[image: image1]A New Fluid Mobility Calculation Method Based on Frequency-Dependent AVO Inversion

		ORIGINAL RESEARCH
published: 10 March 2022
doi: 10.3389/feart.2022.829846


[image: image2]
A New Fluid Mobility Calculation Method Based on Frequency-Dependent AVO Inversion
Xin Luo1,2*, Xuehua Chen2,3, Yinghao Duan4, Shizhen Chen1, Yingkai Qi3 and Fei Huo1*
1Institute of Sedimentary Geology, Chengdu University of Technology, Chengdu, China
2State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology, Chengdu, China
3College of Geophysics, Chengdu University of Technology, Chengdu, China
4No. 2 Oil Production Plant, Petrochina Dagang Oilfield Company, Tianjin, China
Edited by:
Jidong Yang, China University of Petroleum, Huadong, China
Reviewed by:
Xilin Qin, Yangtze University, China
Cai Hanpeng, University of Electronic Science and Technology of China, China
* Correspondence: Xin Luo, luoxin21@cdut.edu.cn; Fei Huo, huofei342099206@163.com
Specialty section: This article was submitted to Solid Earth Geophysics, a section of the journal Frontiers in Earth Science
Received: 06 December 2021
Accepted: 17 January 2022
Published: 10 March 2022
Citation: Luo X, Chen X, Duan Y, Chen S, Qi Y and Huo F (2022) A New Fluid Mobility Calculation Method Based on Frequency-Dependent AVO Inversion. Front. Earth Sci. 10:829846. doi: 10.3389/feart.2022.829846

Fluid mobility (i.e., permeability to viscosity ratio) is a key parameter that can evaluate the reservoir permeability and delineate the fluid characteristic in hydrocarbon-saturated reservoirs. Based on the asymptotic representation for the frequency-dependent reflections in the fluid-saturated pore-elastic media and frequency-dependent AVO inversion, we propose a novel method for estimating fluid mobility from poststack seismic data. First, we establish the relationship between fluid mobility and frequency-dependent AVO analysis. Then, the fluid mobility is estimated using the theory of frequency-dependent AVO inversion. Tests on synthetic data reveal that the fluid mobility shows excellent imageability for the fluid-saturated reservoirs and can accurately delineate the spatial distribution shape of the gas-saturated reservoir. The application of field data examples demonstrates that the fluid mobility calculated by the proposed method produces less background interferences caused by elastic layers compared with the conventional frequency-dependent fluid indicator. The frequency-dependent fluid mobility takes into account the dispersion features associated with hydrocarbon reservoirs, and it provides a new way to detect the location of hydrocarbon reservoirs and characterize their spatial distribution.
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INTRODUCTION
The reservoir permeability is a key parameter for measuring the capacity of fluid flow in porous rock and it is commonly measured through laboratory experiments. The poroelasticity theory indicates that permeability is significantly related to the seismic attenuation induced by the fluid flow when seismic waves penetrate the hydrocarbon-bearing reservoirs (Biot, 1956a; Biot, 1956b). Many studies have demonstrated that the seismic response of reservoirs is closely dependent on permeability (Pride et al., 2003; Kozlov, 2007; Goloshubin et al., 2008; Rubino et al., 2012). However, estimating permeability from real seismic data is a challenge for reservoir geophysicists until now, especially for the data without well data constraints. Fluid mobility (i.e., permeability to viscosity ratio) can reflect the reservoir permeability and fluid flow behaviors in a porous rock simultaneously and can be extracted from the surface seismic data, which provides an indirect factor to evaluate the percolation properties of a porous media (Rusakov et al., 2016). The measurement and numerical simulation illustrate that fluid mobility is a key parameter that can directly affect the seismic responses associated with the hydrocarbon-saturated reservoirs (Batzle et al., 2006; Goloshubin et al., 2008; Chen et al., 2013a; Ren et al., 2013). The seismic reflection coefficient obtained by the theory of asymptotic representation for the reflection of a seismic wave from a fluid-saturated porous medium provides a basic theory for estimating fluid mobility (Silin et al., 2006; Silin and Goloshubin, 2010). Based on this asymptotic analysis theory, the fluid mobility calculation method using the low-frequency information of the seismic spectrum is proposed by Chen et al. (2012). Further, Chen et al. (2013a) delineated the gas reservoirs and their spatial distribution by integrating the low-frequency shadow and fluid mobility, which greatly reduced the uncertainty of reservoir prediction. In recent years this technology has emerged as a particularly attractive candidate for reservoir prediction. Luo et al. (2018) proposed an integrated prediction strategy for reservoir prediction using the seismic inversion and fluid mobility attribute. Because the fluid mobility calculation is dependent on the time-frequency analysis method, the arrival of new time-frequency transform methods has shown an improvement in spatial resolution of the fluid mobility. Xue et al. (2018) employed the synchrosqueezed wavelet transforms to improve the estimation precision of fluid mobility. Zhang et al. (2020) further use fluid mobility to predict the high-quality reservoir based on a modified high-precision time-frequency transform. These studies illustrate that reservoir-related fluid mobility is a key attribute for reservoir delineation. However, the calculation of these methods mentioned above only uses the seismic information of a single frequency in a low-frequency range and ignores frequency-dependent behaviors associated with the hydrocarbon reservoirs. In the paper, these methods that use the low-frequency information of seismic data for calculating fluid mobility are uniformly defined as the LF-FM. The fluid mobility extracted by the LF-FM commonly indicates the location of the reservoir interface. Therefore, this study is focused on further extracting the fluid mobility from frequency-dependent seismic data to obtain the fluid mobility between the reservoir interfaces.
