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Application of a Variational Mode
Decomposition-Based Instantaneous

Centroid Estimation Method to a
Carbonate Reservoir in China

Ya-Juan Xue , Hao-Kun Du, Jun-Xing Cao, Da Jin, Wei Chen, and Juan Zhou

Abstract— A novel hydrocarbon detection technique named
the variational mode decomposition (VMD)-based instantaneous
centroid method is proposed in this letter. It reveals frequency-
dependent amplitude anomalies that may reflect some details
deeply buried within the intrinsic mode functions (IMFs) in
particular frequency bands. Instantaneous amplitude and instan-
taneous frequency information from each IMF are used to gen-
erate each IMF instantaneous centroid. A weighted correlation
scheme is employed to generate the VMD-based instantaneous
centroid volume for a seismic trace. Model testing and field
data from a carbonate reservoir in China illustrate that the
VMD-based instantaneous centroid method can provide a better
hydrocarbon-prone interpretation with a higher resolution and
accuracy. Comparisons between the VMD-based instantaneous
centroid method and the short-time Fourier transform, and
continuous wavelet transform and prestack wave impedance
inversion technology indicate that the proposed method is more
convenient and can effectively target gas reservoirs. This letter
presents a complementary approach to current methods used to
extract frequency-dependent amplitude anomaly information.

Index Terms— Hydrocarbon detection, instantaneous centroid,
intrinsic mode function (IMF), seismic interpretation, variational
mode decomposition (VMD).

I. INTRODUCTION

IN OIL and gas exploration, there are numerous difficult
problems, including how to extract more useful infor-

mation especially frequency-dependent amplitude anomaly
information from the instantaneous attributes of seismic sig-
nals and how to combine that information with geological
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interpretations, logging data, and other information to find
meaningful oil and gas reservoirs. The solutions of these
obstacles represent long-term goals for petroleum geophysical
researchers. Frequency-dependent amplitude anomaly infor-
mation is widely used for hydrocarbon detection since seis-
mic wave energies exhibit obvious high-frequency attenuation
in or beneath gas-bearing layers [1]–[4]. Spectral decompo-
sition is an effective and commonly used geological inter-
pretation and hydrocarbon indication method utilizing seismic
reflection data with only high-frequency attenuation anomaly
information from seismic signals [5]. Seismic data can produce
a series of common frequency volumes via spectral decom-
position. Each common frequency volume is a reflection of
the instantaneous amplitude of the seismic data at a particular
frequency or in a special frequency band. Amplitude volumes
at different frequencies can reflect the different response
characteristics of geological bodies at different scales, and
hydrocarbon information may be enhanced and reflected in
the common frequency volumes at some certain frequencies.
Hydrocarbon-bearing areas often exhibit attenuation charac-
teristics with strong energies at low frequencies and weak
energies at high frequencies [3], [4], [6], [7]. However, spec-
tral decomposition technology requires a series of common
frequency volumes for analysis prior to selecting reasonable
common frequency volumes for interpretation. The associated
workload is heavy.

Variational mode decomposition (VMD) is a newly devel-
oped nonrecursive decomposition method for nonlinear and
nonstationary signals [8]. It has been proven to demon-
strate better local decomposition abilities, higher spectral and
spatial resolutions, and better noise robustness than empir-
ical modal decomposition (EMD), as well as the methods
derived from EMD and other conventional time–frequency
methods [8]–[10]. VMD can decompose a seismic trace into
several intrinsic mode functions (IMFs). Different IMFs have
different frequency bands. Each IMF may reflect different
details of the original seismic signal. In addition, some details
may be highlighted in one or more IMFs [11], [12].

The objective of this letter is to introduce a new
geological interpretation and hydrocarbon indicator method,
that is, the VMD-based instantaneous centroid method, and
then demonstrate the ability of this new technique for seismic
interpretation. This letter hopes to complement current
frequency-dependent methods used to extract amplitude anom-
aly information with the addition of the VMD-based instanta-
neous centroid method. First, we outline the principle of the
VMD-based instantaneous centroid method. Then, a model
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test is used to evaluate the effectiveness of the VMD-based
instantaneous centroid method. Finally, a field data application
is carried out to study the characteristics of the proposed
method and evaluate its effectiveness.

