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The Moxi area in the Sichuan Basin is dominated by carbonate gas reservoirs, where gas productivity is most strongly influenced by their pore types. Fractured caves are the most favorable pore structure type for reservoir productivity, followed by cave and vuggy pore structures, and interparticle pore structures are the least productive. The spatial discrimination of these three pore types is important for cost-effective development. However, the pore type identification remains difficult owing to poor-quality azimuthal seismic data. A practical approach is to understand the seismic signatures of the different pore types and the related productivities from the post-stack data. In this work, seismic forward modeling is conducted using a constructed theoretical model of Hudson's anisotropic representation, and the pre-stack and post-stack anisotropy signatures are analyzed for different pore types. The rock model is further calibrated using log data, and forward modeling is performed based on the calibrated logs. We propose a new attribute of these signatures: namely, the ratio of the absolute peak and the absolute trough immediately below the peak, which is applied to the three-dimensional seismic data in the Moxi area. In contrast with other conventional attributes, this ratio effectively correlates with pore type, which allows the pore types in wells to be differentiated. This attribute also reasonably correlates with open flow gas rate of the well. The results demonstrate that this attribute from the post-stack data is a promising indicator of pore type and gas productivity and can also be readily mapped spatially for the selection of new drilling locations.
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BACKGROUND

A giant Precambrian gas field called the Moxi–Gaoshiti gas field was recently discovered and put into production in the Sichuan Basin (Liao et al., 2011). Recent studies have shown that the gas field is a structural and stratigraphic reservoir (Li Z. et al., 2014; Xu et al., 2019). The lithology is Sinian carbonate with small amounts of shale and silica. The reservoir thickness ranges from 0 to 200 m with erosion breccia, arenite dolomite, silty dolomite, and straticulate dolomite. Shale and silicalite normally serve as the caprock or sealing formation. The pore system is mainly composed of small caves, vuggy pores, interparticle pores, and fractured caves. The pores include interparticle dissolution pores, interparticle pores, intercrystalline dissolution pores, and intercrystalline pores, all of which can develop owing to dolomization and dissolution processes. The pore system in the Dengying group is dominated by dissolution processes, and caves and vuggy pores have developed in response to weathering and dissolution processes. Most of the vuggy pores and caves exhibit elongated “string bean” patterns including bedding features and the path alignment of fractures and dissolution. The fracture geometry is mainly disk-shaped, ellipsoidal, or irregular. The most commonly developed fractures in the reservoir include structural fractures, dissolution fractures, and stylolite lines. Structural fractures are commonly filled with dolomite, asphalt, and quartz. Mid- to high-angle fractures dominate the upper Deng-4 zone, whereas low- to mid-angle fractures dominate the lower Deng-4 zone (Li Y. et al., 2014). Fracture systems with vuggy pores/caves provide a good reservoir pore system (Shirmohamadi et al., 2017; Abdlmutalib et al., 2019), but these features tend to cause a high degree of seismic anisotropy, and current seismic data at present lack high-quality azimuthal information. This poses a challenge to interpret the anisotropy and identify the reservoir pore types and fluid producibilities using the seismic data. In this work, we focus on the Moxi area of the giant gas field, which is a development area with eight gas-producing wells with geological characteristics as described above. Anisotropic modeling is performed based on a theoretical model and log data to guide the extraction of post-stack seismic attributes (Payne et al., 2010; Shiri and Falahat, 2020). Vuggy pores and fractured caves are found to be the pore types that typically yield a high initial gas rate. A newly extracted attribute is applied to correlate with the initial open flow gas rate, which can serve as a productivity indicator and allow the initial open flow gas rate to be spatially mapped as a guide for future drilling.



