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a b s t r a c t

Wavelet transformation is a widely used method in high-frequency sequence stratigraphic analysis.
However, the application is problematic since different wavelets always return the same sequence
analysis results. To address this issue, we applied five commonly used wavelets to theoretical sequence
models to document some application criteria. Five gradual scale-change sequence models were
simplified from the glutenite succession deposition by gravity flows to form the fining-upwards cycle
sequences (FUCS) and coarsening-upwards cycle sequences (CUCS). After conducting theoretical
sequence model tests, the optimal wavelet (sym4) was selected and successfully used with actual data to
identify the sequence boundaries. We also proposed a new method to optimize the scale of continuous
wavelet transformation (CWT) for sequence boundary determination. We found that the balloon-like
marks in scalograms of db4, sym4, and coif4 wavelet determine, respectively, the fourth-order
sequence boundary, the thick succession sequence boundaries in FUCS, and the thick succession
sequence in FUCS and CUCS. Comparing the sequence identification results shows that the asymmetric
wavelets had an advantage in high-frequency sequence boundary determination and sedimentary cycle
discrimination through the amplitude trend of the coefficient, in which the sym4 wavelet is the most
effective. In conclusion, the asymmetry of wavelets is the first selection principle, of which asymmetric
wavelets are more sensitive to sediment deposition by flood flows. The match of the wavelet between the
sequence is the second selection principle, in which the correlation of time-frequency impacts the ac-
curacy of sequence surface localization. However, the waveform of the wavelet is a visual and abstract
parameter for sequence boundary detection. The appropriate wavelet for lacustrine sequence analysis is
the asymmetric wavelet with a weak number of side lobes. The depositional flows, depositional process,
and autogenic are three sedimentary factors that influence the sequence analysis results.
© 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

The coarse-grained reservoirs are drawing considerable atten-
tion recently years (Xu et al., 2018; Li et al., 2022; Yang et al., 2022).
The coarse-grained， highly heterogeneity reservoirs within steep
slope of rift basin mainly deposited by gravity flow, exhibiting
poorly stratification, thick layers, and high gravels content (Zhang
et al., 2019; Wu et al., 2020; Deng et al., 2021). Subdividing the
of Petroleum Resources and
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internal architecture of coarse-grained sediments proves to be
challenging due to lack of widely developed mudstone for strati-
graphic correlation and complicated evolution (Xian et al., 2007;
Zhang et al., 2020). Establishing a fine stratigraphic framework is
the crucial for coarse-grained reservoir. Sequence stratigraphy is
applied to establish the stratigraphic framework for decades years
and sequence boundaries can be detected from logging data,
caused by changes in the sedimentary process. The signal analysis
techniques are usefully to construct high-resolution stratigraphic
frameworks (Zhang and Song, 2010; Ji et al., 2013; Oliveira Santos
et al., 2023).
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A large number of signal analysis methods are utilized in
sequence stratigraphy analysis, including maximum entropy
spectra analysis (Wang et al., 2002), Fourier transformation
(Weedon, 2005), Hilbert transformation (Liang et al., 2019; Elkurdy,
2019), Walsh transformation (Mukherjee et al., 2016) and wavelet
analysis (Yu et al., 2023; Kadkhodaie and Rezaee, 2017; Falahatkhah
et al., 2021; Ge et al., 2022). Among thesemethods, wavelet analysis
is notably prominent for its exceptional capacity to extract and
amplify hidden information from non-stationary signals. Due to its
ability to meet the precision demand in analyzing the sedimentary
cycle and interface detection, wavelet analysis has been widely
utilized in fine stratigraphic framework construction (Ren et al.,
2013; Li et al., 2013). It has been widely accepted that wavelet
analysis has significant advantages in sequence stratigraphy anal-
ysis (Prokoph and Agterberg, 1999; Andreas and Frederik, 2000;
Zhu et al., 2018; Liang et al., 2019). Wavelet analysis has been
employed for sequence division to establish the fine stratigraphic
framework in coarse-grained sediments (Xia et al., 2009; Liu and
Jiang, 2010; Shao, 2017). Moreover, the formation microscanner
images confirmed the determination of sequence boundaries using
wavelet analysis in wells where cores absent (Yu et al., 2023). The
potential of wavelet analysis in sequence division within coarse-
grained sediments is evident. Additionally, automatic detection
and localization of sudden or gradual changes in sedimentation
succession have been successfully applied in oil source rock
(Andreas and Frederik, 2000). Intelligent recognition of high-
frequency sequence boundaries and sedimentary cycle types is
poised to become a reality soon.

