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ABSTRACT

It is of great significance to accurately and rapidly identify shale lithofacies in relation to the evaluation
and prediction of sweet spots for shale oil and gas reservoirs. To address the problem of low resolution in
logging curves, this study establishes a grayscale-phase model based on high-resolution grayscale curves
using clustering analysis algorithms for shale lithofacies identification, working with the Shahejie For-
mation, Bohai Bay Basin, China. The grayscale phase is defined as the sum of absolute grayscale and
relative amplitude as well as their features. The absolute grayscale is the absolute magnitude of the gray
values and is utilized for evaluating the material composition (mineral composition + total organic
carbon) of shale, while the relative amplitude is the difference between adjacent gray values and is used
to identify the shale structure type. The research results show that the grayscale phase model can
identify shale lithofacies well, and the accuracy and applicability of this model were verified by the fitting
relationship between absolute grayscale and shale mineral composition, as well as corresponding re-
lationships between relative amplitudes and laminae development in shales. Four lithofacies are iden-
tified in the target layer of the study area: massive mixed shale, laminated mixed shale, massive
calcareous shale and laminated calcareous shale. This method can not only effectively characterize the
material composition of shale, but also numerically characterize the development degree of shale
laminae, and solve the problem that difficult to identify millimeter-scale laminae based on logging
curves, which can provide technical support for shale lithofacies identification, sweet spot evaluation and
prediction of complex continental lacustrine basins.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

continental shale oil in China based on its geological conditions
(Tang et al., 2021; Hou et al., 2022; Xu et al.,, 2023). With the

With the successful development of shale oil and gas in the
United States, the shale oil and gas field has received great attention
from geologists around the world (Davies, 2014; Wang et al., 2022).
China is rich in resources of terrestrial shale oil, and its exploration
and development is of great significance for ensuring the national
energy security (Gou et al.,, 2023). While paying attention to the
research achievements and exploration and development results of
shale oil in the world, Chinese geologists have initially discussed
the formation conditions, occurrence forms, accumulation mech-
anisms, resource potential and favorable development areas of
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deepening of shale oil exploration and development, domestic
geologists have found that shale lithofacies has an important
impact on the reservoir property, oil content, fracturing charac-
teristics and shale oil fluidity (Wang and Garr, 2013; Zhou et al,,
2023; Cui et al.,, 2022; Gao et al., 2022). Therefore, the classifica-
tion and identification of shale lithofacies has become one of the
important research frontiers in shale oil exploration and evaluation.

To reflect the characteristics of the sedimentary environment
and hydrocarbon production capacity of different types of lith-
ofacies, organic carbon content, rock structure and mineral
composition are generally used as the basis for the division of shale
lithofacies (Igbal et al., 2021; Williams et al.,, 2022; Ibad and
Padmanabhan, 2022; Pang et al, 2023). However, due to the
limited samples and cost of coring, it is impossible to evaluate the
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Fig. 1. Map of the study area in the Zhanhua Sag, Bohai Bay Basin. (a) Location of Bohai Bay Basin (After Hou et al., 2022). (b)—(c) Regional structure in Bohai Bay Basin and Zhanhua
Sag (After Shi et al., 2019; Li et al., 2017). JZD: Jizhong Depression, LQD: Linqing Depression, HHD: Huanghua Depression, BZD: Bozhong Depression, JYD: Jiyang Depression, LHD:

Liaohe Depression.

whole well in a wide production area. Conventional logging data
contain rich petrophysical information, which can indirectly clas-
sify lithofacies. Therefore, machine learning algorithms based on
logging curves to identify lithofacies have been widely presented
and applied by geologists and engineers (Gifford and Agah, 2010;
Bhattacharya et al., 2016; Koeshidayatullah et al., 2022; Tian et al.,
2023). For example, Al-Mudhafar et al. (2019) used the K-means
clustering algorithm to successfully identify five carbonate lith-
ofacies developed in Mishrif Formation in West Khulna Oilfield,
southern Iraq, based on 11 logging curves such as gamma ray (GR)
and spontaneous potential (SP). Xue et al. (2023) predicted shale
lithofacies by conventional logging curves based on the XGBoost
machine learning model and achieved good application in the Or-
dos Basin. Recently, Liu et al. (2023) established four machine
learning models to identify shale lithofacies in the Luzhou block,
southern Sichuan province based on mineral content regression,
and concluded that the MT-LightGBM algorithm has good predic-
tive performance for shale lithofacies.
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However, most of the existing machine learning algorithms only
focus on the identification of mineral composition for shale lith-
ofacies, without a sufficient consideration of shale structure.
Because the resolution of the conventional logging curves (0.125 m)
limits the accurate identification of millimeter-scale laminae. In
this paper, the shale of the lower third member (EssL) of the Eocene
Shahejie Formation in the Bohai Bay Basin is taken as the research
object. Based on the high-resolution (at less than 1 mm) grayscale
curve analyses of shale for the logging of well A, a model of gray-
scale phase is established by the machine learning algorithm to
rapidly and efficiently identify shale lithofacies.

