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Abstract:



Seismic time-frequency analysis methods can be used for hydrocarbon detection because of the phenomena of energy and abnormal attenuation of frequency when the seismic waves travel across reservoirs. A high-resolution method based on variational mode decomposition (VMD), continuous-wavelet transform (CWT) and frequency-weighted energy operator (FWEO) is proposed for hydrocarbon detection in tight sandstone gas reservoirs. VMD can decompose seismic signals into a set of intrinsic mode functions (IMF) in the frequency domain. In order to avoid meaningful frequency loss, the CWT method is used to obtain the time-frequency spectra of the selected IMFs. The energy separation algorithm based on FWEO can improve the resolution of time-frequency spectra and highlight abnormal energy, which is applied to track the instantaneous energy in the time-frequency spectra. The difference between the high-frequency section and low-frequency section acquired by applying the proposed method is utilized to detect hydrocarbons. Applications using the model and field data further demonstrate that the proposed method can effectively detect hydrocarbons in tight sandstone reservoirs, with good anti-noise performance. The newly-proposed method can be used as an analysis tool to detect hydrocarbons.
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1. Introduction


Tight sandstone gas reservoirs are widespread throughout the world and play an important part in gas exploitation [1,2]. However, it is difficult to detect hydrocarbons in tight sandstone gas reservoirs due to their deep burial depth, compactness, heterogeneities, and weak seismic response, in addition to the minimal differences between reservoirs and non-reservoirs [3,4,5,6]. Seismic attenuation is usually separated into attenuation connected to scattering effects and attenuation corresponding to stratigraphic absorption [7,8]. Subsurface rocks usually form a porous medium filled with fluid [9]. Waves induced by fluid flow can lead to stratum absorption, which is the main causation of attenuation of seismic waves [10,11]. When seismic waves propagate through reservoirs, high-frequency energy waves decay more rapidly than low-frequency waves, which may lead to high-frequency energy loss and only conserve strong low-frequency energy [9,12,13,14]. Some theoretical and practical studies have been carried out to verify this phenomenon by many scholars [9,15,16,17,18]. There are two main methods for revealing seismic attenuation associated with hydrocarbons, which can be classified as: (1) methods based on low-frequency information, such as low-frequency shadow analysis [18,19] as well as the method of observing the difference between high-frequency and low-frequency energy [20,21]; and (2) methods based on frequency attenuation attributes, such as energy absorption analysis (EAA) [9,22]. Time-frequency analysis is an important tool for hydrocarbon detection by revealing the variation of frequency and energy with time [17,23]. Many scholars have successfully applied time-frequency analysis methods to extract instantaneous attributes for hydrocarbon detection [18,24,25,26,27].



Empirical mode decomposition (EMD) is a popular time-frequency decomposition method, which was proposed by Huang et al. [28]. The EMD method can adaptively decompose the original signals into a group of intrinsic mode functions (IMFs) in the temporal domain, with each IMF being a narrow-band signal. This method has already been successfully applied to seismic signal processing and has proven to show high time-frequency resolution in instantaneous spectral analysis [29]. However, the EMD method has several disadvantages, including its weak foundations in mathematics [30,31], end effect [32,33], and the mode-mixing problem [33,34]. Therefore, in order to overcome these problems of the EMD, ensemble empirical mode decomposition (EEMD) [32] and complete ensemble empirical mode decomposition (CEEMD) [34] are proposed. Nevertheless, the two algorithms, which are both noise-assisted analysis methods, result in the IMFs containing some noise and redundant information regarding modes. In 2014, Dragomiretskiy and Zosso proposed the variational mode decomposition (VMD) to decompose the original signals into a limited number of band-limited IMFs, each mode of which is almost compact around a corresponding center frequency. Thus, the VMD method can solve the mode-mixing problem [35] and decrease redundant modes [36]. Moreover, as the essence of VMD is an adaptive Wiener filter, the VMD method has high stability under the conditions with noise [35,37,38] and can reduce residual noise in modes [35,36].