Wavelet analysis has proven to be effective in obtaining refined
stratigraphic framework based on the method of sequence strati-
graphic, while several problems remain to be solved in this area.
First challenge is the lack of clear guidance on selecting the primary
parameter for wavelet optimization. This absence can result in
similar sequence analysis outcomes achieved through the utiliza-
tion of different optimized wavelets (Zhu et al., 2018; Wang, 2010;
Fang et al., 2007). Undoubtedly, this will increase the challenge of
identifying sequence boundaries in coarse-grained sediment lack-
ing mud. In fact, the number of vanishing moments, as well as
phase and amplitude of wavelets, can have different impacts on the
resolution of sequence determination, which means that using
different wavelets should result in varying sequence results.
Furthermore, it is clear that logging curves, the sequence types
records, decides the wavelet selection (Chandrasekhar and Eswara
Rao, 2012). Secondly, it is important to determine which sedi-
mentary sequence cycle patterns can be effectively distinguished
by wavelets, it is particularly crucial in sequence analysis for
absence cores or just partly cores wells. And this can help to reduce
errors in manual cross-section correlation through sequence
stratigraphic analysis. Finally, the crucial part of wavelets analysis
application is how to determine specific certain scales for sequence
boundary determination. The maximum averagemodulus of power
and the frequency analysis are two generally methods (Zhang and
Song, 2010; Srivardhan, 2016). Unfortunately, they failed to
extend to high-frequency sequence analysis of coarse-grained
sediments succession.

The main purpose of this research is to document the wavelet
selection criteria in high-frequency sequence stratigraphy where
coarse-grained sediments developed. A new method called the
inflection of wavelet power distribution (IPD) has been proposed to
determine certain scales for detecting different sedimentary cycles.
Also, two symmetric and three asymmetric wavelets were first
utilized to four kinds of sedimentary sequence models to optimize
the best wavelet. Furthermore, the best optimization wavelet was
used to determine the sequence boundaries in actual well-logging
data, then the result was compared with a stratigraphic framework
3017
established based on Milankovitch information to validate the
performance of optimized wavelets and the reliability of sequence
identification results. Finally, the criterion of wavelet selection was
concluded, and application influence factors were discussed based
on the results above.

2. Geological setting

The Dongying depression is the second-largest hydrocarbon-
bearing asymmetric half-graben depression located in the south-
east of Jiyang subbasin in the Bohai Bay Basin of eastern China
(Fig. 1a). It is subdivided into four subtectonic units: the Boxing,
Niuzhuang, Lijing, and Minfeng sages. The north regional structural
configuration of half-graben depression was the result of Chennan
Fault cutting through the basement, causing a convex uplift in the
north and a concave depression in the south to form where cor-
responds to the Chenjiazhuang Rise and Dongying Depression,
respectively. During the basin sedimentary process evolution, a
large amount of weathered coarse-grained sediments derived from
Chenjiazhuang Risewere transported downward into the Dongying
Depression and deposited as thousands of meters thick successions
(Xie et al., 2004). The successions are comprised of Cenozoic sedi-
ments, from basal to upper, including the Paleogene Kongdian (Ek),
Shahejie (Es), and Dongying (Ed) formations, Neogene Guantao
(Ng) and Minghuazhen (Nm) formations as well as Quaternary
Pingyuan (Qp) formation. The footwall of the Fault is composed of
exposed basement rocks including granite, gneiss, and mixed
granite (Lampe et al., 2012).

