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As one of the important seismic attributes, instantaneous frequency (IF) is widely used to reveal geological features. Compared to the normally IF extraction using Hilbert transform (HT), IF extraction using the wavelet ridge is demonstrated to have a more robust characteristic and anti-noise feature. Due to IF extraction using the wavelet ridge is suitable for the gradual single-frequency signal, to get a meaningful instantaneous attributes Empirical Mode Decomposition (EMD) is applied to the seismic signal first to decompose each seismic trace into the IMFs which are single-frequency signal. Application of the simulated signals and the seismic trace show that IF extraction using the EMD-based wavelet ridge is more accurate than HT does. Application of the EMD-based wavelet ridge method in a gas field located in PengLai, Central Sichuan(China), shows its effectiveness. IF extraction using the EMD-based wavelet ridge method can be used as a strong tool to detect the instantaneous spectral properties of a reservoir to reveal hydrocarbon related strong amplitude anomaly and reservoir thickness variation and lateral changes information.
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INTRODUCTION

Frequency components of a seismic signal are mainly determined by the bandwidth of the source pulse and the absorption characteristics of the subsurface medium. Factors such as fluid-containing, thickness variation, and lateral changes and so on in the formation all can cause changes in frequency components of a seismic signal (Chopra and Marfurt, 2005; Zeng, 2010; Zhou et al., 2012). Instantaneous Frequency (IF) is used to describe the frequency changes over the time variation for a special “monocomponent” signal (Boashash, 1992; Cohen, 1995). As one of the important seismic attributes, IF has been successfully used to reveal geological features such as subsurface structure (e.g., Chopra and Marfurt, 2005), seismic attenuation estimation (e.g., Yang and Gao, 2010), and the fluid-containing properties of the formation (e.g., Zhou et al., 2012). There exist many IF extraction methods for seismic data such as complex trace analysis (Taner et al., 1979), IF extraction based on time-frequency method (e.g., Hardy et al., 2003; Huang and Milkereit, 2009; Han and van der Baan, 2011; Fomel, 2013). However, it is still a very hot research topic to seek the IF calculation method and improve the IF estimation precision and make the IF physical interpretation clearly and further explore its various applications.

The conventional IF extraction method uses Hilbert Transform (HT) to obtain the analytic signal corresponding to the real signal and then calculate the IF by this analytic signal (Gabor, 1946; Taner et al., 1979). But this method is very effective for stationary signals, while for non-stationary signal it will lose physical meaning. Because the IF calculated by HT is only suitable for narrow band or monocomponent signal (Huang et al., 1998). Furthermore, HT method is very sensitive to noise. A noisy environment will bring difficulty for IF physical interpretation.

IF estimation based on wavelet transform is proved to be better than that from other time-frequency method such as short-time Fourier transform and so on (Sinha et al., 2009). But when wavelet transform is applied to a real signal using analytic wavelet in one scale, the decomposition result is an analytical signal which can be used to obtain the IF of the real signal in this scale (Farge, 1992). Although IF extraction method based on wavelet transform has some effects on non-stationary signals analysis, the analysis results will turn bad when scale used for a broadband non-stationary signal distributes in a larger range. If the discrete interval of the scale is too large, the calculation precision will not be high enough and at the same time some frequency components will be lost. Otherwise, if the discrete interval of the scale is too small, false frequencies will be produced and the calculating time will also increase a lot. Thus, it is difficult to obtain the complete and accurate IF of a real non-stationary signal by using analytic wavelet. To solve these problems, we apply an Empirical Mode Decomposition (EMD) based wavelet ridge method for IF extraction from seismic data. We extract wavelet ridge in the amplitude-angle function from the wavelet coefficients. Then, IF of the real signal are extracted by wavelet ridge. Since IF extraction using wavelet ridge only use for a gradual single-frequency signal, we introduce the EMD method (Huang et al., 1998) to decompose the multiple seismic signal into IMFs which are gradual single-frequency signals first.

