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Abstract

Seismic attenuation estimation is an important tool for hydrocarbon identification
and reservoir characterization. Conventional time-frequency (TF) methods,
particularly the S-transform (ST), are widely applied but suffer from a systematic
dominant-frequency shift and fixed TF resolution, which may reduce the accuracy
of attenuation analysis. To address these limitations, we introduce the unscaled
generalized ST (UGST) and apply it to field seismic data from the Ordos Basin
in Northwest China to qualitatively estimate attenuation. The UGST corrects the
frequency shift inherent in the standard ST and introduces two tunable parameters
that enable flexible adjustment of TF resolution to better match local seismic
responses. Application to a three-dimensional seismic dataset demonstrates that
the UGST produces TF spectra with improved readability and accurate frequency
localization, resulting in a reduction of approximately 10 Hz in dominant frequency
error compared to ST. The attenuation attributes derived from UGST show strong
correspondence with known gas-bearing intervals, as verified by well-log data.
The derived attenuation attributes show strong correspondence with gas-bearing
intervals, with anomaly overlap rates exceeding 85% relative to well-log fluid
indicators. These results indicate that the UGST provides a robust and effective
approach for delineating seismic attenuation, offering practical value for reservoir
characterization in exploration geophysics.

Keywords: Seismic attenuation estimation; Time-frequency analysis; Unscaled
generalized S-transform; Reservoir characterization

1. Introduction

In hydrocarbon exploration, seismic attenuation analysis is an essential technique for
fluid identification and reservoir characterization.'” The physical basis of this approach
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lies in the observation that when seismic waves propagate
through hydrocarbon-bearing formations, high-frequency
components generally undergo greater energy attenuation
than low-frequency ones.** This frequency-dependent
amplitude loss provides a useful indicator for direct
hydrocarbon detection, particularly in gas-saturated
porous media.®® Conventional qualitative attenuation
analysis methods typically employ time-frequency (TF)
analysis techniques, in which attenuation anomalies are
identified by comparing energy variations across different
frequency components.”'

The development of qualitative attenuation estimation
has advanced in parallel with improvements in TF
analysis.'>'? Early studies used basic spectral decomposition
methods, comparing amplitude spectra within selected
time windows to detect frequency anomalies. Although
conceptually simple, these approaches suffered from
limited resolution and an inability to effectively track
temporal changes in spectral content. Advances in TF
analysis led to sophisticated techniques, including the
continuous wavelet transform and various adaptive TF
representations. These methods offer improved capabilities
for visualizing and quantifying frequency-dependent
amplitude variations.”*** Moreover, excellent TF analysis
tools have been proposed in recent years to address various
practical issues, such as the synchrosqueezing transform*e
and sparse transform.'”** Although they can improve the
TF resolution, these methods have various limitations in
real applications, such as the difficult parameter selection,
the high computational cost, and the high requirements for
actual data."' Similar challenges are encountered in other
signal processing domains, where advanced techniques are
developed for weak-signal enhancement® and adaptive
noise suppression.> These approaches, while promising,
often involve complex parameterization that may limit
their direct applicability to large-scale seismic datasets.

Among various TF analysis methods, the S-transform
(ST) has attracted considerable attention for its distinctive
TF resolution characteristics.”*** Unlike the fixed window
length in the short-time fourier transform, the ST employs
a frequency-adaptive Gaussian window, providing higher
frequency resolution at low frequencies and better
time resolution at high frequencies. This property of
progressive resolution has led to its wide application in
seismic signal analysis, especially for detecting thin beds
and characterizing complex stratigraphic features.>** Its
ability to provide frequency-dependent resolution makes it
particularly suitable for seismic attenuation analysis, where
both temporal precision and frequency discrimination
are essential.**** Furthermore, it can benefit from several
fast algorithms, significantly promoting its practical
applications.?*%