2. Geological setting

Located on the east coast of China, the Bohai Bay Basin is divided
into six depressions: Linqing Depression, Jiyang Depression, Boz-
hong Depression, Jizhong Depression, Huanghua Depression and
Liaohe Depression (Fig. 1(a) and (b)) (Qi and Yang, 2010; Zhang
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Fig. 2. Generalized stratigraphic column of the Zhanhua Sag (After Li et al., 2017). The study interval is the third member of the Shahejie Formation.

et al., 2020). Zhanhua Sag, located in the northeast of Jiyang
Depression, is a third-order tectonic unit in Bohai Bay Basin with an
area of about 3610 km? (Fig. 1(b)). The sag is bounded by Cheng-
dong and Chengbei Uplift to the north, Chenjiazhuang Uplift to the
south, Yihezhuang Uplift to the west, and Kendong Uplift to the
southeast (Su et al., 2009; Liu et al., 2016). The research area is
mainly concentrated in the Luojia nose structure area of the sag,
and the target well is well A (Fig. 1(c)).

Kongdian Formation, Shahejie Formation, Dongying Formation,
Guantao Formation and Minghuazhen Formation developed suc-
cessively from the Paleogene to Neogene strata in Zhanhua Sag
(Fig. 2). The Shahejie Formation is widely distributed in graben and
half-graben within the sag, and is mostly absent on the tectonic
uplift zones separating grabens (Ma et al., 2016). The formation is
further divided into four Members from the bottom up: Shahejie

44

Member 4, Shahejie Member 3, Shahejie Member 2 and Shahejie
Member 1. The Shahejie Member 3 are subdivided into the upper
member, the middle member and the lower member. Among them,
the lower member of Shahejie Member 3 is the research object of
this paper. During its deposition period, it was in the deep fault
depression period of the sag, belonging to a stable and persistent
deep-lake to semi-deep lake environment, and was deposited with
relatively thick gray and dark gray shale with a thickness between
200 and 450 m, which showed an increasing trend from south to
north.

3. Samples and methods

A total of 421 mineralogy analyses, 205 total organic content
(TOC, wt%) analyses, and a 194 m length shale grayscale analyses



Y.-E Wang, S. Xu, F. Hao et al.

—
[
-

R Core
8 photograph

Petroleum Science 22 (2025) 42—54

S
2 80
2. 60 A
© 40 A
(O]
20
(b) Absolute grayscale Relative amplitude
o 5 ® 5 - -
= T = T
© © —
Z High grayscale Z
T . T . Small amplitude
O 35 O
(c)
Mineral composition Laminated shale
Absolute grayscale Sl Relative amplitude
phase
TOC content Massive shale

Fig. 3. The model of shale grayscale phase. (a) Shale core photos and corresponding grayscale curve characteristics. (b) Comparison of grayscale curve characteristics of shale in
different intervals, the absolute grayscale represents the extracted gray value, and the relative amplitude represents the difference between adjacent gray values. (c) The estab-
lishment scheme and connotation of the shale grayscale phase. The sum of absolute grayscale and relative amplitude and their features is defined as the grayscale phase.

Absolute grayscale
20 60 100

«~— Step size (1 cm)

Wwﬂ,

«~— Step size (1 cm)

Core
photograph Grayscale
datasets
{
3 Absolute ®
) . rayscale 5 e
Relat:ze@n’;ghtude gray, 28 g Yes| Grayscale Shale
N ] 2 © hase lithofacies
Relative Datasets 1 | 5 = § p
amplitude a
3
- Datasets 2
—
¥

Fig. 4. Evaluation of shale lithofacies implementation process based on machine learning. The difference between gray value and adjacent gray value is defined as absolute
grayscale and relative amplitude respectively, and the grayscale phase is the sum of absolute grayscale and relative amplitude and their feature.

were used for this study.