It is commonly known that the calculation formula of fluid mobility proposed by Chen et al. (2012) is frequency-dependent. So extracting the fluid mobility using frequency-dependent information of seismic data is of great importance for reservoir delineation. Evidence from several studies indicated that the frequency-dependent seismic responses induced by the velocity dispersion and amplitude attenuation occur when the seismic waves pass through the hydrocarbon saturated porous rocks (Chapman et al., 2003; Batzle et al., 2006; Chapman et al., 2006; Gurevich et al., 2010; Dupuy and Stovas, 2013; Chen et al., 2016; Qin et al., 2018). Frequency-dependent effects associated with hydrocarbon-bearing reservoirs provide theoretical supports for computing reservoir-related attributes using seismic data. The frequency-dependent AVO (FDAVO) inversion method provides an approach to estimate the dispersion attribute for reservoir delineation (Wilson et al., 2009; Wu et al., 2012; Chen et al., 2014; Liu et al., 2019; Wang et al., 2019; Luo et al., 2020; Jin et al., 2021). Therefore, the FDAVO inversion is being explored to extract fluid mobility using the frequency-dependent information of seismic data.
In this paper, based on the theory of asymptotic representation of frequency-dependent reflection in the fluid-saturated medium and FDAVO inversion method, we first established the relationship between fluid mobility and FDAVO. And then, the fluid mobility calculation method using frequency-dependent information of post-stack seismic data is proposed. Next, a synthetic data test is used to verify the effectiveness of the proposed approach. Finally, field data examples are further analyzed to illustrate the feasibility of the proposed method.
THEORY AND METHOD
Based on the low-frequency asymptotic analysis theory, Chen et al. (2012) derived the expression of reservoir fluid mobility:
[image: image]
where k is the reservoir permeability, η denotes the fluid viscosity, R is the reflection coefficient of a planar compression wave from the interface between elastic and fluid-saturated porous media, ω denotes the angular frequency, parameter C is a function of the bulk density and can be regarded as a constant.
Wilson et al. (2009) and Wu et al. 2010, Wu et al., 2012) extended the two-term AVO linear approximation proposed by Smith and Gidlow (1987) to frequency domain. The frequency-dependent reflection coefficient has the following form
[image: image]
where θ is incident angle, vp and vs with the units of m/s represent P-wave velocity and S-wave velocity, respectively. The expressions of [image: image] and [image: image] are as follows:
[image: image]
Due to the reflection coefficient R in Eq. 1 is the normal reflection of a compression wave, we let [image: image] to pursue a simplified version of Eq. 2 that is an approximation of the normal reflection coefficient. Then, we obtain
[image: image]
Taking the derivative of Eq. 4 with respect to the angular frequency ω, we obtain
[image: image]
By virtue of Eqs 1, 5, we can get the new frequency-dependent expression of the fluid mobility:
[image: image]
where P is a new constant with [image: image]. Here, the parameter P can be regarded as a scale factor. Therefore, the Eq. 6 can be further rewritten as:
[image: image]
Expanding Eq. 4 as first-order Taylor series at a reference frequency ω0 without considering the higher-order terms, we can get:
[image: image]
In general, the value of ω0 is determined by the spectral decomposition and the dominant frequency of the seismic signal is usually selected as the reference frequency.