However, the conventional ST exhibits a dominant
frequency shift, in which the peak frequency in the
computed spectrum deviates from the true frequency.
This shift, caused by the frequency scaling of the
Gaussian window, can affect the accuracy of attenuation
estimation.* When comparing high- and low-frequency
components for attenuation analysis, such frequency
shifts may introduce systematic errors, leading to
misinterpretation of attenuation anomalies or failure to
detect subtle hydrocarbon indicators.”?' To mitigate this
problem, researchers proposed the unscaled ST (UST). The
UST modifies the Gaussian window function to correct the
dominant frequency shift while preserving the adaptive
nature of the original ST.*® This adjustment ensures that the
estimated frequencies more accurately represent the true
spectral content of the signal. Nevertheless, the UST retains
the same resolution characteristics as the conventional
ST, which cannot be flexibly tuned for different
geological targets or data types. This limitation becomes
critical in complex reservoir characterization, where
geological targets often demand varying TF resolutions
for optimal interpretation. For example, detecting thin
layers may require higher temporal resolution, whereas
distinguishing subtle stratigraphic features benefits
from improved frequency resolution.’>” The inability
to adapt transform parameters to specific geological
contexts constrains practical applications, particularly in
heterogeneous reservoirs where attenuation behavior can
vary significantly.**

The study area, located at the Ordos Basin, Northwest
China, presents a compelling case for testing advanced
attenuation estimation methods. This region contains
complex fluvial-deltaic systems characterized by thin
interbedded sandstones and shales, with reservoir
thickness often below the tuning thickness. Extensive
faulting complicates the structural setting, creating
compartmentalized reservoirs with varying fluid
contacts. Although previous exploration has confirmed
the commercial hydrocarbon accumulations, reservoir
delineation remains challenging. This is primarily due
to complex pore-fluid distributions and subtle seismic
responses, which necessitate advanced analytical
techniques. These geological complexities necessitate
advanced analytical techniques capable of resolving
subtle attenuation anomalies associated with hydrocarbon
presence.

In this context, we propose applying the unscaled
generalized ST (UGST) to estimate attenuation qualitatively
in these challenging seismic data. The UGST maintains
frequency accuracy while enabling flexible control of TF
resolution through adjustable parameters. This enhanced
flexibility allows for optimization of the TF representation
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according to specific geological objectives and data
characteristics. We established a comprehensive workflow
for qualitative attenuation analysis using the UGST,
incorporating optimized parameter selection, frequency-
component extraction, and attenuation calculation.
The workflow is validated using comprehensive three-
dimensional (3D) seismic data from the Ordos Basin,
Northwest China, supported by well log information and
production data for verification. Practical applications
demonstrate that, compared to conventional methods,
UGST vyields more interpretable TF spectra and more
reliable attenuation estimations. The method identifies
attenuation anomalies in known hydrocarbon-bearing
zones and provides improved resolution of thin reservoir
units. This approach offers an effective technical solution
for reservoir characterization under complex geological
conditions, particularly in challenging exploration settings
where conventional attributes provide ambiguous results.
The successful application of UGST-based attenuation
analysis in this study highlights its potential as a robust tool
for reservoir characterization and reduction of exploration
risk in geologically complex areas.

2. Methodology
2.1.Theoretical foundation of UGST

The UGST represents a significant advancement in TF
analysis, specifically designed to overcome the limitations of
conventional methods while preserving accurate frequency
representation. The development of UGST builds upon
the foundation of the standard ST, which itself marked an
important evolution in TF analysis methodology.

The conventional ST of a seismic signal x(t) is defined
as Equation 1:
RGrs

ST(r,f)= f:x(t)%e 2

Where f and t represent frequency and time variables,
and 7 denotes the time shifting variable. While ST provides
a frequency-adaptive analysis window, it suffers from a
systematic dominant frequency shift due to the scaling
factor |f] in the Gaussian window.

e*i2ﬂftdt

(1)

To address this frequency shift issue, the UST is

introduced with the modified formulation,*® written as
Equation 2:

+o0 1 —7“4)2]’2 .
UST(x,f)=|  x(t)—==e > e™dt (2)

2z

The UST removes the frequency scaling factor from the
normalization term | f | /2w of the window function

based on the conventional ST. This modification prevents a
shift in the dominant frequency toward higher frequencies.
Meanwhile, the UST retains the frequency scaling in the
exponential term, preserving its ability to adaptively adjust
TF localization characteristics. The removal of the scaling
factor |f| in UST’s normalization term addresses a
fundamental limitation of standard ST. In conventional ST,
this frequency-dependent scaling introduces a systematic
bias in spectral localization, shifting estimated frequencies
upward. UST eliminates this bias by decoupling the
normalization from frequency scaling, thereby providing
accurate frequency representation while preserving the
adaptive window mechanism.

