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Abstract: The requirements for the accurate characterization of shoal sediments have increased in
view of the fact that strata are eroded due to uplift and it is difficult to calculate the real thickness
of granular shoal. To solve this problem, with the shoal-to-strata ratio, the type and distribution
range of carbonate rock shoal facies are described, and the characterization of sedimentary facies
is subsequently presented. Taking the P2m2a in Eastern Sichuan as an example, the following
conclusions were obtained. (1) The primary rock types of the shoal facies of the P2m2a are bioclastic
limestone and micrite limestone. The logging facies of platform margin shoals, intra-platform high-
energy shoals, intra-platform low-energy shoals, and sloping low-energy shoals are large funnel-type,
small funnel-type, box-type, and finger-like, respectively. The platform margin shoals and intra-
platform high-energy shoals are imbricate seismic facies, and the intra-platform low-energy shoals
and sloping low-energy shoals are S-type progradation seismic facies and oblique progradation.
(2) The shoal-to-strata ratio of platform margin shoals is the highest, followed by intra-platform
high-energy shoals, intra-platform low-energy shoals, and sloping low-energy shoals. (3) Shoal facies
deposits have a certain controlling effect on gas production, and platform margin shoals have greater
exploration potential. (4) This example shows that in the areas where carbonate rock strata are eroded,
compared with the method of characterizing the sedimentary facies of carbonate rock using the shoal
thickness, the shoal-to-strata ratios are more accurate. (5) The planar distribution diagram of the
shoal-to-strata ratio can be used as a supporting map for compiling sedimentary facies maps. This
method is worth applying in related research fields.

Keywords: shoal-to-strata ratio; carbonate rock shoal facies; Eastern Sichuan area; carbonate rock
P2m2a; platform margin

1. Introduction

As development and research related to the oil and gas sector continuously increase, it
is necessary to carry out sedimentary facies analysis to identify favorable reservoir facies
belts. The study of sedimentary facies and sub-facies, especially microfacies, is vital for the
development of subtle oil and gas reservoirs [1,2]. In recent years, it has been found that a
large amount of oil and gas is stored in the reservoirs of shoal facies [3–5], indicating that
favorable shoal facies are important for the formation of oil and gas reservoirs [3,6–13]. An
important factor restricting the progress of oil and gas exploration is the poor understand-
ing of the distribution regularity of shoal facies [14,15]. Many researchers have conducted
extensive research on shoals, including the study of sedimentary environments [16], con-
trolling factors [17,18], and types and depositional patterns of shoals [19]. The results
from previous studies have shown that shoal facies can be formed in sedimentary environ-
ments of carbonate platforms, platform edges, gentle slopes, and tidal flats [16,20–22]. The

J. Mar. Sci. Eng. 2022, 10, 825. https://doi.org/10.3390/jmse10060825 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10060825
https://doi.org/10.3390/jmse10060825
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-2401-379X
https://doi.org/10.3390/jmse10060825
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10060825?type=check_update&version=2


J. Mar. Sci. Eng. 2022, 10, 825 2 of 18

quality of carbonate shoal facies reservoirs is controlled by sedimentary microfacies and
micro-paleo-geomorphic fluctuations.

In this study, we focused on granular shoals. Previous studies have shown that changes
in the thickness of granular rocks contribute to changes in micro-topography during the
depositional period. These changes control the likelihood of shoal facies developing.
Therefore, tracking changes in the thickness of granular rocks is the basis for the study
of sedimentary microfacies and the restoration of microtopography [23,24]. Presently, the
criteria for the traditional division of carbonate shoal facies are primarily based on the
cumulative thickness of the granular rocks. Taking each well as a control point, together
with statistical analysis of the cumulative thickness of granular rocks in the layer section
of an individual well, the distribution of granular shoal thickness can be plotted. Shoal
sedimentary facies were divided according to the thickness of the granular shoal. Combined
with the development zone of shoal sedimentary facies, the planar distribution of the
sedimentary facies was classified. For example, Chen (2014) divided the shoal facies
development zone of the Maokou Formation in Eastern Sichuan based on the thickness
of the granular shoals [25]. The greater the thickness of the granular shoal, the more
developed the shoal facies and the higher the depositional energy. Accordingly, the planar
distribution of the sedimentary facies in the Maokou Formation was clearly observed.
However, the existing study methods of shoal facies sedimentation rely heavily on the
cumulative thickness of granular rocks, without considering the influence of unconformities
on the thickness of granular shoals in some areas. The Maokou Formation in the Eastern
Sichuan Basin has been exposed for 1–3 Ma [26] owing to differential uplift during the
DongWu Movement. The strata experienced varying degrees of denudation, up to P2m2a in
some areas. However, the strata thickness of layers in the same section varies widely across
different areas, which may cause a significant change in the thickness of the granular shoal.
This is not a result of differences in sedimentary microfacies but rather from the influence
of exposure and denudation. Therefore, when dividing sedimentary facies according to
the thickness of the granular shoal without considering the thickness difference caused
by denudation, the difference in sedimentary regularity cannot be truly reflected. This
oversight may contribute to the failure of oil and gas exploration. To eliminate the influence
of the difference in the thickness of the granular shoal caused by exposure and denudation
of the strata, the distribution range of carbonate rock shoal facies in P2m2a was studied
using the shoals-to-strata ratio technique, and the sedimentary facies in the strata were
characterized accurately. In this study, we focused our work on the Eastern Sichuan Basin
in China.