The steep slope zone of Dongying Depression has abundant
lithology-related hydrocarbon reservoirs. The study area is located
on the steep slope of Dongying Depression (Fig. 1b), which is to
the north of the Minfeng sage, and the target reservoirs are
developed in the fourth member of Shahejie Formation. The fourth
member of Shahejie Formation belongs to the initial rifting phase
in tectonic, in which thick coarse-grained sediments are inten-
sively controlled by Faults (Li et al., 2021) (Fig. 2). To enhance
exploration and development level of those reservoirs, there has
been extensive use of methods for precise reservoir characteriza-
tion and prediction, including the sequence stratigraphic analysis
technique, which is useful in establishing a fine stratigraphic
framework. The dominant sedimentary facies in the steep slope
zone are deep lacustrine environments (Xiao and Chen, 2003),
which include nearshore subaqueous fans, sub-lacustrine fans,
turbidite fans, deltas, and alluvial fans (Fig. 2) (Zhu et al., 2018; Li
et al., 2022). There are debates in stratigraphy sequence frame-
work based on different data. Using data extracted from the Yanjia
areas, Milankovitch-related sedimentary cycles were analyzed for
sequence analysis and used to subdivide four fourth-order se-
quences which were verified by Formation Micro Imaging (FMI)
data (Song et al., 2012). However, five fourth-order sequences
were subdivided based on the sediments of Shengtuo areas next to
the eastern Yanjia areas (Shao, 2017). Although the sequence di-
vision has conflicts, FMI-based sequence result is a reliable strat-
igraphic framework that we can compare with to verify the ability
of optimization wavelet. Besides, three medium-term and eleven
short-term cycles were subdivided according to the cores and
logging data where sampled areas located eastern of Shengtuo
areas (Shi, 2009).

3. Method

3.1. Continual wavelet analysis

Wavelet analysis uses a decaying, finite-length wavelet function
to replace the infinite trig functions used in Fourier transforms,



Fig. 1. (a) Location of the Bohai Bay Basin. (b) Location of the study area in the Dongying Depression.
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allowing for the representation of all frequencies and more accu-
rate time localization. (Strang, 1993). In general, three models are
commonly used for the wavelet analysis: Continuous Wavelet
transformation (CWT), Discrete Wavelet transformation (DWT),
and Discrete-time Wavelet transformation (DTWT). The CWT is a
filter transformation that converts a signal from the time domain to
the time-frequency domain using sweep and convolution function
(Guido et al., 2020). The results of the transformation highly
depend on the special function known as the wavelet function or
mother function. And a slightly amount spatial shift in the wavelet
function generates equivalent shift in the transformed domain.
3018
Thus, the changes in logging data can be effectively captured.
However, the DWT and DTWT analyze the signal by sequentially
decomposing the input data into ideally layers based on powers of 2
(Guido, 2022). Although it can analyze the low frequency of signal,
this led to the lack of sufficient precision in determining the specific
scale used for locating sequence interfaces in sequence analysis.
Moreover, from a signal analysis perspective, low-frequency infor-
mation is not crucial for high-resolution sequence analysis. The
main purpose is to explore the application criteria in high-
frequency sequence stratigraphy. Therefore, CWT is used for well
logging sequence analysis. The mathematical expression of CWT



Fig. 2. Sediment systems distribution during the fourth member of Shahejie Formation deposits (Li et al., 2021).

