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In this study, taking the Jurassic Lianggaoshan Formation (J,() tight sandstones in
the eastern Sichuan Basin as an example, the types and well-logging responses
of main sedimentological and diagenetic facies in the lacustrine delta-front are
investigated based on summarizing the sedimentary characteristics and reservoir
properties. Subsequently, further validation and application are conducted in
the study area through machine learning. Research results show that the Jy!
lacustrine delta-front in the eastern Sichuan Basin mainly develops subaqueous
distributary channels and mouth bar sand bodies, exhibiting typical densification
reservoirs, with porosity and permeability distributed between 0.48% and 11.24%
(av. 3.87%) and 0.0003-0.653 x 107> um? (av. 0.026 x 1073 um?), respectively.
Strong compaction and strong cementation are the primary factors leading to
densification, whereas chlorite coatings and weak dissolution play constructive
roles in preserving some primary pores, creating a small amount of dissolution
pores, and enhancing permeability. In terms of manifestation, the pore-throat
content with a radius greater than 0.006 um governs the reservoir quality.
Furthermore, five types of diagenetic facies are identified in the J;( subaqueous
distributary channels and mouth bars: strong compaction facies (Type 1), strong
cementation facies (Type ll), chlorite-coating and intergranular pore facies
(Type Ill), weak dissolution and intragranular pore facies (Type V), and medium
compaction and cementation facies (Type V). Overall, the thick and coarse-
grained subaqueous distributary channels can be considered as the preferred
exploration targets for tight oil and gas, with type Il and type IV diagenetic facies
being the most favorable reservoirs, characterized by well-logging responses of
high AC and low GR, DEN, and RT. Based on the fine division of sedimentological
and diagenetic facies, establishing well-logging interpretation models and
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then employing machine learning to achieve sweet spot reservoir prediction
can provide valuable insights for tight oil and gas exploration in regions
lacking core data.

KEYWORDS

sedimentological and diagenetic facies, well-logging response, machine learning
method, tight sandstone, Lianggaoshan Formation, eastern Sichuan Basin

1 Introduction

Since the beginning of the 21st century, the petroleum industry
worldwide has extended from conventional to unconventional
fields, with the United States and China leading the development
of unconventional hydrocarbon (Law and Curtis, 2002; Stephen,

2006; Kiilaots etal,, 2010; Soeder, 2018; Zhuetal, 2019)
and gradually forming the “symbiotic enrichment theory” of
conventional-unconventional oil and gas (Zouetal, 2013;

Yang et al., 2021; Jiaetal, 2023). Currently, the recoverable
resources of tight oil and gas account for approximately 40% and
45% of China’s recoverable oil and natural gas resources, respectively
(Sun et al,, 2019; Zou et al., 2022). Compared to the nascent shale oil
and gas and slowly developing coalbed methane, tight sandstones
have emerged as a focus area for energy replacement in China,
especially in the basins such as Ordos, Sichuan, Songliao, and
Bohai Bay that have achieved remarkable exploration achievements
(Jia et al., 2018; Dai et al.,, 2021; Guo et al., 2022; Wang et al., 2023).
As a crucial carrier for hydrocarbon migration and accumulation,
tight sandstones consistently stand at the forefront and core of
reservoir geological research; that is, the central objective of
seeking oil-gas accumulation zones is to locate the reservoir
sweet spots.

In the absence of tectonic activity, reservoir quality is jointly
influenced by the original sedimentary environment and later
diagenetic reconstruction, exhibiting a pattern of “facies control”
(Haile et al., 2018; Yang et al,, 2021; Alam et al., 2022; Kra et al,,
2022). Sedimentary processes control the spatial distribution of
sand bodies, and the original reservoir properties are determined
through rock composition and texture characteristics, such as
initial mineral composition, particle size, and sorting (Khalifa
and Morad, 2015; Bahrehvar et al., 2021; Lai et al., 2023). After
entering the burial environment, the sediments not only undergo
continuous mechanical compaction but also pass through a series of
water-rock reactions to modify the material and pore distribution,
ultimately forming the current reservoir characteristics, known
as diagenetic facies. Moreover, there is a spatiotemporal
correlation between diagenetic facies and sedimentary facies,
which means that there is certain regularity in the distribution
of diagenetic facies within sand bodies (Henaresetal, 2014;
Zhang et al., 2014; Wang et al., 2017).