2. Geological Background

The Eastern Sichuan region is under the jurisdiction of the Chongqing–Fuling Line and
includes counties such as Kaijiang, Wanzhou, Dazhu, Dianjiang, Fengdu, Yubei, and Fuling
in Chongqing (Figure 1). It is located in the southern Sichuan Basin, among Mounts Huay-
ing, Qiyao, and Daba. There are numerous ejective folds trending northeast–southwest in
Eastern Sichuan from west to east. This abnormally developed fault belt includes Tongluo
Gorge, Mingyue Gorge, and Huangnitang [25,27–29].

In early Permian times, the Sichuan Basin experienced extensive uplift and denudation,
and marine transgression occurred, forming high paleogeography in the west and low
paleogeography in the east. At the same time, the Liangshan, Qixia, Maokou, and Longtan
Formation/Wujiaping Formations were deposited successively in the eastern Sichuan
Basin. During the early depositional period of the Maokou Formation, tectonic extension
intensified, and the Sichuan Basin experienced the largest transgression event throughout
South China in the Permian. The sedimentary environment in Eastern Sichuan was mainly
a deep-water, mud-rich, open-sea environment. In the middle depositional period of
the Maokou Formation, sea levels continued to decrease, and the development area of
shoals increased. Under the joint control of basement faults and the extensional structural
environment [30,31], tectonic extension activity was further intensified. The craton intra-
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platform extensional trough developed in northeastern Sichuan, and platform marginal
deposits developed along the extensional trough. During the late depositional period of the
Maokou Formation, due to the DongWu Movement, the entire Eastern Sichuan area was
uplifted, and the Maokou Formation was severely eroded. The uneroded area is dominated
by open platform facies with abundant shoals.

Figure 1. Geographical location map of study area showing relevant fault lines and wells (modified
from [21]), and comprehensive histogram of Well Ban3.

According to the characteristics of lithological change, the Maokou Formation in
Eastern Sichuan can be divided into four sections from bottom to top: Mao 1, Mao 2,
Mao 3, and Mao 4. The second section of the Maokou Formation, Mao 2 (also referred
to as P2m2), can be further divided into subsections a, b, and c. The Maokou Formation
underwent varying degrees of denudation owing to the DongWu movement. The thickness
of the residual stratum was 50–210 m, with significant variation. Many eyelid and eyeball
limestones developed in the Mao 1 section, and bioclastic limestone developed in the Mao 2
section. In P2m2a and P2m2b, gray to dark gray medium-thick micritic bioclastic limestone
developed, which was well stratified. In the P2m2c subsection, mainly bioclastic micritic
limestone and argillaceous limestone developed, which are locally characterized by eyeball
eyelid structures. In the Mao 3 section, gray to dark gray medium-thick layered micritic
bioclastic limestone and bioclastic limestone developed, with many karst caves as well
(Figure 1). The Mao 4 section is severely eroded, and can only be observed locally in the
south, with the development of a weathering crust on the top.

3. The Technical Workflow for the Method of the Shoal-to-Strata Ratio

The workflow for the characterization of carbonate rock sedimentary facies using the
shoal-to-strata ratio as a technical method is as follows (Figure 2):

(1) Conduct a statistical study on the cumulative thickness of the granular limestone and
the thickness of the strata in the studied layer section.
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h = ∑n
i=1 hi

where h is the cumulative thickness of the granular limestone, n is the number of
granular limestone layers, and hi is the thickness of the ith layer of granular limestone.