Instantaneous energy is an important seismic attribute and can be used to determine the occurrence time of amplitude anomalies [17,39,40]. In 1990, based on the Teager energy operator, Kaiser proposed the Teager–Kaiser energy operator (TKEO) to track the instantaneous energy of signals [41]. Furthermore, some scholars have successfully combined the time-frequency analysis methods and have confirmed that TK can track the instantaneous energy of signals for hydrocarbon detection in reservoirs [16,17,19]. However, the instantaneous energy values obtained by TK operators have some negative values without practical physical meaning [42]. In 2014, Toole et al. proposed a non-negative, frequency-weighted energy operator (FWEO) as a way to calculate the instantaneous energy of signals by simply combining the filtering to weight higher-frequency components with the time-varying envelop of the signals. Therefore, the FWEO method has a better performance in assessing the instantaneous energy compared to TK and is insensitive to noise [42,43].



In order to obtain the exact time-frequency distribution, the mapping operation from the time-scale domain to the time-frequency domain can be performed in CWT processing. Therefore, the selection of the scale plays an important role in the frequency distribution. For broadband non-stationary signals, a larger range of scale values and discrete intervals can result in the loss of some frequency components and influence the precision of frequency calculations [22]. Thus, it is necessary to divide broadband non-stationary seismic signals into a group of narrowband signals. Furthermore, the CWT of narrowband signals can avoid the loss of some frequency components caused by direct CWT analysis for seismic signals [22]. Based on all the above studies, a new algorithm (VMD/CWT/FWEO) is proposed in this paper for hydrocarbon detection in tight sandstone reservoirs. Firstly, the VMD/CWT method is applied to acquire a high-resolution time-frequency representation. We selected appropriate IMF components among a group number of IMFs by VMD, with the selected IMFs required to contain abnormal frequency bands of seismic signals. The CWT method was applied in the selected IMF sections to obtain high-precision time-frequency spectra. Following this, we extended the FWEO method from the time domain to the time-frequency domain, taking advantage of the method to track the instantaneous energy in the time-frequency spectra. Finally, we utilized the difference between the high-frequency and low-frequency information, which are extracted from the instantaneous energy spectra, to detect hydrocarbons.




2. Theories and Methods


2.1. Time-Frequency Decomposition Method Based on VMD/CWT


Variational mode decomposition (VMD) is an adaptive and non-recursive decomposition method which can rapidly decompose an input signal into a discrete number of narrow-band sub-signals (intrinsic mode functions; IMFs) with specific sparsity properties in the spectral domain when reproducing the input. Each mode is mostly compact around a center frequency. The VMD method is a constrained variational optimization problem that can be written as:


[image: there is no content]



(1)




where [image: there is no content] denotes the multiply operation; [image: there is no content] is norm of the gradient, [image: there is no content] is the input signal to be decomposed; [image: there is no content] is the Dirac function; [image: there is no content] represents the kth mode; and [image: there is no content] denotes the center frequency of the kth mode. There are many different ways to solve the reconstruction constraint. In order to render the variational problem unconstrained, Dragomiretskiy and Zosso introduced the augmented Lagrangian [image: there is no content] based on a quadratic penalty term and Lagrangian multipliers. In addition, L is defined as described in previous studies [44]:
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(2)




where [image: there is no content] is a balancing parameter of the data-fidelity constraint.



The alternate direction method of multipliers (ADMM) [45] approach can be applied to solve Equation (2). Following this, each mode and its corresponding center frequency in the spectral domain can be obtained by:


u^kn+1(ω)=x^(ω)−∑i≠ku^i(ω)+λ^(ω)21+2α(ω−ωk)2



(3)
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(4)




where [image: there is no content], [image: there is no content], [image: there is no content], and [image: there is no content] are the Fourier transform of [image: there is no content], [image: there is no content], [image: there is no content], and [image: there is no content], respectively, and [image: there is no content] represents iterations. More importantly, Equation (3) is clearly identified as a Wiener filter of the current residual, so that the VMD method has good anti-noise performance [37].



