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Abstract

Sequence identification and division is an important basis for oil and gas exploration research. In view of the complex
sedimentary environment, based on the previous element logging correction lithology, through the combination of logging
curve and lithology data, in this paper, two methods of maximum entropy spectrum analysis and wavelet transform are
used to identify the logging curve and divide the interface, and the high-resolution sequence identification of migmatite
in the study area was completed. Compared with AC and SP logging curves, the overall and local trend inflection points
of INPEFA-GR curve can improve the accuracy of medium-term and short-term cycle interface identification; wavelet
transform and time—frequency spectrum analysis of different scale factors can realize the identification and comparison of
medium-term and short-term cycle interfaces. The results show that maximum entropy spectrum analysis is more suitable
for determining the third-level and fourth-level sequence interfaces. Wavelet transform is more suitable for the division of
fifth-level sequences. By comparing and adjusting the two methods, the lower Es3 of KL Oilfield in Laizhouwan Sag can
be divided into 1 long-term base-level cycle, 3 medium-term base-level cycle and 8 short-term base-level cycle. This study
has certain reference significance for the construction of sequence stratigraphic framework in migmatite area and helps to
better describe the reservoir.

Keywords Migmatite - Sequence division and correlation - Maximum entropy spectrum analysis - Wavelet transform -
Laizhouwan Sag

Introduction technology and equipment become more mature, logging

data are more widely used in sequence stratigraphy research.

Sequence analysis the basic method of sequence stratigra-
phy is based on outcrop and core data analysis combined
with seismic and logging data (Zhu 1998; Chi et al. 2001).
Well logging data contain abundant geological information,
which is characterized by good continuity and high resolu-
tion. With the progress of science and technology, logging
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Log data have a unique advantage in identifying multilevel
formation cycles because it can provide a variety of petro-
physical parameters of the associated formation (Ou 1992).
In recent years, the method of maximum entropy spectrum
analysis or wavelet transform is mainly used to classify
sequence stratigraphy based on logging data: processing
logging data, extracting spectral data features, identifying
sequence interface, and completing sequence stratigraphy
division. However, there is a lack of systematic and compre-
hensive research on sequence stratigraphy division of mixed
rocks. The study area is the KL Oilfield in Laizhouwan Sag,
Bohai Bay Basin, which is in the early stage of exploration.
It has the characteristics of high-frequency variation of sedi-
mentary environment and lithofacies, complex lithology and
frequent interbedding. During oil and gas exploration, the
sequence stratigraphy of the target interval should be divided
first, so as to lay a foundation for the subsequent study of
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sedimentary microfacies identification, mixed sedimentary
model analysis and control factors of mixed sedimentation
(Wang et al. 2020).

In view of the poor quality of seismic data and incom-
plete core data in the study area, it is more effective to use
maximum entropy spectrum analysis or wavelet transform
to identify logging data to divide sequence stratigraphy on
the basis of correcting the lithology of mixed rock by forma-
tion element logging. Mixed rock is a kind of transitional
lithology formed in complex sedimentary environment, and
its composition and logging response characteristics are
complex and diverse. Mixed rocks with different rock com-
ponents often overlap in logging response, and the logging
response characteristics of a single logging curve are not
obvious (Zhang et al. 2019). In order to improve the sand
under the three period of sequence stratigraphic classifica-
tion accuracy, the GR log curves are processed by maximum
entropy spectrum analysis and wavelet transform, respec-
tively, judge the change of sedimentary environment and
determine the sequence boundary, realize high-resolution
sequence division and correlation, and provide technical
support for the exploration and development of migmatite
oil and gas.

Methodology
INPEFA technology and principle

The first step of INPEFA technology is spectrum analysis.
Through the maximum entropy spectrum transformation, the
value of the next point can be calculated from the value of
the known point under the principle of maximum entropy,
which is the maximum entropy spectrum analysis estimate
(Zoukaneri et al. 2015). Then, the prediction error filter
analysis (PEFA) curve can be obtained by subtracting the
maximum entropy spectrum estimated value from the actual
logging value, larger positive or negative values that are dis-
continuous points, which may be stratigraphic discontinuous
points or cycle interfaces, and spikes of different sizes repre-
sent isochronous interfaces of different sizes. Integrated pre-
diction error filtering analysis (INPEFA) curve was obtained
by specific integral processing of PEFA curve (Liu et al.
2013; Liet al. 2019; Wang et al. 2016) (Fig. 1). INPEFA can
be applied to sequence division (Rui et al. 2018).