II. PRINCIPLE AND METHODS

A. Variational Mode Decomposition

VMD can decompose a seismic signal x(t) into several
numbers of IMFs as defined in

uk(t) = Ak(t) cos(φk(t)) (1)

where t is the time variable, and Ak(t) ≥ 0, φ�
k(t) ≥ 0,

Ak(t), and φ�
k(t) vary much more slowly than φk(t). Such

a more restrictive definition ensures that each IMF uk(t),
which is a pure harmonic signal with an amplitude Ak(t)
and instantaneous frequency φ�

k(t), has a sufficiently long
interval. Each IMF exhibits a narrow-band property that
maintains the physical meaning of the resulting instantaneous
frequency.

VMD is a constrained variational problem that is described
as follows [8]:

min{uk},{wk }

��
k

����∂t

��
δ(t) + j

π t

�
∗ uk(t)

�
e− jωkt

����
2
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k

uk = x (2)

where ∗ represents a convolution calculation and δ(t) is the
Dirac distribution. Here, each mode uk is mostly compact
around a center frequency ωk . A quadratic penalty term
and Lagrangian multipliers λ are employed to make (2)
unconstrained. The augmented Lagrangian L is given by the
following equation:
L(uk, ωk , λ)

= α
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e− jωkt

����
2

2

+
���x(t) −

�
uk(t)

���2

2
+


λ(t), x(t) −

�
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�
(3)

where α is the balancing parameter of the data-fidelity con-
straint.

The variational problem in (3) is solved using an alternate
direction method of multipliers (ADMM) approach. Then,
the center frequency and different decomposed modes are
produced via the ADMM approach during each shifting
process. The obtained mode uk(t) in the time domain can be
represented as

ûk(ω) = x̂(ω) −�i!=k ûi (ω) + (λ̂(ω)/2)

1 + 2α(ω − ωk)2 (4)

ûk(t) = R{ifft(ûk(ω))} (5)

where x̂(ω) is the Fourier transform of x(t). ifft(·) denotes the
inverse Fourier transform of the signal and R(·) represents the
real part of an analytic signal. Note that the optimal uk(ω)
is updated directly through Wiener filtering in the Fourier
domain. In addition, the fact that Wiener filtering is embedded
within the VMD approach makes it more robust to noise and
sampling.

The center frequencies ωn+1
k are updated as follows:

ωn+1
k =


∞
0 ω

��ûn+1
k (ω)

��2dω
∞
0

��ûn+1
k (ω)

��2dω
. (6)

For all ω ≥ 0, the exact reconstructed signal is obtained
through a dual ascent, that is, the updated Lagrangian multi-
plier λ̂n+1 shown in

λ̂n+1 = λ̂n + τ

�
f̂ −

�
k

ûn+1
k

�
(7)

until
�

k �ûn+1
k − ûn

k�2
2/�ûn

k�2
2 < ε.

A detailed description of the VMD algorithm can be found
in [8].

B. Principle of the VMD-Based Instantaneous
Centroid Method

For each IMF u(t) obtained following the application
of VMD, its instantaneous amplitude A(t), instantaneous
phase ϕ(t), and instantaneous frequency f (t) can be computed
using the following equation:⎧⎪⎪⎨

⎪⎪⎩
A(t) =�u2(t) + y2(t)
ϕ(t) = arctan(y(t)/u(t))

f (t) = 1

2π

dϕ(t)

dt

(8)

where y(t) is the Hilbert transform of the IMF u(t).
Generally, to avoid ambiguities caused by phase unwrapping

in (8), the instantaneous frequency f (t) can be computed as
follows:

f (t) = 1

2π

u(t) dy(t)
dt − du(t)

dt y(t)

u2(t) + y2(t)
. (9)

If N IMFs are generated by applying VMD to a seismic
trace x(t), let ck(t) be the corresponding seismic instantaneous
centroid of each IMF uk(t)(k = 1 ∼ N). The instantaneous
centroid of an IMF is written as

ck(t) = Ak(t) fk(t)�
Ak(t)

. (10)

The IMF-based instantaneous centroid ck(t) is a frequency-
dependent amplitude attribute that may highlight some details
deeply buried within the IMFs at particular frequency bands.
A meaningful instantaneous frequency calculated from an
IMF ensures that the seismic instantaneous centroid ck(t) has
a physical meaning and can reveal geological information
effectively. Then, the seismic instantaneous centroid of a trace
C(t) can be generated via the following equation:

C(t) =
N�

k=1

Rc · ck(t) (11)

where Rc [as defined in (12)] is a weighted correlation
coefficient, and R denotes the correlation coefficient between
the IMF uk(t) and the original seismic trace x(t).