PRINCIPLE AND METHODS

Instantaneous Attributes Extraction Using Wavelet Ridge

Let a gradual single-frequency signal be
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Its analytic signal can be obtained by HT:
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where, ŝ(t) is the HT of the s(t).

Selected an analytic mother wavelet having gradual form, it can be expressed as
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Then use this mother wavelet to Zs(t) for wavelet transform. We can get:
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where, a is scale. And
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Assuming for any (a, b), φab(t) only have a first-order stationary point ts = ts(a, b) about ι, meeting [image: image] and [image: image]. Then the asymptotic expansion of Wz(a, b) can be expressed as (Yu et al., 2006)
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where
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The wavelet ridge is defined as
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where, H2(R) = {f∈L2(R), f(ω) = 0, ifω ≤ 0} is Hardy real space.

Then on the wavelet ridge line there is [image: image].

From equation (6) we can obtain:
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The wavelet ridge can be represented by ar(b).

The wavelet coefficients on the wavelet ridge line are

[image: image]

When the wavelet ridge ar(b) is extracted, the instantaneous frequency fs(b) of the signal can be obtained by
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Here, we use the iterative method to calculate the wavelet ridge. Let a discrete sequence be
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where Ts is the sampling period.

The wavelet transform of the Sk at scale a is Ws(a, tk). The amplitude and angle function is Ψ(a, tk). Db denotes discrete differential operator of the shift factor b. Then
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Therefore
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Let [image: image] be the estimator of ar(tk). Then the wavelet ridge can be calculated by the following iterative method:

[image: image]

The wavelet ridge is [image: image].

A simulated signal is used to demonstrate the effects on IF extraction methods using the wavelet ridge and HT respectively. The simulated signal is given by the equation as

[image: image]

Where, [image: image]

From Equation (17), we know the real frequency of s(t) is: f(t) = 80t+20. The real frequency ranges from 20 to 80Hz.

Applying the wavelet ridge and HT respectively to the signal s(t) Figure 1 shows the IF extracted results. As shown by Figure 1B, the end effect in HT is obvious. At the both end IF extracted by HT is distorted. IF extracted by the wavelet ridge is more accordance with the real frequency and shows better effects than HT does.


[image: image]

FIGURE 1. EMD applied to the simulated signal without noise. (A) The simulated signal. (B) IF extracted respectively by wavelet ridge and HT. The real frequency is plotted in green color.



To further demonstrate the characteristics of IF extraction using the wavelet ridge and HT respectively, we add a white noise with the mean of 0 and the variance of 0.2 in the signal with the time ranges from 0.5 to 0.7 s. The added noise and the signal with noise are respectively shown in Figures 2A,B. Figure 2C shows the IF extracted by the wavelet ridge and HT respectively. As Figure 2C shown, the IF extracted by HT within the time [0.5–0.7] is seriously distorted. The HT method is much sensitive to the noise. While the IF extracted by the wavelet ridge still fit the real frequency very well. The wavelet ridge method is much more robust than the HT does.


[image: image]

FIGURE 2. EMD applied to the simulated signal with noise. (A) The added white noise with the mean of 0 and the variance of 0.2 within the time ranges from 0.5 to 0.7 s. (B) The simulated signal with noise. (C) IF extracted respectively by wavelet ridge and HT. The real frequency of the simulated signal is plotted in green color.



Seismic signal is usually non-stationary multi-component signal. To get a meaningful instantaneous attribute, the original seismic signal must be decomposed into the gradual single-frequency signal as Equation (1) first. This process can be completed by EMD method.

EMD Method

The EMD method proposed by Huang et al. (1998) is a data-driven adaptive decomposition method for non-stationary and non-linear signals. EMD can decompose a seismic signal into a finite number of Intrinsic Mode Functions (IMFs) with gradual single-frequency signal from high frequency to low frequency to a monotonous trend (Huang et al., 1998; Magrin-Chagnolleau and Baraniuk, 1999; Macelloni et al., 2011). Thus, only the IF of one IMF has physical meaning.