L. Li, Z.-Z. Wang, S.-D. Yin et al. Petroleum Science 21 (2024) 3016e3028
formula is written as follows (Grossmann and Morlet, 1984);
(Daubechies, 1990):

WTða; tÞ ¼ 1ffiffiffi
a

p
ð∞
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f ðtÞ*J
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�
dt (1)

The input signal is f(t) and the wavelet function is 1ffiffi
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�
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Where a>0 represents the scale that controls the stretching or
compressing scaling of wavelet function, determines the sedi-
mentary cycle that is analyzed in logging data and t denotes the
shift of the center of the analysis window to a location, governing
the translation of the wavelet function (Prokoph and Agterberg,
2000). Scale, a, corresponds to the frequency (inverse ratio), and
shift, t, corresponds to the time shift factor. Theymake it possible to
gradually analyze the signal over time, capturing signal details at
every frequency. Thus, the specific sequence boundaries associated
with portions of the logging signal are conveniently captured when
frequencies are determined.

Scalogram and coefficient are two ways to use in sequence
analysis (Liu and Jiang, 2010). The scalogram is an effective way to
demonstrate scale (frequency) distribution, making it useful in
identifying sedimentary cycle (Rioul and Vetterli, 1991). Generally,
the color of scalograms changes reflect changes in frequency as the
indicative mark for sequence interface. By observing the amplitude
tendency inflection of the coefficients at the appropriate scale of
CWT, it's possible to accurately determine sequence boundaries.
3.2. Inflexion of power distribution

Simplistically, a third-order sequence cycle is composed of two
fundamental sequence patterns, of which finning-upward cycles
sequence (FUCS) and coarsening-upward cycles sequence (CUCS) in
steep slope of rift basin (Li et al., 2019). The large, medium, and
small-scale combinations of the FUCS and CUCS correspond to
long-term, middle-term, and short-term cycle patterns, and stack
each other together to form the entire sequence. The accumulation
of power in FUCS gradually decreases, while in CUCS it increases. An
inflection of power distribution (IPD) occurs between the two se-
quences, indicating the transition between them. After performing
continuous wavelet transform (CWT) on the data, the power of
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each scale (frequency) is sequentially displayed. Inflection points
corresponding to each scale can then be used to determine the
sequence boundaries and discriminate sedimentary cycle patterns
based on the power tendency of the signal.
3.3. Sequence models

The sedimentary deposits are mainly two types of deposits:
debris flow deposits and flood flow deposits (Cao et al., 2018; Yang
et al., 2019, 2020). This leads to the form inverse and normal
rhythms in the logging facies, respectively. Five basic difference
scale parasequences represented by varying thickness were
designed to construct the theoretical third-order sequence models,
in which inverse sedimentary cycle represent debris flow deposits,
and normal sedimentary cycle represent flood flowdeposits (Fig. 3).
Theoretical third-order sequence models were divided into two
parts: the lower part corresponds to coarsening-upward cycle par-
asequence sets and the upper part corresponds to fining-upward
cycle parasequence sets or vice versa (Fig. 4). Each middle-term
cycle was composed of three parasequences sets with regular
scale change. As a result, a fourth-order sequence boundary was
formed between the two middle-term cycles, while fifth-order
sequence boundaries were formed between each parasequence
set. Furthermore, sixth-order sequence boundaries were formed
between the parasequences. This paper focuses on the discussion of
the first model, which includes both sudden interruptions and
gradual changes in parasequences and is close to the actual
sequence (Fig. 4a). The parasequences detailed data is listed in
Table 1, where each sample point corresponds to a length of 0.125m
in well-logging. The 10 m thick mudstone separates two sedimen-
tary cycles, which the top of the mudstone can be viewed as fourth
order sequence. The internal sequence surface of two parasequence
sets are fifth-order sequence and thickness of two mudstone layers
of fifth-order sequence is 0.25 m and 0.5 m, respectively. The noise
models, 20 dB and 24 dB, were used to test the anti-noise perfor-
mance of wavelets to determine the reliability of wavelet-based
sequence division for general well logging data. The thickness of
parasequence sets B and E are the average thickness of the gravity
flow-dominated succession in Dongying Depression, and the
application of CWT mainly focus on these two parasequence sets.