Following this, we can obtain a high-resolution time-frequency distribution by applying the continuous wavelet transform (CWT) in the principal IMF selected from all IMFs. We name this time-frequency analysis method “VMD/CWT”.



The CWT is an excellent local time-frequency analysis method, which uses a time-varying window to describe the local characteristics of a signal [22]. The CWT of a signal is defined as in a previous study [46]:
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(5)




where [image: there is no content] is the time-scale distribution of the signal; and [image: there is no content] is mother wavelet function. The latter function is defined as:
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(6)




where [image: there is no content] is the conjugate form of [image: there is no content]; [image: there is no content] are the scale parameter, time shift parameter, and time parameter, respectively.



However, different mother wavelets have different resolutions of CWT with the same signal [47]. In this paper, we adopted the Morlet wavelet as the mother wavelet.




2.2. Frequency-Weighted Energy Operator


Instantaneous energy is often calculated by the amplitude squared or the envelope of the non-linear signal. Instantaneous energy is irrelevant to frequency. In 2014, Toole et al. introduced frequency information to calculate instantaneous energy by simply combining filtering to weight higher-frequency components with the time-varying envelope of the signals [42]. The new energy operator, named the frequency-weighted energy operator (FWEO), is defined as:
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(7)




where [image: there is no content] is a signal; [image: there is no content] is the first derivative of [image: there is no content]; and [image: there is no content] is the Hilbert transformation.



By making use of the central-finite difference method, we calculated that:
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(8)







The discretization formula of the FWEO is given as:


[image: there is no content]



(9)




where [image: there is no content] is the discrete form of signal [image: there is no content]; and [image: there is no content] is Hilbert transformation of the discrete signal [image: there is no content].



Although the FWEO is similar to the TKEO, the FWEO has advantages, such as being non-negative, having noise robustness, and so on.




2.3. VMD/CWT/FWEO Method


In this paper, a high-precision seismic time-frequency analysis method (VMD/CWT/FWEO) is proposed for hydrocarbon detection in tight sandstone reservoirs. Firstly, a high-resolution time-frequency distribution is obtained by VMD/CWT. Using the VMD method, we gain a finite number of IMF components, each of which is a narrow-band signal and has different frequency components. Following this, we select appropriate IMF components from these IMFs, with the selected IMFs required to contain the main frequency information of seismic signals. After this, the CWT method is applied in the selected IMF sections to obtain high-precision time-frequency spectra. Secondly, based on the superiority of FWEO and imitating the method of FWEO in tracking the instantaneous energy of 1D signals in the time domain, every frequency component in the time-frequency spectrum based on VMD/CWT is considered as a single signal in the time domains. FWEO is utilized to calculate the instantaneous energy for every single-frequency signal, while instantaneous spectra can be gained through lining up the instantaneous energy of every single-frequency signal. Finally, we extract the high-frequency and low-frequency information from the instantaneous spectrum obtained by VMD/CWT/FWEO and compare the difference in energy between them to detect hydrocarbons in tight sandstone reservoirs. It is noted that the method of choosing high and low frequencies is important. In practical processing, we apply VMD/CWT to some seismic signals of an original seismic section to obtain the time-frequency spectrum for observing the dominant frequency range of the seismic section. We then use the EAA to compare the energy attenuation characteristics between through-well signals and other signals. Combining the dominant frequency band and attenuation range of the signal, we can select appropriate high and low frequencies. The main procedure of the VMD/CWT/FWEO method is shown in the flowchart in Figure 1.


Figure 1. A flowchart of the VMD/CWT/FWEO method.
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The VMD/CWT/FWEO method has four major advantages:

	
A more precise time-frequency distribution of seismic signals can be obtained by the VMD/CWT method.



	
The CWT is applied to the narrow-band IMFs, which can avoid the loss of some frequency components caused by direct CWT analysis for seismic signals [22].



	
The FWEO method not only improves the resolution of the time-frequency spectrum based on VMD/CWT, but also highlights abnormal energy and frequency on the time-frequency spectrum.