SEISMIC RESPONSES BASED ON ANISOTROPIC MODELS

The pores in the Moxi area are classified into three types based on the aforementioned geological processes: (1) fractured-vuggy pores/caves, (2) vuggy pores/caves, and (3) interparticle pores (Figure 1) (Sain et al., 2008; Kittridge, 2015). The production data show that the pore type strongly impacts gas productivity. Fractured-vuggy pore/cave type structures are generally associated with the highest production levels, whereas interparticle pore structures are associated with the lowest productivity. The three pore types cannot be identified from the seismic data using traditional approaches. The seismic anisotropy can be a critical factor for signal characteristic analysis because fractures are often mixed with caves and vuggy pores. Anisotropic models are therefore required to represent this geology type for a better understanding of the post-stack seismic signatures. The Hudson model (Hudson, 1980, 1986) has been used to characterize anisotropy using a “coin-shaped” pore based on geology. However, this assumed shape generates uncertainties because some particularly long fractures may be present. Nevertheless, the intensity of long fractures is relatively low in this area, thus the model is still applicable (Simon and Philip, 2010; Peng and Xiao, 2017). The related anisotropic parameters are determined to model their corresponding post-stack seismic signatures.


[image: Figure 1]
FIGURE 1. Schematic diagram of the three investigated pore types.




ROCK MODEL REVIEW AND PROCEDURE

In this work, we use the Hudson model for anisotropic modeling. The linear Wyllie average formula is used to obtain the elastic moduli of the rock matrix and fluid. The Hudson model is used to insert the cracks and then perform the fluid replacement. The procedure includes the following steps (Figure 2).


[image: Figure 2]
FIGURE 2. Model building process.



Elastic Parameters of the Rock Matrix

The elastic parameters of the rock matrix are required for the Hudson model. In this work, the velocities of the rock matrix minerals are linearly combined according to their percentages to obtain the matrix background velocity (Hill, 1952; Wyllie et al., 1956):

[image: image]

where Vm is the P-wave velocity (Vp) or S-wave velocity (Vs) of the matrix rock, Cmin_i is the volume fraction of the ith mineral, and Vmin_i is the P-wave or S-wave velocity of the ith mineral.

The Lamé constants (λ and μ) of the matrix can be calculated using Vp and Vs obtained using the above formula and converted into an elastic constant matrix:
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where cij is the Voigt expression of the sixth-order matrix of cijkl. Assuming that the rock matrix is an isotropic medium, as discussed in section Rock Skeleton Model, the complete sixth-order expression of the rock matrix (c0) is as follows:
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Rock Skeleton Model

Based on the constant matrix as above in which the matrix lithology or mineral properties can be determined from lab or log data, the Hudson model is used to introduce the effects of cracks into the matrix parameters, which is expressed as:
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where [image: image] is the isotropic background modulus obtained in the previous step, [image: image] is the first-order fracture influence factor, and [image: image] is the second-order fracture influence factor that reflects the interaction between fractures. According to the model of Hudson (1980, 1981), we obtain the following.
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where
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Here, a is the crack aspect ratio.

U1 and U3 represent the functions reflecting the conditions imposed on the crack surface such as dry or fluid-filled (Hudson, 1980, 1981). For a dry rock,
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Pores are not filled with fluid in this step.



Hydrodynamic Effect

After the rock skeleton model is built, the Brown–Korringa formula is used to calculate the fluid effect in the rock skeleton as follows (Gassmann, 1951; Brown and Korringa, 1975).
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where the superscript m in [image: image] represents either dry rock or fluid, and the fluid elastic parameters can be calculated by repeating the first step using the linear combination formula.



Anisotropic Parameter

Thomsen (1986) proposed the following notation for a weakly anisotropic transversely isotropic (TI) medium. His parameters use Vp and Vs propagating along the symmetry axis of the TI medium, in addition to three other constants as follows:
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where
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According to these parameters, the three-phase velocity can be conveniently approximated as:
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QUALITATIVE MODEL

In the Moxi area, the sealing caprock is a shale with a thickness of ~150 m. Below this reservoir is a tight dolomite with an approximate thickness of 100 m. A reservoir with various pore types of ~150 m thickness occurs immediately below the tight dolomite, followed by another 150 m of tight reservoir. Three models are therefore designed with four layers: the top layer is a 150-m-thick shale to represent the caprock; the second layer (upper reservoir) is designed as a 100-m-thick tight carbonate rock; the third layer (middle reservoir) is designed to represent the 150-m-thick reservoir; and the bottom or fourth layer is a 150-m-thick tight carbonate. The three models are assigned for the reservoir zone with strong anisotropy for fractured caves, moderate anisotropy for vuggy pores/caves, and weak anisotropy for interparticle pores.