Early diagenetic facies were proposed as an important
approach to solve the diagenesis and heterogeneity in carbonate
reservoirs (Packham and Keith, 1960; Railsback, 1984). Later, it
was continuously supplemented and developed in research on
sandstone reservoirs, but a unified concept and division scheme
have not yet been formed. Railsback (1984) regarded diagenetic
facies as rock masses or geological units with different diagenetic
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textures, and after being introduced into China, this concept
was extended to a comprehensive representation of diagenetic
environments and products, encompassing the sum of petrological,
geochemical, and petrophysical characteristics (Chen and Liu,
1994). To date, many scholars emphasize that diagenetic facies
are physical manifestations reflecting the diagenetic environment
(Carvalho et al., 1995; Dill et al., 2005; Zheng et al., 2007; Zou et al.,
2008; 2013; Laietal, 2018). This includes the aforementioned
diagenetic products as well as the intensity of diagenetic events
revealed by them, including comprehensive characteristics such
as rock particles, cement types, petrofabrics, pores, and fractures
(Zou et al., 2008; He et al., 2011). Moreover, due to differences in
classification criteria, there is no convention for naming diagenetic
facies. Factors such as reservoir lithology, porosity and permeability,
pore type, diagenetic event, and the intensity and combination
of diagenesis are all involved in this context (Cao etal, 2015;
Mou etal., 2016; Laietal, 2019; Fang, 2020; Wuetal, 2020;
Lietal, 2022). However, the common understanding is that the
diagenetic facies, based on revealing the current characteristics
and genesis of reservoirs, summarize the regional diagenetic
evolution patterns (Cui et al.,, 2017; Liu et al., 2018; Lai et al., 2019;
Lietal, 2020). Well-logging data record multiple information
such as mineral composition, lithological combination, pore
structure, porosity, and permeability in rocks, with outstanding
characteristics of good vertical continuity, high resolution, and
low economic cost, providing a scientific basis for identifying
diagenetic facies in sections lacking core samples (Lai et al., 2020;
Wu et al., 20205 Li et al.,, 2022; Zhao et al., 2022). The widely used
methods based on well-logging data include cross-plot, spider chart,
mathematical analyses (Fisher discriminant analysis and factor
analysis), and neural network algorithms (probabilistic neural
network and BP neural network) (Laietal.,, 2018; 2019; Lietal,,
2022; Zhao et al., 2022; Zheng et al., 2022).

The tight sandstones of Lower Jurassic Lianggaoshan Formation
(J,)) have become a new exploration focus in the Sichuan Basin,
owing to its shallow burial and low exploration costs (Zhang, 2021;
Zhang and Yang, 2022; Cheng et al., 2023a). Previous studies have
indicated that the geological resources of the J,I tight gas in the
eastern Sichuan Basin reach 2.0 x 10%, and abundant hydrocarbon
shows, including industrial oil and gas flows, have been discovered
in over 50 wells (Zou et al., 2018; Zhang, 2021; Yi et al., 2022). In
view of the heterogeneity of the reservoir of the J, tight sandstones,
containing differences in porosity and permeability, pore-throat
structure, and diagenesis, this study investigates the joint control
of sedimentological and diagenetic facies on reservoir quality.
This not only contributes to understanding the mechanisms and
processes of reservoir densification but also accurately serves as the
optimization of exploration targets.
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FIGURE 1
Structural divisions of the Sichuan Basin (A) and the J,! stratigraphic characteristics in well LD2, eastern Sichuan Basin (B). F;, Anninghe fault; F,,
Longmen Mountain fault; F;, Chengkou fault; f;, Pengguan fault; f,, Xiongpo fault; f;, Longquan Mountain fault; f,, Huaying Mountain fault; f5, Qiyue
Mountain fault; fg, Wanyuan fault; f;, Emei—Washan fault; fg, Hanyuan fault; fg, Puxiong river fault; f;o, Yadu-Mashan fault.

Regional geological background

The Sichuan Basin is located in the northwest of the Yangtze
Plate and is a large superimposed basin based on rigid granite,
with abundant marine and continental petroleum resources
(Korsch et al., 1991; Yokoyama et al., 2001; Wang CY. et al., 2022;
He, 2022). The periphery of the basin is surrounded by the
Longmen Mountain fold-thrust belt, Micang Mountain uplift
belt, Daba Mountain fold-thrust belt, Chuanxiang depression
fold-thrust belt, Loushan fold-thrust belt, Emei-Washan fault
zone (Zhaoetal, 2012; Wangetal, 2020; Huangetal., 2023;
Kaneetal., 2023). In addition, the interior of the basin is
divided into six secondary structural units: western Sichuan
depression, northern Sichuan depression, central Sichuan slope
belt, southwestern Sichuan slope belt, southern Sichuan fold belt,
and eastern Sichuan fold belt (Zhuetal, 2018; Wang XJ. et al.,
2022; Figure 1A). Among them, the eastern Sichuan fold belt is
separated from the central Sichuan slope belt by the Huaying
Mountain fault, bordering the Daba Mountain fold-thrust
belt in the north and the South China fold system in the
southeast (Figure 1A).
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Under the tectonic setting of compressional orogeny following
the Indosinian Movement (Sengor, 1985; Xu et al., 2012), the Micang
Mountain and Daba Mountain in the northeast margin of the
basin rapidly uplifted in the early Jurassic and transported a
large amount of terrigenous clastics into the basin as the main
provenance areas (Lietal, 2018; Mengetal,, 2022; Chengetal,,
2023b). Additionally, the secondary provenance area known as the
Xuefeng uplift is developed in the southeastern part of the basin
(Zheng et al., 2019; Cheng et al., 2023b). Against the backdrop of
multiple transitions from shallow to semi-deep lake depositional
environments, the Jurassic system in the eastern Sichuan Basin
is successively developed from the bottom to top as follows:
the Ziliujing Formation (J,z), Lianggaoshan Formation (J,/), and
Shaximiao Formation (J,s), with widespread delta sedimentary
facies in J;I (Wang ZC. etal.,, 2022; Yietal.,, 2022; Chengetal,,
2023a; Yu et al., 2023). Under the comprehensive control of factors
such as paleoclimate change, lake-level fluctuation, and ancient
source supply, the mudstones of the prodelta and semi-deep lake
are vertically superimposed with the sandstones of delta front,
forming a favorable configuration of hydrocarbon source rocks and
reservoirs (Figure 1B).
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3 Samples and testing methods
3.1 Sample collection