EMD mainly contain the following steps:

(a) Compute the corresponding interpolating envelope of the original signal x(t) by finding all the local extrema:
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Where u(t) and v(t) are respectively the corresponding upper and lower interpolating envelopes. Mi(i = 1, 2, L) and mk(k = 1, 2, L) are respectively the local maxima and minima.

(b) Let m(t): = (u(t)+v(t))/2. Subtract m(t) from the original signal x(t): Let.

(c) Return to step (a). Replace x(t) with h1(t). Repeat the above process until the resultant hk(t) meets the IMF conditions. Then the first IMFc1(t):c1(t) = hk(t). The residual part of the signal r1(t):r1(t) = x(t)−c1(t).

(d) If there are more than one extremes (neither the constant nor the trend term) in x(t), the remaining part of the signal can be proceeded by EMD until the remaining portion of the resulting signal is a monotone or a value less than a predetermined given value. Finally, all the IMFs and the margin are:

[image: image]

After EMD decomposition, the original seismic signal x(t) can be expressed as:

[image: image]

Where ci(t) is the i−th(i = 1~n) IMF. rn(t) is the margin.

Generally, ci(t) has the form as equation (1) shown.

Recently, EEMD and CEEMD are proposed for overcoming the mode mixing in EMD to make the IMF physical meaning more clearly (Wu and Huang, 2009; Torres et al., 2011). Both EEMD and CEEMD are noise-assisted data analysis methods, that is, in their decomposition processes, they need add different white noise series to cancel each other and the mean IMFs stays within the natural dyadic filter windows. But another main problem introduced by EEMD and CEEMD is they will decompose the Morlet wavelet or Ricker wavelet which has some bandwidth into a single frequency. Thus, they will destroy the true bandwidth of the sub-signals (Han and van der Baan, 2013; Xue et al., 2014). For these reasons, we consider the EMD will give better effects than EEMD and CEEMD do in instantaneous spectral analysis techniques and other attenuation estimation methods which need the sub-signals have some bandwidth for revealing geological features.

The EMD-Based Wavelet Ridge Method Used for Instantaneous Attributes Extraction

Due to the non-stationary and non-linear features of the seismic signal, the seismic signals always have multi-frequency components which lead to the above instantaneous attribute extraction using the wavelet ridge method alone lose effectiveness. Thus, we apply the EMD method to seismic signals before the wavelet ridge attribute extraction. After EMD decomposition, each IMF is a gradual single-frequency signal having clear physical meaning. Then the IFs of the IMFs can be completely and accurately obtained by the wavelet ridge extraction.

For comparing the effects on IF extraction methods using the wavelet ridge and HT to a multi-component signal respectively, another simulated multi-component signal is examined as an example. The simulated signal is given by the equation as

[image: image]

Where, s1(t) = sin(2π(20 + 40t)t).s2(t) = cos(2π(80 + 80t)t). [image: image]. We can find that the real frequency of s1(t) is 20 + 80t and the real frequency of s2(t) is 80 + 160t.

After EMD is applied to the simulated signal, two IMFs and one residue are obtained (Figure 3). As Figure 3 shown, the first IMF (IMF1) resembles the s2(t) best which has higher frequency. s1(t)which has lower frequency is mainly embodied in the second IMF (IMF2).


[image: image]

FIGURE 3. EMD applied to the multi-component signal. (A) The simulated multi-component signal. (B) The first IMF(IMF1). (C) The second IMF(IMF2). (D) The residue.



Then IF extractions of these two IMFs using HT and wavelet ridge respectively are carried out. Figure 4 shows that IF extracted by HT at both ends of the IMF1 and IMF2 is distorted. IF extracted by the wavelet ridge are more fit the real frequency of the simulated signal.


[image: image]

FIGURE 4. IF extraction of the two IMFs using wavelet ridge and HT without adding Gaussian white noise. (A) IF of the IMF1. The real frequency of s1(t) is plotted in green color. (B) IF of the IMF2. The real frequency of s2(t) is plotted in green color.