By virtue of Eqs 7, 8, we can obtain a new expression of frequency-dependent reflection coefficient relating to the fluid mobility, that is:
[image: image]
where, Dp represents the derivatives of frequency-dependent velocity of P-wave and its expression is [image: image].
Eq. 8 can be further rewritten as:
[image: image]
Considering m angular frequencies [ω1, ω2, …, ωm], the vectors r and e can be expressed in matrix form:
[image: image]
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Then, we obtain:
[image: image]
At last, the least-squares inversion method can be used to estimate the frequency-dependent fluid mobility F:
[image: image]
where the T indicates the transpose of the matrix.
In the Eq. 10, the Dp is also calculated by the least-squares inversion method:
[image: image]
where, the form of vector d is:
[image: image]
To extract the frequency-dependent information from the reflected seismic waves, the time-frequency decomposition method is used in the fluid mobility inversion. The seismic reflection amplitude [image: image] can be transformed into data sets [image: image] at different frequencies using generalized S-transform (GST) (Chen et al., 2009), that is
[image: image]
where, the expression of GST is:
[image: image]
where x(t) is the original seismic signal, τ is the time shift parameter, λ and p are the adjustable parameters and control the Gaussian window, S(f, τ) is the expression of a 2D time-frequency variable with regard to f and τ.
THE APPLICATION TO SYNTHETIC AND FIELD DATA EXAMPLES
Synthetic Data Test
To illustrate the effectiveness of the proposed method, we design a simple gas-saturated permeable reservoir model (Figure 1A) to test the feasibility of the frequency-dependent fluid mobility to delineate reservoirs. In the model, the gas-saturated reservoir is marked with ③, and other layers are dry strata. The black curve indicates the reservoir location. The model parameters are given in Table 1. We perform the forward modeling and migration to produce the synthetic seismic records (Figure 1B) by employing the DVWE (diffusive and viscous wave equation)-based method (He et al., 2008; Chen et al., 2013b; Chen et al., 2016). In the modeling, the frequency-dependent velocity of the gas-saturated reservoir is calculated by the theory proposed by Chapman et al. (2003). The synthetic seismic records were generated using a Ricker wavelet with the dominant frequency of 40 Hz. The seismic records shown in Figure 1B indicate that the top interface of gas-saturated reservoir show strong seismic reflection anomalies. However, the seismic reflections of the reservoir bottom interface show obviously time delay and phase distortion. Besides, the seismic reflections at the bottom of the gas-saturated sand reservoir show noticeable amplitude attenuation and phase delay due to the seismic effects of velocity dispersion.
[image: Figure 1]FIGURE 1 | (A) The gas-saturated permeable sand reservoir model and (B) its synthetic seismic section.
TABLE 1 | Physical parameters used in the modeling.
[image: Table 1]Then, we calculate the frequency-dependent fluid mobility of the model using the proposed method and compare it with the result of LF-FM, and the estimation results are shown in Figure 2. As shown in Figure 2A, the high value of fluid mobility calculated by the LF-FM indicates the top interface rather than the actual spatial distribution shape of the gas-saturated reservoir. However, in Figure 2B, the fluid mobility estimated using our method shows clear anomalies in the reservoir region and the gas storage space correlates well with the reservoir shape. The test for the synthetic data illustrates that the fluid mobility calculated by the frequency-dependent inversion method can accurately delineate the location of the gas-saturated reservoir.
[image: Figure 2]FIGURE 2 | The fluid mobility sections calculated by (A) the LF-FM method and (B) our method.
To further analyze the influence of the tuning effect on the fluid mobility calculation, we also make a model (Figure 3A) with thickness of the gas-saturated reservoir less than a quarter wavelength. In the new model, the reservoir thickness is 20 m, and other parameters are the same to the model shown in Figure 1A. The synthetic seismic record (Figure 3B) indicates that the reflection interfaces of the thin reservoir are difficult to distinguish from the seismic events due to the tuning effect. As can be seen in Figures 3C,D, the fluid mobility calculated by the LF-FM and our method can both accurately delineate the reservoir location and its shape.
[image: Figure 3]FIGURE 3 | (A) The gas-saturated reservoir model with the reservoir thickness is 20 m and (B) its synthetic seismic record. The fluid mobility calculated by (C) LF-FM and (D) our method.
