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Sensitivity analysis of seismic
attributes and oil reservoir
predictions based on jointing
wells and seismic data – A case
study in the Taoerhe Sag, China

Na Li1, Jinliang Zhang1*, Jun Matsushima2, Cheng Song3,
Xuwei Luan1, Ming Dou4, Tao Chen1 and Lingling Wang1

1Faculty of Geographical Science, Beijing Normal University, Beijing, China, 2Department of
Environment Systems, Graduate School of Frontier Sciences, The University of Tokyo, Tokyo, Japan,
3School of Earth and Environmental Sciences, Seoul National University, Seoul, South Korea,
4Dongsheng Compangy of Shengli Oilfield, SINOPEC, Dongying, China
It is important to identify the location of gravelly sandstone in Taoerhe Sag, an

oil target area in the Chezhen Depression. To date, most attention has focused

on sedimentary characteristics; hence, information regarding a clear sensitivity

analysis of seismic attributes is incomplete. To address this, we used well

analysis and seismic attribute interpretation to find sensitive seismic attributes

and sand bodies. Based on the well analysis and core data, a geologicald model

of mudstone and sandstone was established, and the electrical characteristics

of three kinds of lithology were identified. We used correlation analysis to select

the optimal logging parameters and seismic attributes to identify sandstone.

We used multi-attribute fusion technology and stratigraphic slices to

characterize the spatial distribution characteristics of gravelly sandstone in

the target area and used genetic algorithm inversion volume to evaluate the

prediction results. The results indicate that the three main lithologies of the

lower submember of Shahejie Formation 3 (P2S3
X) in the Taoerhe Sag can be

distinguished by natural gamma (GR), acoustic time difference (AC) and

saturated hydrocarbon content (SH) logging curves. The seismic attribute

characteristics of gravelly sandstone of P2S3
X are high root mean square

amplitude (RMS) values, high instantaneous bandwidth (BW) values, low 3D

curvature (Curv) values, medium-high instantaneous phase (Phase) values and

high instantaneous frequency (Freq) values. In this study, we found two

nearshore underwater fans in P2S3
X. Gravelly sandstone is located along the

slope zone and the lake bottom, with a total sedimentary area of 57.9 km2. The

method summarized in this paper can be applied to other similar deep-

water basins.

KEYWORDS

sensitive attribute, attribute fusion, genetic algorithm inversion, lithology recognition,
heatmap analysis
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1 Introduction

Most oil and gas reserves in deep-sea basins are stored in

sandstones. We can determine the lithological characteristics of

a point through drilling. However, drilling cannot accurately

depict the horizontal distribution of sandstone. A variety of

methods, however, have been proposed to determine this

distribution (Simon et al., 2018) . In some cases, geochemical

methods such as the diagenesis of sandstone in the early stage of

oil and gas exploration provide guidance (Primmer et al., 1997).

Additionally, with the development of seismic exploration

technology, sequence methods, such as sequence analysis

(Galloway, 2012) and sequence stratigraphy (Edwards, 1994;

Johannessen et al., 1995), have been regularly applied to

sandstone prediction. For instance, Galloway (2012) and

others applied the sedimentary system and sequence analysis

of clastic rocks to reservoir prediction (Galloway, 2012).

Sequence stratigraphy has played a great role in sandstone

prediction in the “Brent Delta” and the Gulf Coast Basin

(Edwards, 1994; Johannessen et al., 1995). Computer

technology promotes the application of imaging technology

and geophysical inversion in reservoir prediction (Nisar et al.,

2022). Using interlayer and window seismic attribute

technology, the geometric structure of gas-bearing deep-water

sandstone and other reservoirs in the Veracruz Basin, Mexico,

can be clearly displayed (Fouad et al., 2002). Furthermore, a

variety of inversion methods have improved the vertical

resolution of sandstone prediction, such as band-limited

inversion (Ferguson and Margrave, 1996), geostatistical

inversion (Lamy et al., 1999) and waveform phase-controlled

inversion (Xu and Greenhalgh, 2010). The seismic

sedimentation method (Zeng et al., 2007), neural network

analysis method (Abdullatif and Sitouah, 2011), RGB fusion

analysis method (Zhang et al., 2011), and fuzzy logic method

(Baouche and Nabawy, 2021) offer a theoretical basis for

horizontal sand-body prediction. Seismic sedimentology is the

main method discussed in this paper. This method has been

successfully applied to other basins (Ge et al., 2018). For

instance, the application of seismic sedimentology to

sandstone prediction in the Pearl River Mouth Basin has

achieved good prediction results (Ge et al., 2018).