For further test the effects on IF extraction methods using the wavelet ridge and HT respectively, we add the Gaussian white noise in the signal given by the Equation (19) with the Signal to Noise Ratio (SNR) being 30 dB. As Figure 5 shown, due to the adding of Gaussian white noise involved in the original signal, IFs extracted by HT are sensitive to the noise and thus the accuracy and the completeness are turn bad (Figure 5A). Since the noise is mainly reflected in IMF1, we can find that the IF of IMF2 extracted by HT (Figure 5B) is not various much to the case without adding noise in Figure 4B. While IFs extracted by the wavelet ridge are still fit the real frequency well and show the better effects (Figures 5A,B). IF extracted using the wavelet ridge is more robust and anti-noise than that using HT.
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FIGURE 5. IF extraction of the two IMFs using wavelet ridge and HT with adding Gaussian white noise. SNR is 30 dB. (A) IF of the IMF1. The real frequency of s1(t) is plotted in green color. (B) IF of the IMF2. The real frequency of s2(t) is plotted in green color.



SEISMIC DATA

To evaluate the effects of the IF extraction using the EMD-based wavelet ridge, an original two-dimensional broad-band migrated stacked seismic data from PengLai gas field, located in Central Sichuan, China, is collected for analysis. The gas field is mainly composed of tight sandstone reservoirs. The Xujiahe Formation is the major producing gas reservoir in this field. We mainly study the 2nd section of Xujiahe Formation. There are an average porosity of approximately 5.12% and an average permeability of 0.23 × 10−3μm2 in the 2nd section. Mainly the middle to thick sandstone with little thin silty mudstone and carbonaceous mudstone is locates in the reservoir segment. Figure 6A depicts a high-quality seismic section over the PengLai gas field, which the pre-stack shots of this data were acquired in 2009 and then the data is processed by residual static correction and prestack depth domain migration processing. Sectional waveform is active and the events in the seismic section are continuous and waveform characteristics are clearly. The study area in this paper is set by the black rectangular. Figure 6B shows the setting study area between two horizon lines which is in the 2nd section of the Xujiahe Formation. It contains a prolific gas well named A. Gas testing results show that there are 12,060 cubic meters of gas and 0.65 cubic meters of oil in Well A. The reservoir around well A is targeted by a black ellipse. The dominant frequency of the seismic section is about 50 Hz by the analysis of the target layers using Fourier transform.


[image: image]

FIGURE 6. the orignal seismic section and the study area setting. (A) The original two-dimensional broad-band migrated stacked seismic data with the time ranges from 800 to 1,200 ms. The black rectangular area is the study section. (B) The studied part of the seismic section between two horizon lines.



DISCUSSION

Comparative Analysis of the IF Extraction of the Wavelet Ridge and HT

The seismic signal at CDP stacked trace 15454 intersecting well A is used to analyze the IF extraction first. After EMD decomposition, the signal at CDP stacked trace 15454 is decomposed into five IMFs and a residual term (Figure 7). Table 1 shows the correlation analysis of the original seismic trace and their five corresponding IMFs extracted by EMD. As shown in Table 1, the strong correlation is mainly in IMF1 and IMF2 and the main energy of seismic signal at CDP stacked trace 409 is mainly concentrated in the 1st to 2nd IMFs (IMF1–IMF2). Then the IF extracted by the wavelet ridge and HT is applied to the first two IMFs respectively (Figure 8). Figure 8 shows that the IF extracted by HT is more sensitive to noise and there exist some false IF in the IF extracted by HT. The IF extracted by the wavelet ridge gives more acceptable results to the true values of the data.


[image: image]

FIGURE 7. EMD applied to the seismic trace intersecting well A.




Table 1. Correlation analysis of the original seismic trace and their five corresponding IMFs extracted by EMD.