	
Owing to the noise robustness of the VMD and FWEO, the proposed method is universal and can be applied in the field seismic data.










3. Synthetic Signal


In this section, we demonstrate the superiority of the FWEO and VMD/CWT/FWEO by taking a 1D synthetic signal as an example. The synthetic signal (Figure 2b) is created by summing five distinct sub-signals (Figure 2a) as follows:


[image: there is no content]



(10)




where [image: there is no content]. In this, sig3 and sig4 have a sharp transition between two constant frequencies. Sig5 is a seismic record simulated by an attenuated Ricker wavelet. The dominant frequency of the wavelet is 80 Hz and the attenuation factor (Q) is 60. The synthetic signal is given by the equation:


[image: there is no content]



(11)






Figure 2. (a) Sub-signals; and (b) synthetic signal.
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3.1. Performance Test of the FWEO


TKEO is popular with many researchers for tracking the instantaneous energy and has been frequently applied in seismic signal spectral analysis. Here, we test the superiority of the FWEO compared to the TKEO.



Firstly, we obtain the instantaneous energy of the 1D synthetic signal by using the TKEO and FWEO method in sequence. The calculated results are denoted by the blue curve and purple curve, respectively, in Figure 3. It can be clearly observed that the instantaneous energy values acquired by the TKEO method have some negative values without physical meaning. However, the FWEO can not only successfully highlight the non-negative attributes, but also calculate the instantaneous energy more precisely, as indicated by the black dotted rectangle area. Therefore, the FWEO method is more reliable and promising for assessing the instantaneous energy of signals compared to the TKEO method.


Figure 3. Instantaneous energy of the synthetic signal.
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Following this, FWEO and TK are utilized to calculate instantaneous energy for every frequency component of time-frequency spectra, allowing for the instantaneous spectra to be obtained. Figure 4a gives the results based on TKEO, while Figure 4b is the absolute values of those found in Figure 4a. Figure 4c shows the instantaneous energy results based on FWEO. We easily found that there are many negative values around 2 Hz in Figure 4a. Although there are no negative values in Figure 4b by the operation of absolute value, the operation has no physical basis and generates some false instantaneous information. However, the end-effect problem appearing in Figure 4b is resolved in Figure 4c by using the FWEO method, with the energy of the time-frequency spectrum in Figure 4c being more concentrated. Hence, the FWEO method can improve the time-frequency focusing property of the time-frequency spectrum to track the instantaneous energy more effectively and accurately.


Figure 4. Instantaneous energy sections obtained based on: (a) the original TK; (b) the absolute value of the original TK; and (c) the FWEO.
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3.2. Performance Test of the VMD/CWT/FWEO Method


In this section, in order to demonstrate the VMD/CWT/FWEO method is a better way to calculate instantaneous energy, we compare it with the CWT/FWEO method. Figure 5a,b, respectively, give the instantaneous energy section of the 1D synthetic signal using the two different methods. It can be seen that the energy in Figure 5b is more concentrated and has a higher continuity compared with Figure 5a. Furthermore, the dominant frequency and occurrence time of different sub-signals are shown in Figure 5b. For the seismic record (Sig5), the information with regards to its three wavelet forms are shown in the red dotted rectangle area. The first wavelet appeared at around 0.2 s with a dominant frequency of 80 Hz. The second wavelet appeared at around 0.4 s with a dominant frequency of 70 Hz. The third wavelet appeared at around 0.65 s with a dominant frequency of 50 Hz. The frequency and energy attenuation between the three wavelets are clearly shown. Therefore, compared with the CWT/FWEO method, the proposed method shows a higher resolution and is an effective tool to track the instantaneous energy.