It is not difficult to find that with the development of

imaging technology, the methods of predicting sandstone in

paleostrata are constantly updated. This paper utilizes seismic

sedimentology, especially the seismic attribute method. It is

worth mentioning that the types of predicted seismic

attributes of sandstone are increasing. A variety of seismic

attributes allows for different perspectives in observing

underground rocks. However, this variety lead to multiple

interpretations of the results. How to choose the appropriate

seismic attributes is a challenge that needs to be addressed.

This paper takes the Taoerhe Sag as an example to study how
Frontiers in Marine Science 02
to choose the appropriate seismic attributes to predict

sandstone locations.

Taoerhe Sag belongs to the secondary geological unit of the

Chezhen Depression. The exploration results in recent years show

that the third member of the Shahejie Formation of Paleogene age

has oil and gas resources, but it is not rich (Du et al., 2021).

Defining the distribution of reservoirs and deploying new wells is

the key to discovering new reserves. The sand body in the Taoerhe

Sag has rapid, lateral changes; sandstone and mudstone are

alternately distributed; and the sandstone thickness is thin

(Zhang et al., 2010), creating substantial challenges for

sandstone characterization and reservoir prediction. Most

previous studies on sand-body and reservoir prediction have

drawn conclusions based predominantly on drilling data (Yang

et al., 2020; Jfa et al., 2021); few seismic prediction methods have

also applied experience to describe sand bodies and have not

provided a clear sensitivity analysis of seismic attributes.

Therefore, prediction accuracy remains to be examined.

To accelerate the exploration process of the Taoerhe Sag and

increase its reserves, the author carried out sandstone and reservoir

prediction research on the third member of the Shahejie Formation

(P2S3) in this area. To address sandstone and reservoir prediction

challenges faced by P2S3 in the Taoerhe Sag, the sensitive

parameters for predicting thin sandstone, including logging

parameters and seismic attributes, were optimized via log analysis

and correlation analysis. Seismic sedimentology theory was used to

guide the spatial distribution of sandstone and reservoirs in the

lower submember of Shahejie Formation 3 (P2S3
X) of the Taoerhe

Sag. Two nearshore underground fans and five gravelly sandstone

distribution areas in P2S3
X of the Taoerhe Sag were predicted. This

research achieved good exploration results and application

effectiveness and is applicable to the whole Chezhen Depression.

In the following sections, we introduce the geological setting in

the Taoerhe Sag in section 2, including the location, area and strata.

In section 3, we describe the data andmethods used in this paper. In

section 4, we summarize the logging characteristics of rocks and

conduct correlation analysis, extract 10 types of seismic attributes

and conduct correlation analysis. Then, we interpret the seismic

attributes by slices. In section 5, we discuss the results from section 4

with the help of multi-attribute fusion technology and genetic

algorithm inversion. These two technologies are explained in

section 3 and section 5. Finally, we obtain reliable conclusions

based on seismic attribute interpretation and well analysis.
2 Geological overview of the
study area

Taoerhe Sag (Figure 1), located in the middle of the Chezhen

Depression and north of the Jiyang Depression (Zeng et al., 2008),

is our target spot. It comprises approximately 450 km2 (Wang

et al., 2007). The study area in this paper is approximately 212.24
frontiersin.org
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km2. The depression presents as an ellipse on the plane. Drilling

results in 2005 indicated abundant oil and gas in the third member

of the Shahejie Formation, represented by Well Che 66 (Zeng

et al., 2010). However, there was no oil or gas in the same layer in

Well Che 661 near Well Che 66 (Zeng et al., 2010). This indicates

that the geological conditions in this area are complex and that the

distribution of oil and gas is characterized by strong heterogeneity.

Structurally, normal faults are developed in the southern

part of the depression, and small northwest–southwest-trending

faults are locally developed. In general, faults in the depression

are not developed, and only faults around the depression are

developed (Wang et al., 2007). Stratigraphically, the Cenozoic

strata of the Taoerhe Sag include Quaternary, Neogene and

Paleogene strata (Li et al., 2018). The target horizon is the third

member of the Shahejie Formation of Eocene age. The sediment

thickness of the Shahejie Formation is generally more than

200~1000 m (Du et al., 2021). The lithologies of the third

member of the Shahejie Formation include dark gray to gray

black oil mudstone, oil shale and siltstone, which can be divided

into upper (P2S3
S), middle (P2S3

Z) and lower members (P2S3
X)