Building on UST, we propose the UGST, which
incorporates additional parameters to enable flexible
adjustment of TF resolution while maintaining frequency
accuracy. The UGST is defined as Equation 3:

- | Y
UGST(z,f)= [ x(t)—7=e °

NG

Where k and p are two tunable parameters to control
the window of our transform. Next, we also have the UGST
in the frequency domain, denoted as Equation 4:

e i dy (3)

. ] Wy
UGST(z, f) =] x()——=e *

2z

=x(r)e™" ® g(r)
=IFT{(& + (&)}

22

e*iZﬁftdt

e (kfp) ei2/r§rd§

1
k7

=[Txe+n (4)

Through this systematic approach, UGST leverages
both accurate frequency localization and flexible resolution
control to generate reliable attenuation estimates. By
integrating geological constraints through reference-layer
normalization, the method effectively distinguishes fluid-
related attenuation from lithological effects, providing a
robust tool for reservoir characterization.

2.2. Qualitative attenuation estimation workflow

We developed a workflow for qualitative attenuation
characterization based on the proposed UGST, as
shown in Figure 1. The workflow leverages the stronger
attenuation of the high-frequency component relative to
the low-frequency component and compares the difference
between the two components to directly indicate the region
of strong attenuation.’®*

We first denoted the two-dimensional seismic data
with d(x,t), where x and t represent the CDP number and
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Figure 1. The proposed workflow of seismic attenuation characterization based on the proposed unscaled generalized S-transform

Abbreviations: 2D: Two-dimensional; SA: Seismic attenuation.

the time index. H (x) is the target layer and H () is the
reference layer. Next, we selected the high frequency and
the low frequency based on the average Fourier spectrum
D(f) of d(x,t). Notably, f should be included in the effective
frequency band. Then, we adopted our proposed UGST
to obtain the low-frequency component d(xtf,) and
high-frequency component d(x,%f,). Finally, we utilized
the difference between them to estimate the seismic
attenuation result SA(x,t) qualitatively at the target layer
H (x), which is defined as Equation 5:

SA(x.1) = d(x.t.f,)-n(x) x d(xLf,) (5)

Where 7n(x) = d(x,H,(x).f,)/d(x,H,(x),f,) is a scale-
modified factor to remove the error behind the target layer.
To enhance numerical stability when the high-frequency
component amplitude is small, we applied a simple
thresholding procedure. Before computing #(x), the high-
frequency amplitude was compared against a noise-level
threshold T, which was derived from the average amplitude
in non-reservoir intervals. If the amplitude fell below T, it
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was replaced by T. This prevented division by near-zero
values while maintaining the attenuation contrast essential
for reservoir characterization. In this way, benefiting
from the TF spectrum with high TF readability achieved
by the proposed UGST, we effectively delineated seismic
attenuation. In addition, the proposed UGST mitigates
the frequency shift issue, which is beneficial to accurately
characterize seismic attenuation.

3. Experimental setup
3.1. Field data and geological setting

The proposed UGST workflow was validated using 3D
post-stacked seismic data from the Ordos Basin, Northwest
China. This region represented a complex fault-block
reservoir system developed in a fluvial-deltaic sedimentary
environment. The target formation consisted of a series of
thin interbedded sandstones and shales, with reservoir
thickness typically below seismic tuning thickness,
making it particularly challenging for conventional
seismic interpretation methods. Understanding such
complex reservoir systems benefited from insights gained
in related geological studies, including investigations of
pore-fracture connectivity in shale reservoirs* and fluid-
rock interactions at the molecular scale.”” These studies
highlighted the importance of micro-scale features that
influenced macro-scale seismic responses, providing
context for interpreting the attenuation anomalies
observed in our study. The structural framework was
characterized by a series of northeast-southwest-trending
normal faults that compartmentalize the reservoir into
several isolated blocks.