H = D1 − D2

where H is the thickness of the strata, D1 is the bottom depth of the studied layer
section, and D2 is the top depth of the studied layer section.

(2) Calculate the ratio of the cumulative thickness of the granular limestone to the thick-
ness of the strata in the layer section under study, that is, the shoal-to-strata ratio.

R =
h
H

where R is the shoal-to-strata ratio, H is the thickness of the strata, and h is the
cumulative thickness of granular limestone.

(3) Compared with the single-well facies division, good correlation, and reservoir physi-
cal properties for determining the minimum empirical threshold of shoal facies and
the range value of various types of shoal facies, the values above indicate shoal
facies deposits.

(4) The shoal-to-ground ratio plane was compiled according to the minimum empirical
threshold and range of the various types of shoal facies.

(5) Based on the plane view of the shoal-to-strata ratio combined with analytical methods
(rock thin section identification, cathodoluminescence, etc.), the planar distribution
of sedimentary facies is plotted, and the characterization of sedimentary facies of
carbonate rock is described.

Figure 2. Flowchart of characterization of sedimentary facies of carbonate rocks using shoal-to-
strata ratio.
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4. Application Example
4.1. Markers for Shoal Identification

Field observations, drilling data, and core thin section observation results were com-
bined with a comprehensive analysis of logging curves. In addition, the carbonate sedi-
mentary facies division scheme based on the method by Wilson [32] suggests that P2m2a
in Eastern Sichuan is mainly composed of carbonate rock platform deposits, with the de-
velopment of four sub-facies, including open platform, platform margin, slope, and basin.
These sub-facies can further be divided into eight types of microfacies: intra-platform
high-energy shoal, intra-platform low-energy shoal, inter-shoal, open-sea, platform margin
shoal, sloping low-energy shoal, sloping mud, and ocean trough. By analyzing the petro-
logical and logging characteristics of different types of shoals in P2m2a, the markers for the
identification of shoals were summarized.

4.1.1. Petrological Markers

According to the classification scheme of carbonate rock proposed by Dunham [33],
the primary rock types of shoal facies of the P2m2a in the Eastern Sichuan area are granular
limestone and micrite limestone, with the observation of cores from limited coring wells
and thin section identification. The granular type includes bioclastic and algal debris and
one or several combinations. Bioclastic grains are primarily in the study area, with cement
dominated by sparry calcite and microcrystalline calcite.

The platform margin shoal facies are distributed locally in P2m2a, Eastern Sichuan.
It is mainly characterized by a thick, layered-massive, stable distribution at the macro-
scopic level. The lithology is mainly sparry bioclastic limestone, sparry oolitic limestone,
and micritic granular limestone, with the development of flint nodule limestone locally.
The platform margin shoal facies differ from other shoal facies in terms of the high
content of bioclastic sparry. Dolomitization is high; dolomite is only occasionally found
in the platform margin shoal of P2m2a in the study area. Moreover, the degree of dolomi-
tization of granular limestone is high. Bioclastics are mainly brachiopods, algae, and
other paleontologies. Locally, wave-resistant corals are visible, indicating a high-energy
wave-resistant environment with deposits of the platform margin (Figure 3). The intra-
platform high-energy shoal is distributed locally in P2m2a in Eastern Sichuan, and it is
mainly in a stable and thick-layered massive distribution macroscopically. The lithology
is mainly sparry bioclastic limestone and micritic bioclastic limestone locally, with the
development of flint nodule limestone in the area. Bioclastics have a high degree of
crystallization; some of the bioclastic body cavities are filled with sparry calcite, and
some bioclastics are in an oriented arrangement (Figure 4). Intra-platform low-energy
shoals are widely distributed and dominated by micritic bioclastic limestone and mi-
critic limestone. The bioclastic grains are mainly brachiopods, bivalves, gastropods,
foraminifera, and mixed stacking of a small amount of algae. The bioclastics were
broken, and micrite occurred at the crust biogenic shell edge. There are mainly two
burial forms: chaotic melt and stratiform stacking (Figure 5). The sloping low-energy
shoal is distributed locally and is thin- to medium-layered. The lithology is mainly
micritic limestone with less development of micritic bioclastic limestone. Generally, the
bioclastic content is low, and the bioclastic grains are mainly composed of shells.
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Figure 3. Petrological characteristics of platform margin shoal in P2m2a, Eastern Sichuan.
(A) Bioclastic limestone with the development of coral in well Gou2. (B) Dolomite in well Chi67;
the pores are filled with saddle dolomite. (C) Sparry oolitic and arenaceous limestone in well Wo83.
(D) Sparry oolitic limestone in well Wo83, in which the oolitic particles are dolomitized.