Fig. 3. Four fundamental classifications of parasequence sets. (a) and (b) are the fining-upwards cycle sequence models deposition by flood flow and debris flow, respectively; (c)
and (d) are coarsening-upwards cycle sequence models deposition by flood flow and debris flow, respectively.

Fig. 4. Four three-order theoretical sequence models, of which 4a model is used for the presentation because it is close to the actual model.

Table 1
Theorical data of parasequence model.

Parasequence A B C D E F

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Sandstone log value 110 120 130 120 130 140 150 160 170 110 120 130 120 130 140 150 160 170
Sandstone thickness 32 16 8 16 8 4 8 4 2 48 32 24 16 8 4 8 4 2
Succession thickness 48 32 24 32 24 20 24 20 19 48 32 24 32 24 20 24 20 17
Sandstone: Succession ration 66.67 50 33.33 50 33.33 20 33.33 20 10.53 66.67 50 33.33 50 33.33 20 33.33 20 11.76
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The effectiveness of wavelet-based sequence analysis was
evaluated by calculating the absolute error to optimize the best
wavelet for sequence analysis. Additionally, the ability to distin-
guish different types of sedimentary cycles was used as a secondary
factor for assessment. Three widely used asymmetrical wavelets
and two symmetry wavelets (Fig. 5) were applied for comparison
and analysis of the resolution of results.
3020
4. Results

(1) The fifth-order sequence boundaries were identified using
scalograms and coefficients from all wavelets tested in the
pure model, except for the Mexhat wavelet (Fig. 6). The ab-
solute errors of all wavelets increased with depth, where
sym4 had the best performance (Fig. 7). The sequence



Fig. 5. Waveforms of five waveles: Morlet and Mexhat, db4, sym4, coif4, respectively (from left to right).
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boundaries were determined on the scalogram by identi-
fying obvious balloon-like marks composed of dark color
(Fig. 6a). The scalogram of db4 wavelet presents balloon
mark between the FUCS and CUCS (fourth-order sequence).
Sym4 wavelet presents balloon mark in the thick FUCS (fifth-
order sequence), but not in CUCS. Coif4 wavelet presents
balloon marks in both thick FUCS and CUCS, but the thin
sequence boundaries between parasequence sets BC and
parasequence sets EF (fifth-order sequence) are poor. Morlet
wavelet just presents one balloon mark which indicates
sequence boundary between FUCS and CUCS (fourth-order
sequence boundaries). Mexhat produces one balloon mark
between FUCS and CUCS and low sequence resolution in
internal sequences. The fifth-order sequence boundary
marks were formed and indicated by circular bands
composed of dark-colored stripes, which were aggregated on
the scale of parasequences set. The height of the black stripes
clustered together can be used to determine the rise or fall of
the sedimentary base-level by scalograms of asymmetric
wavelets (Fig. 6a).

And the symmetric wavelets indicate sedimentary cycles by
amplitude tendency of coefficient (Fig. 6b), of which the Morlet
wavelet is the most effective and can be used to determine
sequence type of whether it is FUCS or CUCS. Within a single par-
asequence set, the sixth-order sequence boundary can be detected
using asymmetric wavelet coefficients (Fig. 6b).

(2) The fifth-order sequence boundaries were still determined
by scalograms of all wavelets. The balloon-like marks were
still shown in scalograms of noisy models without signifi-
cantly different from the pure model (Fig. 8), which implied
noise has little influence for the scalograms. The fifth-order
sequence boundaries were partly determined by the ampli-
tude tendency of coefficients, in which the symmetric
wavelets failed for all fifth-order sequence boundaries
(Fig. 9b and c). In noisy models, the accuracy of the sequence
discrimination resulting from coefficient amplitude ten-
dency of optimal scale decreased when signal-to-noise ratio
(SNR) decreased from 24 dB to 20 dB (Fig. 9b and c). The
wavelets show better performance in 24 dB noisy model test.
Although the sym4 wavelet is less useful than Morlet in
sedimentary cycle indication, it is better in high-order
sequence boundary determination. The identification abil-
ity of asymmetric wavelets is higher compared to symmetric
3021
wavelets, as observed from the power acceleration after
CWT. (Fig. 9a). The sym4 wavelet is most suitable for
sequence boundaries determination according to the results
of absolute errors (Fig. 10).