(Zeng et al., 2008; Zhang et al., 2010; Yang et al., 2020; Jfa et al.,

2021). In this study, the attribute sensitivity is examined by

taking P2S3
X as an example. The main lithologies of the lower

part of the third member of the Shahejie Formation are

mudstone, calcareous oil mudstone and gravelly sandstone; the

sediments in the middle part are mainly clay rock, pure

mudstone, shale and oil shale; and the sediments in upper part
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are oil mudstone, oil shale, siltstone and carbonate rock (Zhang

et al., 2010; Yang et al., 2020; Jfa et al., 2021). In terms of

sedimentation, the gravelly sandstone body in the study area is

thin and widely distributed (Zeng et al., 2008; Zhang et al., 2010;

Yang et al., 2020; Jfa et al., 2021). The third member of the

Shahejie Formation represents the peak of the development of

the faulted lake basin. The climate is humid, and gravelly

sandstone fans have developed along the lake bank (Yang

et al., 2020).
3 Data and methods

3.1 Data

The study area is 212.24 km2, covering seismic data, and

there are 22 wells in the study area. All data are from the Shengli

oil field in China. Seismic data were collected in 2014. The bin

grid is 15 m*30 m, the number of coverages is 288, and the

horizontal to vertical ratio is 0.54 (Zhao, 2017). The main

frequency range of the processed seismic data is 10~35 Hz

(Figure 2). The average velocity of the formation below

3000 m in the study area is 3247 m/s (Zhao, 2017), and the

seismic resolution is approximately 40 m. The applied logging

curves include the natural gamma curve (GR), acoustic time

difference curve (AC), density curve (DEN), spontaneous

potential curve (SP) and saturated hydrocarbon content (SH).
FIGURE 1

Geographic location of the study area. (A) Map of China. The yellow box is the Jiyang Depression. The Chezhen Depression is a part of the Jiyang
Depression. (B) Structural map of the Chezhen Depression. The red dotted box is the location of the Taoerhe Sag. (C) Structural map of the Taoerhe
Sag. There are 20 wells on the picture. (D) Stratigraphic and lithologic histogram of the third member of the Shahejie Formation in the Taoerhe Sag.
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The target stratum of the study is the lower submember of

Shahejie Formation 3 (P2S3
X).
3.2 Methods

As indicated in the introduction, there are two problems that

must be solved in this paper. The first problem is the selection of

the appropriate seismic attributes. The second problem is the

prediction of the thin sandstone of P2S3
X in the Taoerhe Sag. The

two problems are progressive. Only by selecting the appropriate

seismic attributes can we accurately determine the distribution of

sandstone in the study area. The research steps can be divided into

six steps to solve these two problems (Figure 3). The most critical

step is Step 4. We will describe Step 4 in detail.

Step 4 contains three processes, of which Step a means to

extract appropriate seismic attributes. Extracting seismic

attributes for the first time requires the “expert optimization

method” (Zhao, 2016), that is, extracting seismic attributes

according to the experience of geophysical experts. In this

paper, sand-body prediction is needed. Therefore, 10 seismic

attributes related to sand bodies are extracted based on

experience, such as the root mean square amplitude attribute

(RMS), instantaneous phase attribute (Phase), and

instantaneous frequency attribute (Freq) (Dongjun et al.,

2006). However, all of these 10 seismic attributes will not

necessarily be used for the final sand-body prediction. These

attributes need to be screened, which occurs during Step c, when

the seismic attributes are filtered. Step b summarizes the

characteristics of sandstone on the logging data and its

sensitive parameters. Generally, the characteristics of

sandstone based on the loggings are as follows: “bell shaped”

or “box shaped”, low GR, and medium - high AC. In addition,

when compared with the surrounding rocks, sandstone is mainly

characterized by low velocity and low DEN (Collett et al., 2011).
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In this paper, the crossplot of the logs and rocks are made, and

the logging curves with obvious differentiation are selected for

further research.

Choosing the appropriate seismic attribute (Step c) is a

primary focus of this paper. In the process of seismic reservoir

prediction, various seismic attributes related to the reservoir are

usually introduced. However, more attributes are not better, as

they lead to data redundancy and multiple solutions. Hence, for

the specific problem of reservoir prediction, it is very important

to select the one attribute that can best express the reservoir

characteristics. Seismic attribute optimization (Step c) in this

paper includes two secondary steps. The first step is to analyze

the correlation between attributes. We next introduce how to

analyze the correlation between attributes.

The correlation between two attributes is measured by the

correlation coefficient. The correlation coefficient is a digital

expression of the degree of correlation between two variables

(Barnes, 2007). It is an index used to express the strength of the

correlation relationship (Barnes, 2007). The sample correlation

coefficient is expressed in R, and the value is generally between -1

and 1 (Barnes, 2007). 1 is the largest positive correlation, 0 is

irrelevant, and -1 is the largest negative correlation. In the

optimization of seismic attributes, the greater the absolute

value of the correlation coefficient between the two is, the

higher the degree of correlation; the smaller this value is,

the lower the degree of correlation (Barnes, 2007). If the

reservoir characteristics expressed by the two seismic attributes

are similar, information redundancy and interference occurs in

the seismic attribute analysis. Therefore, we can select one of the

seismic attributes with a correlation greater than 0.7.