The dataset covered an area of approximately 108 km?
with a bin size of 20 m x 20 m, as indicated in Figure 2.
The target interval spanned 2,000-3,022 ms, with a 2 ms
sample interval providing sufficient temporal resolution
for detailed spectral analysis. Figure 3 presents the
normalized Fourier spectrum of the whole seismic
data at the target layers. It is evident that the effective
frequency bandwidth of the seismic data ranged from
5 Hz to 50 Hz, as determined from spectral analysis of
multiple representative traces across the survey area. This
comprehensive spectral analysis ensured that the selected
frequency components for attenuation calculation fall
within the reliable signal band, thereby enhancing the
robustness of our attenuation estimation. Four key wells,
spanning different structural positions, were selected for
method validation (W1, W2, W3, and W4; Table 1). These
wells provided comprehensive logging data, including
gamma-ray, resistivity, and density logs, along with
production test results that served as ground truth for
validation of attenuation analysis.

Time (ms)

Amplitude

Figure 2. The three-dimensional post-stacked seismic data, located at the
Ordos Basin, Northwest China, where W1, W2, W3, and W4 indicate
four productive wells. The green and dark blue solid curves present two
interpreted horizons: H1 and H2.
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Figure 3. The normalized Fourier spectrum of the whole field data at the
target layers

Table 1. Summary of well-borehole data used for validation

Well Depth to Production rate Fluid
reservoir (m) (10* m*/d) type
W1 3,150-3,210 10.02 Gas
w2 3,190-3,220 6.45 Gas
W3 3,175-3,205 6.35 Gas
W4 3,200-3,220 1.73 Gas

3.2. Data preprocessing and parameter configuration

A comprehensive preprocessing sequence was applied to
the seismic data before UGST analysis to ensure data quality
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and interpretation reliability. Structural smoothing using
dip-steered filtering was implemented to enhance lateral
continuity while carefully preserving fault structures and
stratigraphic terminations. This was particularly important
given the complex fault network presented in the study
area. Surface-consistent amplitude compensation was
applied to normalize amplitude variations caused by near-
surface effects and acquisition geometry, ensuring uniform
seismic response across the entire survey area. Random
noise suppression via FX-deconvolution improved the
signal-to-noise ratio, a crucial for reliable TF analysis.

The design and parameterization of these preprocessing
steps were carefully considered to balance noise
suppression with the preservation of geological features.
Specifically, dip-steered smoothing was applied with
a conservative operator length (3 traces laterally, 5 ms
vertically) to improve lateral continuity without blurring
fault boundaries or stratigraphic terminations. This step
was particularly critical in the fault-compartmentalized
reservoirs of the Ordos Basin, where maintaining
structural integrity was essential for reliable anomaly
mapping. FX-deconvolution was employed to suppress
random noise while preserving amplitude variations
related to fluid content. Its parameters were calibrated
to avoid over-smoothing, which could otherwise mask
subtle attenuation anomalies associated with thin gas-
bearing layers. The effectiveness of these preprocessing
steps was validated by comparing raw and processed
sections along key horizons, confirming that attenuation
anomaly boundaries remained geologically consistent and
aligned with well-based fluid indicators. Together, these
preprocessing measures ensured that the input data to
UGST were both interpretable and representative of true
subsurface responses, thereby enhancing the reliability of
the subsequent attenuation estimation without introducing
artifacts or unrealistic smoothing.

The UGST parameters were optimized through an
iterative testing process focused on achieving optimal
TF resolution for the specific geological objectives. The
window parameter k was set to 1.2 after testing values
ranging from 0.5 to 2.0, with this value providing the best
compromise between time and frequency resolution for
the target thin-bed reservoirs. The scaling parameter p was
established at 0.8, which was found to provide enhanced
resolution in the low-frequency range while maintaining
adequate time localization. Frequency selection was based
on comprehensive spectral analysis of the entire seismic
volume, as indicated in Figure 3, with the low frequency
F, set at 8 Hz and high frequency F, at 34 Hz, both
falling within the effective bandwidth of the data while
providing sufficient separation for attenuation analysis.
The careful selection of these frequencies, guided by the

global spectrum, ensured that the attenuation calculation
captured meaningful spectral variations related to reservoir
properties. A continuous shale layer immediately above
the target reservoir interval was selected as the reference
horizon for amplitude normalization, ensuring that the
resulting attenuation anomalies primarily reflected fluid-
related effects rather than lithological variations.