Rc =
⎧⎨
⎩

1, |R| ≥ 0.3
10−1, 0.1 ≤ |R| < 0.3
10−2, |R| ≤ 0.1

(12)

As shown in (12), Rc remains the instantaneous centroid of
the mode that has the strongest correlation with the original
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Fig. 1. (a) Geological model. (b) Its seismic response. (c) Synthetic data
with noise. (d) Comparison with the trace.

seismic trace unchanged, attenuates the instantaneous centroid
of the mode that has a stronger correlation with the original
seismic trace with a coefficient of 10−1, and attenuates the
instantaneous centroid of the mode that has the weakest
correlation with a coefficient of 10−2. This operation aims
to strengthen the main contributors of the seismic trace and
weaken the other less important information.

Finally, we apply a normalization operation to the seismic
instantaneous centroid C(t) and make the values distributed in
the range [0, 1]. This operation ensures that the lateral changes
among different traces will not be excessively large. We can
obtain a seismic instantaneous centroid volume by calculating
C(t) trace by trace.

Note that although many studies have illustrated the decom-
position level of VMD for many fields [8], [15]–[17], these
decomposition level choosing methods do not work for hydro-
carbon detection. In this letter, we use an empirical expression
to determine the decomposition level k of VMD

k =
�

fs/ fdomi

log(N)

�
− 1 (13)

where fdomi is the dominant frequency of each seismic trace,
fs is the sampling frequency, N is the length of each seismic
trace, and [·] denotes a rounding up operation.

III. MODEL TEST

In this section, we produce a model to simulate the
seismic response using the 3-D diffusive-viscous wave
equation [13], [14] to validate the effectiveness of the
VMD-based instantaneous centroid estimation method.

We design the geological model based on reservoir logging
parameters and seismic data from a marine carbonate reservoir
in the Puguang gas field, Sichuan Basin, China. The geological
model is shown in Fig. 1(a). The parameters of the six layers in
the model are shown in Table I. The frequency of the wavelet
is 25 Hz. The seismic data are sampled at an interval of 1 ms.
A highly permeable gas-bearing reservoir is denoted by the
layer marked 4© with a thickness of 40 m and its adjoining
dry layer is marked as 3©. The seismic response of the model
is shown in Fig. 1(b).

The IMF-based instantaneous centroid results using the
VMD method after the modeling are shown in Fig. 2(a). Note
that the VMD decomposition level is set to 5. As shown
in Fig. 2(a), strong amplitude anomalies are found in the gas
layer marked 4©.

TABLE I

ROCK PROPERTIES FOR THE GEOLOGICAL MODEL

Fig. 2. (a) VMD-based instantaneous centroid estimation method after the
model test. (b) Model with noise. The VMD decomposition level is set to
five.

To further validate the effectiveness of the proposed method,
we add some noise to the model. The signal-to-noise ratio
is set to 55 dB. The synthetic data with noise are shown
in Fig. 1(c). Fig. 1(d) shows a comparison between trace
250 and trace 250 with noise. The corresponding VMD-based
instantaneous centroid section shown in Fig. 2(b) also shows
a strong amplitude anomaly in the gas layer marked 4©. The
proposed method can therefore target a gas layer accurately.

The model test shows that the VMD-based instantaneous
centroid estimation method can effectively target the reservoir
and demonstrates some noise robustness.

IV. FIELD DATA

A. Study Area Setting

In this section, we apply the VMD-based instantaneous
centroid estimation method to the broadband migrated and
stacked seismic data from the Puguang gas field, Sichuan
Basin, China, to evaluate the validity of our approach.

The Puguang gas field is mainly composed of carbonate
reservoirs. We mainly study one major producing gas reser-
voir distributed throughout the first–second section of the
Feixianguan section, Lower Triassic. The reservoir type mainly
comprises a platform margin oolitic bank, typically con-
taining high-porosity, high-permeability, and high-abundance
lithologic gas reservoir traps. The average porosity of the
first–second section is 8.89%, and the average permeability
is 143.813 × 10−3 μm2.