The correlation coefficient calculation formula (Barnes, 2007)

is as follows:

R = o​ X − �Xð Þ Y − �Yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o​ X − �Xð Þ2S Y − �Yð Þ2

q =
lxyffiffiffiffiffiffiffiffiffiffi
lxxlyy

p (1)
FIGURE 2

Spectral analysis of the seismic data volume in the Taoerhe Sag. The main frequency range is 10~35 Hz. The high frequency range is 70~85 Hz.
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where X and Y are the values of the two seismic attributes

and �X and �Y are the average values of X and Y, respectively. The

correlation degree is found in Table 1 (Barnes, 2007).

The second step of Step c is to use the seismic attributes

selected in the previous step and the logging parameters to

implement crossplot analysis; the seismic attributes with good

correlation are left. Seismic attributes with good correlation are

used for sandstone and reservoir prediction. Among them, the

logging parameters sensitive to sandstone are obtained in Step b.

We can find some information by interpreting seismic

attribute slices. However, if we confirm that the results are

correct, we need to provide more evidence. Hence, we should

validate the results via Step 5, including Step d and Step e. For

Step d, we use multi-attribute fusion technology to interpret

gravelly sandstone. Multi-attribute fusion technology in this

paper can be carried out using the following workflow. First,

we take a certain attribute slice as the background. Then, we set

the transparency of the slice. In addition, we overlay other

attribute slices to display more information. This slice is also

set to transparency. The transparency is approximately 30% -

50%. Step e involves comparing the results to cores and wells. In

this step, we apply genetic algorithm inversion to improve

accuracy. When we process genetic algorithm inversion, the

input data are issued. Step b indicates which logging parameters

can be inversed. We realize genetic algorithm inversion via

software named Petrel. Step f in Step 5 refers to the

establishment of a comparison chart based on the selected
Frontiers in Marine Science 05
seismic attributes and logging parameters, including seismic

attributes, logging curves, and reservoir parameters. The chart

can be used for reservoir predictions of other blocks in the work

area. This part is explained in the Discussion.
4 Results

4.1 Log analysis (logging characteristics
of rocks)

Using the data from 22 wells in the Taoerhe Sag, the

lithologic, electrical and logging characteristics of P2S3
X are

analyzed. There are three main lithologies in P2S3
X in the

Taoerhe Sag: medium conglomerate, mudstone and calcareous

oil mudstone.

Taking Well Che 66 as an example, the depth of calcareous

oil mudstone in Figure 4 is 4323.9~4329.0 m, and the thickness

is 5.1 m. The GR value of calcareous oil mudstone is 45.4~67.0

API, with an average of 53.0 API. The AC of calcareous oil

mudstone is 59.3~67.5 m S/ft (1 ft = 30.48 cm), with an average of

61.7 m s/ft. The saturated hydrocarbon content (SH) of

calcareous oil mudstone ranges from 4.7 to 24.4, with an

average value of 10.1. The resistivity (RD) ranges from 168.7

to 268.6 ohm.m, with an average of 226.9 ohm.m (Table 2).

The thicknesses of the gravelly sandstone in the two sections

are 3.4 m and 6 m (Figure 4). The average GR value of gravelly

sandstone is 27.1 API. The average value of AC is 57.9 m s/ft. The

average SH is 4.6. The average RD range is 211.3

ohm.m (Table 2).

The depth of the mudstone is 4357.3~4359.4, and the

thickness is 2.1 m. The average GR value of mudstone is 87.7

API. The average value of AC is 80.6 m s/ft. The average SH of

gravelly sandstone is 78.1. The average RD range is 74.5

ohm.m (Table 2).

We counted the data from 22 well logs and found that the

lithologic and electrical characteristics of the lower Sha 3
FIGURE 3

Research flow chart.
TABLE 1 Classification standard of correlation degree (Barnes, 2007).

