shahejie
Fm show a lower level of TOC (2.2% and 3.0%, respectively). In general, the quartz, calcite,
and clay content of the samples account for a higher percentage of all minerals, and the
TOC content is distinct. The samples exhibit a remarkable nature of heterogeneity in the
properties, and the SI test is notably influenced by the contents.

Table 2. The basic properties of the samples.

Samples Quartz, %  Feldspar, %  Calcite, % Anlz/:nte, Siderite, %  Pyrite, % Clay, % TOC, % Formation De]gth,
D86-5 22.2 13.7 1.1 / 6.5 2.9 46.8 22 Qingshankou 1957.6
Y172 21.5 19 27.4 20.6 / 3.9 24.7 3.0 Shahejie 3530.0
BW1-1 183 1.3 32.6 104 34 5.6 284 2.7 Liushagang 3556.5
BW1-2 37.1 1.7 6.8 5.1 0.8 9.7 38.8 58 Liushagang 3557.8
BW1-3 325 0.9 0.2 / 3.1 6.8 56.5 39 Liushagang 3561.9

3.2. SEM Analysis

SEM images of the four formations are displayed in Figure 3, where the representative
area of the samples in each origin is chosen to show the pore structure of the samples. In
Figure 3a, the overall view of the examined sample from Qingshankou Fm is shown, where
the existence of narrow long cracks extending for more than 30 pm and interparticle pores
along with pyrite minerals is revealed. Figure 3c is the enlargement of the yellow square
part of Figure 3b, both showing a substantial amount of organic pores, where the porous
space difference in the two kinds of pores can be obviously seen, and the organic matter
widely distributes among the minerals. Figure 3d is an image of the pore structure of the
sample from the Shahejie Fm. Figure 3e,f are the enlargements of its yellow square parts,
where large areas of organic matter along with narrow cracks and inorganic pores can be
seen, and the organic matter represents a large portion of the shale rock. Figure 3g shows
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the prevailing existence of pyrite minerals and organic matter in the examined sample from
the Liushagang Fm. Figure 3h,i are the enlargements of Figure 3g, showing that the mineral
aggregated in the yellow square of Figure 3g is a mixture of pyrite and a mass of organic

matter, with abundant micro-cracks alongside, and the mineral mixture contains plentiful
pores with organic matter. Similar to what the basic properties of the samples exposed, the
SEM images in Figure 3 demonstrate the pronounced heterogeneity characteristics of shale,
which significantly impact pore connectivity and ultimate imbibed porosity [46,47].

Figure 3. SEM pictures: (a—c) Qingshankou Fm, (d—f) Shahejie Fm, and (g—i) Liushagang Fm. The
square areas in yellow and purple are enlarged, as illustrated in the figures next to them.

3.3. Changes in the Imbibition Curves with Sample Thickness

After the imbibition tests, the imbibition data of various samples were collected and
normalized to acquire the ultimate imbibed porosity. The peak of an imbibition curve was
considered to reflect the ultimate imbibed porosity. In some cases, when the rate of water
penetrating into the rocks becomes zero and the imbibition curve reaches a stable status with
time [48], the time that the samples take is recorded as the stable time. The full time of the
imbibition is processed into square root, and the linear-fitted slope of the initial imbibition
curve is called the initial imbibition rate; after normalizing the initial imbibition rate, it can
reflect the pore connectivity [34]. In this research, samples with different thicknesses were
used. To compare the pore connectivity from samples of different thicknesses, the pore
connectivity was normalized by considering the thicknesses of rocks.

Figure 4 illustrates the imbibition curves of sample D86-5 with different thicknesses
with the unprocessed time in minutes, with different colors representing the results of
different thicknesses. All the curves in Figure 4 show that the imbibed porosity increases
rapidly with time, and a stable status is reached in all groups. The stable time of different
samples can be affected by many factors, and in this case, it changes with thicknesses [15,48].
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In Figure 4a, the stable time of the sample with a thickness of 450 um is 46 min, which is
the smallest in all samples. In Figure 4b—f, the stable time increases with the addition of
thicknesses 640 um, 750 um, 1100 um, 1270 pum, and 1940 um, corresponding to the stable
time of 72 min, 102 min, 350 min, 397 min, and 1361 min, respectively.
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Figure 4. The unprocessed spontaneous imbibition curves of sample D86-5 with different thicknesses:
(a) 450 pum; (b) 640 um; (c) 750 um; (d) 1100 pum; (e) 1270 pm; and (f) 1940 pm.