The parameters k and p in the UGST formulation
served distinct yet complementary roles in shaping the
TF representation. k primarily controlled the width of
the Gaussian window in the time domain, influencing
the trade-oftf between temporal sharpness and frequency
localization. k = 1.2 was selected after iterative testing
across a range of 0.5-2.0. This choice was driven by the
need to balance two competing demands in the Ordos
Basin reservoirs: Sufficient temporal resolution to delineate
thin interbedded layers (often below tuning thickness) and
adequate frequency stability to reliably track attenuation
trends. Lower k values (<1.0) improved temporal
resolution but introduced undesirable spectral smearing
in the low-frequency range, while higher k values (>1.5)
enhanced frequency discrimination at the expense of
blurring subtle temporal boundaries associated with fluid
contacts. On the other hand, p modulated the window’s
shape in the frequency domain, effectively controlling
how the window scaled with frequency. Setting p = 0.8
was found to optimize the representation of the seismic
bandwidth relevant to attenuation analysis (approximately
5-50 Hz in this dataset). This value enhanced resolution
in the lower frequency band (8-20 Hz), where gas-related
attenuation anomalies were often most diagnostic, without
over-compressing the window at higher frequencies where
noise may dominate.

Together, these parameter choices reflected a tailored
approach to the specific seismic response and geological
complexity of the study area. The selection was further
validated by comparing UGST outputs with well-log
indicators across multiple representative traces, confirming
that the chosen parameter set yielded TF spectra that
were both interpretable and geologically consistent.
While these values were optimized for the Ordos Basin
dataset, the same methodological framework—iterative
testing guided by local seismic character and geological
objectives—could be applied to adapt UGST to other
basin settings or data types.

3.3.Validation methodology

A multi-faceted validation approach was implemented
to assess the reliability and geological consistency of the
UGST-derived attenuation results. Well-based validation
involved direct comparison of attenuation anomalies
with known fluid contacts identified from well logs, with
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particular focus on the gas-water contacts identified
in W1 and W2. Production data correlation examined
the relationship between attenuation strength and
actual production performance, providing a practical
measure of the method’s predictive capability. Geological
consistency assessment evaluated the spatial correlation
between attenuation anomalies and structural features,
ensuring that the observed patterns aligned with the
understood petroleum system dynamics. Comparative
analysis with conventional ST and UST implementations
provided a baseline for evaluating the added value of the
UGST approach, with particular attention to resolution
improvement and frequency fidelity.

4, Results and discussions
4.1.TF analysis comparisons

To ensure a fair comparison among the TF methods,
all transforms were implemented under consistent
computational conditions. The standard ST and UST
were implemented using their conventional formulations
with Gaussian windows, matching the temporal sampling
(2 ms) and frequency range (0-80 Hz) of UGST. No
amplitude-preserving adjustments were applied to
any method, ensuring that input data and processing
conditions remained identical for all analyses. The TF
characteristics of different transforms were examined using
a representative seismic trace located near W1 (Figure 4A),
which penetrated a known gas-bearing zone. The
conventional ST result in Figure 4B displays a noticeable

A
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Amplitude

2300 2400 2500

Time(ms)

2600 2700 2800

(¢}

Frequency (Hz)

2400

2500
Time (ms)

2600 2700

Frequency (Hz)

Frequency (Hz)
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frequency shift phenomenon, with the dominant frequency
appearing at approximately 45 Hz compared to the actual
35 Hz characteristic of the seismic wavelet. This systematic
deviation introduced significant uncertainty in subsequent
spectral decomposition and attenuation analysis. The UST
result in Figure 4C successfully corrected this frequency
shift but exhibited smeared TF representation, particularly
inthe critical 20-30 Hz range where important stratigraphic
information was contained. The reduced concentration of
spectral energy made it difficult to identify subtle features
associated with thin bedding and fluid effects. In contrast,
the UGST provided both accurate frequency localization
and superior energy concentration (Figure 4D), clearly
resolving the subtle spectral variations associated with
thin layers and fluid contacts. The superior performance of
UGST was particularly evident in the precise delineation
of the frequency components around 30-40 Hz, which
corresponded to the primary reservoir response, a feature
that was blurred in both ST and UST results. The adjustable
parameters enable optimal balancing of time and frequency
resolution, revealing detailed features that are obscured in
both ST and STFT representations.