Absolute value of R Degree of relevance

0~0.2 Extremely low correlation

0.2~0.4 Low correlation

0.4~0.7 Moderate correlation

0.7~0.9 Height correlation

0.9~1.0 Polar height correlation
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A

B

FIGURE 4

Logging curve characteristics and core characteristics of Well Che 66. (A) Calcareous oil mudstone of Well Che66 is at 4323.9-4329.0 m. The
core is calcareous oil mudstone, which is dark. The yellow dotted circle on the core picture is the calcite mud crystal. The core depth is 4324.1-
4324.6 m. The core can be related to the logs by depth. (B) Gravelly sandstone of Well Che66 is 4352.6-4356.0 m and 4359.4-4365.4 m.
Mudstone of Well Che66 is in 4357.3-4359.4 m. The core depth is 4358.8-4358.9 m (mudstone) and 4361.2-4361.3 m (gravelly sandstone). The
core can be related to the logs by depth. The yellow dotted line on the core picture is the horizontal texture during mudstone deposition. The
yellow dotted circle on the core picture is mud gravel. We counted the data from 22 well logs and found that the lithologic and electrical
characteristics of the lower Sha 3 submember are consistent. Calcareous oil mudstone has medium gamma rays, low acoustic wave time
difference, low SH and high RD. Gravelly sandstone is characterized by low GR, low AC, low SH and high RD. Mudstone is characterized by high
natural gamma rays, high acoustic transit time, high SH and medium low RD. The crossplot can clarify the differentiation of the above four
electrical characteristics for lithology. Taking the well-logging data of P2S3X from Well Che 66 as an example, we completed the production of
six kinds of crossplots: GR and AC, GR and SH, GR and RD, AC and SH, AC and RD, and SH and RD. Lithology is used as the intersection
background. The crossplot indicates that for the Taoerhe Sag, GR can only be selected if gray oil mudstone and gravelly sandstone are to be
distinguished. If we want to distinguish calcareous oil mudstone and mudstone, we can choose GR, AC, or SH. If we want to distinguish
mudstone from gravelly sandstone, we can choose GR, AC, or SH. In conclusion, GR can better distinguish lithology.
Frontiers in Marine Science frontiersin.org06
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TABLE 2 Lithology and electricity comparison data of the lower Sha 3 subsection of Well Che 66.

Logging parameters
lithology

Depth (m) GR (API) AC (ms/ft) SH RD (ohm.m)

value average value average value average value average

gravelly sandstone 4351~4355.4 21.9~30.5 25.6 52.7~64.6 57.6 2.6~6.4 4.3 175.7~356.8 259.3

gravelly sandstone 4360~4365 22.2~37.3 28.4 52.6~66 58.4 2.7~8.4 4.8 95.3~232.3 169.0

mudstone 4317.6~4320.9 82.6~95.0 87.7 72.5~78.9 76.9 64.4~100 77.9 60.1~160.4 105.0

mudstone 4332.5~4333.9 82.3~96.4 90.6 72.1~83.4 80.1 65.5~100 86.6 72.8~93.7 79.3

mudstone 4340.9~4343.0 75.4~92.2 84.2 79.5~88.0 82.8 53.6~91.1 71.3 72.6~191.3 116.1

mudstone 4357.3~4359.4 77.2~104.5 95.7 72.7~85.7 80.6 44.1~98.5 78.1 62.5~102.2 74.5

calcareous oil mudstone 4323.9~4329.0 45.4~67.0 53.0 59.3~67.5 61.7 4.7~24.4 10.1 168.7~268.6 226.9

Li et al. 10.3389/fmars.2022.1011770
A B

D

E F

C

FIGURE 5

Well Che66 crossplot. (A) GR-AC crossplot; (B) GR-SH crossplot; (C) GR-RD crossplot; (D) AC-SH crossplot; (E) AC-RD crossplot; and (F) SH-RD
crossplot. Figures (A–C) show that GR can effectively distinguish mudstone, calcareous oil mudstone and gravelly sandstone. Figure (A), Figure
(D) and Figure (E) show that AC can distinguish between mudstone and calcareous oil mudstone and between mudstone and gravelly sandstone,
but calcareous oil mudstone and gravelly sandstone overlap greatly in value range. Figure (B), Figure (D) and Figure (F) show that SH can distinguish
between mudstone and calcareous oil mudstone and between mudstone and gravelly sandstone, but calcareous oil mudstone and gravelly
sandstone overlap greatly in value range. Figure (C), Figure (E) and Figure (F) show that RD can only distinguish mudstone and calcareous oil
mudstone. There are overlapping parts between 150 and 200 ohm.m. RD cannot distinguish mudstone from gravelly sandstone. RD cannot
distinguish between calcareous oil mudstone and gravelly sandstone.
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submember are consistent. Calcareous oil mudstone has

medium gamma rays, low acoustic wave time difference, low

SH and high RD. Gravelly sandstone is characterized by low GR,

low AC, low SH and high RD. Mudstone is characterized by high

natural gamma rays, high acoustic transit time, high SH and

medium low RD.