[image: image]
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FIGURE 8. the IFs of the first two IMFs extracted by the wavelet ridge and HT respectively. (A) The IF of the IMF1. (B) The IF of the IMF2.



Hydrocarbon Information Revealing

The peak frequency of the seismic signal at CDP stacked trace 15454 intersecting well A (Figures 9A, 10A) with maximum energy at each time sample is extracted by the EMD-based wavelet ridge and EMD-based HT respectively to show the temporal thickness of the layer (Figures 9B, 10B). Maximum amplitude at each time sample above the average amplitude extracted by the EMD-based wavelet ridge and EMD-based HT respectively is also shown in Figures 9C, 10C to show the amplitude anomaly related to the hydrocarbons information. Comparing Figure 9B with Figure 10B, the peak frequency in the reservoir (orange color) extracted by the EMD-based wavelet ridge is obviously higher than the other area. The high frequency at this area can be interpreted as the presence of a thin bed. While in Figure 10B the peak frequency in the reservoir extracted by EMD-HT is not obviously as the EMD-based wavelet ridge method does. Comparing Figure 9C with Figure 10C, the maximum amplitude at each time sample above the average amplitude extracted by the EMD-based wavelet ridge is clearly larger than the amplitude in the other samples. It shows a larger amplitude anomaly. Besides the lithology, it is mainly caused by the hydrocarbons. While the amplitude in the reservoir in Figure 10C is not as larger as Figure 9C shows. In conclusion, the EMD-based wavelet ridge method gives a better interpretation related to the hydrocarbons information and bed thickness.


[image: image]

FIGURE 9. The peak frequency and the maximum amplitude at each time sample above the average amplitude extraction using the EMD-based wavelet ridge. (A) The seismic signal at CDP stacked trace 15454 intersecting well A. (B) The peak frequency with maximum energy at each time sample. (C) The maximum amplitude at each time sample above the average amplitude.
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FIGURE 10. The peak frequency and the maximum amplitude at each time sample above the average amplitude extraction using the EMD-based HT. (A) The seismic signal at CDP stacked trace 15454 intersecting well A. (B) The peak frequency with maximum energy at each time sample. (C) The maximum amplitude at each time sample above the average amplitude.



2D Seismic Section Analysis

The EMD-based wavelet ridge is applied to the seismic section intersecting well A. At first, each seismic trace is decomposed into a series of IMFs by EMD. For each trace the peak frequency with maximum energy at each time sample in different IMFs is extracted to show the bed thickness (Figure 11A). At the same time the maximum amplitude at each time sample above the average amplitude in different IMFs for each trace is extracted to show the amplitude anomaly (Figure 11B). As Figure 11A shows, in the study area (black ellipse), the peak frequency is higher. This can be interpreted as the presence of thin stratified beds. Figure 11B shows amplitude anomaly is higher in the study area. It backs a better interpretation related to hydrocarbons information. The interpretation results are identical to the gas testing results. IF extracted by the EMD-based wavelet ridge gives a more realistic value reflection.


[image: image]

FIGURE 11. The peak frequency volume and the maximum amplitude above the average amplitude volume extraction using the EMD-based wavelet ridge. (A) The peak frequency volume. (B) The maximum amplitude above the average amplitude volume.



CONCLUSION

By extending IF extraction of seismic signal using the wavelet ridge, the EMD based wavelet ridge is demonstrated to be a robust anti-noise tool to reveal hydrocarbons information related to a tight sandstone reservoir. As a multi-component signal, seismic signal needs to be decomposed into the gradual single-frequency signal to get meaningful instantaneous attributes. This process is completed by EMD. Then the wavelet ridge is used to extract the instantaneous attributes. Applications of the simulated signals and the real seismic trace and the seismic section show the IF extracted by the EMD based wavelet ridge are more robust than HT does. The interpretations related to bed thickness given by frequency attributes are more accurate in our study case. The extension of IF extraction using the EMD based wavelet ridge has a great potential to real geological features in future.
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