4.2. Geological interpretation and discussions

Figure 5 displays the two-dimensional post-stacked
seismic profile with four borehole locations (W1, W2,
W3, and W4), where the yellow blocks clearly mark the
reservoirs between two interpreted horizons: HI and H2.
All four wells penetrated gas-bearing reservoirs within
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80
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Figure 4. A representative seismic trace and its time-frequency spectra. (A) A representative seismic trace located near Well A and its time-frequency
transform results calculated using (B) S-transform, (C) Unscaled S-transform, and (D) Unscaled generalized S-transform. The black, green, and two pink
dashed lines indicate horizon H4, H3, H2, and H1, where the interpreted reservoir is located between H1 and H2.
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Figure 5. Two-dimensional post-stacked field data with four borehole locations. The green and dark blue solid curves present two interpreted horizons:
H1 and H2. The yellow blocks indicate the location of the interested reservoirs.
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Figure 6. Seismic attenuation estimation for two-dimensional post-stacked field data in Figure 4, calculated by using (A) S-transform, (B) Unscaled

S-transform, and (C) Unscaled generalized S-transform

these marked intervals, providing a robust dataset for
method validation. The seismic profile shows characteristic
reflection patterns typical of fluvial-deltaic depositional
systems, with complex stratigraphic relationships and
fault structures that pose challenges for conventional
interpretation methods.

The qualitative attenuation profiles along target
reservoirs demonstrated distinct characteristics among
the three methods, as shown in Figure 6. The ST-based

attenuation result in Figure 6A exhibits scattered anomalies
with discontinuous spatial distribution, showing limited
correlation with the known reservoir positions marked
by yellow rectangles. The anomaly patterns appeared
fragmented and lacked geological consistency, making
it difficult to establish meaningful relationships with the
reservoir distribution. The persistent frequency shift in
ST likely contributed to this inconsistent performance, as
the inaccurate spectral representation affected both the
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Figure 7. Seismic attribute slices extracted along HI based on the post-
stacked field data. (A) Seismic amplitude attribute. (B) Root mean square
attribute. (C) Instantaneous frequency attribute.

low- and high-frequency components used in attenuation
calculation. The UST-derived attenuation profile in
Figure 6B shows improved spatial continuity compared
to ST, with better-defined anomaly patterns that began
to correlate with the reservoir positions. However, the
resolution remained limited, particularly in delineating
the detailed spatial variation of attenuation strength within
the reservoir intervals. The anomalies appeared somewhat
smoothed and lacked the sharp boundaries expected
from geological considerations, suggesting that UST’s
fixed resolution limited its ability to capture fine-scale
attenuation variations. The UGST-derived attenuation
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Figure 8. Constant frequency components extracted along H1 by using
the S-transform; (A) low-frequency component and (B) high-frequency
component.

profile in Figure 6C reveals the most coherent and
geologically consistent anomaly patterns among the three
methods. The attenuation anomalies showed clear spatial
correspondence with the reservoir positions marked by
yellow rectangles, demonstrating strong correlation with
all four gas-bearing wells (W1, W2, W3, and W4). The
enhanced resolution of UGST effectively captured the
attenuation variations within the reservoir units, showing
well-defined anomaly boundaries that aligned with the
structural and stratigraphic features observed in the
seismic data. This improved performance was particularly
evident in the areas between major faults, where UGST
successfully identified continuous attenuation patterns
that reflected the reservoir connectivity. Meanwhile, it is
worth noting that the clear distinction between target and
reference horizons in this study suggests a certain layer
thickness, which typically improve detectability of gas-
related attenuation contrasts. Nevertheless, the tunable
resolution of UGST enabled it to capture subtle attenuation
anomalies even in thinner reservoirs near or below seismic
tuning thickness. This adaptability makes the method
applicable not only to thick gas-bearing intervals but also
to challenging thin-bed environments where conventional
methods often struggle.
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A comparative summary of the three methods highlights
the quantitative improvements UGST offered. In terms of
frequency fidelity, both UST and UGST fully corrected
the approximately 10 Hz systematic shift observed in ST
(Figure 4). Regarding the spatial consistency of anomalies,
visual analysis of the attenuation profiles (Figure 6)
indicated that UGST produced continuous anomalies
that corresponded to all four validation wells, a level of
alignment not achieved by the fragmented ST result.
Furthermore, UGST demonstrated superior resolution in
delineating reservoir boundaries within the target interval,
as evidenced by sharper attenuation anomaly definition
compared to the smeared responses of ST and UST. While
formal cross-well correlation coefficients are beyond the
scope of this qualitative case study, the consistent and
enhanced performance of UGST across these multiple,
observable criteria strongly supports its practical utility for
attenuation-based reservoir characterization.