The spontaneous imbibition curves of sample D86-5 with square-rooted time are
shown in Figure 5, which includes different thicknesses of the sample in different colors.
The imbibed porosity increases with imbibition time gradually in all the samples. In
Figure 5a, the ultimate imbibed porosity and the initial imbibition rate are 3.8% and 1.441,
respectively. In Figure 5b, the ultimate imbibed porosity and the initial imbibition rate are
3.7% and 0.849, respectively. In Figure 5c, the ultimate imbibed porosity and the initial
imbibition rate are 3.3% and 0.589, respectively. In Figure 5d, the ultimate imbibed porosity
and the initial imbibition rate are 4.0% and 0.441, respectively. In Figure 5e, the ultimate
imbibed porosity and the initial imbibition rate are 3.8% and 0.382, respectively. In Figure 5f,
the initial imbibition rate is 0.294 and the ultimate imbibed porosity is 4.7%

Figure 6 shows the imbibition curves of sample Y172 with different thicknesses with
the unprocessed time in minutes. The characteristics of these curves are different from the
previous curves (sample D86-5). In all the groups of sample Y172, the whole periods of
imbibition fluctuate. In Figure 6a,c, the samples with thicknesses of 460 um and 840 pm
reach a stable status and continue to remain stable, with stable times of 730 min and
1297 min. In contrast, in Figure 6b,d e, the samples with thicknesses of 680 um, 1070 um,
and 1140 um reach a stable status but decline immediately, with stable times of 1429 min,
1353 min, and 1246 min, respectively.
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(a) 460 um; (b) 680 pum; (c) 840 um; (d) 1070 um; and (e) 1140 pum.
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The imbibition curves of sample Y172 with square-rooted time are shown in Figure 7,
which includes samples with different thicknesses. The processed imbibition curves reveal
more fluctuation in the initial periods of imbibition. In Figure 7a, hardly any imbibition
occurs in the initial period, which is mainly caused by the fact that it requires more
interaction time between water and rock before liquid fills into shales. In Figure 7b, the
initial imbibed porosity is about zero, which indicates that water has scarcely filled into the
rock. Likewise, in Figure 7c, the initial imbibed porosity is also approximately zero and
then increases gradually. In Figure 7d, the initial imbibed porosity has some fluctuation but
is still near zero. In Figure 7e, the interaction time between the water and rock is long before
the fluctuation period ends, and then water fills into the rock quickly. From Figure 7a,e, the
ultimate imbibed porosity of sample Y172 is 3.1%, 2.8%, 1.4%, 1.3%, and 0.8%, respectively.
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Figure 7. The spontaneous imbibition curves of sample Y172 with different thicknesses: (a) 460 um;
(b) 680 um; (c) 840 um; (d) 1070 um; and (e) 1140 pm.

At the initial time of the imbibition curves, some special phenomena appear, such as
the imbibed rate staying at about zero, the imbibition curve decreasing, and the apparent
imbibition porosity dropping to below zero, which influence the selection of the initial
curve slopes. Therefore, a turning point aiming to remove the influence of abnormal
phenomena during the initial imbibition time is chosen as the starting point for calculating
the initial curve slopes. After the turning point, the imbibed porosity increases quickly
until reaching stability or the point of declining. The modified imbibition curves of sample
Y172 with different thicknesses are shown in Figure 8, whose starting points are adjusted
to the turning point. The initial imbibition rates are 0.143, 0.088, 0.050, 0.042, and 0.031,
respectively. Upon converting the initial imbibition rate into pore connectivity, the results
are 0.033, 0.030, 0.021, 0.023, and 0.018, respectively.
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Figure 8. The modified spontaneous imbibition curves of sample Y172 with different thicknesses:
(a) 460 um; (b) 680 pm; (c) 840 um; (d) 1070 um; and (e) 1140 pum.