INPEFA curve can identify the hidden sequence inter-
face in conventional logging curves because its cyclicality
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Fig. 1 INPEFA-GR curve synthesis diagram of well KL-2
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changes to deposition are more obvious than that of con-
ventional logging curves (Li 2013; Yuan et al. 2018).
The different trends of INPEFA curve represent different
geological significance (Soua 2012). INPEFA curve has
two forms: positive trend and negative trend. The posi-
tive trend represents the process of increasing the argil-
laceous content, and the A/S value increases accordingly.
The base level shows an upward semi-cycle, indicating
that the argillaceous content is in the stage of diluvial or
water inflow. The negative trend indicates that with the
increase in sandstone and the decrease in mudstone, the
A/S value decreases with it (Shehata et al. 2018, 2021).
The base level shows A descending semi-cycle and is in
the stage of water retreat. The position of the turning point
represents the possible flood surface or sequence inter-
face; the negative inflection point when the curve changes
from a positive trend to a negative trend in most cases
represents the flood surface; the positive inflection point
when the curve changes from a negative trend to a positive
trend represents the sequence interface (Yuan et al. 2018;
Xue et al. 2015; Shehata et al. 2019). Sequence strati-
graphic boundary and flood surface are the key interfaces
for isochronous correlation of sequence stratigraphy; dif-
ferent variation amplitudes of INPEFA curve correspond
to different levels of cycles.

The wavelet transform
The basic principle

Wavelet transform is a local transform process of time and
frequency (Baka et al. 2017). By processing the independent
variable ¢ of the wavelet generating function y(f), making the
independent variable ¢ close to the signal f(r) after stretch-
ing (a) and shifting (b), the information extracted from the
signal can be effectively multi-scale refined and analyzed
(Srivardhan 2016; Tang 2006; Fang et al. 2007; Hassan et al.
2022). The continuous wavelet transform function WT; (a,
b) of f(t) is defined as:

W@ =l [ fow(=)ar azo

The steps of wavelet transform (Liu et al. 2010; Ren et al.
2013) are as follows:

(1) Take a wavelet a; and compare it with the beginning
segment of the original signal;

(2) Calculate WT; (a, b), as shown in (Fig. 2a), which
represents the degree of correlation. between the starting
signal and the selected wavelet. The larger WT; (a, b) is,
the more similar they are.

(3) Translate the wavelet to the right and repeat (1) and
(2) until all signals are covered, as shown in (Fig. 2b);
(4) Extend the wavelet al to a2 and repeat (1) ~ (3), as
shown in (Fig. 2¢).

(5) Repeat (1) ~ (4) for all scales a to obtain all WTf (a,
b).

It can be seen from (Fig. 2) that continuous wavelet trans-
form has the characteristic that time—frequency window
can be harmonized and localized. It solves the contradic-
tion between time and frequency resolution by changing the
shape of time—frequency window, extracts information of
different scales from it, and then divides the hierarchical
interface of different levels (Shucong et al. 2014).

Basis of stratigraphic interface division

After wavelet multi-scale transformation of logging data,
a series of wavelet transform coefficient values matching
depth and scale can be obtained (Yan et al. 2009). The basis
of dividing sequence stratigraphy by wavelet transform is: if
the logging curve is superimposed by multiple cycles with
different sedimentary cycles, there will be local energy mass
changes on the wavelet time—frequency chromatogram, and
periodic oscillations will occur under different scales of
expansion and contraction. Through analyzing the cyclic-
ity of strata, the corresponding relationship with sequence
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boundaries at all levels can be established (Chen et al. 2007).
The scale factor a is positively correlated with the periodic
component of the corresponding signal: the larger the scale
value a is, the longer the periodic component is, and the
larger the observation window is, indicating that the cor-
responding stratum has a large cycle thickness and a long
deposition period, which are used to divide the sequence.
On the contrary, when the scale is hour a, the corresponding
strata with small cycle thickness and short deposition period
can be used to classify the quasi-stratigraphic sequence and
the base-level cycle (Xun et al. 2017; Li 2008).

