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Abstract


Tiny-fault detection plays a very important role in the research on the tight oil and gas reservoir in well area X in Ordos Basin, China. In this study, the target formation is the Majiagou dolomite reservoir section under the Ordovician salt with low-amplitude structures generally developed. The conventional attributes extracted from migrated seismic data could not achieve ideal results in detecting hidden faults with small displacement due to slight travel time differences and weak amplitude disturbances. To address this challenge, a segment and fusion strategy was adopted to highlight tiny faults in this region. First, the phase congruency analysis method was used to extract the local edges of coherence to locate the faults. Second, in the extraction process, the coherence was divided into segments according to the fault scales, and then enhanced segment by segment and fused. Third, the empirical formula of the new fault indicator was constructed by the phase congruency features, which can be used to accurately characterize tiny faults. This strategy performs well in both model tests and the migrated seismic data.
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1. Introduction


Fractured reservoirs with low porosity and low permeability have been regarded as important remaining hydrocarbon resources [1,2,3,4,5]. In the exploration stage, the distribution of tiny faults, which usually refer to faults with displacement less than 5 m [6,7,8,9,10,11,12,13], is crucial for understanding the reservoir formation, hydrocarbon migration, and gas and oil preservation, and helps the delineation of favorable zones and good deployment. In the development stage, unknown faults may reduce the effectiveness of hydraulic fracturing, such as causing leakage of fracturing fluid, jointing adjacent water layers, damaging shallow aquifers [14,15], and even triggering geological hazards in some areas [16]. The description of faults or fracture system is meaningful to the structural modeling and reservoir simulation. Moreover, fractures are crucial to carbon dioxide (CO2) capture, utilization, and storage (CCUS) [17]. Therefore, fault detection techniques have always been an important research field in recent decades and are receiving increasing attention. Furthermore, tiny fault detection is a very serious challenge in this field.



The Ordos Basin, located in the central part of the Chinese continent, is a stable multi-rotation cratonic basin formed on a base of Archean and Lower Paleozoic metamorphic rocks. The study area is mainly located in the east of the central paleo-uplift of the Ordos Basin and on the Yishan slope. At the end of Ordovician, under the influence of the Garidonian tectonic movement, the strata of Majiagou Formation near the Central Paleo Uplift suffered different degrees of weathering and denudation, which made the top of Ordovician strata gradually old from east to west. The Ordovician reservoirs in the study area are mainly deposited by marine carbonate rocks. The target formation in well area X is the Majiagou dolomite reservoir section under the Ordovician salt. Low-amplitude structures are generally developed in this area. They are favorable to the local accumulation of natural gas. Faults and fractures in this region are crucial elements to gas exploration. However, most of the faults in the study area are nearly vertical, small-scaled, and lead to slight misalignments of seismic events. Conventional techniques based on amplitude discrepancy, such as coherence [18], variance [19], curvature [20], structure-oriented filtering [21] and so on, could not work well. Geologists and geophysicists agreed that the above techniques were severely limited by small travel time differences and the weak amplitude discrepancy between adjacent seismic traces. How to circumvent the above problems and thus effectively identify tiny faults poses a challenge to geophysicists. In this paper, the phase congruency (PC) approach was introduced. A new strategy of segment and fusion process was proposed, and a new fault indicator was constructed. Higher resolution for tiny faults detection was expected to be achieved.




2. Method


Phase congruency (PC) analysis is an image feature extraction method. It considers the very points with the most consistent phase of all the Fourier components of an image as the feature points. These points are marked as edges or corners. This method is more reliable than gradient-based ones [22], such as Sobel operator [23], Marr operator [24], Canny operator [25] and so on. Combined with the two-dimensional Log–Gabor filter with multi-scale, multi-azimuth, the 2D PC analysis and extraction method was successfully implemented by Kovesi [26,27,28], which is shown in Appendix A. This method has been applied in seismic interpretation in oil and gas exploration. For example, by applying PC, Russell et al. detected vugs and fractures in carbonate reservoirs [29], Shafiq et al. enhanced lava dome features [30], Karbalaali identified channel boundaries [31], Kovesi et al. recognized velocity anomalies and fracture boundaries in seismic data [32], and Liao L. [33] and Wang et al. [34] improved the fault detection resolution.



