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Abstract

:

Faults represent important analytical targets for the identification of perceptual ground motions and associated seismic hazards. In particular, during oil production, important data such as the path and flow rate of fluid flows can be obtained from information on fault location and their connectivity. Seismic attributes are conventional methods used for fault detection, whereby information obtained from seismic data are analyzed using various property processing methods. The analyzed data eventually provide information on fault properties and imaging of fault surfaces. In this study, we propose an efficient workflow for fault detection and extraction of requisite information to construct a fault surface model using 3D seismic cubes. This workflow not only improves the ability to detect faults but also distinguishes the edges of a fault more clearly, even with the application of fewer attributes compared to conventional workflows. Thus, the computing time of attribute processing is reduced, and fault surface cubes are generated more rapidly. In addition, the reduction in input variables reduces the effect of the interpreter’s subjective intervention on the results. Furthermore, the clustering method can be applied to the azimuth and dip of the fault to be extracted from the complexly intertwined fault faces and subsequently imaged. The application of the proposed workflow to field data obtained from the Vincentian oil field in Australia resulted in a significant reduction in noise compared to conventional methods. It also led to clearer and continuous edge detection and extraction.
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1. Introduction


Fractures are formed when the magnitude of stress exceeds the strength of a rock, thereby causing the rock to diverge in a particular direction. A fracture refers to a fault in which the relative rock displacement is parallel to the fracture direction and/or a joint in which there is negligible relative rock displacement [1]. In particular, faults are important analytical targets for the identification of perceptual ground motion and associated seismic hazards [2,3,4,5]. It is also important to understand the sub-surface destructive connectivity in fluid flow path analysis [6,7,8]. The interpretation of the fault system is performed using structural and seismic attributes (including similarity, semblance, maximum curvature, and amplitude volumes) that can emphasize differences in seismic properties (amplitude, frequency, and phase) [9]. Seismic attributes are one of the most widely used means of detecting faults [10,11]. They provide analytical and quantitative measurements of data using 3D visualization [12] or machine learning techniques [13], thereby improving the analysis of information obtained from seismic data.



However, the process of detecting and characterizing faults from seismic amplitude data is time-consuming [14,15]. In general, several manual tasks are performed by interpreters to draw faults over raw seismic images. In addition, there are problems associated with significant variation in interpretation according to the interpreter’s experience [16,17,18,19,20]. Therefore, several technologies and tools have been developed to reduce the time taken for data processing of raw seismic data and minimize the impact of the interpreters [21].



The coherence measurement method used for geometric and hierarchical discontinuous surface analysis was proposed by Bahorich and Farmer [14]. Subsequently, several such studies were performed based on different parameters such as semblance [22], eigenstructure [23,24], gradient structure tensor [25], similarity [10,26], variance [27], automated fault extraction [28], and directional structure–tensor coherence [29]. However, these methods are typically vulnerable to noisy data, which is problematic.



Image processing is the task of improving and extracting useful information from a given source. In seismic studies, amplitude images are primarily used, which are applied to fault detection through various attributes. Edge detection has been put forward to effectively locate discontinuities using differences between seismic traces [30]. Attributes such as ant tracking [31] and Hough transform [32] have been proposed for edge detection and enhancement.



A conventional fault-detection workflow using the aforementioned techniques is shown in Figure 1. A widely used method based on seismic attributes consists of the following parts: conditioning, edge detection, and edge enhancement. However, each part has several types of seismic characteristic parameters, whose selection depends on the researcher’s subjective experience. As a result, differences in results are inevitable. Furthermore, obtaining a clear fault extraction output is difficult owing to noisy data. In addition, the extraction of individual faults from the cube requires intense manual work and might lead to human errors.



In this study, we propose an effective workflow for fault detection and extraction to construct a fault surface model. This approach improves the workflow, enables faster and clearer fault detection, and leads to enhancement of the edges. In addition, individual fault surfaces can be extracted more easily by applying a clustering method to fault cubes. Furthermore, we demonstrate the applicability of the proposed workflow to field data.




2. Improved Workflow for Fault Detection


The workflow proposed in this paper consists of directional edge detection and edge enhancement. A flowchart of the improved workflow is shown in Figure 2, and the associated steps are summarized as follows:




	(1)

	
The amplitude contrast attribute was applied on the basis of the direction in which the edges are to be detected within the cube. This provides information about the major directions and edges of the fault to be investigated.




	(2)

	
Summations were performed by selecting cubes with high fault connectivity on the basis of the previously acquired amplitude contrast attribute. This reduces noise and improves connectivity between edges.




	(3)

	
The first edge enhancement was conducted using edge evidence. This attribute was applied sequentially to every direction to significantly reduce the noise and make the edges clearer.




	(4)

	
The second edge enhancement was performed by ant tracking. A combination of passive and aggressive modes was used to enhance the edges of major or detailed faults.









Upon comparing our method to the conventional workflow shown in Figure 1, it can be seen that the conditioning step is omitted in the studied method. This reduces the time required to process multiple processes, thereby rapidly providing the final results. Furthermore, a reduction in the processing step implies that the use of subjective input variable values is also reduced, which generates more objective results.