(3) The results of actual data indicate that asymmetric wavelets
perform better than symmetric wavelets (Fig. 11), in which
sym4 wavelet is the best wavelet and has the highest degree
of correlation to the Milankovitch-based stratigraphic
framework. The coefficient indicates the peak amplitude
around the depth at 3400 m and 3600m, respectively, which
are two middle-term cyclic boundaries (Fig. 11). The two
short-term sequence boundaries between middle-term
sequence can be indicated by the coefficient and accurately
demarcated. The top short-term sequence localization lacks
accuracy, and the bottom short-term sequence boundary
cannot be identified under middle scale. There are some
differences in short-term cycle results (Fig. 12).
5. Discussion

5.1. Asymmetric determines the ability to detect sequence boundary

Because the waveform of Morlet wavelet is similar to the peri-
odic sinusoidal function, it has been applied to analyze the marine
sedimentary cycle (Prokoph and Agterberg, 2000) and sequence
boundaries which discontinues and gradually changings are both
can be discriminated (Andreas and Frederik, 2000). However, it still
has limitations in discriminating sedimentary cycle patterns. Rivera
(Rivera et al., 2004) has pointed out that asymmetric wavelet may
discriminate FUCS and CUCS.

Due to the large number of lacustrine sequences are asymmetric
(Wei et al., 2010; Zheng et al., 2003; Zheng and Peng, 2002; Fu et al.,
2005; Liao et al., 2010; Liang et al., 2019), asymmetric wavelet is
suitable in lacustrine sedimentary sequence boundary detection.
And the sequence division results indicate asymmetric wavelets
performed better than symmetric wavelets. Moreover, the power
acceleration of CWT results indicated asymmetric wavelet shows
more sensitive detection since the power inflection point is still
detected on small scale, such as power acceleration of db4 and
Morlet (Fig. 8a). Thus, asymmetry should be the first principle for
wavelet selection in lacustrine sequence analysis. Furthermore,
Chandrasekhar has (Chandrasekhar and Eswara Rao, 2012) pointed
out that the match between the shape of wavelet and the well-log



Fig. 6. The sequence boundary detective results by wavelets in pure model. (a) The scalogram of all wavelets sequence determination results in pure model. The balloon-like marks
presented by asymmetric wavelets can detect the sequence boundaries; symmetric wavelets can hardly detect the sequence boundaries without balloon-like marks. (b) The co-
efficients of all wavelets sequence determination result in pure model. The tendency of amplitude can also be used to indicate the sedimentary cycle, in which symmetric wavelets
are better in fifth-order sequence and asymmetric wavelets are better in sixth-order sequence. The black lines are the fifth-order sequence boundaries, and the black dotted lines are
sixth-order sequence boundaries.
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data influenced the resolution of sequence division. Visually, the
waveforms of the three asymmetric wavelets had correlations with
sequence trend presented in GR. When the wavelets have no cor-
relation to the sequence, the low resolution sequence results ob-
tained, such as the Morlet and sym2 applied to three wells in
Bombay High oil field (Chandrasekhar and Eswara Rao, 2012).