XRD experiments can provide a quantitative estimate of the
composition of various minerals in shale (Chen et al,, 2011). The
mineral composition of the sample was determined by a D/MAX-
2600X-ray diffraction instrument. The powdered shale sample of

about 100 mg was weighed and mixed with ethanol, ground by
hand, and then smearing on the slide for XRD analyses. Finally, the
area under the main peak curve of each mineral was calculated and
the Lorentz polarization was corrected to determine relative min-
eral percentages (Gou et al, 2021). This experiment process is
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Fig. 5. Comprehensive histogram of well A. Car. = Carbonate.

carried out according to China's oil and gas industry standard SY/
T6201-1996.

An organic carbon analyzer (CS-600) was used to determine TOC
content. Before the formal test, the shale sample was first crushed
into powder, and then the inorganic carbon was removed with
diluted hydrochloric acid. The remaining sample was put into the
instrument for high-temperature combustion, and the final
experimental results were quantified by the analyzer, which is
carried out according to the national standard GB/T19145-2003.

From 2011 to 2013, to initially investigate the reservoir perfor-
mance and production of shale oil and gas in the Jiyang Depression,
China Petroleum and Chemical Corporation arranged four sys-
tematic core wells to conduct continuous core drilling of the Es4U
member and the EssL member. Among them, the core length of well
A located in Zhanhua Sag is 221 m, and Shengli Oilfield took high-
definition photos of these cores (Li et al., 2017). Through the core
photos, we first observed the color, structure and mineral distri-
bution of shale in different layers, and then extracted nearly
500,000 sets of gray value data in Image-] software, and processed
the gray data in MATLAB software.

4. The principle of identifying shale lithofacies by machine
learning

4.1. Grayscale characteristics of different shale

The gray value reflects the reflected light intensity of a unit
pixel, and its value is between 0 (black) and 256 (white). The
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greater the brightness, the higher the gray level. Areas with
different "colors" on the shale core and whether the laminae are
developed show completely different responses on the grayscale
curve (Fig. 3(a)). The darker the shale color, the smaller the gray
value; the lighter the color, the larger the gray value (Fig. 3(b)). At
the same time, the laminae with dark and light colors corresponds
to the minimum and maximum values of the gray value in a certain
interval respectively. When the dark and light laminae alternate,
the grayscale curve will reverse abruptly, showing large amplitude
fluctuation and obvious zigzag; on the contrary, while the laminae
are not developed, the fluctuation amplitude of the grayscale curve
is small (Fig. 3(b)). Based on the grayscale curve analyses of shale,
this paper defines the difference between gray value and adjacent
gray value as absolute grayscale and relative amplitude, respec-
tively. The absolute grayscale is used to measure the absolute size of
gray value, while the relative amplitude is employed to analyze the
difference between adjacent gray values.

4.2. Model of shale grayscale phase

A grayscale phase is defined as the sum of absolute grayscale
and relative amplitude and their features, and both of these two
terms have the same or similar features in the same grayscale phase
(Fig. 3(c)). In the process of building the grayscale phase model, the
relationships between absolute grayscale and shale material
composition (inorganic minerals and organic matter), as well as
relative amplitude and shale structure, are clarified. Therefore, the
grayscale phase model can effectively identify shale lithofacies. In
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terms of mineral composition, the shale in the study area mainly
develops calcareous and mixed shales. In terms of shale structure,
the shale mainly develops laminated and massive shales. Therefore,
we take a boundary value to divide absolute grayscale into high and
low grayscales, and take another boundary value to divide relative

Clay, %
|:| Argillaceous shale
I:I Calcareous shale
I:l Siliceous shale
I:l Mixed shale

25

Carbonate, % 50 75 Siliceous, %

Fig. 7. Ternary mineralogy the EssL shale in well A; the target layer of the study area is
mainly dominated by calcareous shale and mixed shale.
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amplitude value into large and small amplitudes, to obtain a total of
four kinds of grayscale phases: low grayscale small amplitude
phase, low grayscale large amplitude phase, high grayscale small
amplitude phase, and high grayscale large amplitude phase.