The example analysis
Overview of the research area

Located in the east and south of North China, Bohai Bay
Basin is one of the most important continental basins with
oil and gas enrichment. KL Oilfield is located in the high
part of the southern slope zone of Laizhouwan Sag in the
southern Bohai Bay Basin. It is adjacent to the North Sag of
Laizhouwan Sag in the north, the Weibei Uplift in the south,
the South sub Sag of Laizhouwan Sag in the East, and the
Tan Lu Fault zone in the West (Xin et al. 2013). It is con-
trolled by strike slip faults and reverse depression controlling
faults. Structural traps are developed and the trap shape is
good (Fig. 3a). The strata revealed by drilling in the south-
ern area of Laizhouwan Sag are quaternary Plain formation,
Neogene Minghuazhen formation, Guantao formation, pale-
ogene Dongying formation, Shahejie formation, and Kong-
dian formation from top to bottom (Duan et al. 2020a, b).
Among them, Guantao formation and the lower Es; are the
main oil-bearing strata, and the lower Es; are the target strata
of this study. After the lithology of each well in the study
area is corrected by using the element logging data, the

mixed sediments of the lower Es; in the south of Laizhou-
wan Sag are mainly carbonate-terrigenous clastic rocks, fol-
lowed by terrigenous clastic rocks — carbonate rocks (Duan
et al. 2020a, b). The clastic rocks mainly include mudstone,
siltstone, argillaceous siltstone, fine sandstone and pebbled
fine sandstone (Zhang et al. 2019) (Fig. 4).

Sequence division based on INPEFA -technique

The positive and negative inflection points of the INPEFA
curve have a good correspondence with different sequence
interfaces, and the level of sequence interfaces can also be
clearly reflected on the INPEFA curve (Wang et al 2016).
According to the principle of logging geology, different log-
ging curves reflect different geological characteristics.

In view of the current situation that the lithology types
of migmatites in the study area are diverse and the log-
ging response characteristics of different lithology are
complex, the INPEFA technology analysis is carried
out on the spontaneous potential and acoustic curves
to verify whether they are suitable for the division of
sequence stratigraphy of migmatites in the study area.
As shown in the figure, only the INPEFA-SP curves of
well 2 and well 8 (Fig. 5) have good correspondence with
the sequence stratigraphic division results in the study
area, corresponding to the long-term base level decline
half-cycle of the lower sub member of Es; member; for
INPEFA-AC curve (Fig. 6), the logging response trend is
complex, which is not applicable to the sequence strati-
graphic division of migmatite in the lower Es; member
of Laizhouwan Sag.

Compared with other logging curves, natural gamma curve
is more sensitive to the change of shale content in the forma-
tion, and GR curve is selected to classify the stratigraphic
sequence with the most accurate result (Lu et al. 2007;
Adbel-Fattah et al. 2022). Therefore, GR curve was selected
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in this paper to analyze the variation trend of INPEFA curve

and identify the sequence interface of the lower Es; by com-

bining core and logging data.

Third-level sequence interface recognition

The Lower Es; in the study area of the southern gentle slope
belt of Laizhouwan Sag can be regarded as a third-level
sequence on the whole, which is equivalent to a long-term
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Fig.5 Sequence interface recognition based on INPEFA-SP curve

base-level decline semi-cycle. In the study area, the bot-
tom and lower strata of Es; lower sub member are identified
by seismic data (Fig. 6). The bottom interface SB1 of the
lower member of Es; in the southern gentle slope zone of
Laizhouwan Sag shows the characteristics of micro-angle
unconformity on the seismic profile. The seismic reflection
T6 marker layer corresponds to SB1, which is a relatively
continuous strong phase reflection traceable in the whole
region. The top boundary SB2 of the third-level sequence
of the lower Es; sub member is in micro-angle integrated
contact with the middle Es; sub member overlying the large
mudstone layer. The reflection TS marker layer corresponds
to SB2, and T5 reflects a relatively continuous strong phase
reflection traceable in the whole region (Wang et al. 2020).