The stable time, ultimate imbibed porosity, and pore connectivity of samples D86-5
and Y172 were obtained from the imbibition tests, and their variations with the thicknesses
of the corresponding samples are shown in Figure 9. Figure 9a—c show the variation in the
stable time, ultimate imbibed porosity, and pore connectivity of sample D86-5 with different
thicknesses, while Figure 9d—f show those of sample Y172 with different thicknesses. In
Figure 9a, the stable time of D86-5 gradually increases from 46 min to 1361 min with the
added thicknesses, with an average of 388 min; the ultimate imbibed porosity varies from
3.3% to 4.0%, with an average of 3.7%, with the pore connectivity varying from 0.221 to
0.324, with an average of 0.265. In contrast, the stable time of sample Y172 initially increases
from 730 min to 1429 min when the thickness increases from 460 um to 680 pm and then
remains at a high level, ranging from 1246 min to 1353 min, with an average of 1211 min,
which is much higher than the average stable time of sample D86-5. The ultimate imbibed
porosity of sample Y172 decreases dramatically with the increase in thicknesses, ranging
from 0.8% to 3.1%, with an average of 1.8%, and the pore connectivity values all remain at
an extremely low level, changing from 0.018 to 0.033, with an average of 0.026, which are
also much smaller than those of sample D86-5.

The differences between the two groups of samples are due to their different pore
connectivity values. In Figure 9b,e, the models show the influences caused by different
pore connectivity, with blue representing the water and water-penetrated rock and grey
representing the rock that water does not enter. Theoretically, as the natural characteristic
of shale rocks, the pore connectivity of a shale rock is constant, so the penetration depth is
also constant with an increase in thickness. In this study, the average pore connectivity of
sample D86-5 was 0.265, which is almost ten times larger than that of sample Y172, despite
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some fluctuations. With better pore connectivity, water can completely penetrate sample
D86-5, and the penetration depth is over 970 um, which is half of the largest thickness
of sample D86-5, because water enters from both sides of the sample. As a result, the
ultimate imbibed porosity stays around the average value because all the connected pores
are accessed. With a small pore connectivity, the penetration depth of sample Y172 is much
smaller. In Figure 9d, the stable time increases dramatically from samples at 460 um to 680
um, so the penetration depth is between 230 pm and 340 pm. Thus, the ultimate imbibed
porosity of sample Y172 declines with thickness because the volume of the sample has
increased, but the water cannot enter the volume deeper than 340 um. The complex pore
structure of Y172 influences and declines the efficiency of water entering into the pores
with the increase in sample thicknesses, resulting in a long stable time.
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Figure 9. The relationship between stable time, ultimate imbibed porosity, and pore connectivity and
thickness: (a—c) sample D86-5 and (d—f) sample Y172.

Due to the accurate value of pore connectivity and ultimate imbibed porosity rely-
ing on sample thickness, when determining these two parameters, the thickness of the
sample should be considered. And when the pore connectivity is small, the ultimate
imbibed porosity and stable time are influenced by not only the thickness but also the
penetration depth.

3.4. The Imbibition Curves of the Offshore Shale Samples

Based on the results of the quick method of appraising imbibed porosity and pore
connectivity, three offshore samples (BW1-1, BW1-2, and BW1-3) were tested to examine
the method. Figure 10 exhibits the imbibition curves with the original imbibition time, the
imbibition curves with the square-rooted time, and the modified imbibition curves with
the square-rooted time, with different colors representing different samples, from which
the stable time, ultimate imbibed porosity, and pore connectivity can be acquired. Samples
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BW1-1, BW1-2, and BW1-3 have thicknesses of 410 um, 440 pm, and 400 um, which can
be seen as approximately the same value and are also the smallest thicknesses of a slice of
shale rock the experiment machine could produce.
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Figure 10. The unprocessed spontaneous imbibition curves, imbibition curves, and modified im-
bibition curves of different samples: (a—c) BW1-1 with a thickness of 410 um; (d-f) BW1-2 with a
thickness of 440 pm; and (g-i) BW1-3 with a thickness of 400 pm.

In Figure 10a,d,g, the fluctuations are obvious in all three samples during the whole
imbibition process, and sample BW1-2 does not reach a stable status until the end of
imbibition. The stable times of BW1-1 and BW1-3 are 317 min and 1408 min, respectively,
which are shorter than a day’s time. In Figure 10b, the imbibition curves with the processed
time increase sharply and then decrease quickly. This phenomenon is mainly caused by
imbibition-induced cracks, which are caused by clay expansion. Induced cracks are mainly
oil-wet and increase the buoyancy of the samples, making the imbibition curves decrease.
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In Figure 10e, the imbibition curve almost remains stable in the initial period because it
requires the interaction time, and then it decreases because of the imbibition-induced cracks.
In Figure 10h, the imbibition curve decreases quickly in the initial period, which is also
caused by the imbibition-induced cracks. The ultimate imbibed porosity of BW1-1 and
BW1-3 is 5.80% and 18.10%, respectively.