Additionally, the absolute errors are larger around sequence
surfaces developed in thicker sedimentary recycles compared to
thinner ones. (Fig. 10). The thickness of sedimentary recycle im-
pacts the accuracy of locating sequence boundaries. The thicker of
sedimentary recycle, the larger time duration in the signal. Math-
ematically, the improper flotation from time to frequency domain
can be caused by the nonlinear responses of wavelet function, but
3022
Symmlets and Coiflets are almost linear responses. This means
using the Sym4 or Coif4 wavelet will make the time localization of
the signal more precise (Guido, 2017). The correlation of time-
frequency responses affects the accuracy of sequence identifica-
tion. This is evident in the distinct results obtained from the db4
and sym4 wavelets, despite their high correlation with the lacus-
trine sequence. The match of wavelets and sequence relates to
accurate sequence boundary determination and sedimentary cycle
discrimination, which should be the second principle for wavelet
selection. And the correlation of time-frequency impacts the ac-
curacy of sequence surface localization. However, the sidelobe of
the wavelet function also has an effect.



Fig. 7. The absolute errors of sequence boundaries determination for pure model. (a) The absolute errors of fifth-order sequence boundaries determination by four kinds of wavelet
functions. (b) The absolute errors of sixth-order sequence boundaries determination by four kinds of wavelet functions. The absolute errors in wavelet analysis for determining
sequence boundaries are larger around the thick sedimentary recycles than thin recycles. Sym4 wavelet has best performance in FUCS. Among five wavelets, the Sym4 wavelet
performs the best in FUCS.

Fig. 8. The scalograms of all wavelets sequence boundaries determination for 20 dB and 24 dB noisy model. The results are similar for the two noisy models. The black dotted line is
the fifth-order sequence boundary.
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5.2. The development of sidelobe influence the resolution

In seismic data processing, suppressing side lobes of thewavelet
3023
can greatly improve the resolution of the seismic data to present
detailed more clearly (Huang et al., 2007; Karslı and Dondurur,
2013). However, to detect certain sequence interfaces in a logging



Fig. 9. (a) The power acceleration of db4 (left) and Morlet (right) wavelet. The asymmetric wavelet is more sensitive to detect sedimentary cycle on a small scale. (b) The optimal
scale coefficient of all wavelets in 20 dB noisy model (c) The optimal scale coefficient of all wavelets in 24 dB noisy model. The wavelets have better performance in sedimentary
cycle discrimination in 24 dB noisy model. The black dotted line is the fifth-order sequence boundary.
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data, it may be necessary to allow for the development of side lobes.
The order of sequence is related to thickness, i.e., the higher the
frequency, the thinner the mudstone thickness, and they are
weaker amplitude in the signal for high frequency sequence. The
3024
use of wavelet transforms in sequence analysis is to extract and
amplify the cyclical and interface information in logging signals to
assist in sequence analysis. In high-frequency sequency analysis,
the primary challenge is maintaining signals related to third-order



Fig. 10. The comparison of wavelet sequence analysis in noise models. (a) Absolute error of fifth-order sequence boundary identification in 20 dB noise model. (b) Absolute error of
fifth-order sequence boundary identification in 24 dB noise model. Based on the error distribution, the 24 dB noise model exhibits higher identification accuracy.

Fig. 11. The sequence determination comparison by wavelet and Milankovitch-based information. The middle-term sequence boundaries (green lines) match well and short-term
sequence boundaries (black lines) also highly correlation.
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sequence surfaces while amplifying weak signals related to the
fifth-order sequence surfaces. Obviously, different wavelets have
different detection capabilities (Kulesh et al., 2008). According to
theoretical model results, higher development of side lobes (Mor-
let) weakens the ability to identify high-order sequence interfaces.
However, the features of high-order sequence interfaces cannot be
amplified without side lobes (Mexhat). Therefore, for high-
frequency sequence, the wavelet with several weak side lobes
would be more effective comparing the results of db4 and sym4.
5.3. Accurate result requires high-quality data