The classic PC analysis methods has two important features. First, the maximum moment M represents tiny edges better, while the amplitude weighted mean local phase angle   ϕ ¯   describes edges on a larger scale more reliably. Therefore, a potentially reasonable combination of the two parameters may have the chance of obtaining the best results. Second, the direct application of PC was unable to get sufficiently ideal results for fault detection. It was found that two adjacent or intersecting faults with excessive numerical differences will experience significant disturbances [34]. Specifically, in the fault intersection development zone, the primary fault features will be enhanced, while the low-order ones will be severely impaired. If the advantages of PC can be fully utilized and the above limitations can be overcome, fault features of higher resolution are likely to be achieved.



For a higher resolution for fault detection, a new strategy of segment extraction and fusion and design for its workflow were proposed. This strategy extracted fault information from the coherence attribute of migrated seismic data by applying the PC method. It assumes that coherence in the same value range could present faults of familiar features and will not disturb faults in other ranges. The basic workflow is:



First, coherences of different value ranges were separated. These segments should cover all the coherence values of interest to avoid missing fault features. For convenience, a three-segment division was generally sufficient. Specifically, for the ith time slice of the 3D coherence attributes, three thresholds were set as threshold1, threshold2, and threshold3 and three slices were extracted, named     slice  i 1   ,     slice  i 2   , and     slice  i 3   . Then, maximum moment M and the amplitude weighted mean local phase angle   ϕ ¯   were extracted.



Secondly, a fusion to balance the uniform background with detailed discontinuities was carried out. This was given by the following new empirical fault indicator F:


  F = exp ( −  ϕ ¯  ) ×  (  exp ( M ) − 1  )   



(1)







The indicator was of no specific physical meaning and could simply be a very convenient tool for fault detection on a variety of scales. In this step, three indicator factors named    F i 1   ,    F i 2   , and    F i 3    were obtained.



Thirdly, the minimum of the three was taken as the final enhancement result Fall:


   F  a l l   = min (  F i 1  ,  F i 2  ,  F i 3  )  



(2)







This strategy could be concluded in the computational flow shown in Figure 1.




3. Model Test


A model of mesh size of 420 × 620 was designed based on the assumption of two joint faults with clearly displacement, called faultL and faultR. There are secondary faults extending to the middle zone from them and eventually connecting. Two regions are focuses, one is the secondary fault faultS near the faultL, and the other is the tiny fault development zone faultZ between faultL and faultR. The coherence slice of this model (Figure 2a) shows us that faultS adjacent to faultL has some weak features, and tiny fault zone faultZ hardly has any visible fault features. Generally speaking, the fault zones should gradually decrease in size and displacement as they move away from primary faults [35]. As geophysicists have inferred, tiny faults may result in a small fluctuation in seismic data and weak difference in coherence. This leads to a mistake that main faults such as faultL and faultR appear as two completely isolated faults visually.



For the coherence of this model, the following three methods were applied to try to obtain a clearer distribution of both faultS and faultZ.



(1) Extracting the gradient features of coherence by the following formula:


  c o  h  g r a d i e n t   =   c o  h x 2  + c o  h y 2     



(3)




where cohx and cohy are the directional derivatives of coherence in inline and crossline, respectively. The result of cohgradient is shown in Figure 2b.



(2) Extracting the discontinuity boundaries of coherence by the Canny operator, shown in Figure 2c.



(3) Extracting the discontinuity features of coherence by applying PC method directly, shown in Figure 2d.



(4) Presenting the histogram of coherence and using three-segment division, shown in Figure 2e.



(5) Extracting the discontinuity features of coherence by applying PC method of new strategy, shown in Figure 2f.