Above the top interface SB2 of the lower sub member
of Es; in the study area is a thick mudstone (Fig. 7a) with a
thin layer of light gray siltstone (Fig. 7b) at the bottom of the
middle sub member of Es;. The base value of the mudstone
of the natural gamma curve is relatively low, which is easy
to identify in the whole area. The bottom interface SB1 is the
sedimentary discontinuity of the lower sub member of Es;
and Es,. A large section of reddish brown or brown pebbly
fine sandstone is developed in the lower part (Fig. 7c), and
most of the upper part is calcareous continental carbonate

@ Springer

rocks (Fig. 7d) that show high natural gamma value and
low spontaneous potential value on logging. INPEFA-GR
curve turns from ascending half-cycle to descending half-
cycle, and it is a negative trend inflection point at the bottom
interface (Fig. 8).

Fourth-level and fifth-level sequence interface recognition

The INPEFA curve based on maximum entropy spectrum
analysis can better reflect the short-term sedimentary envi-
ronment change process of grade IV and V. On the basis of
the research of third-level sequence interface, the fourth-
level and fifth-level sequence interface are identified by
INPEFA technology. The inflection point of INPEFA curve
indicates the change of sedimentary environment. Wells
KL-1, KL-2 and KL-8 in the study area were selected for
INPEFA curve analysis of their natural gamma ray curves
(GR), with complete formation development, obvious log-
ging curve characteristics and no drilled fault. As can be
seen from (Fig. 9): (1) The overall trend of INPEFA curve
of 4 wells is a water regression process, which corresponds
to the long-term base level decline half-cycle of lower Es;
sub member; (2) each inflection point and corresponding
trend are obviously consistent, corresponding to one layer,
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Fig.7 Top and bottom core of research well section
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respectively. The sequence boundary and change trend of
each layer are consistent, and the inflection point corre-
sponding to the sequence boundary is very clear; (3) each
layer of the four wells is marked with lines. The negative
inflection point corresponds to the possible flood surface,
and the positive inflection point corresponds to the possible
sequence boundary. A total of two negative inflection points
with the same trend are identified and divided into three
fourth-level sequence: I, I and III.

@ Springer

On the basis of the fourth-level sequence interface recog-
nition in INPEFA, five fifth-level sequence interfaces were
identified and the lower Es; was divided into nine small lay-
ers. It can be seen that the internal cycle is not stable, and
some inflection points at the interface are prominent and
easy to distinguish: the II-1 and III-1 layers in well KL-1,
and III-2 layers in well KL-8, etc. However, some inter-
faces cannot be accurately judged according to the trend of
INPEFA curve.
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Fig. 9 Comparison grid for fourth-level sequence interface recognition based on INPEFA technology

Sequence division based on wavelet transform

The lower Es; in the study area of the south gentle slope
belt of Laizhouwan Sag is selected as the research object.
Well KL-1 was selected as the study well, and the study well
segment was 1049-1165.8 m, and the formation thickness
of the target layer was 116.8 m. In this study, the maximum
scale of Morlet wavelet is 64, and GR curve is selected for
the stratification. After the wavelet multi-scale transforma-
tion, the frequency structure in the natural gamma curve will
become very obvious, and the abrupt point and abrupt block
between each frequency segment will be detected, which
represents the abrupt change in the formation environment
geologically (Li et al. 2005).

Figure 10a is the original GR curve. The abscissa is
the depth value, which increases from left to right. The
coordinate value is the ordinal number of sampling points.

The ordinate is GR logging value. Figure 10b shows the
time—frequency chromatogram of the wavelet transform
coefficient obtained after Morlet wavelet transform. The
horizontal axis is the depth displacement axis b that is the
ordinal number of sampling points, and the vertical axis is
the scale factor a. The higher the GR value is, the higher
the shale content is. The higher the color brightness in the
chromatogram, the higher the wavelet coefficient value.
After the wavelet transform, the logging curve becomes a
function in the two-dimensional depth-scale domain, and
different scales and depth domains show different peri-
odic changes (He 2010). What needs special explanation
is that the wavelet transform has boundary effect, that is,
the coefficient value at the boundary is abnormally large,
which will lead to obvious bright color at the left and right
boundary of the chromatogram.