The aspect ratio of the intergranular pores of minerals mainly depends on the mineral petrophysical properties (Pellerin et al., 2015; Henriques et al., 2018; Wang and Zhang, 2019; Falahat and Farrokhnia, 2020). Carbonate rocks dominate the study area with a small amount of siliceous rocks and mudstones. The aspect ratio of the intergranular pores is therefore ~0.8. The intergranular pores tend to be flat under the effect of the overburden pressure, and the aspect ratio is relatively reduced. The interparticle pore aspect ratio of the formation medium is therefore set to 0.7.

Core and imaging log analyses revealed that the target layer mainly developed caves elongated by underground tectonic movement and dissolution. Most of these caves are distributed in layers or along cracks and fractures. The two-dimensional form is an irregular polygon, and the three-dimensional form is a flat ellipsoid and strip. The cave aspect ratio is set to 0.5.

Most of the fracture openings are not wider than 0.3 mm in areas far from the fault (Xu et al., 2019), with fracture lengths on the order of meters. The aspect ratio of the cracks is therefore substantially smaller than that of the pores and caves. The fractures that connect the caves, which can be on the cm-scale, are more elongated than the caves. We estimate an equivalent pore aspect ratio of 0.3 because the fractures may connect several caves.

The background information of the work area is used to obtain reasonable input for the theoretical model of these three models. The Hudson input parameters for the theoretical model are tuned by matching the typical zone average acoustic properties. The lithological parameters of each layer of each model are given in Table 1. The Hudson modeling process is used to obtain the velocity and Thomsen anisotropy parameters of each layer of the three models (Table 1) using the designed model parameters.


Table 1. Qualitative model parameters.

[image: Table 1]

Table 1 shows that the anisotropic parameters (e.g., δ, ε, γ) follow the designed trend. The models, therefore, represent the three types of pore systems. However, it is quite challenging to understand the anisotropic properties under the geological settings because of the poor azimuthal quality of the seismic data in the study area (Yuan et al., 2020).



SEISMIC MODELING

The pre-stack angle gathers are forward modeled based on the designed models (Pang and Stovas, 2020; Yuan et al., 2020) and then further stacked to simulate the post-stack data (Zoeppritz and Erdbebenwellen, 1919). Most of the caves and vuggy pores are compressed as oriented coin shapes owing to the deepness of the reservoir. With the Vp, Vs, and Thomsen anisotropy parameters obtained from the rock physics model, the Rüger equation (Rüger, 1997, 1998) is used to obtain the reflection coefficient of each interface at different incident angles (0°-40°).

[image: image]

where θ represents the incident angle, Z = ρVp0 is the vertical compressional wave impedance, and [image: image] is the vertical shear modulus. The “—” and “Δ” symbols represent the “average of” and “difference between” the upper and lower layer parameters, respectively.

The seismic data have a dominant frequency around 30–40 Hz. A zero-phase wavelet with a 30-Hz frequency is therefore designed for the modeling. The convolution for each angle is applied and the pre-stack angle gathers are then stacked to form a single trace. Figure 3 illustrates the pre-stack angle gathers. Figure 4 shows the full stack traces that have been duplicated five times. The pre-stack gathers show that the strong anisotropic model has strong reflectors on the top and bottom of the reservoir. The mid-anisotropic model shows a strong top reflector, but a relatively weaker bottom reflector. The weak anisotropic model shows the weakest lower reflector. The full stack traces have a similar signature to that of the pre-stack. All of the results show a certain degree of asymmetry between the peak and trough amplitudes, which indicates that these characteristics have the potential to detect pore types but must be verified using local log data.


[image: Figure 3]
FIGURE 3. Qualitative model pre-stack response.



[image: Figure 4]
FIGURE 4. Qualitative model post-stack response.




LOG CALIBRATION

Data from five wells in the study area are used to verify the observed theoretical model results. The resistivity scan image log is first used to determine the formation pore type (Table 2).


Table 2. Open flow gas rate of wells with different pore structures.