Based on the core observation of six wells (TD021-X8, TD109,
YT1, YD003-H2, ZX1H, and YJ1H) in the eastern Sichuan Basin,
this study additionally supplemented five outcrops to summarize
the sedimentary characteristics, namely, QLX (107°44'37"E,
31°11'49"N), TBS (107°31'32"E, 30°36'1"N), AJY (107°52'20"E,
30°47'52.2"N), DYZ (109°1’31.2"E, 30°59'44.4"N), and KLZ
(109°28'49.2"E, 31°5'41.5"N) profiles (Figure 1A). All the samples
were taken from intact block rocks on the core and outcrop,
and all the samples were sandstone, except mudstone for major
and trace elements. A total of 605 samples were tested at the
State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation (Chengdu University of Technology), including
63 casting thin sections, 173 particle-size analyses, 174 X-ray
diffraction (XRD) analyses, 14 whole-rock major and trace elements,
10 scanning electron microscopic (SEM) observations, 16 high-
pressure mercury injection (HPMI) analyses, and 155 porosity and
permeability testing.

3.2 Testing methods

3.2.1 Analyses of minerals and rocks

According to the rock thin-section preparation standard
SY/T 5913-2021 of Chinas petroleum and gas industry, rock
samples were polished to a thickness of approximately 0.03 mm
and stained with a mixed solution of alizarin Red S and
potassium ferrocyanide to prepare casting thin sections. The
mineral composition and structure of rocks were then observed
using a Zeiss AxToScope.AlApoL polarizing microscope. XRD
testing requires first grinding the dried sample to a particle
size smaller than 200 mesh and later obtaining the spectrum
using a D/Max-2500 X-ray diffractometer, with specific testing
conditions of 1° emission slit, 0.3 mm receiving slit, 2°/min scanning
speed, and 0.02° sampling width. In response to the fine-grained
rocks in the study area, particle size analyses were conducted
in accordance with the standard of SY/T 5434-2018, using an
APA2000 laser particle size analyzer as the testing instrument. In
addition, the major element determination was carried out using
an Axios PW4400 X-ray fluorescence spectrometer, and the trace
elements were conducted using a Thermo XSERIES 2 inductively
coupled plasma mass spectrometry (ICP-MS), both with an analysis
accuracy of £5%.

3.2.2 Analyses of reservoir characteristics

The porosity and permeability related to reservoir evaluation
were tested following the core analysis practices of the standard SY/T
5913-2006, using instruments such as the UltraPore-200 A helium
porosimeter and ULTRA-PERM™200 permeameter, respectively.
SEM testing was performed under an FEG 450 scanning electron
microscope to identify mineral types and pore morphology, with the
standard of GB/T 18295-2001. The minimum pore radius measured
using the AutoPore IV 9505 mercury porosimeter can reach 5 nm,
which is suitable for characterizing the pore-throat structure of tight
sandstones (Cai et al., 2019; Zhang et al., 2019).

Frontiers in Earth Science

10.3389/feart.2024.1441548

4 Results
4.1 Sedimentary characteristics

4.1.1 Marks of sedimentary facies identification

Rock colors: in the eastern Sichuan Basin, the J,I cores
and outcrops display a rich variety of rock colors, including
reduced colors such as black, grayish black, and dark gray, as
well as reddish brown, grayish green, and grayish white formed
in oxidizing conditions (Figures 2A-C). Meanwhile, the color of
mudstones changes regularly, from grayish black and dark gray in
the J,/* segment to gray, grayish green, and reddish brown in the
J,I* segment (Figure 1B), indicating that the ],/ water body is shifting
from deep to shallow and frequent small-scale lake transgression and
regression cycles.

Petrology characteristics: the content of the argillaceous matrix
in the J; I sandstones ranges from 2% to 9%, with an average value of
about 6%, making it an arenite. Thin sections show that the particle
sizes are relatively fine, distributed in the range of 0.06-0.25 mm,
and the rocks exhibit a particle-supported texture, with moderate
sorting and a sub-rounded to hypo-edge angle in roundness
(Figure 2D). The main types of sandstones are feldspathic litharenite
and lithic arkose (Figure 2E). Among them, the content distribution
ranges of quartz, feldspar, and rock debris are 52.53%-66.22%,
13.40%-26.46%, and 17.35%-29.29%, with the average contents of
56.50%, 22.42%, and 21.08%, respectively. Furthermore, in terms of
rock debris types, sedimentary rock is predominant, with a relative
content of 47.67%, followed by metamorphic rock, with a relative
content of 44.96% (Figure 2F).

XRD testing of the core and AJY outcrop samples further
revealed the mineral characteristics of “high content of quartz
and feldspar, as well as low content of calcite and dolomite” In
sandstones, the quartz content generally ranges from 26.3% to
88.4% (av. 52.98%), and the contents of plagioclase and K-feldspar
account for 0.7%-38.4% (av. 21.79%) and 1.4%-23.2% (av. 6.38%),
respectively. Correspondingly, the average contents of calcite and
dolomite are only 2.2% and 0.59%, respectively (Table 1). The
content of clay minerals is distributed between 8.3% and 36.1%,
with an average value of 18.03%. Combined with the lower content
of the argillaceous matrix, it reflects a stronger cementation of
clay minerals in the later diagenetic stage. Kaolinite is commonly
developed in clay minerals, with a content range of 6.4%-47.0% and
an average content range of 20.41%. Chlorite and illite are quite
similar, with average contents of 16.4% and 15.0%, respectively. In
addition, minerals such as siderite, pyrite, and anhydrite are rare,
and their contents generally do not exceed 1.4% (Table 1).