We first use one stacked 2-D seismic section intersecting a
known prolific gas well (well A) to give a detailed example and
illustrate the feasibility and accuracy of the proposed method.
For comparison, we also provide results from prestack wave
impedance inversion and spectrum decomposition results using
conventional time–frequency methods on the stacked seismic
data. Then, 3-D seismic data are used for an analysis.

B. Two-Dimensional Seismic Data Processing

The broadband migrated and stacked seismic section inter-
secting the target layer in well A, a known prolific gas well,
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Fig. 3. (a) Seismic section intersecting well A. (b1) Seismic trace inter-
secting well A and its corresponding IMFs obtained using VMD. The VMD
decomposition level is set to 2. (b2) Energy ratio of the energy of each IMF to
the original seismic trace energy. (b3) Time–frequency spectrum after VMD.
(c) Its corresponding IMF-based instantaneous centroid section intersecting
well A using the VMD method. (d) Prestack wave impedance inversion section
intersecting well A. Only the seismic data between the two horizontal lines
are displayed. The area where well A is located and good gas production is
obtained is delineated by a pink polygon. Note that the interpretation of the
target layer in well A is also shown.

is illustrated in Fig. 3(a). We analyze only the 2-D broadband
migrated and stacked seismic section intersecting the target
layer in well A between two horizons as shown in Fig. 3(a)
to exclude the lithology and other factors that could lead to
the ambiguities in the hydrocarbon interpretation using the
proposed method. Because the reservoir type mainly comprises
a platform margin oolitic bank in the target layer, only a
relatively simple structure without cracks and marlite is shown
in the target layer. The area where well A is located and good
gas production is obtained is delineated by a pink polygon.
The seismic signals are sampled at an interval of 2 ms.

We first analyze the seismic trace intersecting well A.
Fig. 3(b1) shows the seismic trace intersecting well A and
its corresponding IMFs obtained using VMD. We mark the
two reservoir areas as zone 1 and zone 2. We find that
the differences between the areas where the reservoirs are
located and their surrounding area are more obvious in the sec-
ond IMF, meaning that hydrocarbon-related information is
reflected more greatly in this subsignal. The energy ratio of
the energies of the two obtained IMFs to the original seismic
trace is shown in Fig. 3(b2). Both IMFs have larger energies,
and the energy of the second IMF is larger than that of
the first. The time–frequency spectrum for the seismic trace
after VMD is shown in Fig. 3(b3), which shows that the
main frequency range of the seismic trace is approximately
0–50 Hz. We can also find that stronger energy is distributed
at times from approximately 2650 to 2700 ms, which is
where the reservoir is located. Moreover, the post-VMD time–
frequency spectrum of the seismic trace intersecting well
A has a high time–frequency resolution. Consequently, the
VMD-based instantaneous centroid estimation method is
applied to the seismic section [Fig. 3(c)]. As shown
in Fig. 3(c), strong anomalous amplitudes are found in the
reservoirs delineated by the pink polygon. Fig. 3(d) shows
the corresponding prestack wave impedance inversion section
intersecting well A. Note that the interpretation of the target
layer in well A is also shown in Fig. 3(d). The two gas-
bearing layers are marked by zone 1 and zone 2 in the well
interpretation map. In addition, their corresponding areas are
marked with two arrows in the prestack wave impedance

Fig. 4. (a) Common frequency sections after applying the STFT at 30 Hz.
(b) Common frequency sections after applying the STFT at 45 Hz.
(c) Common frequency sections after applying the CWT at 30 Hz.
(d) Common frequency sections after applying the CWT at 45 Hz. Note that
a Morlet wavelet is used for the CWT and a Hamming window with a length
of 41 is used for the STFT.

inversion section. Since the area of the reservoir obtained using
the prestack wave impedance inversion section in Fig. 3(d) is
consistent with the reservoir area in the IMF-based instanta-
neous centroid section using the VMD method in Fig. 3(c),
the proposed method can effectively interpret hydrocarbon-
prone areas.