The crossplot can clarify the differentiation of the above four

electrical characteristics for lithology. Taking the well-logging

data of P2S3
X fromWell Che 66 as an example, we completed the

production of six kinds of crossplots: GR and AC, GR and SH,

GR and RD, AC and SH, AC and RD, and SH and RD (Figure 5).

Lithology is used as the intersection background. The crossplot

indicates that for the Taoerhe Sag, GR can only be selected if

gray oil mudstone and gravelly sandstone are to be

distinguished. If we want to distinguish calcareous oil
Frontiers in Marine Science 08
mudstone and mudstone, we can choose GR, AC, or SH. If we

want to distinguish mudstone from gravelly sandstone, we can

choose GR, AC, or SH. In conclusion, GR can better

distinguish lithology.
4.2 Sensitivity analysis of
seismic attributes

4.2.1 Correlation analysis of attributes
Three kinds of lithologies are distinguished by seismic

attributes: gravelly sandstone, mudstone and calcareous

oil mudstone.

Taking the lower segment of Sha 3 as an example, we

calculated 10 volume attributes, including amplitude, energy
FIGURE 6

Thermodynamic diagram of seismic attribute correlation. Blue represents height correlation. Red represents low correlation.
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and frequency. These 10 seismic attributes are RMS, sweetness

(Sweet), instantaneous bandwidth (BW), 3D curvature (Curv),

dominant frequency (Domfreq), approximate polarity (Pol),

envelope (Env), phase, reflection intensity (Int), and Freq.

Figure 6 shows the thermodynamic diagram of the

correlation coefficient between seismic attributes; for example,

the correlation coefficient of RMS and int is 0.99. According to

Table 1, the two are highly correlated. One seismic attribute can

be obtained by simple mathematical transformation, and the

other can be retained. Similarly, referring to Table 1, if the
Frontiers in Marine Science 09
correlation of two attributes reaches 0.7, it is regarded as highly

correlated, and only one of them is retained.

According to this method, four seismic attributes are

removed, namely, Sweet, Env, Int and DomFreq. Six seismic

attributes are retained, namely, RMS, BW, Curv, Pol, Phase

and Freq.

4.2.2 GR crossplot of attributes and logging
The six seismic attributes are data bodies. We extracted the

seismic attribute data from the well at the same sampling rate
A B

D

E F

C

FIGURE 7

Well Che66 GR-Seismic attribute crossplot. (A) GR-BW crossplot; (B) GR-Curv crossplot; (C) GR-Freq crossplot; (D) GR-RMS crossplot; (E) GR-Pol
crossplot; (F) GR-Phase crossplot.
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(0.076 m) as the logging data. We used Petrel software to

perform resampling. To verify the sensitivity of the retained

six seismic attributes to lithology, GR data at the same depth and

six seismic datasets were selected for intersection analysis

(Figure 7). The intersection map shows that except for the pol

attribute, the attributes have a certain degree of differentiation

for lithology.

Among them, BW can recognize calcareous oil mudstone. The

low value (<2.0 Hz) represents calcareous oil mudstone. The Curv

can distinguish between calcareous oil mudstone and gravelly

sandstone. Gravelly sandstone has a low value (0.05~0.125 m^

(-1)), and calcareous oil mudstone has a high value (0.125~0.15 m^

(-1)). Freq can recognize gravelly sandstone. High values (>21.5 Hz)

represent gravelly sandstone. RMS can distinguish between

calcareous oil mudstone and gravelly sandstone. Gravelly

sandstone has a high value (>2600a), and calcareous oil

mudstone has a low value (<2600a). The Pol attribute cannot

distinguish the three lithologies in the study area, and the data

coincidence degree is high. Phase can distinguish between

calcareous oil mudstone and gravelly sandstone. Gravelly

sandstone has a medium-high value (-100~0 deg), and calcareous

oil mudstone has a low value (< -100 deg). In summary, high BW,

Freq and RMS values represent gravelly sandstone; high BW and

RMS values represent mudstone; and low Curv values represent

both gravelly sandstone and mudstone. Therefore, when identifying

gravelly sandstone, we can compare the above five attributes to

obtain its distribution range.

4.2.3 Seismic attribute interpretation
The five attributes, RMS, BW, Curv, Phase and Freq, have a

certain lithological differentiation. We first extract five

stratigraphic attribute slices of the lower submember of Sha 3.

On the RMS slice, the red and yellow areas with values greater

than 2600 a (Figure 7D) are divided into gravelly sandstone. In

the Curv attribute map, the brown area between 0.05 and ~0.125

m^ (-1) is divided into gravelly sandstone (Figure 7B). In the

Freq plan, the high value area (red and yellow) greater than

21.5 Hz (Figure 7C) is divided into gravelly sandstone. In the

phase diagram, the yellow and green parts of the -100~0 deg

(Figure 7F) area are divided into gravelly sandstone. The TWT

map (Figure 8F) shows that there is a river valley in the northern

part of the work area, and the river carries sediment into the low-

lying area in the middle part of the work area. It is difficult to see

obvious valleys in the southern highland area of the work area,

and whether there is an alluvial deposit needs to be determined

in the discussion part.