Sedimentary structures: in the J;/ sandstones, bedding
structures characterized by abundant trough cross-bedding
(Figure 3A) and parallel bedding (Figure 3B) reflect strong
hydrodynamic conditions. Additionally, wedge-shaped cross-
bedding (Figure 3C), wavy bedding (Figure 3D), and flaser bedding
(Figure 3E) can also be observed, revealing the hydrodynamic
forces of waves and tides. Oblique bedding in fine sandstones is
interbedded with the horizontal bedding in mudstones (Figure 3F),
indicating the alternating variations in sediment dynamics. As the
river energy gradually weakens, fine-grained sediments such as
siltstones and argillaceous siltstones form wave-ripple bedding
and climbing ripple bedding under the repeated wave erosion
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(Figure 3G), often accompanied by reverse grading. Due to the
erosion of the overlying sandstone into the underlying mudstone,
a bottom surface of scour is formed (Figure 3H), which usually
indicates the presence of strong hydrodynamic channel deposition.
Additionally, flame structure, ball-pillow structure, and convolute
bedding are also common deformation structures near the
sand-mud contact surface (Figures 31, J). Fossils and bioglyphs are
developed in the study area, such as Muschel sandstone (Figure 3K),
shell mudstone (Figure 3L), bioturbation structure (Figure 3M),
and phytoclast (Figure 3N), which further confirm the sedimentary
background of shallower water and nearby provenance.

4.1.2 Sedimentary environments

Geochemical methods are widely used in the restoration and
reconstruction of sedimentary environments. For example, the
values of Sr/Cu, Rb/Sr, K,0/AL,O;, and paleoclimate index C
are considered as effective indicators for discussing paleoclimate
(Beckmann et al., 2005; Moradia et al., 2016; Cai et al., 2023). The
ratio of metal elements such as V, Cr, Co, and Ni can be used
to distinguish paleo-redox conditions, and parameters like Sr/Ba
and Rb/K are employed to characterize the paleosalinity of water
bodies (Jones and Manning, 1994; Wei and Thomas, 2020). In
addition, the relative contents of elements Al and Ti are applied
to analyze the input intensity of terrigenous clastics (Greber and
Dauphas, 2019; Han et al., 2022).
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In the J,* segment, K,0/AlL,O; values are all below 0.2, with
a maximum value of 0.188, indicating an overall warm and humid
paleoclimate. The paleoclimate index C values are relatively large,
especially for the lower three samples, all of which exceed 0.80 with
an average value of 1.02, further confirming this conclusion. The
test results of the J;I° 11 rock samples show that the distribution
range of K,0/Al,O5 values slightly increases to 0.165-0.270, with
an average value of 0.205, and the paleoclimate index C values
decrease to 0.59-0.86, with an average value of 0.76, both revealing
the development of a semi-humid to semi-arid climate. Overall,
the paleoclimate transitioned from warm and humid to later
semi-humid conditions. After experiencing a short-term dry heat
fluctuation, the characteristics of drought and heat are obvious in
the early stage of J,S (Figure 4).

According to the V/Cr parameter boundary proposed by Jones
and Manning (1994), the ],/ sedimentary water body can be
divided into two stages: hypoxic environment and oxygen-rich
environment (Figure 4). In the J,/* segment, except for the bottom
sample with a V/Cr value of 1.25, the V/Cr values of the other
samples range from 1.56 to 4.63, with an average of 2.37, indicating
a typical reducing environment. In the later stage, the V/Cr values of
the J, I samples significantly decrease to the range of 1.50-2.29, with
an average value of 1.73, reflecting the transition of the water body
from hypoxia to relatively oxygen enrichment. The variation trend of
Ni/Co values is similar to that of V/Cr values, which also reveals the
difference in the oxygen content of the water, but all the Ni/Co values
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TABLE 1 (Continued) XRD test results of the J,[ tight sandstones in the eastern Sichuan Basin.
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are smaller than the previous boundary of 5.00 between poor and
rich oxygen. On the one hand, this implies that the oxygen content
in the study area is relatively low but still insufficient to be clearly
defined as hypoxic conditions. On the other hand, this may reflect
certain differences in the sedimentary response of continental and
marine basins.

The paleosalinity can also be divided into two evolutionary
stages: the J,[* segment characterized by salt water and the J,F
segment characterized by brackish water (Figure 4). The Sr/Ba value
of the sample in the 6th sub-layer is relatively low, at 0.327, and then
rapidly increases to 2.24 in the 21st sub-layer. Contrary to it, the
Rb/K value gradually decreases from 0.007 at the bottom to 0.001,
providing further confirmation of the brackish water environment.
Form the J, I period to the early J,s stage, the distribution range
of Sr/Ba values is 0.078-0.372, with an average value of 0.157, and
the Rb/K values range from 0.004 to 0.007, with an average value
of 0.005. Two types of parameters indicate that the water salinity
decreased, with brackish water being the main component.

Under the warm and humid paleoclimate background of
the early J,/ Formation, the Si/Al and Ti/Al values in the J;/*
segment decreased significantly, which indicates relatively weak
input intensity of terrigenous clastics, dropping from 3.176 to 0.063
in the 9th layer to 3.092 and 0.046 in the 21st layer, respectively.
Controlled by the overall lake regression in the J;I° segment, the
sand bodies show significant progradation characteristics. The Si/Al
and Ti/Al values of the ],/ samples are distributed in the ranges
of 2.703-3.365 and 0.037-0.052, with average values of 3.118 and
0.048, respectively, which are slightly higher than those in the
J, ¥ segment (Figure 4).