4.3. Implementation process of shale lithofacies identification

To reduce the error caused by the data themselves, we set the
step size for the extraction of absolute grayscale and relative
amplitude data series and calculated the average value of all data
inside step sizes as the absolute grayscale and relative amplitude of
a point, and this process was completed by programming in MAT-
LAB software. The boundary value of absolute grayscale and relative
amplitude was determined by a combination of manual and ma-
chine learning algorithms. Because the error of boundary values
determined manually is too large, we have chosen to use the cluster
analysis algorithm to cluster the absolute grayscale and relative
amplitude data, and then obtain the boundary values. However, it
should be noted that the clustering analysis algorithm is essentially
based on the size of the numerical value to classify, and whether the
clustering results are reasonable needs to be further verified.
Therefore, representative core photos were selected to analyze the
distribution characteristics of absolute grayscale and relative
amplitude of different shales, and the range of boundary values was
initially defined to constrain the results of cluster analyses (Fig. 4).
According to the above steps, the grayscale phase model of the EssL
shale in well A was established, and then the shale lithofacies was
identified.
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5. Results and discussion
5.1. Shale characteristics in the study area

X-ray diffraction (XRD) results for 421 samples show that the
shale minerals are mainly composed of calcite (averaged at 51.8%),
clay minerals (18.9%) and quartz (18%), followed by dolomite
(5.8%), pyrite (3.8%) and plagioclase (1.1%), and a few of potassium
feldspar (0.3%) and siderite (0.2%) (Fig. 5). According to the pre-
vious ternary classification method, shale minerals can be divided
into three categories: clay minerals, carbonate minerals
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(calcite + dolomite + siderite), and felsic terrigenous clastic
minerals (quartz + plagioclase + potassium feldspar) (Xu et al,,
2020; Cai et al., 2022). The content of carbonate minerals is the
highest and varied from 11% to 94% (averaged at 58%), and the
contents of clay minerals and felsic terrigenous clastic minerals
are 1%—48% (18.9%) and 3%—50% (19.4%), respectively (Fig. 5). The
TOC of shale ranges from 0.71 wt% to 9.32 wt% (3.08 wt¥%) (Fig. 5).
In addition, the contents of felsic minerals, clay minerals and TOC
in the deep black shale in the study area are higher than those in
the light gray shale (Fig. 6).

The subdivision principle of shale structure depends on whether
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a bedding is developed. The shale with beddings non-developed is
generally named massive shale, and the shale with beddings
developed is named laminated shale or layered shale. The main
difference between laminated and layered shales is the thickness of
the single layer. If the thickness of a single layer is greater than a
certain boundary value, it is layered shale, otherwise, it is laminated
shale. However, the single-layer thickness boundary that distin-
guishes laminated from layered shales is not uniform in the liter-
ature. For example, Shi et al. (2022) believed that the laminar
thickness can reach 3 mm, while Sun et al. (2023) believed that the
laminar thickness is less than 1 mm. However, it has also been
suggested that the thickness of a lamina varies from a few milli-
meters to a few centimeters (De Geer et al., 1908; Campbell et al.,
1967; Breckenridge et al., 2012; Lazar et al, 2015). Lacustrine
shale oil exploration and development practice in China shows that
shale with a bedding structure is considered to be the most favor-
able shale (Su et al., 2018; Li et al., 2021, 2023). Therefore, this paper
classifies shale structures in the study area into two categories
based on whether beddings are developed: massive structure and
laminated structure (Fig. 6). The dark and light-colored laminae are
characterized by alternating deposition, mostly in flat shape, and
the thickness is generally no more than 10 mm, which is similar to
the laminae thickness defined by Campbell et al. (1967).

5.2. Absolute grayscale and mineral composition

The ternary presentation of shale mineral composition shows
that the target layer of the study area mainly develops calcareous
shale and mixed shale (Fig. 7). We selected representative core
photos (core colors ranging from light to dark), and positioned
sampling depth points on the core photos to obtain the distribution
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positions of different types of shale. The results show a clear
pattern: the regions with lighter colors mainly develop calcareous
shale, while the regions with darker colors mainly exhibit mixed
shale (Fig. 8). Previous studies have shown that more clay minerals
(with larger specific surface areas) can adsorb more organic matter
and form darker organic-rich shales while light-colored shale
usually has a low abundance of organic matter (Chen et al., 2016;
Blattmann et al., 2019). Our results show that an absolute grayscale
is negatively correlated with TOC, clay minerals and felsic mineral
content, while positively correlated with carbonate mineral content
(Fig. 9), which is consistent with previous understandings. Ac-
cording to the mineral composition characteristics of the study
area, the high absolute grayscale area is mainly composed of calcite
minerals (with little dolomite content), which indicates calcareous
shale, while the low absolute grayscale area has relatively high
organic matter, clay minerals and felsic minerals content, indicating
mixed shale.