It is clear that the gradient of coherence, boundaries of Canny operator, and the direct PC attributes do not restore the targets, faultS and faultZ, very well as shown in Figure 2. In b and c, the primary faults faultL and faultR were significantly highlighted, the secondary fault faultS can be identified to some extent but far from enough, and the fracture zone faultZ is not responsive at all. These phenomena are common for gradient-like methods. The direct application of PC is able to detect the complete primary faults, faultL and faultR, only a few features of the secondary fault faultS, and more detailed tiny faults in fracture zone faultZ, shown in Figure 2d. There are three facts to be noted. First, the secondary fault faultS may be interfered by the adjacent primary fault faultL resulting in its incomplete features. Second, tiny faults near the primary and secondary faults are not effectively enhanced. There are hardly any fault-like features visible at the fringe of the fault zone faultZ. Third, the tiny faults located in the central region of the fracture zone faultZ, get more but inadequate enhancement. They are very far from the main faults.



The faults of different scales usually lie within different value ranges of the coherence. The histogram of the coherence (Figure 2a) is presented in Figure 2e. It can be roughly divided into 3 sections, where section1 is [0,0.4], section2 is [0.4,0.9], and section3 is [0.9,1.0]. By the definition of coherence, it can be inferred that section1 is the low value region and reveals the main faults. Section 2 is the medium value region and represents secondary faults. Section 3 is the high value region and depicts the homogeneous geological background and tiny faults. The three scattered values in Figure 2a show this phenomenon.



Figure 2f is the PC result of new segment extraction and fusion strategy. It shows great improvement in resolution in fault detection. The primary faults are well defined, while the features of secondary or crossed faults have been recovered very well. The morphology of our targets, faultS and faultZ, are fully recovered. The two main faults, faultL and faultR, can be joined together by secondary and tiny faults. Such results are clearly more convincing for studying reservoir connectivity than the initial coherence properties.



The above experiments demonstrate a weakness of the PC method and the key advantage of our new method. The close spatial distance and large difference in attribute values will lead to the mutual interference of primary faults, secondary faults, and tiny faults. Detailed analysis is as follows. The fault feature in coherence is an unsmooth non-periodic signal so that its fast Fourier transform (FFT) cannot fit the fault boundary perfectly. The unsmoothed fault boundary inevitably causes the so-called Gibbs effect [36]. It is known that the “ringing” noise around the discontinuities will generate when the image frequency band is truncated by a filter window and inverse-transformed to the time domain. Therefore, it is crucial to set the minimum scale wavelength when the Log–Gabor directional filter is adopted to involve the inverse fast Fourier transform (IFFT). When the minimum wavelength is large, the Log–Gabor filter with a large window of Gaussian function will continuously and slowly attenuate amplitude spectrum, and generate weak Gibbs effect at the discontinuous points of fault boundaries. After inverse transform, the image noise has large halos with weak amplitude and disperse energy. In this case, the noise can be effectively suppressed by simple threshold setting to obtain relatively clear and smoothed boundaries of primary faults. However, this operation may obtain unobservable tiny faults likely due to the smoothing effect of large window. In contrast, the filter with small minimum wavelength is so sensitive that it can detect tiny faults far away from the main faults. Meanwhile, the small Gaussian function window truncates the amplitude spectrum sharply and produces a strong Gibbs effect around the fault boundaries. This leads to severe interference in different-scale faults. As a result, the characteristics of tiny faults adjacent to the main faults are difficult to preserve even if the main faults can be identified by threshold setting. The new segmented and fusion strategy was proposed to solve this problem. We retained the fixed and optimized Gaussian filter parameters instead of just reducing the window, enhanced the discontinuities segment by segment, and made a suitable fusion. These operations avoided the strong Gibbs effect, reduced the impact of artificial noise, and finally restored the most fault-like features of the primary, secondary, and tiny faults. This will provide a better database for fault study.




4. Case Study


The Majiagou Formation, the object of this study, generally distributed in the central-eastern Ordos Basin, China, is in the survey X on the Yishan slope in the east of the central paleo-uplift of the basin (red frame box shown in Figure 3a). The Ordovician reservoirs in this area are mainly marine carbonate deposits, which are one of the major natural gas reservoirs in the basin. The precious analysis of present tectonics and ancient landform shows that the structure of the Majiagou Formation, controlled by the paleo-morphology at the bottom of the Ordovician System, has the characteristics of tectonic inheritance development. The Majiagou Formation is divided into six members from Ma1 to Ma6. The Ma2 member composed of mound-shoal dolomite is our target (shown in Figure 3b). The low amplitude tectonics are developed throughout the Ma2 member and the highest position is located in the central-eastern, with no regional large faults but tiny faults generally developed (shown in Figure 3c,d). Additionally, three eroded karst flutes are located in the northern, southern, and central parts of the work area, with pore caves and fractures.