4.2 Reservoir qualities

4.2.1 Porosity and permeability

A total of 155 measured data of the J,/ sandstones reveal that
the porosity (@) and permeability (K) range from 0.48% to 11.24%
and from 0.0003 x 107> pm? to 0.653 x 107> um?, with average
values of 3.87% and 0.026 x 10~ um”. Among them, the samples
with porosity less than 6% account for 71.0% and the samples with
permeability less than 0.05 x 10~ um? account for 91% (Figure 5A),
indicating typical tight and ultra-tight sandstone reservoirs. In
addition, there is a significant positive correlation between porosity
and permeability as a whole, and there are two types of abnormal
cases. Type A is characterized by low porosity with relatively high
permeability, which may be due to the presence of micro-fractures
enhancing the reservoir’s permeability. Type B is characterized by
relatively high porosity with low permeability, suggesting that the
reservoir space may be dominated by primary pores (Figure 5A).
Excluding the two types of abnormal data, the positive correlation
coefficient of the remaining porosity and permeability data is
about 0.0428.

4.2.2 Pore-throat structures

Consistent with low porosity, reservoir spaces of the J,!
sandstones are generally underdeveloped, primarily comprising
original intergranular pores, secondary dissolution pores, and a
few micro-fractures (Zhang et al., 2022; Yu et al., 2023). The micron
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FIGURE 3

Sedimentary structures of the J,( tight sandstones in the eastern Sichuan Basin. (A) Well YD003-H2, 2104.3 m, J,[° segment, trough cross-bedding; (B)
KLZ outcrop, J,° segment, parallel bedding; (C) KLZ outcrop, J,I* segment, wedge-shaped cross bedding; (D) KLZ outcrop, J,/* segment, wavy
bedding; (E) well YT1, 2167.3 m, J;°* segment, flaser bedding; (F) TBS outcrop, J;/* segment, oblique bedding and horizontal bedding; (G) well ZX1H,
1909.3 m, wave-ripple bedding; (H) well TD021-X8, 1800.62 m, J;° segment, bottom surface of scour; (I) well TD109, 1330.9 m, ball-pillow structure;
(J) well TD109, 1331.1 m, convolute bedding; (K) KLZ outcrop, J,/* segment, Muschel sandstone; (L) well ZX1H, 1896.9 m, J,* segment, shell mudstone;
(M) well YT1, 2152.3 m, J,F° segment; and (N) well YT1, 2152.3 m, J,/* segment, phytoclast.
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FIGURE 4
Geochemical profile and depositional environment of J,l in AJY outcrop, eastern Sichuan Basin.
pores are connected by nanoscale throats, and the maximum pore-  range from 0.007 to 0.163 um (Figure 5B). Meanwhile, the sorting

throat radius is 1.085 um. The mean values of pore-throat radii are  coefficient and homogeneity coeflicient of pore-throat structures are
distributed in the range of 0.011-0.09 pm, and the median values  concentrated within the ranges of 0.99-2.27 and 0.22-0.31, with
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Reservoir properties and pore-throat structures of the J;( tight sandstones in the eastern Sichuan Basin. (A) Distribution characteristics of porosity and
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average values of 1.67 and 0.25, respectively, indicating that the pores
and throats are not only tiny but also poorly sorted and highly
heterogeneous. Comparing the samples with significant differences
in mercury saturation, it is found that the oil saturation of tight
sandstones is positively correlated with porosity and permeability
but fundamentally depends on the maximum throat radius. For
example, in Figures 5C, D, the samples with a mercury saturation
of 83.7%-93.9% exhibit pore-throat radii ranging from 0.006 to
0.053 pum, whereas radii of the samples with a mercury saturation of
36.5%-49.4% are significantly reduced to 0.006-0.018 pum. However,
the common feature is that the permeability of all samples is mainly
contributed by the larger pore-throats. In contrast, the pore-throats
with smaller radii may accumulate relatively large volumes but
limited contribution to permeability.

5 Discussions

5.1 Sedimentological and diagenetic facies
5.1.1 Types and characteristics of sedimentary
micro-facies in lacustrine delta-front

Under the continuous debris supply from the two provenance
systems in the northeastern and southeastern Sichuan Basin
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(Yietal, 2022; Cheng et al., 2023a; 2023b; Figure 1), sand bodies of
the delta-front sub-facies are widely distributed in the study area,
and the sedimentary micro-facies such as subaqueous distributary
channels (SDC), mouth bars (MB), and sheet sands (SS) can be
identified (Figure 6).

As the framework of the delta-front, the subaqueous distributary
channels mainly deposit fine sandstones and siltstones, with
obvious normal-graded bedding and bottom surface of scour
(Figures 3H, 6). Vertically, the superposition of multiple channels
creates a thick composite sand body, whose thickness and
scale are controlled by the intensity and duration of flowing
water, presenting a box-shaped or bell-shaped well-logging curve
(Figure 6). On the plane, the channels extend far, and trough cross-
bedding, wedge-shaped cross-bedding, and parallel bedding are
often developed in the sand bodies, with common deformation
structures (Figure 3).