100 200 300 400 500

b a Sampling point serial number

600 700 800 900 1000 1100

Fig. 10 Continuous wavelet transform diagram of well logging signals in well KL-1
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Large-scale sedimentary cycle interface, that is,
sequence or quasi-sequence group interface, corresponds
to the position of large-scale bright color in chromato-
gram. Many small-scale sedimentary cycles, or quasi-
sequences, are nested inside large-scale cycles (Li et al.
2006). The periodic variation characteristics of time—fre-
quency chromatography of wavelet were compared with
the sedimentary cycle characteristics of well KL-1. When
the scale factor A was in the range of 50-71, the brightness
position had a good correspondence with the third-level
sequence interface. The periodic variation of the small-
scale factor between 25 and 37 has good correspondence
with the short- and medium-term cycle, which can be used
for the identification of fourth-level sequence interface.
The small-scale factor between 6 and 14 can be applied
to the identification of fifth-level sequence interface. The
maximum value is calculated according to the modulus
average of GR curve on different scales. According to the
position of the maximum value, the optimal scale factor
a corresponding to different frequency components in the
signal can be determined.

Figure 11 shows the wavelet coefficient curve when the
scale factor a of well KL-1 is equal to 64, 32 and 8. It can be
seen that the oscillation trend characteristics of the wavelet
curve are different with different scale factors. The larger
the scale factor, the smoother the wavelet curve. The Morlet
wavelet scale factor selection method was used to make the
modulus average of GR curves on different scales, and then,
the mean component was compared. Finally, the scale fac-
tors with scales of 32 and 8 are selected as the best scale to
divide the interface of fourth-level and fifth-level sequence
interface (Zeng 2008) (Fig. 12). Generally, the place where
the wavelet coefficient curve oscillates violently corresponds
to the place where the sandstone is developed, and the place
where the oscillation is gentle is the place where the mud-
stone is relatively developed. Therefore, according to the
periodic oscillation trend of wavelet coefficient curve, the
sequence can be divided.

As can be seen from Fig. 11, when the scale of wavelet
transform a=32, there are two obvious periodic cycle inter-
faces corresponding to the fourth-level sequence interface,
that is, the number of sampling points on the horizontal axis

200 T | T T T

-200 ! | ! ! !
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100
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Fig. 11 Wavelet coefficient curves of well KL-1 under different scale factors
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ranging from 200 (1070.02 m) to 635 (1114.30 m) layer seg-
ment wavelet curve is significantly different from the upper
and lower two segments, so the whole target segment can
be divided into three parts. It should be pointed out that the
interface of wavelet coefficient division at different scales
needs to be combined with traditional division methods to
achieve better results.

Discussion

Sequence stratigraphic division is the basis of oil and gas
geological research. When the seismic and core data are
incomplete, the sequence can be divided by GR curve. The
logging data can be processed by using INPEFA technol-
ogy, wavelet transform and other methods, so that the trend
of the processed logging curve is more obvious. However,
these two methods are largely affected by human factors,
and the core and other data are incomplete. The single use
of a certain technical method cannot meet the requirements
of high-resolution sequence stratigraphic division. Both
INPEFA technology and wavelet transform can process GR
curve, and the cycle trend of GR curve after processing is
more obvious. The combination of INPEFA technology and
wavelet transform can more clearly reflect the change trend
of sedimentary cycle in the stratum, reduce the interference
of human factors to a great extent, and meet the requirements
of high-resolution sequence stratigraphic division.

Based on the differences between the above two sequence
stratigraphic classification methods, with comprehensive
reference to lithology, logging and other data, this paper
comprehensively applies the above two methods to identify
sequence interface. The specific classification method is as
follows:

(1) Both INPEFA and wavelet transform can divide
the target interval of the study area into three fourth-level
sequence, which reflects the effectiveness of the two meth-
ods in sequence stratigraphic division. Because the oscil-
lation of the wavelet transform curve cannot accurately
identify the sequence interface, the sequence interface can
be determined by using the obvious trend inflection point
of the INPEFA curve, and the sequence interface deter-
mined by the INPEFA curve can be compared to whether
the sequence interface is within the oscillation region of the
wavelet curve.