5.3. Relative amplitude and shale structure

Dark and light laminae are usually deposited alternately, which
makes it feasible to analyze shale laminae with grayscale. The dark
and light laminae correspond to the minimum and maximum of the
gray value of a certain interval, respectively. Therefore, the fluctu-
ation amplitude of the grayscale curve is usually large in the
laminae-developed area, while the fluctuation amplitude is rela-
tively small in the non-developed area (Fig. 10). Considering the
frequent alternating deposition of dark and light-colored laminae
and possible contamination stains in the process of core preser-
vation, we took the sampling point as the center and calculated the
average relative amplitude within three kinds of step sizes (0.6 cm,
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1 cm, 2 cm) for comprehensive analyses, so as to reduce the errors
that may be caused. The calculation results of the relative ampli-
tude of these three kinds of step sizes are basically the same, but

Petroleum Science 22 (2025) 42—54

the laminae thickness in the study area does not exceed 10 mm;
therefore, we chose the calculation results of the "1 cm step size"
scheme (Fig. 11).

Fig. 11 shows the whole interval's relative amplitude distribu-
tion characteristics and the corresponding part of the shale core,
and the size of the relative amplitude and whether the laminae are
developed has a good corresponding relation. The large relative
amplitude value is mainly concentrated in the lower part of well A,
which indicates that the lower part is extensively developed with
laminated shale, while the upper part is mainly developed with
massive shale, which is consistent with the understanding of Ma
et al. (2016). It is worth noting that the presence of "scratches"
during the coring process can lead to human error that the "dark
and light" spacing are distributed and the laminae do not develop.
Therefore, theoretically speaking, as long as the core surface is
clean, the relative amplitude has a good result in laminae identi-
fication; therefore, this parameter has a certain reference signifi-
cance for the identification and characterization of laminae.

5.4. Determination of boundary values

Through the above analyses of absolute grayscale and shale
mineral composition, relative amplitude and shale structure, it can
be seen that high absolute grayscale indicates calcareous shale, low
absolute grayscale suggests mixed shale, large relative amplitude
links with laminated shale, and small relative amplitude points to
massive shale. However, the boundary values used to distinguish
different shales are not clear. Considering the large error of
manually setting, we use cluster analysis algorithm to determine
the boundary values. The cluster analysis results show that the
cluster centers of absolute grayscale data sequences are 47 and 65,
respectively (Fig. 12(a)). After the data series are reordered, the
boundary value is 56, between 50 and 60 (Fig. 12(b)), which is
judged to be reasonable. Therefore, the value of 56 is used as the
boundary value to distinguish mixed and calcareous shales; that is,
the absolute grayscale less than 56 indicates mixed shale, and the
absolute grayscale greater than 56 indicates calcareous shale. The
clustering centers of the relative amplitude data series are 1.39 and

The correspond relationship of some core photos with relative amplitude
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Fig. 11. Relationship between relative amplitude and shale laminae. RA is the relative amplitude, and when the relative amplitude is greater than 1.7, laminae develop on the core; if

the relative amplitude is less than 1.7, the laminae on the core is not developed.
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Fig. 12. Determination of absolute grayscale and relative amplitude thresholds. (a) The output of absolute grayscale and relative amplitude data sequence cluster analysis.
AG = absolute grayscale, RA = relative amplitude. (b)—(c) Distribution characteristics of absolute grayscale and relative amplitude of different shales. Three kinds of step sizes

(0.6 cm, 1 cm, 2 cm) are used to calculate the relative amplitude.

3.99, respectively, and the boundary value is 2.3 after the data se-
ries are reordered. However, the value 2.3 does not belong to [1.5,
2], so it is judged that the boundary value is unreasonable. The
relative amplitude data series were re-clustered into three cate-
gories with the boundary values of 1.7 and 3.4, respectively, with
1.7 within the interval of the boundary values of the relative
amplitude (Fig. 12(a)—(c)). Finally, a value of 1.7 is interpreted as the
boundary value of relative amplitude, that is, a relative amplitude
less than 1.7 indicates massive shale, and a relative amplitude
greater than 1.7 indicates laminated shale.