After the fine-grained debris carried by the river enters
the lake, it accumulates at the estuaries and forms mouth
bars as the flow velocity decreases. The thickness of a single
sand body is approximately 0.3-2.0m, with reverse grading
and swash bedding as typical identification marks (Figures 3G,
6). At the same time, bioturbation structures and shell layers
can also be observed (Figure 3K), and the well-logging curve
is generally funnel shaped (Figure6). The sheet sand has the
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same structure as the mouth bars, with extensive cross-bedding but
few biological fossils.

5.1.2 Types and characteristics of diagenetic
facies in lacustrine delta-front

There are various types and multiple stages of diagenesis in the
study area, and compaction and carbonate cementation are the most
prominent and destructive to the reservoir quality. Although chlorite
coatings and dissolution processes have increased the porosity and
permeability to some extent, their effects are not significant. The
relatively finer particles and higher content of the argillaceous
matrix lead to strong compaction of the rock, with the particles
exhibiting an overall linear contact relationship (Figure 7A), and
the mica and debris particles are deformed due to compression
(Figure 7B). After staining, calcite cement appears red under the
microscope, filling intergranular pores and secondary dissolution
pores (Figures 7C, D). It is found that the lowest and highest
temperatures of fluid inclusions in calcite cement are 57.9° and
125°, respectively (Liu AQ. et al., 2023; Figure 7E), with the majority
occurring in the late stages and often within the sand bodies near
mudstones. The siliceous cementation event also occurs in two
stages, and the thickest enlarged edge with a thickness of 1 mm
mainly fills intergranular pores (Figure 7F). The chlorite coatings
are usually formed before siliceous cementation and can even be
considered one of the earliest diagenetic events, coexisting with
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intergranular pores (Figure 7G). This may be because the chlorite
coatings resist a certain degree of compaction and pressolution
(Ehrenberg, 1993; Bloch et al., 2002; Huang et al., 2021) and also
hinder the contact between particles and pore fluids (Cho and
Fawcett, 1986; Ehrenberg, 1993; Worden et al., 2020). However, the
abundant intercrystalline pores in clay minerals may not completely
prevent the exchange of matter and energy between pore fluids
and particle surfaces. For instance, the feldspar wrapped in chlorite
coatings can also undergo dissolution (Figure 7H), as can the
siliceous nodules growing on chlorite flakes (Figure 71).

Based on the reference of particle contact relationship and
strength (Formula 1; Mou etal., 2017), pore-throat structure,
and plane porosity, the three parameters, namely, the apparent
compaction rate, apparent cementation rate, and apparent
dissolution rate, are calculated according to Formulas2-5
(Beard and Weyl, 1973; Yangetal, 2014; Laietal, 2018;
2023; Liu HK.etal, 2023). the compaction,
cementation, and dissolution are classified into three levels: strong,
medium, and weak (Table 2).

Furthermore,

la+1.5ab+2b+3c+4d
a+ab+b+c+d

Contact Intensity(CI) = (1)

« »

where “a” represents the number of samples with point contact
particles, “b” represents the number of samples with point-line

represents the number of samples with

« »

contact particles, “c
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FIGURE 7
Diagenetic characteristics of the J;( tight sandstones in the eastern Sichuan Basin. (A) Well ZX1H, 1763.54 m, J,[* segment, linear and concavo—convex

contact relationship between particles; (B) well TD021-X8, 1792.41 m, J;* segment, mica deformation under compression; (C) well ZX1H, 1815.13 m,
J,I° segment, strong calcite cementation; (D) well YT1, 2156.87 m, J,[° segment, calcite cement-filled dissolution pores; (E) well YT1, 2,158.38 m, J,°
segment, fluid inclusion temperature of calcite cement; (F) well ZX1H, 1823.31 m, J;°* segment, two stages of siliceous cementation; (G) well ZX1H,
1817.36 m, J,I° segment, chlorite coatings associated with intergranular pores; (H) well ZX1H, 1767.74 m, J,° segment, feldspar dissolution wrapped in
chlorite coatings; and (I) well ZX1H, 1793.16 m, J,[* segment, siliceous nodules growing on chlorite flakes.

TABLE 2 Classification criteria for diagenetic intensity of the J,[ tight sandstones in the eastern Sichuan Basin [modified from Yang et al. (2014),
Peng et al. (2016), and Liu et al. (2023)].

Diagenetic Compaction Cementation Dissolution
intensity
Reo (%) Cl Particle Ree (%) Cementation Ry (%) Pore type
contact type
relationship
Strong =70 =225 Linear and =70 Basal and porous =260 Intragranular
concavo-convex cementation dissolution pores
contact Interparticle
dissolution pores
Mold pores
Medium 30-70 1.5-2.5 Point-line 30-70 Contact 30-60 Small-diameter
contact cementation dissolution pores
Weak <30 <1.5 Point contact <30 Mosaic <30 Scattered
cementation dissolution pores
Frontiers in Earth Science 12 frontiersin.org
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concavo-convex contact particles, and “d” represents the number of

samples with stylolite contact particles.
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Py
— x 100%,
P

a

Ry (5)

where @, and @, indicate the original porosity and current
residual intergranular porosity, respectively, the unit is %; S, is the

sorting coeflicient, dimensionless; R, R, and Ry represent the

CO>

apparent compaction rate, apparent cementation rate, and apparent
dissolution rate, respectively, all in percentage (%); V. and V,, refer
to the volume fractions of diagenetic cements and micropores in the
argillaceous matrix, %; and Py and P, stand for the plane porosity
of secondary dissolution pores, all pores in percentage (%). These
parameters are estimated through quantitative statistics of casting
thin sections under the microscope.