As wavelet is widely used in sequence analysis, it is not clear
whether noise process is necessary or not as some data have been
processed but some were not (Akhilesh, 2012; Pan et al., 2008). In
this paper, the impact of noise volume increases when higher order
sequence needs to be detected. Noisy model tests indicate that
24 dB is the threshold: noise processing is not necessary when the
SNR of GR data is higher than 24 dB. Such a high-quality data is
rarely found in coarse-grained sedimentary reservoir data. Un-
doubtedly, noise is random and impossible to clean up and would
3025
influence the high-order sequence detection.
On the other hand, autogenic is also random and internal

property in high-frequency sequence. Normally, the sixth-order
sequences are influenced by autogenic which is an internal prop-
erty not controlled by four mainly sequence factors but flows itself
(Huang et al., 2007; Ji et al., 2013). The noise and autogenic signals
cannot be separated and processed independently. Part of noise can
be viewed as an autogenic information under allogenic constraints
when Gaussian noise is added to synthetic data, such as noise
developed around points 400 (Fig. 9c). Although, the test models
containing noise and autogenic are ideal for comparison and
analysis, it is impossible to extract noise from signals. What we can
do is access the data quality by SNR.
5.4. The influence of deposition

The asymmetric wavelets are sensitive to flood flow deposits.
Debris flow sediments are generally sudden discontinuous, which
are favorable depositional characteristics for sequence boundaries
determination by CWT (Richard and Brac, 1988; Choudhury et al.,
2007; Arabjamaloei et al., 2011). The asymmetric wavelets should



Fig. 12. The comparison of sequence determination by sym4 wavelet and Milankovitch-based sedimentary cycle (left) from Song et al. (2012). The result of Song is resulted from the
well located in the Yanjia area.
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have better sequence determination performance in lower than
upper. However, the absolute errors of sequence determination in
the lower are bigger than upper. Even the best wavelet has poor
performance in debris flow deposits. Moreover, the actual data
results also indicate that asymmetric wavelets have an advantage in
flood flow sedimentary sequences.

Except for the influence of flows, the depositional process also
has an effect over CWT. The sequence E2 and D3 formed FUCS
(Fig. 9c), which is a sequence boundary belonging to the CUCS in
3026
low sequence view. That is a normal sedimentary characteristic.
However, the CWT amplifies the FUCS on a small scale to cause a
conflict interpretation between small scale and big scale.
6. Conclusions

(1) The results of CWT, scalogram and coefficient, are all effec-
tive methods that can be used for sequence stratigraphy
analysis, in which scalogram is highly robust to noise and
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coefficient has an advantage in high-frequency sequence
boundaries detection. The sym4 wavelet is the best for
identifying fifth-order sequence, and even partly six-order
sequence, and is more sensitive to the sediment deposition
by flood flows which are normal fining-upwards cycle
sequences.

(2) The high-frequency sequence analysis of wavelet can be
applied to construct the fine stratigraphic framework where
steep-slope gravity flows deposits developed. The IPD is an
effective method used to identify the proper scale for
sequence detection where can be used in coarse-grained
gravity flow deposits. Coefficient amplitude tendency is
effective to determine the sequence boundary and discrim-
inate the sedimentary cycle patterns in high-frequency
sequence analysis. The asymmetric wavelets can detect
changes at small scales in power distribution and are more
sensitive to the high-frequency depositional process.

(3) The asymmetry of wavelet is the first principle, and the
match with the sequence is second principle in the high-
frequency sequence analysis. And the correlation of time-
frequency impacts the accuracy of sequence surface locali-
zation. Several weak side lobes are the third application
principle, which is useful in fifth and sixth-order sequence
boundaries detection. Noise process is necessary when the
SRN of data is less than 24 dB.

(4) The depositional flows, depositional process and autogenic
are three sedimentary factors that affect the sequence anal-
ysis results. The sequences deposition by flood flow with
finning-upwards cycles can be easily detected by asymmetric
wavelets. Although the amplification of normal detail
depositional characteristics by the CWT improves sequence
identification accuracy; it will also produce some opposite
internal sequence determination results.
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