Figure 3 also shows the initial interpretation results of the target stratum, where Figure 3c is the structure map of time domain, Figure 3d is its amplitude and coherence of inline 300 (black-dashed line in Figure 3c). On the whole, our target stratum is located in a low-amplitude tectonics area with reflected time ranged from 1855 ms to 1938 ms. The eroded karst flutes are very distinguished in the structure map. The coherence presents some rough sketches of the three eroded karst flutes but cannot provide any details of tiny faults around them. Compared with the discontinuities in the base map, the fault features in the vertical profile are weaker (shown in Figure 3d). If we continue to intensify the thresholding, even if we may get some fault features near the flutes, we will end up with a blurry image. Next, typical property slices of the target layer were extracted for comparison and the improvement of the new method in fault detection is discussed.



The new method seems to have a significant improvement in lateral resolution and extension length of the faults. Figure 4 shows the attributes extracted from seismic data for Ma2 Member. They are (Figure 4a) the amplitude, (Figure 4b) coherence of third generation, (Figure 4c) dip, (Figure 4d) curvature, (Figure 4e) PC attribute, and (Figure 4f) PC attribute of new method. The coherence and dip present the main structure frameworks and nearly no details. There are large shaded areas near the boundaries of rivers and faults. The curvature provides very few small faults as expected. The results of PC and its new version show us clearer boundaries of main faults and tiny faults. They distinguished some features concealed in background and shaded areas, providing the possibility to identify more small faults. Three arbitrary lines (line 1, line 2, line 3) were selected for comparison of details in a closer way. In the coherence map (Figure 4b), fault-like features crossed by the three lines are hard to see. In the PC map (Figure 4e), these features crossed by line 2 and line 3 become clearer but the one crossed by line 1 remains blur. In the PC map of the new method (Figure 4f), fault-like features crossed by all lines are the clearest. Considering the extension and regularity, the likelihoods of these features being faults are very high.



Next, some further comparisons were implemented in seismic profiles to verify the authenticity of these fault-like features (shown in Figure 5, Figure 6 and Figure 7). The profiles of coherence, PC attribute, and the result of the new method in three arbitrary lines (line 1, line 2, and line 3) are extracted. They are displayed with amplitude in the same color-map scheme. For the three lines, the coherence, the results of PC, and the new method all present a similar pattern. The discontinuities gradually increase near the locations where the strata underwent weak undulations. Obviously, the new method reached the highest resolution. The hanging and foot wall of a fault are different in spatial location. When the fault displacement is large, the walls are expressed as travel time differences on the reflection seismic profile on both sides of the fault. When the displacement is small, the walls presented themselves as amplitude variation mainly. The undulation of the strata and the variation of the amplitude presented Figure 5a, Figure 6a and Figure 7a are weak but visible, and their enhanced results in (b) and (c) are reliable with high probabilities.



Combining the fault-like features in both lateral and longitudinal directions, we have a high degree of confidence that such tiny faults are real.




5. Discussion


The advantages of the segmentation and fusion strategy proposed in this paper are significant. It inherits and reinforces the sensitivity of phase congruency method to tiny faults. Moreover, it mitigates the Gibbs effect in the filtering process. This weakens the disturbing effect of the main faults on the adjacent secondary and tiny faults, and greatly restores the fault features of different scales. It is very suitable for application in low-amplitude tectonic regions with lower noise level, such as the central region of Ordos Basin mentioned in this paper.