Figure 4. Petrological characteristics of intra-platform high-energy shoal in P2m2a, Eastern Sichuan.
(A) Sparry arenaceous and bioclastic limestone with unfilled dissolved pores in well Cao12. (B) Sparry
bioclastic and arenaceous limestone in well Xiang14. (C) Dolomitic limestone with a high degree of
biological sparry in well Cao12. (D) Sparry algal clast limestone in well Cao22.
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Figure 5. Petrological characteristics of intra-platform low-energy shoal in P2m2a, Eastern Sichuan.
(A) Micritic bioclastic limestone with partially filled dissolved pores in well Cao14. (B) Micritic
bioclastic limestone with the development of bivalves in well Cao14. (C) Bioclastic micritic limestone
with high organic matter content in well Tong7. (D) Micritic bioclastic limestone with the development
of gastropods and foraminifera in well Cao22.

4.1.2. Logging Facies Markers

Well logging information can reflect the various physical properties of rocks [34–36],
and different logging response characteristics indicate lithological changes in different
sedimentary environments [25,37–39]. Among the many logging curves, the natural gamma
curve reflects changes in the sedimentary environment [40,41]. Through a comparative
analysis between core observations and thin section identification with the study results of
natural gamma curves, it was found that the GR value of shoal facies sedimentary rocks
was low. The GR value of the platform margin shoal facies was generally less than 27 API.
The overall shape of the GR curve is a large funnel-type. The morphology of the GR curve
shape shows abrupt contact at the bottom, and the GR value is low at the top, showing a
small tooth shape (Figure 6a). The logging face of a platform marginal shoal indicates the
strong hydrodynamic conditions of the sedimentary environments. The GR value of the
intra-platform high-energy shoal was generally less than 30 API. The overall shape of the
GR curve is a small funnel-type. The morphology of the GR curve shape shows abrupt
contact at the bottom, and the GR value is low in the middle-upper part, showing a small
tooth shape (Figure 6b). Compared with the platform margin beach, its bottom mutation
degree is relatively small. The logging face of intra-platform high-energy shoal indicates
shallow and strong hydrodynamic conditions in the sedimentary environment. The GR
value of the low-energy shoal on the platform was generally less than 36 API. The GR curve
is micro-serrated box-shaped (Figure 6c), indicating that the sedimentary environments
were characterized by shallow water bodies and strong hydrodynamic conditions. The GR
value of the sloping low-energy shoal was generally less than 42 API, showing a finger-like
curve and indicating a low-energy deep-water sedimentary environment (Figure 6d).
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Figure 6. Logging facies pattern diagrams of different shoal facies deposits in Eastern Sichuan.
(a) Large funnel-type, platform margin shoal in well Chi12. (b) Small funnel-type, high-energy shoal
in well Xiang14. (c) Box-type, low-energy shoal in well Cao14. (d) Finger-like, sloping low-energy
shoal in well LB4.

4.1.3. Seismic Facies Markers

A seismic facies unit can be defined as a sedimentary unit, which is different
from adjacent units in its seismic characteristics. Parameters that should be taken
into consideration in the seismic facies analysis are as follows: reflection amplitude,
dominant reflection frequency, reflection polarity, interval velocity, reflection continuity,
reflection configuration, abundance of reflections, geometry of seismic facies unit, and
relationship with other units [42,43]. Seismic facies analyses can be used to understand
underground lithology, sedimentary environment, and the development of favorable
reservoirs [44–46]. Different sedimentary facies often behave differently in seismic
facies, particularly in high-energy turbulent sedimentary environments that show
obvious abnormal seismic facies. The study area is located in the Eastern Sichuan
tectonic belt, where high and steep faults are developed, the overall quality of 2D
seismic data is poor, the signal-to-noise ratio is low, and the seismic imaging quality is
poor. When the seismic attribute analysis was carried out, the seismic attribute effect at
the location of the fault zone was not obvious, and the distribution range of the fault
zone in the study area was very large. The abnormal seismic facies in the study area
were identified as pro-gradational.