Based on the sedimentary micro-facies and anatomy of
sand bodies, and considering the relative intensities of various
diagenesis and predominant types of micro-pores, a composite
nomenclature is adopted in this study, using “sedimentary
micro-facies (sand body parts) + typical diagenetic events +
predominant pore types.” Five diagenetic facies, including strong
compaction facies (type I), strong cementation facies (type II),
chlorite-coating and intergranular pore facies (type III), weak
dissolution and intragranular facies (type IV), and medium
compaction and cementation facies (type V) have been identified
(Figure 8; Table 3). Metasomatism is common, but its impact
on reservoir quality is limited, so no further discussion will be
conducted here.

In well ZX1H, the strong compaction facies (type I) and
strong cementation facies (type II) are mainly distributed in MB
and SS with the finer particle size and higher content of the
argillaceous matrix, as well as along the edges of SDC, which
are characterized by the high R_, value of 73.2%-85.4% (av.
78.6%) and the R, value of 67.5%-78.7% (av. 72.3%), respectively.
Simultaneously, there is almost no secondary dissolution, and Ry
and P4 values are close to zero (Figure 8; Table 3). The chlorite-
coating facies and weak dissolution facies improve the reservoir
quality by protecting the primary intergranular pores or increasing
the secondary intragranular pores (Figure 8), with the average
porosities of 5.95 and 7.05 significantly higher than 1.42 and 1.84
of type I and type II diagenetic facies (Table 3). The R_, and
R.. parameters indicate that both of them are characterized by
moderate compaction and weak cementation diagenesis, whereas
Ry and P4 reveal varying degrees of dissolution (Table 3). It
is clear that type III and type IV diagenetic facies in the
middle of SDC and the top of MB are indicators for finding
favorable reservoirs in the study area (Figure 8). The medium
compaction and cementation facies (type V) are common in
siltstones and fine sandstones at the top and bottom of SDC,
resulting in porosity ranging from 1.96% to 7.40%, with an average
value of 3.75% (Table 3).

5.2 Well-logging responses of
sedimentological and diagenetic facies

When the matrix minerals of rocks, that is, the sedimentary
facies, are essentially determined, the differences in diagenetic
characteristics, pore structures, and physical properties of
various diagenetic facies lead to their different responses
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on well-logging data. On the basis of deep repositioning
of core samples and standardization of well-logging curves,
the longitudinal continuous identification of diagenetic facies
can be achieved by summarizing the well-logging response
patterns of different diagenetic facies (Pengetal., 2016; Lai
Jetal., 2018; Liu AQ.etal, 2023). Natural gamma (GR) ray
well logging can reflect the sedimentary environment and
lithology, and density (DEN), interval transit time (AC), and
neutron porosity (CNL) well logging are intuitive displays of
reservoir physical properties, whereas resistivity well logging can
indirectly reflect the pore structures of reservoirs (Cao etal.,
2015; Huang et al., 2022). Therefore, according to the correlation
among GR, AC, RT, DEN, CNL, and diagenetic facies, well-logging
identification standards for diagenetic facies have been established
(Figure 9; Table 3).

First, by intersecting GR with RT and AC, respectively, the
constructive type III and type IV diagenetic facies can be clearly
distinguished from the destructive type I and type II diagenetic
facies, whereas the transitional type V intersects with both of
them (Figures 9A, B). Affected by strong compaction and relatively
high content of argillaceous matrix, type I diagenetic facies is
characterized by high amplitude GR in the range of 63.6-116.8
API (av. 100.9 API) and medium amplitude RT in the range of
55.4-260.8 Qem (av. 101.1 Qem) (Table 3). After being strongly
cemented by calcite, the reservoir porosity decreases, and the rock
density increases, resulting in “three high and two low” well-
logging responses of type II diagenetic facies, that is, high RT
(59.6-1420.7 Qem, av. 445.4 Qem), high DEN (2.63-2.70 g/cm?,
av. 2.65 g/cm?), high GR (97.1-114.5 AP, av. 104.7 API), low
CNL (8.0%-21.3%, av. 14.5%), and low AC (58.4-68.6 ps/m,
av. 64.1 us/m) (Figures 9A-E; Table 3). On the contrary, the
development of chlorite coatings is beneficial for maintaining
porosity, as evidenced in well-logging data by low GR (55.0-79.6
API, av. 68.3 API), low RT (18.3-117.6 Qem, av. 76.2 Qem),
low DEN (2.43-2.60 g/cm?, av. 2.52 g/cm?), and relatively high
AC (60.1-80.8 ps/m, av. 68.7 ps/m), along with moderate CNL
(9.5%-24.5%, av. 15.4%) as typical features (Figures 9A-E; Table 3).
The well-logging responses of type IV diagenetic facies are
essentially consistent with these, with only slight increases in RT
and CNL, ranging from 66.6 Qem to 132.1 Qem (av. 92.8 Qem)
and 6.0% to 27.7% (av. 16.3%), respectively (Table 3). The radar
chart indicates that as favorable tight sandstone reservoirs, type
III and type IV diagenetic facies can be identified by high AC
and low GR, DEN, and RT, whereas the ineffective exploration
targets of type I and type II diagenetic facies exhibit high GR, DEN,
CNL, and RT (Figure 9F).