(2) When using INPEFA technology to divide the small
layers, some of the trends are not obvious due to the small
thickness and short deposition time of the small layers.
Therefore, on the basis of the subdivision of small layers
by INPEFA technology, the results of the subdivision of
INPEFA are compared and verified according to the stabil-
ity of the internal cycles of the wavelet coefficient curve, so
as to ensure the accuracy of the subdivision of small layers.

According to the above method, On the basis of refer-
ring to the stratification of other wells and combined with
INPEFA technology, the natural gamma curve is pro-
cessed. Two inflection points are identified as the fourth-
level sequence boundary within 1068.02—1109.30 m of
Es; lower sub member of well KL-1. Therefore, according
to these two boundaries, well KL-1 is divided into three
fourth-level sequence. Based on the identification of the
fourth-level sequence boundary that is divided by INPEFA
division of small layers, using the wavelet coefficient curve
and the obvious fourth-level sequence interface when the
scale factor a =32. The results are consistent. Then, the
fifth-level sequence is divided when the scale factor a =8.
Compared with INPEFA division results, most cases are
consistent, and a few cases need to be adjusted slightly.
II-2 is a large section of dark gray marl, adjusted from
1110.62 to 1097 m. This is exactly the lithology change
surface (Fig. 13).

The natural gamma ray curve was processed by using
INPEFA technology and wavelet transform comprehensively.
According to its cycle trend, the lower Es; in Laizhouwan
Sag was divided into 1 long-term cycle, 3 medium-term
cycles and 8 short-term cycles. In the process of sequence
interface identification and division, both of them have their
own advantages and disadvantages. When INPEFA tech-
nology determines the sequence interface according to the
curve trend, it has a high resolution in the identification of
the third-level and fourth-level sequence interface. The posi-
tive and negative trends of the curve change significantly
and the inflection points are prominent. When the fifth-level
sequence is identified, that is, the interface of small layers
is identified, the local analysis of INPEFA curve shows that
the trend changes of some curves are not obvious (Fig. 13).
Wavelet transform method is more suitable to analyze the
cyclicity of logging curve, change of wavelet coefficient
curve can get a different levels of base-level cycle, especially
in the small layers interface recognition, its internal cycle
more stability, its shortcoming is relative to the INPEFA
technology, in the low resolution of sequence interface rec-
ognition, when determining the sequence interface need to
adjust according to the seismic and core data.

In view of the characteristics of many small layers in
the study area and the lack of comparison of previous stud-
ies, the two methods should be combined in the division of
sequence stratigraphy, which is helpful to divide the high-
frequency cyclic sequence stratigraphy of mixed sedimen-
tary strata in the study area, and then establish the high-
frequency isochronous level related stratigraphic framework.
Based on the division of high-resolution strata, the study of
mixed sedimentary facies is more accurate, which can be
more accurate for the intervals of favorable reservoirs, and
finally helps the fine description of oil and gas accumulation
in the study area and other migmatite blocks.
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Conclusion

(1) Both INPEFA technology and wavelet transform can be
applied to sequence stratigraphic division to identify the
changing trend and abrupt surface of logging information.
The two methods can be mutually verified in sequence strati-
graphic division. In view of the current situation that the
lithology types of migmatite in the study area are diverse and
the logging response characteristics of different lithology are
complex, a combination of the two methods is adopted in
sequence stratigraphic division. The sequence boundary is
determined by INPEFA technology and the internal cyclic-
ity is analyzed by wavelet transform, the lower Es; mem-
ber in Laizhouwan Sag is divided into 1 long-term cycle, 3
medium-term cycles and 8 short-term cycles, which makes
the sequence stratigraphic division of the lower Es; member
more accurate.

(2) Applying INPEFA and wavelet transform to sequence
division of the GR curve is highly applicable in the lower Es;
of Laizhouwan Sag, while SP and AC curves are not applica-
ble to the sequence stratigraphic division of the study area.