Using drilling calibration, the platform-margin shoal and high-energy shoal in the
platform on the seismic section are mainly characterized by imbricate seismic facies
(Figures 7 and 8). The specific reflection characteristics are as follows: there are several
groups of slightly inclined, parallel, and poor continuity reflection waves between
the two parallel reflection layers, which have an imbricate arrangement, no top or
bottom layers, and only foreset bedding, indicating strong energy. The study area is an
imbricated structure with a slow dip angle; the local phase axis becomes longer, and
the dip angle becomes larger, which is mostly a medium-strong variable amplitude.
The low-energy shoal in the platform is mainly characterized by S-type progradation
seismic facies (Figure 9). The specific reflection characteristics are as follows: the
reflection wave on the seismic profile is S-shaped. The single reflection layer begins to
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form a horizontal reflection layer, inclines downward, unfolds gently, and oversteps
downward to the bottom boundary. Generally, it has complete topset, foreset, and
bottomset beds, indicating that the energy is general and the amplitude is strong. The
sloping low-energy beach shows oblique progradation seismic facies in the seismic
profile, and the specific reflection characteristics are as follows: the lower part of the
progradation layer gradually intersects with the bottom in a tangent shape, with a
progradation layer, bottom layer, and no top layer (Figure 10). The indicating energy is
stronger than the S-type progradation and weaker than the imbricate progradation, and
the amplitude is mostly strong and medium-strong.

Figure 7. Seismic facies of imbricate progradation (seismic line through Well BD13).

Figure 8. Seismic facies of imbricate progradation (seismic line through Well Wo124).
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Figure 9. Seismic facies of S-type progradation.

Figure 10. Seismic facies of oblique progradation (seismic line through Well LB4).

4.2. Joint Well Correlation Analysis of Sedimentary Facies

A joint well correlation analysis of sedimentary facies was conducted in the study area
to study the sedimentary evolution of shoal facies in P2m2a in Eastern Sichuan. Based on
the comprehensive correlation analysis of sedimentary facies of the Maokou Formation
from the joint well section, we found that the sedimentary facies belts changed remark-
ably in the vertical direction. Open platforms mainly developed during the depositional
period of the Mao 1 section to the Mao 2b subsection. Open platforms, platform margins,
slopes, and low-energy shoals within the platforms were relatively developed in the Mao 2a
subsection owing to sedimentary differentiation. Platform margin shoals, intra-platform
low-energy shoals, and sloping low-energy shoals were also developed. Open platforms
mainly developed during the depositional period of the Mao 3 section, (Figures 11 and 12).
Horizontally, the sedimentary facies were in the sequence of open platform, platform, plat-
form margin, slope, and basin during the deposition of P2m2a from southwest to northeast.
Intra-platform low-energy shoals were widely developed in the Yubei–Changshou area
of Chongqing, with platform marginal shoals sparsely distributed in the Fengdu–Linshui
area and sloping low-energy shoals distributed in Dianjiang–Dazhu.
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Figure 11. Sedimentary correlation section of wells Sha5-Xiang14-Ban3-Zhang18-Wo79-Wo83-Chi67
in Eastern Sichuan.
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Figure 12. Sedimentary correlation section of wells Chi67-Wo83-Zhang18-Zhang8-Cheng20-QL12-
QL3 in Eastern Sichuan.
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4.3. Statistical Analysis of Shoal-to-Strata Ratio

This is example 1 of an equation:
The quality of carbonate rock shoal facies is strictly controlled by sedimentary microfa-

cies and micro-paleo-geomorphic undulation, whereas the thickness variation of granular
rocks can roughly characterize the change in micro-topography during the depositional
period. However, the DongWu movement led to the uplift of the Maokou Formation in
Eastern Sichuan, resulting in the denudation of the stratum. In the most severely denudated
area, denudation can reach P2m2a, resulting in a large variation in the thickness of the
granular shoal, which does not truly reflect the difference in the sedimentation regular-
ity. Therefore, in this study, we proposed to use the shoal-to-strata ratio to analyze the
development of granular shoals in the P2m2a.