Comparing the reflection results of the lithology on the five

attribute maps, combined with the structural map of the study area,

we believe that the nearshore underground fan (Figures 8A, B, D)

was deposited in the northern part of the study area. The RMS, BW

and Freq attributes can clearly distinguish the boundary of the fan.

Gravelly sandstone is mainly distributed in the middle part of the

fan and deep lake bottom of the slope zone, with a total area of
Frontiers in Marine Science 10
approximately 39.5 km2. Curv and Phase can only recognize

gravelly sandstone, but the sedimentary boundary of the fan is

not obvious. In the Curv attribute graph, three gravelly sandstone

blocks can be depicted. Units 1~3 (Figure 8C) are within the range

of the nearshore underwater fan. Six gravelly sandstone blocks are

identified in the phase attribute map. However, after comparison

with the Freq attribute map, blocks 5 and 6 (Figure 8E) are

ultimately not recognized as gravelly sandstone.
5 Discussion

To verify the correctness of the above attribute analysis

results, we use multi-attribute fusion technology and genetic

algorithm inversion.

When we use a single attribute to identify sandstone, there

will be multiple results. In this way, multi -attribute fusion

technology should be considered. In recent years, scholars

have made significant progress in exploring multi-attribute

fusion technologies or methods (Mcardle and Ackers, 2012;

Maleki et al., 2019). RGB color blending is one method of

multi-attribute fusion technology, which has been used to

show subtle lithological changes (Mcardle and Ackers, 2012).

In this paper, fusion is easy to achieve. We overlay two slices, and

we set different transparencies to show more information from

the two slices (Figures 9A, B).

The genetic algorithm (GA) was proposed by Professor J.H.

Holland at the University of Michigan (Holland, 1992). GA is a

randomized search method based on the evolutionary laws of the

biological world (Holland, 1992). This algorithm can solve the

optimal value (Holland, 1992). Genetic algorithm inversion has

frequently been applied to deep-sea basin reservoir prediction.

Chinese scholars took a central paddy sandstone reservoir in a

deep-water area as an example and predicted the distribution

characteristics of favorable reservoirs using the GA method,

which greatly reduced the exploration risk (Huang, A. M., Li,

L., 2011). GA can also be applied to calculate rock compressive

strength (Xiong et al., 2021).

GR data and original seismic data are used as input for the

genetic algorithm. The inverted data volume is then obtained.

The GR curve and AC curve are projected on the seismic profile

after inversion, and the coincidence between the two curves and

the seismic inversion volume data is counted (Figure 9C). Both

GR and AC of gravelly sandstone are low values. The GR and AC

data from 22 well logs in the study area are compared. The

coincidence between the borehole data and the inversion profile

is more than 90%, thus, the reliability of the inversion body

is high.

For the nearshore underwater fan in the study area, the

distribution range of gravelly sandstone shown by the

stratigraphic inversion volume slice of P2S3
X is consistent with

the conclusion obtained in Figure 8. The superimposed map of

stratigraphic slices and structures (Figure 9A) clearly shows that
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a part of the nearshore underwater fan is also developed in the

southern part of the work area. Due to the scope limitation of

the work area, we cannot examine all sedimentary boundaries of

the fan. Obviously, a relatively thick gravelly sandstone was

deposited on the front edge of the fan. After adding this fan, the

total distribution area of gravelly sandstone in the study area is

approximately 57.9 km2 (Figure 9D).
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In addition to the Taoerhe Sag, there are also three

subdepressions: the Dawangzhuang Sag, Chexi Sag and

Guojuzi Sag in the Chezhen Depression. The attribute

optimization scheme discussed in this paper can be extended

to these three depressions to depict the distribution range of

gravelly sandstone or other rocks. We will explore this

engineering problem in the future.
FIGURE 8

Plan of five attributes of P2S3
X. (A) RMS attribute. The black curve is the boundary of the nearshore area under the fan, and the yellow and black

dotted lines are river channels. (B) BW attribute. The black curve is the boundary of the nearshore area under the fan, and the yellow and black
dotted lines are river channels. (C) Curv attribute. The yellow curve is the boundary of gravelly sandstone deposition. (D) Freq attribute. The
black curve is the nearshore boundary under the fan, and the yellow and black dotted lines are river channels. (E) Phase attribute. The black
curve is the predicted boundary of gravelly sandstone deposition. (F) The two-way-time contour map. The terrain in the northern area is high,
the terrain in the southern area is high, and the terrain in the middle area is low. Therefore, there is a depression in the middle. Sediments were
transported from high to low along the river channel and deposited on the slope zone and lake bottom.
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6 Conclusion