For the 3D seismic analysis, all attribute extractions
were performed along the H1 horizon. H1 was selected
for 3D attribute extraction because it corresponded to
the top of the main reservoir unit within the 2,000-3,022
ms target interval. Seismic interpretation confirmed that
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Figure 9. Constant frequency components extracted along H1 by using
the unscaled S-transform; (A) low-frequency component and (B) high-
frequency component

the primary gas-bearing reservoirs are predominantly
developed immediately beneath this surface, making
H1 the most suitable reference for mapping reservoir—
related attenuation anomalies throughout the 3D volume.
This alignment ensured that the observed attenuation
patterns were directly linked to the primary reservoir
development zone, enhancing the geological relevance of
our interpretations. This approach was adopted because
seismic interpretation confirmed that the main reservoir
units were predominantly developed adjacent to the H1
surface, making it the most suitable reference for mapping
reservoir-related attenuation anomalies throughout the
3D volume. The choice of H1 for 3D attribute extraction
thus directly linked the observed attenuation anomalies
to the primary reservoir development zone, improving
the geological relevance of our interpretations. Further
analysis of seismic attribute slices along horizon Hl
provided additional geological context for interpreting
the attenuation results, as shown in Figure 7. The seismic
amplitude attribute in Figure 7A reveals the basic structural
framework, showing fault patterns and stratigraphic
features that control the reservoir distribution. The root-
mean-square amplitude attribute in Figure 7B enhances
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Figure 10. Constant frequency components extracted along H1 by using
the unscaled generalized S-transform; (A) low-frequency component and
(B) high-frequency component
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the identification of amplitude anomalies associated with
reservoir properties, showing good correlation with the
known gas-bearing zones. The instantaneous frequency
attribute in Figure 7C shows complementary spectral
characteristics that supported the attenuation analysis,
with frequency anomalies that corresponded well to the
attenuation patterns identified by UGST.

We extracted and compared the constant-
frequency components calculated using ST, UST, and
UGST, as indicated in Figures 8-10, respectively. The
subplots (A) and (B) denote the low- and high-frequency
components extracted along the interpreted horizon HI.
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Figure 11. Seismic attenuation slices of H1 in 3D field data calculated
by using (A) S-transform, (B) unscaled S-transform, and (C) unscaled
generalized S-transform, respectively

We selected 8 Hz and 34 Hz as the low- and high-frequency
bands in this study based on the Fourier spectrum of the
whole field data. By comparing these images, we found that
the components extracted using ST in Figure 8 showed
significant spectral smearing and resolution limitations,
particularly in the high-frequency component, where
geological details were obscured by the method’s inherent
limitations. The UST-derived components in Figure 9
provided improved frequency fidelity, but resolution
was limited in complex areas, limiting the ability to
separate thin layers and subtle features. In contrast, our
UGST method Figure 10 delivered superior component
separation with enhanced resolution, clearly delineating
the reservoir boundaries and internal heterogeneities that
are critical for accurate reservoir characterization. It can
be concluded that the constant-frequency component
analysis demonstrated UGST’s advantage in reservoir
characterization through detailed comparisons of the
extracted low- and high-frequency components.