[image: Table 2]

Certain model input parameters, including porosity, shale content, gas saturation, and water saturation, are obtained from the interpretation of the log data, and the others are obtained from the common mineral physical parameters. According to the pore type determined by the resistivity scan image log data, the aspect ratio setting of each confirmed pore type is similar to that of the theoretical model setting.

Figure 5 compares the log (black) and synthetic log (red) results from the Hudson model. The synthetic seismograms are formed based on the log data, using the same process as in the theoretical model.


[image: Figure 5]
FIGURE 5. Log calibration and synthetic seismic data.


As shown in Figure 5, the log and geology indicate that the red block zone in well MX22 is dominated by a fractured vuggy pore/cave type structure, the red block zone in well MX52 is dominated by a vuggy or cave type pore structure, and the well MX103 zone marked by a red line is dominated by an interparticle pore type. These findings are also verified from the image logs (Figure 6), and the anisotropic parameters (δ, ε, and γ) also match the logs after tuning the pore type geometry parameters, such as aspect ratio, according to the image log estimation.


[image: Figure 6]
FIGURE 6. Imaging logs.


The synthetic seismic data from the well MX22 log shows a strong peak and trough, consistent with the theoretical model for the fractured vuggy pores/cave zone. The well MX52 log shows relatively strong peaks and troughs for the vuggy pore and cave zones, whereas the well MX103 log has weak reflection energy. A cross-well seismic line with synthetic seismograms in the wells is shown in Figure 7. The synthetic seismic matches well with the observed seismic, which implies that the pore types are detectable from the latter. From the cross-well seismic line, it can be seen that the observed seismic data also show a clear pattern that is visible in the theoretical model and well-synthetic data.


[image: Figure 7]
FIGURE 7. Cross-well seismic section.




SEISMIC ATTRIBUTE RELATIONSHIP WITH PORE TYPES AND OPEN FLOW GAS RATE

The theoretical model and log synthetic modeling highlight the possibility to extract the post-stack seismic signature for pore types, which can be used to semiquantitatively predict gas rates. A promising pore type identification strategy involves the correlation of certain attributes with pore types (Chen et al., 2005). The fractured vuggy pore and cave type pore structure is generally associated with the highest gas rates because the fractures can serve as connective channels to vuggy pores and caves. The vuggy pore/cave type pore structure is associated with moderate gas rates because it has relatively high pore sizes. The interparticle pore type structure can connect adjacent caves, but the connectivity is weaker. The interparticle pore type is normally associated with the lowest productivity because of its low pore space and weak pore connectivity. In the study area, the top horizon is identified from the peak amplitude. To spatially map the productivity, the attributes are extracted from the seismic horizon and correlated with pore type number and open flow gas rate. Twenty-four attributes are extracted from the seismic data using the conventional attribute analysis. Figure 8 shows the correlations between the average absolute amplitude, maximum amplitude, and root mean square (RMS) amplitude with pore type. All other attributes show a similar poor correlation. Traditional attributes are considered to mainly capture values related to the amplitude, phase, and frequency. However, although certain shape information can be obtained, the anisotropic setting and geology are not strictly considered in our case and the traditional attributes cannot be used to differentiate the pore types.


[image: Figure 8]
FIGURE 8. Conventional seismic attribute (average absolute amplitude, RMS amplitude, and maximum amplitude) profiles and their relationship with the pore structures.


To classify the patterns observed in the theoretical and log synthetic models, the top horizon, which reflects the boundary between the caprock shale and carbonate, is moved 15 ms downward and then snapped to the trough minimum. To obtain a single attribute for representing the pore type map, the peak and trough amplitudes are extracted along the top and closest lower horizons, respectively. The procedure for the new attribute is as follows:

(1) Select the amplitude peak as the top horizon and snap to the maximum value (AMPmax).

(2) Move the horizon to the closest trough and snap to the minimum value (AMPmin).

(3) Calculate the asymmetry ratio of the peak and trough:

[image: image]

The attribute defines a certain degree of waveform asymmetry in the major porous zone with different anisotropies as described in the previous sections. As we discussed in “Discussion” section, even if the wavelet phase is changed, the relationship still holds under this geological setting. However, the magnitude is changed. The results indicate that the new attribute can differentiate between pore types by correlating with pore type number and exhibits a good correlation with the open flow gas rate. Figure 9 shows the correlation between the new attribute with the three pore types and with open flow rate.