The modified imbibition curves with adjustments to the starting point in the shales
are shown in Figure 10c,f,i. The initial imbibition rates of samples BW1-1, BW1-2, and
BW1-3 are 0.379, 0.462, and 0.555, respectively. Converting the initial imbibition rates to
pore connectivity, the pore connectivity values are 0.086, 0.117, and 0.142, respectively.
The results of the offshore samples prove the reliability of the quick method, reducing the
time of experiments to less than one day and improving the efficiency of evaluating pore
connectivity and ultimate imbibed porosity.

3.5. The Distribution of the Three Parameters

Based on the previous analysis, the samples with a thickness of about 400 um were
processed to compare the corresponding parameters. The distribution of pore connectivity
and ultimate imbibed porosity of five chosen samples are shown in Figure 11. In Figure 11a,
the stable times of samples D86-5 (from Qingshankou Fm), Y172 (from Shahejie Fm), and
BW1-1 and BW1-3 (from Liushagang Fm) are 46 min, 730 min, and 863 min, respectively.
BW1-2 never reaches a stable status, whereas BW1-3 has the longest stable time, and D86-5
has the smallest. The average ultimate imbibed porosity of the three Fms is 3.7%, 3.1%, and
12.0%, respectively, among which sample BW1-2 has no ultimate imbibed porosity, whereas
the sample from Shahejie Fm has the smallest ultimate imbibed porosity, and the samples
from Liushagang Fm have the largest. In Figure 11c, the average pore connectivity values of
the three Fms are 0.324, 0.033, and 0.097, respectively, where the sample from Qingshankou
Fm has the biggest pore connectivity and the sample from Shahejie Fm has the smallest.
In Figure 11, the heterogeneity in the shale rocks still has a significant influence on the
appraisal of ultimate imbibed porosity and pore connectivity.
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Figure 11. The distribution of three parameters: (a) stable time, (b) ultimate imbibed porosity, and
(c) pore connectivity.

4. Conclusions

This study aimed to bring out a quick method to investigate the pore connectivity and
ultimate imbibed porosity of shale, leading to the following conclusions:

(1) A quick method was established to measure the pore connectivity and ultimate
imbibed porosity of shale by using spontaneous imbibition with thin samples. Within
the time of a day, the imbibition results of 400 um samples can be acquired.

(2) The three parameters change with sample thicknesses. For sample D86-5, the average
pore connectivity is 0.265 and the penetration depth is large, so water enters all
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References

connected pores, resulting in a stable ultimate imbibed porosity of around 3.7%. And
the stable time increases with the addition of thicknesses. For sample Y172, when the
thickness increases, the average pore connectivity is 0.026 and the penetration depth
is much smaller with inaccessible pores, so the ultimate imbibed porosity declines
with increasing thickness from 3.1% to 0.8%. The stable time of Y172 increases with
the thickness from 460 pm to 680 um before fluctuating around 1211 min, so the
penetration depth of Y172 is between 230 um and 340 pm.

(3) Comparing the samples around 400 um, the sample from the Qingshankou Fm has
the smallest stable time and the largest pore connectivity, but the ultimate imbibed
porosity is only 3.7%. The sample from the Shahejie Fm has a longer stable time and
the smallest ultimate imbibed porosity and pore connectivity. The samples from the
Liushagang Fm have the longest stable time and ultimate imbibed porosity and an
average pore connectivity of 0.097.

For further research on pore connectivity and ultimate imbibed porosity with our
method, different imbibition fluids and samples are suggested. In this study, we only used
deionized water as the imbibition fluid, which can only appraise water-wet pores. Oil-wet
fluid can investigate oil-wet pores, and amphiphilic fluid can examine mixed-wet pores.
Simultaneously, fracturing fluid and formation water are also suggested. We only used
shale as tested samples, and more samples are suggested, such as tight sandstone, carbonate,
clastic volcanic rock, and so on. Furthermore, more pore structure characterizations should
be conducted, such as nitrogen adsorption (NA), mercury intrusion porosimetry (MIP),
nuclear magnetic resonance (NMR), and so on, which could help to analyze the controlling
factors of pore connectivity and ultimate imbibed porosity.
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