The strategy did not perform perfectly in the following cases. Firstly, it is inappropriate for areas affected by multi-period strong tectonic movements. For example, high and steep tectonic areas in the Tarim Basin and Qaidam Basin in China are not suitable. Strata in these areas tend to be severely fractured and have drastic lateral variations. Fault imaging accuracy is lower and structural noise is stronger. Some irregular anomalies in the coherence can interfere with the identification of normal breaks. Usually, we have to go by geological laws to get approximations. Secondly, the features of main and tiny faults extracted by our strategy are at almost the same level. This may bring some difficulties for the fault classification. This may be the unavoidable price we must pay for using normalized measures such as PC. If the decisive attributes of the fault displacement could be found in the future, it might be solved. Thirdly, the quality control of the segmentation of coherence depends on the experience of the interpreters. The faults of interest may be distributed over multiple value ranges, depending on the relationship of the adjacent seismic traces at the faults. The new method decreases the difficulties in manually setting reasonable thresholds but still not enough.



The authenticity of the enhanced fault-like features may be another focus of discussion. Generally, a fault can be determined to be true if the fault-like features of the profile and plane match. However, there are some cases that are difficult to detect. One of the most important aspects is fault shadow. Fault shadows are usually characterized by a number of secondary faults parallel to the main faults in coherence slices. For the interpreters, fault shadow phenomena caused by imperfect time-domain migration are difficult to capture and calibrate. This is the very challenge that is insurmountable by simple data-driven fault detection methods. Methods of image enhancement such as PC will strengthen these unexpected anomalies and confuse interpreters. In this regard, we can only hope that the pre-stack depth migration techniques could eliminate the structural artifacts. Another aspect is noise. Kovesi suggested that even a little noise may cause strong, fake image feature in phase congruency [22]. According to the noise characteristics of natural images, the de-noising technique was integrated in the PC method but does not apply to seismic attributes very well. Our strategy also did not achieve better results. For migrated seismic data obtained through a series of technical processes, no one knows what the real noise it contains should look like anymore. Setting a reasonable distribution of the noise response as a de-noising criterion based on the actual situation of the study area may yield better fault detection results.



In fact, the PC approach and its new version proposed in this paper did not make new faults, but simply normalized and amplified the hidden fault-like features in the coherence, and presented them better to the interpreter. This gave interpreters more evidence to confirm the existence of faults or not. That is what the strategy is all about. After all, a single approach cannot solve all the problems involved.




6. Conclusions


(1) The new segmented extraction and fusion strategy of the phase congruency were proposed and carried out to enhance tiny fault features successfully. This strategy mitigates the Gibbs effect of truncation window and decreases disturbances caused by main faults, and achieves higher resolution.



(2) The new strategy is applicable to low tectonic amplitude and gentle stratigraphy, and performs well in dense carbonate reservoirs in the Ordos Basin, China. Typical fault-like features were proved to be true by comparisons in both lateral and longitudinal directions.



(3) As a data-driven image enhancement method, this strategy cannot overcome all the problems in fault detection such as fault shadow and noises. Cooperation with other relevant geophysical techniques is necessary.
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Appendix A


The core theoretical formula of two-dimensional PC proposed by Kovesi [18] is:


  P  C  2 D   (  x 1  ,  x 2  ) =     ∑ o     ∑ s   W (  x 1  ,  x 2  )  ⌊   A  o s   (  x 1  ,  x 2  ) Δ  ϕ  o s   (  x 1  ,  x 2  ) − T  ⌋          ∑ o     ∑ s    A  o s   (  x 1  ,  x 2  )     + ε    



(A1)






  Δ  ϕ  o s   (  x 1  ,  x 2  ) = cos  [   ϕ  o s   (  x 1  ,  x 2  ) −  ϕ ¯  (  x 1  ,  x 2  )  ]  −  |  sin  [   ϕ  o s   (  x 1  ,  x 2  ) −  ϕ ¯  (  x 1  ,  x 2  )  ]   |   



(A2)




where a point of interest for an image   P  C  2 D   (  x 1  ,  x 2  )   is the PC value at the point   (  x 1  ,  x 2  )  , which is a dimensionless variable from 0 to 1, meaning that the image features change from weakness to strength;   W (  x 1  ,  x 2  )   is the weight function of frequency distribution;  s  and  o  are the scale and direction of log–Gabor filter, respectively,    A  o s   (  x 1  ,  x 2  )   is the amplitude at the scale  s  and direction  o ;    ϕ  o s   (  x 1  ,  x 2  )   is the local phase angle;    ϕ ¯  (  x 1  ,  x 2  )   is the amplitude weighted mean local phase angle; T is noise compensation factor; ε is a small constant to prevent the denominator from being 0;    ⌊  ⌋    indicates that the value inside the symbol is taken as itself when positive, otherwise it is taken as 0.