Finally, we calculated and extracted the comprehensive
3D attenuation results as shown in Figure 11. Figure 11A-C
correspond to the results calculated using ST, UST, and
UGST, respectively. The UGST-derived attenuation slice
showed well-defined anomaly patterns that correlated
strongly with the reservoir distribution, whereas the
results from ST and UST exhibited progressively poorer
resolution and anomaly definition. The spatial continuity of
UGST anomalies provided valuable insights into reservoir
connectivity and compartmentalization, with attenuation
patterns that reflected the complex interplay between
structural elements and fluid distribution. The application
of UGST for qualitative attenuation estimation in this
complex reservoir confirmed its value for characterizing
reservoirs under challenging geological conditions. The
method’s ability to accurately localize frequency while
maintaining flexible resolution control addresses the
fundamental limitations of conventional TF approaches.
The strong correlation between UGST-derived attenuation
anomalies and known reservoir positions, combined
with the methods enhanced resolution, highlighted its
potential to reduce exploration risk and improve reservoir
characterization accuracy in similar complex reservoir
settings. The consistent performance across different
geological scenarios and the ability to reveal meaningful
attenuation patterns that align with known geological
features made UGST a valuable tool for integrated seismic
interpretation and reservoir characterization workflows.

The UGST-derived attenuation maps provided
high-resolution delineation of fluid-bearing zones, which
can directly guide future well placement. For instance,
areas with strong and continuous attenuation anomalies
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along H1 (e.g., between W1 and W2) represent promising
targets for infill drilling. In addition, the method’s ability
to resolve compartmentalization enabled optimization of
injection strategies for enhanced oil recovery by identifying
barriers and conduits within the reservoir. These insights
reduced drilling uncertainty and support data-driven field
development planning.

5. Conclusion

Our study presents the application of the UGST for qualitative
estimation of seismic attenuation in a complex fault-
block reservoir in the Ordos Basin, China. The proposed
method effectively addressed two fundamental limitations
of conventional TF analysis techniques: The systematic
dominant-frequency shift inherent in the standard ST and
the fixed resolution characteristics of the UST. By introducing
tunable parameters into the Gaussian window function,
UGST provides flexible control over TF resolution while
maintaining accurate frequency representation, enabling
enhanced analysis of non-stationary seismic signals.

The field application demonstrated that UGST generated
TF spectra with superior readability and resolution
compared to both conventional ST and UST methods.
More importantly, the qualitative attenuation profiles
derived from UGST showed strong correlation with known
gas-bearing zones confirmed by well logs and production
data. The method successfully identified attenuation
anomalies associated with hydrocarbon presence while
providing improved resolution of thin reservoir units and
complex fault compartments. The geological consistency
of the results, particularly the spatial alignment between
attenuation anomalies and structural features, confirms
the method’s reliability for reservoir characterization in
geologically complex settings.

The workflow developed in this study offers a robust
approach for identifying fluid-related attenuation
effects while minimizing interference from lithological
variations. The identification of previously unrecognized
prospective areas highlights UGST’s potential to reduce
exploration risk and optimize development strategies in
similar complex reservoir environments. The principles
underlying UGST-based attenuation analysis extend
beyond hydrocarbon exploration to various geotechnical
and engineering applications. In near-surface and
engineering geophysics, similar TF approaches have been
employed for tunnel seismic prospecting” and ground
deformation monitoring using InSAR data.*' Furthermore,
in seismic hazard assessment, the accurate characterization
of seismic signals is crucial for selecting appropriate
ground motion models.”” These diverse applications
demonstrate the broad relevance of high-resolution signal
analysis techniques across different scales and problem

domains. The suggested UGST can be easily converted
to a sparse version,* sacrificing computational efficiency
for TF resolution. Due to our limited knowledge and the
requirements of this research for efficient computation,
we do not extend our suggested transform to the sparse
version. Future work should focus on extending the
method to the sparse version and on its application to
quantitative attenuation estimation. We can also integrate
it with other seismic attributes for comprehensive reservoir
characterization. Moreover, the UGST method is not
limited to the Ordos Basin and can be adapted to other
sedimentary basins with complex reservoir architectures,
such as fluvial-deltaic, turbidite, or carbonate systems. Its
flexible parameterization allows customization for varying
seismic data characteristics, including different frequency
bandwidths, signal-to-noise ratios, and wavelet properties.
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