A detailed analysis of sedimentary facies was carried out on 64 key wells in the study
area. In addition, the cumulative thickness of the granular limestone, the stratigraphic
thickness of P2m2a, and the shoal-to-strata ratio were calculated (Table 1). In the comparison
of the ratio with individual-well sedimentary facies, it was found that the wells with a
ratio of shoals to the whole strata greater than 0.3 have highly developed reservoirs, the
cementation of grainstone with a ratio between 0.3 and 0.5 is micrite, and the grain type
is bioclast. The cements of grainstone with a ratio between 0.5 and 0.8 are sparry, the
grain types are algal clasts, oolitic clasts, and bioclasts, and wave-resistant paleontology
is occasionally seen. Therefore, the shoal-to-strata ratio was greater than or equal to 0.3
for shoal facies, 0.3–0.5 for intra-platform low-energy shoals or sloping low-energy shoals,
0.5–0.6 for intra-platform high-energy shoals, and 0.6–0.8 for platform margin shoals. The
larger the ratio, the more developed the shoal facies deposits and the higher the depositional
energy. There were 34 sets of data for P2m2a, with a shoal-to-strata ratio greater than or
equal to 0.3 in the Eastern Sichuan area. A planar graph of the shoal-to-strata ratio was
compiled with an interval of 0.1 (Figure 13). The shoal deposits of the P2m2a are mainly
distributed in the central and southern parts of the study area, with the shoal-to-strata
ratios ranging from 0.3 to 0.5, locally reaching 0.7-\–0.8.

Table 1. Statistical data of the shoal-to-strata ratio in the P2m2a, Eastern Sichuan.

Well Stratum
Thickness/m

Cumulative
Thickness of

Granular
Limestone/m

Shoal-to-
Strata Ratio Well Stratum

Thickness/m

Cumulative
Thickness of

Granular
Limestone/m

Shoal-to-
Strata Ratio

BX1 19 12 0.6 QL11 3.6 0.5 0.1
Ban2 28.2 22 0.8 QL12 4 0 0
Ban3 9.1 7.1 0.8 QL13 10.2 5.3 0.5
BD13 52.5 36 0.7 QL22 4.5 0 0
BD9 51 14 0.3 QL28 4.2 0 0

Cao12 46.5 22 0.5 QL3 3.6 0 0
Cao15 47.9 18 0.4 QL48 15 0 0
Cao20 44.5 18 0.4 QL5 1.8 0 0

Cheng20 31 7 0.2 QL50 3.1 0 0
Cheng23 14.5 1 0.1 QL54 4.3 1 0.2

Chi10 22.5 1 0 QL9 7 0 0
Chi12 31.5 23 0.7 Sha5 20.5 8 0.4
Chi19 25.4 11 0.4 SH2 35.5 11 0.3
Chi20 32.6 14 0.4 Tan1 23.2 6 0.3
Chi32 48.5 28 0.6 TD11 3.3 0 0
Chi6 83.5 3 0 TD30 55 5 0.1
DS1 28 11 0.4 TX2 43.5 15 0.3

Feng11 3.5 0.5 0.1 TX3 3 0 0
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Table 1. Cont.

Well Stratum
Thickness/m

Cumulative
Thickness of

Granular
Limestone/m

Shoal-to-
Strata Ratio Well Stratum

Thickness/m

Cumulative
Thickness of

Granular
Limestone/m

Shoal-to-
Strata Ratio

Feng7 3 0 0 TX4 41 5 0.1
Feng9 4.2 0.5 0.1 Wo124 32 24 0.8

FE4 29 15 0.5 Wo44 35 11 0.3
Gou2 43 28.3 0.7 Wo77 59 35 0.6

Guan2 1.9 0 0 Wo79 53.5 23 0.4
LD1 36 9 0.3 Wo83 60.1 34 0.6

Liang1 37 16 0.4 Wo92 43.2 26.5 0.6
Liang3 32 2.3 0.1 WT1 6 1.6 0.3
Liang9 36 10 0.3 Xiang14 22.9 12 0.5

LB3 48.5 10 0.2 Yue4 37 22 0.6
LB4 58 16 0.3 YA21 5.4 1.2 0.2

MN1 11 0 0 YA3 3 0.5 0.2
MX6 7.7 0 0 Zhang17 32.3 12 0.4

QL013-H1 4.2 0.8 0.2 Zhang8 49 6 0.1

Figure 13. Planar distribution of shoal-to-strata ratio in the P2m2a.