[image: Figure 9]
FIGURE 9. Correlation plot of the anisotropy ratio (anis_ratio) and pore structure and open flow gas rate.


We define this ratio as the “anisotropic attribute,” even though the high value corresponds to low anisotropy (i.e., strong anisotropy corresponds to a low value). The attribute can be mapped along the horizon, as shown in Figure 10. The maps for pore type and gas rate are the same but with different scales because of their linear correlations with the anisotropic attribute. Red or yellow areas in Figure 10 indicate the best zones for fractured vuggy pore/cave type pore structures, which are expected to represent the best gas open flow rates.


[image: Figure 10]
FIGURE 10. New seismic attribute extracted in the study area.




CONCLUSIONS

We developed and tested a theoretical model for guided seismic attribute analysis based on a Precambrian dolomite reservoir and obtained the following conclusions:

(1) The Hudson model can be used to characterize the anisotropic properties of the Precambrian carbonate fractured vuggy pores or caves. However, log calibration is important to obtain more representative model parameters.

(2) The theoretical model and log seismic forward modeling show that under the specific geological setting, the strong anisotropic zone corresponds to a strong peak and trough with lower asymmetry, whereas the weak anisotropic zone has a relatively lower trough with more asymmetry. The phase of wavelet does affect the magnitude of the attribute. Its relationship with pore types is still similar (see Figure 13 and section “Discussion”). Therefore, we recommend to be aware with the wavelet phase if this attribute is applied.

(3) The newly proposed ratio of absolute peak and trough amplitude can be used to better differentiate pore types compared with the conventional attributes. This attribute can also be related to open flow gas rates. The ratio can be used identify the anisotropic properties possibly because the degree of anisotropy leads to different asymmetric wave shapes and amplitude strengths. However, we recommend performing a similar procedure as described here to validate the attribute effectiveness if applying this attribute in similar reservoirs.



DISCUSSION

The results of anisotropy-guided post-stack attribute analysis indicate an attribute that can be used to differentiate pore types and correlates well with the open flow gas rate. Although the model and log calibration support this application, the mechanism remains poorly understood and requires further discussion.

The amplitude is affected by many factors; thus, this phenomenon must be validated in a range of geological settings. The seismic frequency in this case ranges from 30 to 40 Hz with a central frequency around 37 Hz. The fractured or vuggy reservoir thickness varies from 0 to 150 m. Figure 11 shows that the relationship between this attribute and the three pore types holds for 30 Hz above 60 m and for 37 Hz with thicknesses above 30 m. Furthermore, the top tight carbonate zone thickness also varies from 0 to 150 m. Figure 12 illustrates the relationship between the new attribute and pore type for the tight zone variation. When the wavelet frequency in the tight zone is ~30 Hz, the weak and moderate anisotropies can be reversed below 40 m, which may introduce uncertainties. However, for a wavelet with a frequency of 37 Hz, all of the thicknesses show a similar relationship. The reservoirs in the Moxi area are relatively thick, above 50 m for the porous zone, particularly in the bank inset reef area. Interpretations determined from this approach may, therefore, need to be reevaluated for thin reservoirs. Also, the wavelet phase may not be zero phase. Figure 13 is a comparison of 0, 45, and 90° wavelets (mirror for 180, 135, and 90°). Due to that, we picked the top strong reflector in the interpretation (trough picking for 180° wavelet), and we could see that the relationships between the new attribute and pore types still hold. However, the magnitudes are changed. By rescaling the color bar, the spatial patterns are still the similar. Based on these modeling, we believe that the geological setting is thus a critical aspect of determining whether or not the post-stack signature relationship can be applied to differentiate pore types and gas productivity. Our recommendation is that the procedure detailed herein should be applied to obtain a reasonable interpretation, instead of directly applying this new attribute.


[image: Figure 11]
FIGURE 11. Reflection coefficient of the qualitative model.



[image: Figure 12]
FIGURE 12. Adjusted model seismic response.



[image: Figure 13]
FIGURE 13. Wavelet phase impact on anis_ratio.
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