(3) In the logging curve is used to analyze the sequence
stratigraphy division, it is better to put the two methods, the
combination of INPEFA technology to identify the sequence

@ Springer
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interface, realize the division of three or four class sequence,
on the basis of the wavelet transform method for 5 sequence
division, to improve the reliability of sequence stratigraphic
classification, accuracy.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (Grant Number 51674156).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdel-Fattah MI, Mahdi AQ, Theyab MA et al (2022) Lithofacies clas-
sification and sequence stratigraphic description as a guide for the


http://creativecommons.org/licenses/by/4.0/

Journal of Petroleum Exploration and Production Technology (2022) 12:3213-3225 3225

prediction and distribution of carbonate reservoir quality: a case
study of the upper cretaceous Khasib formation (East Baghdad
oilfield, central Iraq). J Petrol Sci Eng 209:109835

Baka A (2017) Intelligent sequence stratigraphy through a wavelet-
based decomposition of well log data. J Nat Gas Sci Eng 40:38-50

Chen G, YuJ (2007) Logging sequence stratigraphic division based
on wavelet time-frequency analysis. Xinjiang Petroleum Geol
28(3):355-358

Chi Q, Gong, F (2001) The basis and application of sequence stratig-
raphy. Beijing Petroleum Industry Press

Duan Y, Xie J, Su Y, Liang H, Hu X, Wang Q (2020a) Application of
the decision tree method to lithology identification of volcanic
rocks-taking the mesozoic in the Laizhouwan Sag as an example.
Sci Rep 10(1):19209-19209

Duan Y, Xie J, Li B, Wang M, Zhang T, Zhou Y (2020b) Lithology
identification and reservoir characteristics of the mixed siliciclas-
tic-carbonate rocks of the lower third member of the Shahejie
formation in the south of the Laizhouwan Sag, Bohai Bay Basin.
China Carbonates Evaporites 35(3):253-257

Fang W, Fan Y (2007) Application of multi-scale analysis to the demar-
cation of parasequence automatically in well logging. Prog Geo-
phys 22(4):42-45

He X, Lu S (2010) Application of wavelet analysis in high resolution
sequence stratigraphy. Inner Mong Petrochem Ind 36(6):93-95

LiJ, Li Z (2005) Sequence stratigraphic correlation based on wave-
let transform of logging data: a case study of carboniferous and
permian coal bearing strata in Luxi and Jiyang areas. Acta Sedi-
mentol Sin 23(4):640

Li X, Fan Y, Deng S (2006) Application of morlet wavelet in well
logging sequence stratigraphic division. Reserv Eval Dev
29(6):402-406

Li F, Guo R, Yu Y (2019) Progress and prospect of the division of
sequence stratigraphy. Bull Geol Sci Technol 38(4):215-224

Li X (2008) Research on the application of multiscale analysis method
of well logging to sequence stratigraphy. China University of
Petroleum

Li J (2013) High-resolution sequence stratigraphy of the 2nd member
of shuangyang formation in moliging reservoir, Yitong Basin,
Dissertation, Ocean University of China

Liu L, Xu J, Gao P (2013) Application of comprehensive prediction
error filter analysis to stratigraphic division and isochronous cor-
relation. Oil Gas Geol 34(4):564-572

Liu H, Jiang Z (2010) Wavelet transform of geophysical well logging
signal and its application to sequence division. The 3rd interna-
tional congress on image and signal processing 1-6.

Lu S, Zhang H (2007) Application of INPEFA technique to carry
out sequence-stratigraphic study. Oil Geophys Prospect
42(6):703-708

Ou S (1992) Geological interpretation of logging data. Petroleum
Industry Press, Beijing

Ren J, Liao Y (2013) A method for quantitative division of sequence
stratigraphy with high-resolution based on wavelet transform and
its application. Prog Geophys 28(5):2651-2658

Rui Y, Rui Z, Qu J (2018) Utilizing integrated prediction error filter
analysis (INPEFA) to divide base-level cycle of fan-deltas: a case
study of the triassic baikouquan formation in mabei slope area,
mahu depression, Junggar Basin. China Open Geosci 10(1):79-86

Shehata AA, El Fawal FM, Ito M et al (2018) Sequence stratigraphic
evolution of the syn-rift early cretaceous sediments, West Beni
Suef Basin, the Western Desert of Egypt with remarks on its
hydrocarbon accumulations. Arab J Geosci 11(12):331

Shehata AA, El Fawal FM, Ito M et al (2019) Cenomanian-Turonian
depositional history of a post—-Gondwana rift succession in the
West Beni Suef Basin. Egypt J Afr Earth Sci 150:783-798