5.5. Fast and efficient identification of shale lithofacies

Following Section 4.2, the grayscale phase with absolute gray-
scale less than 56 and relative amplitude less than 1.7 is defined as
low grayscale small amplitude phase. The grayscale phase with
absolute grayscale less than 56 and relative amplitude greater than
1.7 is defined as low grayscale large amplitude phase. The grayscale
phase with absolute grayscale greater than 56 and relative ampli-
tude less than 1.7 is defined as high grayscale small amplitude
phase. The grayscale phase whose absolute grayscale is greater than
56 and relative amplitude is greater than 1.7 is defined as the high
gray amplitude phase. The corresponding relationship between
grayscale phase and shale lithofacies is as follows: low grayscale
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small amplitude phase corresponds to massive mixed shale, low
grayscale large amplitude phase corresponds to laminated mixed
shale, high grayscale small amplitude phase corresponds to
massive calcareous shale, and high grayscale large amplitude phase
corresponds to laminated calcareous shale (Fig. 13).

Shale lithofacies are continuously identified using the grayscale
phase. The results show that the rapid phase transformation of
shale lithofacies caused the same lithofacies unable to develop
continuously and the thickness was small during the deposition
period of the EssL shale in well A (Fig. 13). The mineral composition
and structure of shales have changed significantly during the
deposition period of the EssL shale in well A. From the perspective
of mineral composition, the proportion of clay minerals and felsic
minerals gradually increased and then decreased, so the shale type,
in general, changed from mainly calcareous shale to mainly mixed
shale and then to mainly calcareous shale. From the perspective of
rock structure, the shale structure had undergone a transition from
laminated structure to massive structure, which indicates that the
water energy has undergone a process from weak to strong during
deposition period of the EssL shale (Zolitschka et al., 2015).

5.6. Application prospect of the grayscale phase model

At present, the focus in China's oil and gas exploration and
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grayscale (AG) above 56 indicates the presence of calcareous shale; while the relative amplitude (RA) is greater than 1.7, laminae develop on the core; if the relative amplitude is less

than 1.7, the laminae on the core is not developed.

development shifts towards unconventional areas, particularly the
complex and rapid phase transition of shale lithofacies, necessitates
techniques of high resolution and reliability in classifying various
lithofacies. In comparison to logging curves, the grayscale curve can
achieve a resolution as fine as millimeters (less than 0.1 mm,
depending on the clarity of core photos), making it an excellent
proxy for studying lacustrine shale formations with rapid phase
changes. Additionally, the intrinsic relationship between shale
grayscale and TOC content, mineral composition, and rock structure
demonstrates that the grayscale curve effectively records these
crucial pieces of information for lithofacies classification purposes.
Therefore, when dealing with wells that have limited core samples
or lack lithofacies data in certain blocks, the grayscale phase model
can be utilized to quickly and efficiently classify shale lithofacies.
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Furthermore, petroleum geologists in China have recognized
laminated shale as the most favorable type for exploration and
development in lacustrine shale formations. The relative amplitude
parameter within the grayscale phase model is capable of accu-
rately identifying laminated intervals within shales; overall, this
not only resolves difficulties associated with numerically charac-
terizing millimeter-scale laminae but also enables precise identi-
fication of intervals conducive to shale oil development.

6. Conclusion
(1) Based on the grayscale curve analyses of shale, two impor-

tant parameters are proposed: absolute grayscale and rela-
tive amplitude. The absolute grayscale is used to evaluate the
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shale material composition (mineral composition + TOC),
and the relative amplitude is used to indicate the shale
structural type.

(2) Based on the clustering analysis algorithm, the boundary
values that can distinguish shale mineral composition and
shale structure are clarified with the absolute grayscale of 56
and the relative amplitude of 1.7. Four lithofacies are iden-
tified by the model of the grayscale phase in the study area:
massive mixed shale, laminated mixed shale, massive
calcareous shale and laminated calcareous shale.

(3) The model of grayscale phase can not only effectively char-
acterize the material composition of shale, but also solve the
problem that it is difficult to identify millimeter-scale
laminae. Therefore, the grayscale phase model is of great
significance to the lithofacies identification, sweet spot
evaluation and prediction of complex continental lacustrine
basins.
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