Field Data Applications
In this section, we apply the proposed method to field seismic data to further demonstrate the performance of the proposed method. The reservoirs in the study area are mainly marine sandstone reservoirs with different gas saturations. Figure 4 shows the two well-logs through the sandstone reservoirs, including water saturation (Sw), P-wave, S-wave, density and porosity curves. As shown in Figure 4, the velocities of S-wave show high values in the third column and the porosity in the reservoir zones is about 18%. However, compared to the non-reservoir zones, the velocity curves of P-wave in the second column and the density curves in the fourth column are both show a change to lower values. The reservoirs with high gas saturation are outlined by cyan rectangles. We choose two seismic profiles across the two wells for analysis. The seismic profile shown in Figure 5A intersecting well-1 is extracted from the line marked with M to M’ in a three-dimensional (3D) area. Figure 5B is the seismic trace extracted at the well-1 location (CDP No.178) and Figure 5C is its time-frequency spectrum after the GST. In the Figure 5C, we can observe strong energy at the reservoir zone. The section shown in Figure 5D intersecting well-2 is extracted from the line marked with N to N’. Figure 5E is the seismic trace extracted at the well-2 location (CDP No.146) and Figure 5F is its time-frequency spectrum after the GST. In Figure 5F, there are two strong energy clusters in the reservoir zone. The amplitude spectra shown in Figures 5G,H of the two seismic traces (Figures 5B,E) illustrate that the frequency band is approximately 5–50 Hz, and the dominant frequency is about 20 Hz.
[image: Figure 4]FIGURE 4 | Well logs of the sandstone reservoir for (A) well-1 and (B) well-2. The reservoir in the study area is gas-saturated sandstone and the cyan rectangle outlines the fluid-saturated reservoirs saturated with high gas saturation (Sg ≥ 0.4).
[image: Figure 5]FIGURE 5 | (A) The stacked section across the Well-1. (B) The seismic trace extracted at the Well-1 location and (C) its time-frequency spectrum calculated by GST. (D) The stacked section across the Well-2. (E) The seismic trace extracted at the Well-2 location and (F) its time-frequency spectrum calculated by GST. (G) and (H) are the amplitude spectra of Figures 5B,E, respectively. In the two sections, the reservoir zones are indicated with the yellow arrows.
To evaluate the ability for imaging the reservoirs, we calculated the fluid mobility of the two seismic sections and compared it with the dispersion attribute of P-wave obtained by frequency-dependent AVO inversion (Wilson et al., 2009; Wu et al., 2012; Chen et al., 2014; Luo et al., 2020). The comparison results are shown in Figure 6. For the results of the section across the Well-1, the dispersion attribute (Figure 6A) delineates the reservoir zone while the results are greatly affected by the other anomalies. However, the fluid mobility result in Figure 6B shows a high value at the location of the reservoir zone and the background interference unrelated to the reservoirs are very weak. For the results of the section across the Well-2, the result of dispersion attribute (Figure 6C) of P-wave is also affected by the other interference, which results in difficulty for accurately discriminating the reservoirs. As shown in Figure 6D, the fluid mobility calculated by our method can exhibit the location of the gas reservoirs and degrades the background interference of elastic layers to the most extent. Meanwhile, the result has a high resolution for delineating reservoirs. The two sets of reservoirs shown in Figure 4B are both identified from the fluid mobility section (Figure 6D).
[image: Figure 6]FIGURE 6 | The comparison of the dispersion attribute section of P-wave and the fluid mobility. (A) and (C) are the dispersion attribute sections of P-wave. (B) and (D) are the fluid mobility sections calculated by the proposed method. The results of (A) and (B) correspond to the stacked section in Figure 5A, and the results of (C) and (D) correspond to the stacked section in Figure 5D.