5. Discussion
5.1. Method Applicability

The shoal-to-strata ratio of sedimentary facies is mainly used to classify sedimentary
facies by avoiding the influence of the granular rock thickness difference caused by denuda-
tion. This method has minimal applicability and is time-consuming and labor-intensive.
When the strata are not denudated, the thickness of the granular rock can be used to
classify sedimentary facies. Hence, the shoal-to-strata ratio of land need not be used to
classify the sedimentary facies. The thickness and corresponding ratio of the stratum need
not be calculated, which is time-saving and results in the rapid description of carbonate
sedimentary facies. However, when the strata are denuded, it is unreasonable to use the
thickness of rock to classify the sedimentary facies. The influence of the denudation and
the thickness of the rock particles cannot fully reflect the differences in the sedimentary
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microfacies. Therefore, the shoal-to-strata ratio should be used to classify the sedimentary
facies. Although this method is time-consuming and cost-intensive, the accuracy of the
description of sedimentary facies has greatly improved. Therefore, the method to clas-
sify sedimentary facies must be chosen based on the geological background to achieve
better results.

5.2. Planar Distribution Characteristics of Sedimentary Facies

Combining regional tectonic evolution and sedimentary background with the petro-
logical markers, logging facies markers, and inter-well correlation of sedimentary facies,
a planar distribution map of sedimentary facies of P2m2a was plotted (Figure 14). The
plot was based on the planar diagram of the shoal thickness/stratigraphic thickness ratio.
Combined with analysis and testing methods, the carbonate rock sedimentary facies were
characterized. During the depositional period of P2m2a, the sedimentary facies belts spread
from southwest to northeast in the Eastern Sichuan area in the sequence of open platform,
platform, margin, slope, and basin. The paleographical high open platform is characterized
by a relatively shallow water body and strong hydrodynamic conditions. In high-energy
environments, sediments are influenced by hydrodynamic conditions, resulting in relative
enrichment of granular sediments. The low-energy and high-energy shoals within the
platform are high-quality reservoirs that are worth exploring within the platform. The
low-energy shoals are mainly distributed in the area with a shoal-to-strata ratio of 0.3–0.5,
and the scale of the low-energy shoal body was large. The high-energy shoals in the
platform were mainly distributed in the area with a ratio of 0.5–0.6, and the scale of the
high-energy shoal body was moderate. The platform margin of P2m2a was approximately
distributed in a striped pattern, striking in the EW direction. The platform margin shoal,
with high sedimentary energy, was sporadically developed in the interior, and the ratio
was approximately 0.6–0.8. The sloping low-energy shoal was sporadically distributed in
the sloping sub-facies in the geomorphological bottom, and the ratio was approximately
0.3–0.5. There was a good relationship between the shoal deposits and the shoal-to-strata
ratio value and distribution area. The greater the shoal-to-strata ratio, the stronger the
hydrodynamic force and the greater the exploration potential.

Figure 14. Planar distribution of sedimentary facies in the P2m2a.
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5.3. Discovery of Platform Margin in Eastern Sichuan

Before 2015, it was mainly believed that the overall sedimentary environment of
the Maokou Formation in the Sichuan Basin was characterized by an open platform or
ramp platform. In the late stage, the formation was affected by tectonic uplift and suffered
weathering and denudation, and a karst fracture-cavity reservoir was developed. Since then,
some scholars considered that the platform margin shoal of the late Maokou Formation
might have developed in northern Sichuan based on the drilling seismic data of the whole
basin [47]. In 2018, Well Yuanba 7 in northern Sichuan encountered the platform margin
shoal reservoir of the Maokou Formation and obtained high-yield industrial gas flow. Its
daily production is higher than that of the intraplatform beach reservoir, which confirmed
the existence of the platform margin of the Maokou Formation in the Sichuan Basin for the
first time and has broad exploration prospects. Therefore, we must change our concepts
and re-learn the sedimentary facies types and distribution of the Maokou Formation in
Eastern Sichuan according to the developing platform margin in late Maokou. This earlier
study proposed the view that the platform margin was developed in the vicinity of the
Linshui–Fengdu–Zhongxian area in P2m2a in Eastern Sichuan, and that the platform
margin shoal is an important reservoir. Important evidence shows that the main rock
type of the shoal facies in P2m2a is sparry bioclastic limestone, which has a high bioclastic
sparry and dolomitization content. Bioclastics are mainly brachiopods, algae, and other
paleontologies. Locally, wave-resistant corals are visible, indicating a high-energy wave-
resistant environment. It is particularly worth mentioning that another important piece
of evidence for the development of platform margin facies in the Maokou Formation in
Eastern Sichuan is that there were obvious differences in the stratigraphic thickness on the
seismic profile. The thickness of the platform margin was significantly greater than that of
the platform and slope, and the external morphology was slightly hilly (Figure 15).