Fig. 4 shows the common frequency sections after spectrum
decomposition using the conventional short-time Fourier trans-
form (STFT) and continuous wavelet transform (CWT). Strong
anomalous amplitudes are found in the area delineated by the
pink polygon in the lower common frequency sections (30 Hz)
for using both the STFT and the CWT [Fig. 4(a) and (c)].
However, they are all weakened in the higher common
frequency sections (45 Hz) for both the STFT and the
CWT [Fig. 4(b) and (d)]. Both the STFT and the CWT
give hydrocarbon-prone interpretations. However, comparing
the results obtained after employing the proposed method
in Fig. 3(c) with the results in Fig. 4, the VMD-based instan-
taneous centroid section has higher temporal and spatial res-
olutions than those obtained using the conventional spectrum
decomposition methods in Fig. 4. Furthermore, the proposed
method is more convenient in that it is unlike conventional
spectrum decomposition methods that must analyze a series of
common frequency volumes to provide suitable interpretation
results.

C. Three-Dimensional Seismic Data Processing

In this section, we apply the proposed VMD-based instan-
taneous centroid estimation method to the 3-D broadband
migrated and stacked seismic data from the Puguang gas field.
Here, except and in addition to a prolific gas well (well A),
another three other wells, respectively, named B, C, and D
are also located in this area. Well C is the most prolific
gas well. Well B is a prolific gas and water well. Well D
is a water well. Fig. 5(a) shows the time slice at the target
layer, and the results after applying the proposed VMD-based
instantaneous centroid estimation method to the 3-D broad-
band migrated stacked seismic data are shown in Fig. 5(b).
As shown in Fig. 5(b), strong amplitude anomalies are found
in the area where wells B and C are located. Less strong
weaker amplitude anomalies exist in the area where well A
is located. The area where well D is located has the weakest
least amplitude anomalies. The consistency between the well
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Fig. 5. (a) Time slice at the target layer. (b) Results after employing the
proposed VMD-based instantaneous centroid estimation method. The VMD
decomposition level is set to two. (c) Results after employing the spectral
decomposition method using the STFT at 30 Hz. (d) Results after employing
the spectral decomposition method using the STFT at 45 Hz.

testing data and the analysis results after applying the proposed
VMD-based instantaneous centroid estimation method to the
3-D broadband migrated and stacked seismic data indicates
that the use of the proposed method in the area can effectively
provide a hydrocarbon-prone interpretation effectively and
reliably predict the favorable gas zones well in the study
area. In comparison, the spectral decomposition results after
applying the STFT at different frequencies are also shown
in Fig. 5(c) and (d). We find that strong amplitude anomalies
exist in the areas where the wells are located at 30 Hz. The
amplitudes around wells A and D decay obviously at 45 Hz.
However, this amplitude attenuation does not exist for wells
B and C in the common frequency slices at 45 Hz. These
results provide poorer hydrocarbon-prone interpretations for
wells B and C. Meanwhile, the proposed method shows higher
temporal and spatial resolutions and does not require a series
of common frequency sections for interpretation.

V. CONCLUSION

In this letter, we have presented a novel hydrocarbon detec-
tion method approach named the VMD-based instantaneous
centroid method for displaying to display frequency-dependent
amplitude anomalies. This method is capable of highlighting
some details that are deeply buried in the IMFs with in par-
ticular frequency bands. The following conclusions are drawn
based on the theoretical analysis and practical application.

1) Compared with the conventional spectral decomposition
methods, the VMD-based instantaneous centroid method
can reveal frequency-dependent amplitude anomalies
using the amplitude information combined with the
frequency information of from each IMF to give a
frequency-dependent amplitude anomaly display. The
proposed method is more convenient than other methods.
It is unlikely that the conventional spectrum decom-
position methods need a series of common frequency
volumes to provide a seismic interpretation.

2) A weighted correlation scheme is taken to generate
the VMD-based instantaneous centroid volume for a
seismic trace. This operation hopes to improve the useful
information and details of a seismic trace, and weakens
the less useful information. An empirical expression is
employed to determine the decomposition level based
on the model test, and two field examples are given.

3) A model test and field data applications show that the
VMD-based instantaneous centroid estimation method
gives a better hydrocarbon-prone-related interpretation
with a higher resolution and accuracy.
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