Figure 5. The instantaneous spectra of the synthetic signal obtained based on (a) the CWT/FWEO method; and (b) the VMD/CWT/FWEO method.
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4. Model Test


The energy attenuation during seismic wave propagation is closely related to the lithology of the strata, the viscosity of liquid, and the dispersity of coupling between the solid and liquid phases. Korneev [48] successfully simulated the low frequency effects of fluid-saturated layers with the 1D diffusive-viscous wave equation theory, based on laboratory and field data. He explained that very low values of Q (quality factor) are the result of internal diffusive losses caused by fluid flow. He [49] and Chen [50] separately extend the 1D diffusive-viscous wave equation to 2D and 3D dimensions. The application of theoretical models and practical data verified that the attenuation of the high-frequency components is greater than the low-frequency components. In this paper, we demonstrate the effectiveness of the VMD/CWT/FWEO method for hydrocarbon detection by means of numerical simulation. Firstly, we build a geological model and select the needed equivalent parameters (Q values, diffusive coefficients, and viscous coefficients) for the model, according to the seismic data and logging data of ZhongJiang Gas Field located in the Western Sichuan Basin, China (Figure 6a). Following this, we obtain a simulated seismic section (Figure 6a) by making use of the 2D diffusive-viscous wave equation [50]. The geological model has six formations and the parameters of each layer are shown in Table 1. The layer marked ④ is the gas-bearing layer and its thickness is 36 m. The dominant frequency of the wavelet is 40 Hz. The sampling frequency is 1000 Hz.


Figure 6. (a) Geological model; and (b) the simulated seismic section of the model.
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Table 1. Main parameters for the geological model.







	
Layer

	
Velocity (m·s−1)

	
Diffusion Coefficient (Hz)

	
Viscous Coefficient (m2·s−1)

	
Density (g·cm−3)

	
Q






	
①

	
4100

	
1.0

	
1.0

	
2.5

	
500




	
②

	
4200

	
1.0

	
1.0

	
2.525

	
500




	
③

	
4300

	
1.0

	
1.0

	
2.53

	
500




	
④

	
4000

	
20.0

	
100

	
2.4

	
25




	
⑤

	
4350

	
1.0

	
1.0

	
2.55

	
500




	
⑥

	
4450

	
1.0

	
1.0

	
2.56

	
500










4.1. Hydrocarbon Detection in the Model


After this, we use the VMD/CWT/FWEO method for time-frequency analysis and energy tracking in the simulated seismic section of the model. Following this, we extract the 44 Hz low-frequency section (Figure 7a) and the 54 Hz high-frequency section (Figure 7b). From Figure 7, we can obviously find a large amount of energy in the gas reservoir area in the low-frequency section (Figure 7a). However, in the high-frequency section (Figure 7b), the energy is weakened significantly. The energy attenuation from the low frequency section to the high-frequency section is mainly because of seismic waves travelling across a gas reservoir. Therefore, the detection results of the model prove that the VMD/CWT/FWEO method is effective for hydrocarbon detection.


Figure 7. Constant frequency sections: (a) at 44 Hz; and (b) at 54 Hz.
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4.2. Test Noise Robustness of the VMD/CWT/FWEO


As we know, actual seismic data often contain various noises, which makes it very difficult to detect hydrocarbons. Thus, it is necessary to validate whether the VMD/CWT/FWEO method is robust to noise to some extent. Here, we produce three noise models by adding Gaussian white noises with different signal-to-noise ratios (SNR) to the simulated seismic section (Figure 6b). Noise model 1 is shown in Figure 8a with an SNR of −2 dB. Noise model 2 is shown in Figure 8d with a SNR of −6 dB. Noise model 3 is shown in Figure 8g with a SNR of −10 dB. By applying the VMD/CWT/FWEO method to the three noise models, we respectively gain the constant frequency sections at a low frequency of 44 Hz and high frequency of 54 Hz in each noise model, as shown in Figure 8b,c,e,f,h,i. From these sections in Figure 8, we can easily observe that the detection results of noise models are similar to the result of the original section in Figure 6b. Strong energy that appeared at the low frequency section of each noise model was found to be weakened in the high-frequency section. Furthermore, in all the extracted constant frequency sections, the noise is nearly suppressed and has no effect on detection results.