In this paper, through the methods of sensitive attribute

optimization and attribute fusion, three logging attributes and five

seismic attributes that can distinguish gravelly sandstone are

selected in the Taoerhe Sag. The prediction results of seismic

attributes are explained. Finally, the correctness of the

interpretation results is evaluated through GR genetic inversion
Frontiers in Marine Science 12
data volume, and a set of gravelly sandstone prediction parameters

and methods suitable for the Taoerhe Sag are formed. The main

conclusions are as follows. The results of log analysis show that for

the Taoerhe Sag, GR can only be selected if calcareous oil mudstone

and gravelly sandstone are distinguishable. If we want to distinguish

calcareous oil mudstone and mudstone, we can choose GR, AC, or

SH. If we want to distinguishmudstone from gravelly sandstone, we

can choose GR, AC, or SH. GR has the most obvious distinction for
FIGURE 9

Inversion stratigraphic slice and profile of P2S3
X. (A) Multiattribute fusion technology - superposition map from GR genetic inversion stratigraphic

slice and structural map. The black curve represents a fan. Red and yellow represent GR low values, representing gravelly sandstone. Based on
the 3D structural map, it is inferred that two fans were developed in this area: one was from the northern mountainous area, and the other was
from the southern mountainous area. (B) GR genetic inversion stratigraphic slices after filtering high and very low values. This figure can depict
the fan more clearly. The black curve represents a fan. (C) GR genetic inversion profile. T3 is the top of P2S3

S. T4 is the top of P2S3
Z. T6 is the

bottom of P2S3
X. The red curve on the left side of Well che66 is the GR curve (the curve protruding to the right indicates a low GR value), and

the yellow curve on the right is the AC curve (the curve protruding to the left indicates a low AC value). The middle axis of the che660 well is
the extracted above-well Freq attribute, and red and yellow are high values, representing gravelly sandstone. The black curve on the right is the
AC curve (the curve highlighted to the left indicates that the AC value is low). The red curve on the left of Well che68 is the GR curve (the curve
protruding to the right indicates a low GR value), and the yellow curve on the right is the AC curve (the curve protruding to the left indicates a
low AC value). The yellow area circled by the dotted point is gravelly sandstone delineated from the profile. (D) Unfiltered GR genetic inversion
stratigraphic slices with high and very low values. The black dotted line is the distribution range of gravelly sandstone finally delineated on the
plane. The yellow straight line is the location of Section (C).
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lithology. The sensitivity analysis results of the seismic attributes

show that the five primary attributes are RMS, BW, Curv, Phase

and Freq, which have a certain degree of lithological differentiation

in the study area. The results of seismic attribute interpretation

show that there is a nearshore underwater fan in the northern and

southern parts of the study area, and gravelly sandstone is

distributed in the slope zone and the lake bottom. The

distribution range of gravelly sandstone in the study area is

57.9 km2.

The research methods of logging attribute optimization,

seismic attribute sensitivity analysis, genetic algorithm

inversion, and quality control can both identify lithologic

characteristics in the deep Earth and provide a basis for

planning drilling locations. In future research work, this

method can be applied to other deep-sea depressions.
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Appendix

Root mean square amplitude computes RMS on

instantaneous trace samples over a specified window (default

9 samples).

Sweetness is defined as envelope/sqrt (Instantaneous

frequency). For numerical reasons, a lower threshold of frequency

is set at 1 Hz.

The instantaneous bandwidth is the absolute value of the

time derivative of the envelope.

3D curvature is the curvature of the reflectors/seismic

structure of a volume.

The dominant frequency is from themeasure of the hypotenuse

between the instantaneous frequency and instantaneous bandwidth.
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Apparent polarity is the polarity of the instantaneous phase.

It is calculated at the local amplitude extrema.

The envelope is also known as the instantaneous amplitude,

magnitude or reflection strength. It is the instantaneous

magnitude of the analytic signal (the complex trace),

independent of phase: env = sqrt(sqr(f)+sqr(g)).

The instantaneous phase is an argument of the analytic

signal. phase=arctan(g/f), where f(t) is the real part and g(t) is

the imaginary.

Reflection intensity integrates the instantaneous amplitude

along the trace (using the trapezoidal rule).

Instantaneous frequency is the time derivative of phase (d

(phase)/dt). The time derivative of the instantaneous phase is

often referred to as ‘phase acceleration’.
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