To further illustrate the accuracy of the method, we choose the dispersion and fluid mobility curves at the location of the Well to compare with the log curve. Figure 7A is the seismic trace chosen from the location of Well-1. Figure 7B shows the water saturation curve, which can significantly distinguish the reservoir (outlined by the yellow shadow) with high gas saturation. Figures 7C,D show the comparison result of the dispersion curve and fluid mobility curve. Both the curves show significant anomalies in the gas-saturated reservoir. However, the dispersion curve is greatly affected by the other anomalies (indicated by black arrows) unrelated to reservoirs. The fluid mobility curve obtained by our method only shows significant anomalies in the gas-saturated zone, whereas the background interference of the other layers is very weak. Similarly, Figure 8 shows the analysis result of the curves chosen from the location of Well-2. The Sw curve in Figure 8B illustrates that there develop two sets of reservoirs with high gas saturation in the vertical direction. As shown in Figure 8C, the dispersion curve shows the strongest anomalies at the lower reservoir while the dispersion anomalies of the upper reservoir are not evident. Meanwhile, the dispersion curve is also affected by the other anomalies (indicated by the black arrows) unrelated to reservoirs. However, both reservoirs show strong anomalies in the fluid mobility curve (Figure 8D) and correlate well with the reservoir location. In addition, the anomalies of background interference are suppressed to the greatest extent. The analysis in Figure 7 and Figure 8 illustrates that the fluid mobility calculated by our method can accurately delineate the location of the reservoir and degrade the background interference of other layers unrelated to reservoirs to the most extent.
[image: Figure 7]FIGURE 7 | The analysis of the single trace at the location of well-1. (A) The seismic trace. (B) The log curve of water saturation. (C) The dispersion curve and (D) the fluid mobility curve correspond to the (A).
[image: Figure 8]FIGURE 8 | The analysis of the single trace at the location of well-2. (A) The seismic trace. (B) The log curve of water saturation. (C) The dispersion curve and (D) the fluid mobility curve correspond to the (A).
Finally, we use the proposed method to calculate the fluid mobility for 3D seismic data volume. The target interval slices extracted from the data volume are shown in Figure 9. Figure 9A is the seismic amplitude slice and Figure 9B is the fluid mobility slice corresponding to the Figure 9A. As shown in Figure 9B, both wells in the zone show strong anomalies that correlate well with the known production according to the logging interpretation results. Moreover, the fluid mobility slice clearly delineates the spatial distribution and the edge of the gas-saturated reservoirs.
[image: Figure 9]FIGURE 9 | (A) Seismic slice extracted through the gas reservoir in the target interval and (B) its fluid mobility slice calculated by the proposed method. The M, M’, N and N’ donate the location of the seismic sections in the study.
DISCUSSION AND CONCLUSION
Based on the calculation formula of fluid mobility and frequency-dependent AVO inversion theory, a methodology for calculating frequency-dependent fluid mobility using post-stacked seismic data is proposed. In comparison with the LF-FM method, the fluid mobility calculated by the proposed method can better delineate the spatial distribution shape. Furthermore, compared with the prestack dispersion attribute inversion method (Wilson et al., 2009; Wu et al., 2012; Chen et al., 2014; Luo et al., 2020), the computation time is significantly reduced. For the seismic data corresponding to Figure 5A, it needs 41.28 s to get the results of dispersion parameters using prestack dispersion AVO inversion. However, the computation time only costs 5.92 s when obtaining the fluid mobility result. This illustrates that the proposed method is advantageous if we need to compute the large-scale seismic data volume to delineate reservoirs in a 3D area. In addition to significant computation time reductions, the fluid mobility calculated by the proposed method has a higher accuracy for reservoir characteristics compared with the dispersion attribute, which can better delineate the reservoir location. However, the prestack data contains more abundant information related to the reservoirs. If the frequency-dependent fluid mobility attribute can be extracted from the prestack seismic data, the accuracy of reservoir prediction and fluid identification will be further improved. It is worth further studying to deduce the AVO approximation related to reservoir fluid mobility from the theory of fluid-saturated porous media.
In addition, the time-frequency analysis method can directly affect the spatial resolution of the calculation result. In the proposed method, the time-frequency decomposition is conducted by the generalized S-transform proposed by Chen et al. (2009). Combining the high-precision time-frequency transform methods with the proposed method to improve the resolution and accuracy of calculation requires further investigations.
Synthetic and field data examples illustrate that the fluid mobility attribute calculated by the proposed method shows excellent imaging quality for gas-saturated reservoirs and is less affected by the anomalies unrelated to the reservoirs, which can accurately delineate the spatial distribution of hydrocarbon reservoirs. This methodology provides a new approach to extract frequency-dependent information related to the hydrocarbon reservoirs from seismic data. The calculation results can provide technical support for subsequent high-precision exploration such as fine reservoir evaluation and drilling deployment. It is noteworthy that the proposed method for calculating fluid mobility is not constrained by the well data, which also provides a new way for reservoir characterization in the case of no drilling.
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