After obtaining the PC attribute, moment analysis is carried out. There are two most important variables, maximum moment and minimum moment. The maximum moment M represents image edge; the minimum moment m represents image corner. The respective formulae are as follows:


  M =  1 / 2   (  c + a +    b 2  +   ( a − c )  2     )   



(A3)






  m =  1 / 2   (  c + a −    b 2  +   ( a − c )  2     )   



(A4)




where


  a =   ∑ o      (  P C ( o ) cos ( o )  )   2     



(A5)






  b = 2   ∑ o    (  P C ( o ) cos ( o )  )  ×  (  P C ( o ) sin ( o )  )     



(A6)






  c =   ∑ o      (  P C ( o ) sin ( o )  )   2     



(A7)







Another crucial concept is the amplitude-weighted mean local phase angle   ϕ ¯  . The respective formula is as follows:


   ϕ ¯  = arctan (  E  r e a l   ,  E  i m a g   )  



(A8)




where arctan is the arctangent operator represented by radians;    E  r e a l     and    E  i m a g     denote the energies of real and imaginary part of the inverse-transformed image. They could be obtained by the following formula:


   I T  = IFFT ( FFT ( I ) ×  F  log - g a b o r   )  



(A9)






   E  r e a l   =   ∑ o     ∑ s   Real (  I T  )      



(A10)






   E  i m a g   =      (    ∑ o     ∑ s   Imag (  I T  ) cos ( o )      )   2  +    (    ∑ o     ∑ s   Imag (  I T  ) sin ( o )      )   2     



(A11)




where  I  denotes the original image,    I T    denotes its result after 2D-inversed FFT,    F  log - g a b o r     is two-dimensional log–Gabor spectrum, and Real and Imag are the real and imaginary operators of complex numbers, respectively.
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Figure 1. A flowchart illustrating the basic steps of this paper. TN denotes time slice number. 
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Figure 2. Comparison of coherence property slices (model data) of tiny faults (a) and their gradient properties (b), Canny boundaries (c), PC effects (d), the histogram of coherence and three-segment division (e), and PC results of segmented strategy and fusion (f). The single fault named faultS and the fault zone named faultZ (the green zone in the red dashed line) (shown in Figure 2a) are our main targets. The blue numbers in Figure 2a show the reader the values for the different fracture regions. 
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Figure 3. Target strata in the Majiagou Formation, Ordos Basin, China. (a) Tectonic framework and units of the basin (modified from reference [37]). The white area represents the young graben system around basin margins, and dark gray represents the deformation belts around the basin. 1. fault; 2. normal fault; 3. thrust fault; 4. strike-slip fault; 5. fold; 6. river; 7. city; 8. basin boundary; 9. tectonic unit boundary; 10. study area. (b) Comprehensive stratigraphic column of Ordovician Majiagou Formation obtained from previous studies [38]; (c) structure map of time domain for target layer; (d) profile of amplitude versus coherence for inline_300. 
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Figure 4. Comparison of fault detection results of the target layer. Line 1, line 2, and line 3 in red line are three arbitrary lines for further comparisons. (a) Amplitude, (b) coherence, (c) dip, (d) curvature, (e) PC attribute, (f) PC attribute (new method). 
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Figure 5. Different attributes crossed line 1. (a) Amplitude vs. coherence, (b) amplitude vs. PC, (c) amplitude vs. PC (new method). 
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Figure 6. Different attributes crossed line 2. (a) Amplitude vs. coherence, (b) amplitude vs. PC, (c) amplitude vs. PC (new method). 
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Figure 7. Different attributes crossed line 3. (a) Amplitude vs. coherence, (b) amplitude vs. PC, (c) amplitude vs. PC (new method). 
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