5.3 Machine learning method of
sedimentological and diagenetic facies and
its application

Machine learning can efficiently process large-scale geological
data, including geophysical data and chemical properties of rock
samples. In the processing, machine learning fully excavates
well-logging information, automatically selects key parameter
features related to sedimentological and diagenetic facies, and
accelerates data decision-making behaviors, reducing subjectivity
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TABLE 4 Machine learning models and prediction results of the J,[ diagenetic facies in the eastern Sichuan Basin.

AC (us/m)

Sample DEN

no.

CAL (cm) CNL (%)

RXO
(Qem)

GR (API) | RT (Qem)

0 65.559 9.169 11.572 2.664

(g/cm3

103.105 54.534 50.788 Type I Strong

compaction
facies

1 66.381 9.820 13.498 2.604

124.422 39.383 36.643 Type I Strong

compaction
facies

2 67.803 10.021 16.844 2.565

127.910 30.057 27.748 Medium

compaction

Type V

and
cementation
facies

3 67.629 9.849 24.650 2.541

120.058 23.508 21.481 Chlorite-

coating and

Type III

intergranular
pore facies

4 67.205 9.708 25.402 2.543

111.427 24.251 22.053 Type IV Weak
dissolution
and
intragranular

pore facies

9,806 67.778 9.493 14.675 2.396

82.379 20.178 21.717 Type I Strong

cementation
facies

9,807 67.780 9.149 14.675 2.307

80.447 20.195 21.698 Type II Strong

cementation
facies

9,808 67.809 7.805 14.583 2.256

78.224 20.261 21.729 Chlorite-

coating and

Type III

intergranular
pore facies

9,809 67.780 6.788 14.824 2.238

79.169 20.390 21.849 Type III Chlorite-

coating and
intergranular
pore facies

9,810 67.787 6.310 14.751 2.246

82.098 20.397 21.918 Chlorite-

coating and

Type III

intergranular
pore facies

and human errors (Zhengetal, 2021; Antariksaetal,, 2022;
Zhao et al., 2022; Gu et al., 2023; Hansen et al., 2023). The common
prediction models include decision tree algorithm, random
forest algorithm, and Bayesian algorithm (Zhengetal., 2021;
Antariksa et al.,, 2022; Hansen et al., 2023). For the identification
of diagenetic facies in logging, probabilistic neural network is used,
and the simulated classification surface is close to the surface under
the Bayesian optimal criterion.

On the basis of the mentioned sedimentological and diagenetic
facies and their well-logging responses, CAL and RXO well-logging
data are added to the well-logging database after standardization,
serving as the input data for machine learning. In order to
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enhance the model’s generalization ability, 70% of the data are
randomly extracted as the training samples (Table 4). During the
training process, the remaining 30% data are used as the validation
dataset to test the recognition results of different well-logging
combinations. As shown in Figure 10, five of the six thin sections
from well TD021-X8 match the expected values, and the overall
accuracy of the training results is around 75%, indicating that
the training results are relatively reliable. The diagenetic facies of
type III and type IV are mostly developed in the middle of thick
subaqueous distributary channels (Figure 10), making them the
preferred exploration targets for favorable reservoirs in lacustrine
delta-front tight sandstones.
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6 Conclusion

Taking the J,I delta-front tight sandstones in the eastern
Sichuan Basin as a case, the types, characteristics, and well-logging
responses of the main sedimentological and diagenetic facies were
analyzed in detail, and the understanding was further applied to
petroleum exploration by means of the machine learning method.
The main conclusions are as follows.

(1) Under the warm and humid paleoclimate and lake
transgression and regression cycles, J;I develops lacustrine
delta-front sub-facies, which are mainly characterized by
subaqueous distributary channels and mouth bars.

(2) The J,I sandstones exhibit typical dense features, with porosity
and permeability in the range of 0.48%-11.24% (av. 3.87%) and
0.0003 x 107 pm?-0.653 x 107> um? (av. 0.026 x 10~>um?),
respectively, and the reservoir quality largely depends on the
pore-throat content with radii greater than 0.006 um. Strong
compaction and cementation are the major diagenetic events
leading to densification, whereas chlorite coatings and weak
dissolution, as constructive diagenetic processes, retain some
primary pores and increase a few dissolution pores.

(3) According to the types and development degree of

sedimentary micro-facies, diagenesis, and pore-throats, five

sedimentological and diagenetic facies have been identified in
the J, I tight sandstones, namely, strong compaction facies of

MB and SS (type I); strong cementation facies of MB, SS, and

the edge of SDC (type II); chlorite-coating and intergranular

pore facies in the middle of SDC and the top of MB (type

I1I); weak dissolution and intragranular facies in the middle of

SDC and the top of MB (type IV); and medium compaction

and cementation facies at the top and bottom of SDC (type V).

(4) The sedimentological and diagenetic facies of type III and

type IV are favorable tight sandstone reservoirs in lacustrine

delta-front, characterized by high AC and low GR, DEN,
and RT in well logging. On the basis of the sedimentological
and diagenetic facies and their well-logging responses, CAL
and RXO well-logging data are added to the well-logging
database after standardization, serving as the input data
for machine learning. In addition, the training results are
relatively reliable. The thick-layer, coarse-grained subaqueous

distributary channels, in which the diagenetic facies of type III

and type IV are mostly developed, have been identified as the

primary exploration targets for tight hydrocarbon reservoirs.
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