Figure 8. Noisy models and common frequency section of the noisy models: (a) noise model 1, SNR = −2; (b) low-frequency section of noise model 1; (c) high-frequency section of noise model 1; (d) noise model 2, SNR = −6; (e) low-frequency section of noise model 2; (f) high-frequency section of noise model 2; (g) noise model 3, SNR = −10; (h) low-frequency section of noise model 3; and (i) high-frequency section of noise model 3.
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Thus, we reasonably conclude that the proposed method in this paper is an effective tool for hydrocarbon detection and is of great robustness to noise. The method is worth generalizing and applying.





5. Seismic Data


5.1. Study Area Background


In order to further validate the feasibility and practicality of the VMD/CWT/FWEO method for hydrocarbon detection in tight sandstone reservoirs, we adopt the field seismic data for analysis from the ZhongJiang Gas Field located in the western part of the Sichuan Basin, China. Furthermore, the gas field is mainly composed of tight sandstone reservoirs. In the field seismic data, a section intersects with two wells, as shown in Figure 9. The black curve at around 1 ms is a seismic horizon and the area within the black ellipse is a well-developed gas-bearing reservoir. The two black vertical lines denote two wells (Well A and Well B), respectively. Well A is a gas well and its open flow capacity is [image: there is no content]. Well B is a dry well. The seismic section consists of 338 traces with 551 sampling points and a sampling interval of 2 ms. Following this, the proposed method is applied to this section for hydrocarbon detection.


Figure 9. Field seismic data.
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5.2. Hydrocarbon Detection


According to the running procedures of the VMD/CWT/FWEO method, we can extract constant frequency sections from the original section in Figure 9. Figure 10 depicts the constant frequency sections of 31 Hz (Figure 10a) and 43 Hz (Figure 10b). It is very clearly seen that a strong energy zone intersects with well A within the area labelled with red ellipse in the low frequency (31 Hz) section. In addition, the strong energy weakens in the high frequency (43 Hz) section. This is an obvious energy attenuation phenomena occurring between low-frequency and high-frequency sections, which illustrates that the area is a prolific gas-bearing reservoir. However, we cannot see the energy attenuation in the green area intersecting with well B between the two common frequency sections. Therefore, we can conclude that well B is not a gas well. The detection results coincide with the actual drilling data. Therefore, we can draw a conclusion that the VMD/CWT/FWEO method has the ability to effectively predict gas-bearing reservoirs in the tight sandstone reservoirs.


Figure 10. Constant frequency sections based on VMD/CWT/FWEO: (a) at 31 Hz; and (b) at 43 Hz.
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6. Conclusions


In this paper, we have proposed a new hydrocarbon detection method in tight sandstone reservoirs using VMD, CWT and FWEO, which is named the VMD/CWT/FWEO method. Furthermore, the proposed method has a high time-frequency focus and resolution, so we can clearly find different frequency components of the signal in the time-frequency spectrum and instantaneous energy sections. Thus, we can easily detect hydrocarbons using the attenuation phenomenon between the low constant frequency section and the high constant frequency section extracted from the instantaneous energy spectrum. Decomposing a seismic signal using the VMD method before the CWT procedure not only improves the resolution of the time-frequency spectrum, but also avoids the loss of some frequency components caused by direct CWT analysis for seismic signals [22]. Therefore, the FWEO method is applied to track the instantaneous energy in the time-frequency spectrum, which can simultaneously obtain time and frequency localization information of abnormal energy. Compared with TK, the instantaneous energy values calculated by the FWEO method are more accurate, having explicit importance in physics without negative meaning. It is important that the VMD/CWT/FWEO is shown to have good anti-noise properties by testing noise models with different SNR. The model tests and practical application show that the proposed method can effectively detect hydrocarbons in tight sandstone gas reservoirs and is insensitive to noise. Therefore, the method is highly promising and has extensive applicative value in hydrocarbon detection in tight sandstone reservoirs. However, the method proposed in this paper for hydrocarbon detection requires the scale parameter of wavelet analysis to be set in advance.
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