Figure 15. Platform margin deposition of Maokou Formation in Eastern Sichuan.

5.4. Significance to Exploration of Oil and Gas

Sedimentary facies are the material basis for the formation of reservoirs, and sedi-
mentary environments control the physical properties and scale of the reservoir [48–50].
The quality of reservoirs deposited in different sedimentary environments varies signifi-
cantly [51–53]. Many studies have shown that platform margin shoal, intra-platform shoal,
and other shoal facies are important zones for oil and gas exploration in carbonate rock
reservoirs. Oil and gas exploration is particularly concentrated in platform margin belts [54].
In Well Yuanba 7 in northeastern Sichuan, platform margin shoal facies of the Maokou
Formation were encountered, obtaining high-yield industrial gas flow, with daily gas
production of 105.9 × 108 m3 [47]. These results confirm that the carbonate rock platform
margin shoal facies of the Maokou Formation have significant exploration potential.

Analyses were conducted on the gas testing results of the different shoal facies in
P2m2a in Eastern Sichuan (Table 2). The wells with oil and gas deposits were mainly
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distributed in the platform margin shoal facies. When conducting production tests in Well
Wo67, the production capacity of the platform marginal shoal in P2m2a was 50 × 104 m3/d.
The daily gas production of Well Wo77, which had the lowest gas flow among the platform
marginal shoal facies, was also 3.18 × 104 m3/d. Oil and gas flows were also obtained in
drilling wells that encountered an intra-platform high-energy shoal in P2m2a, with gas
production of 5.74 × 104 m3/d. The results show that the shoal has a certain controlling
effect on oil and gas production, and the platform margin shoal has greater exploration
potential than a high-energy shoal. The platform margin shoal facies of the Maokou
Formation in the study area are favorable for the development of large and medium-sized
gas fields.

Table 2. Corresponding relationship between gas test results and sedimentary facies.

Well Test Results (×104 m3/d) Practical Production Layer Sedimentary Facies

Wo67 50 Mao 2a Platform margin shoal

Wo83 25.53 Mao 2a Platform margin shoal

Wo93 8.38 Mao 2a Platform margin shoal

BD11 3.89 Mao 2a Platform margin shoal

Wo77 3.18 Mao 2a Platform margin shoal

Xiang3 5.74 Mao 2a High-energy shoal

6. Conclusions

(1) In areas where carbonate rock strata are eroded, the shoal-to-strata ratio can accurately
reflect the types and distribution of granular shoals compared with the use of shoal
thickness to classify the sedimentary facies of carbonate rocks. By comparing the
ratio values, the types of shoal bodies can be determined more accurately, and the
development of granular shoals in the studied layer section can be analyzed.

(2) A new view of the platform margin development in the Maokou Formation in Eastern
Sichuan is proposed, and the platform margin shoal is an important reservoir. In the
Eastern Sichuan area, the distribution of sedimentary facies belts of P2m2a is in the
sequence of open platform, platform margin, slope, and basin, from southwest to
northeast. Intra-platform low-energy shoals and sloping low-energy shoals are mainly
distributed in areas with a shoal-to-strata ratio of 0.3–0.5, intra-platform high-energy
shoals are distributed in areas with a ratio of 0.5–0.6, and platform margin shoals are
mainly distributed in areas with a ratio of 0.6–0.8. The gas production test results
show that deposits of shoal facies control oil and gas production, and platform margin
shoals have greater exploration potential than intra-platform high-energy shoals.

(3) The planar distribution diagram of the shoal-to-strata ratio can be used as an important
supporting map for compiling sedimentary facies. It can help researchers quickly
and accurately determine sedimentary environments and make plans for future
exploration. The application results are positive, indicating that this method is worth
popularizing and applying in related research fields.
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