Shehata AA, Kassem AA, Brooks HL et al (2021) Facies analysis and
sequence-stratigraphic control on reservoir architecture: example
from mixed carbonate/siliciclastic sediments of Raha formation,
Gulf of Suez. Egypt Mar Petroleum Geol 131:105160

Shucong L, Ergen G, Chen X (2014) Seismic data denoising simu-
lation research based on wavelet transform. Appl Mech Mater
490-491:1356-1360

Soua M (2012) Application of facies associations, integrated prediction
error filter analysis, and chemostratigraphy to the organic-rich and
siliceous cenomanian-turonian sequence, Bargou area, Tunisia:
integrated sequence stratigraphic analysis. J Geol Res 2012:1-15.
https://doi.org/10.1155/2012/973195

Srivardhan V (2016) Stratigraphic correlation of wells using discrete
wavelet transform with fourier transform and multi-scale analysis.
Geomech Geophys Geo-Energy Geo-Res 2(3):137-150

Tang X (2006) Wavelet analysis and its application [M]. Chongqing,
Chonggqing University Press 115-135

Wang J, Xie J (2020) Seismic recognition and quantitative charac-
terization of siliciclastic—carbonate mixed sedimentary rocks in
the Bohaiwan Basin, Northeast of China. Carbonates Evaporites.
https://doi.org/10.1007/s13146-020-0058 1-w

Wang M, Xie J, Wang J (2016) Research of high resolution sequence
stratigraphy using INPEFA: a case study in the second member
of dongying formation of Chengbei oilfield. China Sciencepaper
11(9):982-987

Wang M, Zhang Q, Xie J (2020) Research on the petrological and dia-
genetic characteristics of mixed rocks in the shallow lower Es3,
in the Southern Region of Laizhouwan Sag. Period Ocean Univ
China 50(4):83-94

Xin Y, Ren J, LiJ (2013) Control of tectonic-paleogeomorphology
on deposition: a case from the shahejie formation sha 3 mem-
ber, Laizhouwan Sag, Southern Bohai Sea. Pet Explor Dev
40(3):325-332

Xue H, Li J (2015) Application of inpefa technology in high resolu-
tion sequence stratigraphy: a case study of Chang 4 + 5 oil for-
mation in Youfangzhuang area. Ordos Basin Ocean Univ China
45(7):101-106

Xun Z, YuJ (2017) Application of wavelet transform in high resolution
sequence stratigraphic division. Shandong Land Res 33(9):77-81

Yan L, Cai J (2009) A review on the application of logging information
to the division and correlation of sequence stratigraphic units. J
Stratigr 33(4):441-450

Yuan Y, Wang L (2018) Application of INPEFA technology to
sequence stratigraphy of the third member of funing formation
nanhua block, Qintong Sag, North Jiangsu Basin. Petroleum Geol
Exp 40(6):871-876

Zeng Z (2008) Application of wavelet analysis in logging data process-
ing. Chengdu University of Technology, Chengdu

Zhang J, Liu W, Zhou L (2019) Lithology identification model of
mixed rock based on formation element logging and its applica-
tion—taking of lower 3rd member of Shahejie formation of KL
oilfield in Laizhouwan Sag as an example. Period Ocean Univ
China 49(11):92-101

Zhu X (1998) Principle and application of sequence stratigraphy. Bei-
jing Petroleum Industry Press

Zoukaneri I, Porsani M (2015) A combined wigner-ville and maximum
entropy method for high-resolution time-frequency analysis of
seismic data. Geophysics 80(6):1-11

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1155/2012/973195
https://doi.org/10.1007/s13146-020-00581-w

	Comparison of INPEFA technology and wavelet transform in sequence stratigraphic division of mixed reservoir: a case study of lower Es3 of KL oilfield in Laizhouwan Sag
	Abstract
	Introduction
	Methodology
	INPEFA technology and principle
	The wavelet transform
	The basic principle
	Basis of stratigraphic interface division


	The example analysis
	Overview of the research area
	Sequence division based on INPEFA -technique
	Third-level sequence interface recognition
	Fourth-level and fifth-level sequence interface recognition

	Sequence division based on wavelet transform

	Discussion
	Conclusion
	Acknowledgements 
	References