3. Seismic Attributes and Application


3.1. Field Data in Vincent


We validated the proposed workflow by applying it to field data obtained from an offshore Vincent oil field adjacent to Western Australia, Australia. The Vincent field is a southern rift basin in the Canavon Basin, located in the Exmouth sub-basin with deposits including Jurassic to early Cretaceous sediments [33,34]. The formation structure of the basin was confirmed in the form of a three-way dip fault closure of Mooderong Shale.




3.2. Directional Edge Detection


In general, faults possess various directions (azimuth). However, a field or basin has few major directions depending on the geo-mechanical settings caused by their tectonic regime. Aqrawi et al. [35] proposed a technique for directional edge detection that takes into consideration of the major direction of the fault using amplitude contrast methods.



Amplitude contrast is a Sobel-based attribute computation of the amplitude derivatives between neighboring seismic traces, where nondiagonal neighbors are assigned double weights. The calculated differences were normalized, and the final value was calculated using three gradient calculations, where Sx, Sy, and Sz are the weighting operators in the corresponding dimensions. Figure 3 shows the amplitude contrast cubes when the azimuth direction increases from 0° to 170° in steps of 10°. It is evinced from the figure that the clarity of discontinuity varies with the azimuth.



After calculating all directions, the cubes that display good continuity for faults were selected, and then the selected cubes were summed. Owing to this summation step, we can expect noise reduction of the background and enhancement of the edge (or fault) signal. This step is similar to the stacking process of seismic processing. The results of the directional edge detection and summation using the amplitude contrast are shown in Figure 4. It is evinced that, even with simple amplitude contrast attributes, the discontinuity of the formation is more prominent than that of the original cube section. Furthermore, it was observed that noise reduction after the application of both directional edge detection and summation improves the connectivity between discontinuities.




3.3. First Edge Enhancement


Even though the direction amplitude contrast cube showed good fault continuity, it was not sufficient to extract faults automatically. To enhance the continuity of faults, edge evidence of seismic attributes was applied to the directional amplitude contrast. Edge evidence uses integrals to detect faults in the image, which allows the delineation of the more enhanced fault edges from the results of amplitude contrast. This attribute retrieves lines with significantly different values in all directions, and it provides an estimate of the best line that passes the main point.



In this study, the multiple edge evidence attribute was applied. As a result, noise was attenuated, owing to which the location of the discontinuity could be distinguished more clearly. It can be applied in both horizontal and vertical directions or along the direction of line orientation. A combination of these characteristics in sequence is expected to have a higher effect. Figure 5 shows the results of the sequential application of edge evidence considering the horizontal and vertical combinations. The results of horizontal application show that, although edge enhancements were generated, the overall noise remained strong. However, after the subsequent application of edge evidence in the vertical direction, most of the noise disappeared, and the discontinuity became more prominent.




3.4. Second Edge Enhancement


The second method, which follows edge evaluation, was applied to further enhance the discontinuity, and an ant tracking seismic attribute was used. Ant tracking is a patented technology by Schlumberger that performs edge enhancement to identify faults within the seismic data volume [36]. This method is based on the concept of swarm intelligence and is used to introduce a large number of agents (ants) in data volumes and evaluate swarm collective behavior. The analogy of the habit of ants to follow the shortest route for transporting food to their nests is applied to edge enhancement.



One of the issues in using ant tracking is that there are six parameters. Therefore, 720 variable combinations are possible, which indicates that different results can be obtained depending on the variable, even when applied to the same data. Another issue is that changing one of these values is difficult and requires a long computation time. Sequential ant tracking was used to avoid these issues. In ant tracking, there are two ant modes: passive and aggressive. Passive ant tracking is a common method for signals to move in a stronger direction and is effective in the identification of the overall trend of faults in large areas. The aggressive mode is more effective for detecting small faults in greater detail compared to the previous mode. In this study, these two modes were applied crosswise rather than individually to the cube to solve the abovementioned problems; the results are shown in Figure 6. The results were compared after cross-applying the passive–aggressive–passive and aggressive–passive–aggressive modes using the ant tracking method in the edge evidence cube. The difference between the two methods did not appear to be significant for this field data. However, the edges of the small faults were found to be slightly more enhanced in the aggressive–passive–aggressive sequence than in the passive–aggressive–passive sequence. In a multiple ant tracking experiment, most features of the first mode were found in the final cross-analysis result.



The results of fault detection using the conventional workflow and the proposed workflow are shown in Figure 7. The overall pattern of the fault was similar on both sides; however, the conventional workflow generated significantly poor continuity of the fault. On the other hand, the results using the proposed workflow significantly eliminated noise from the cube, and the fault edges appeared sharper and more continuous. Therefore, we demonstrate that the proposed workflow is applicable to field data, and it has the capacity to further improve fault detection.





4. Clustering and Fault Surface Extraction


The proposed workflow can be used to effectively detect faults, and it requires the processes of extracting and imaging fault surfaces from 3D cubes. The process of manual extraction of fault surfaces is influenced by the interpreter and requires an enormous amount of time. On the other hand, the automatic error extraction methods are quite complex and require several follow-up tasks with considerable computation time. In this workflow, we used orientation clustering to extract fault surfaces more easily.



To perform clustering, the fault surfaces were first converted to points, as shown in Figure 8a. At this point, it is important to transform the information of the direction of the surface using a sufficient number of points for effective description. In addition, information of the azimuth and dip at each point position was extracted at the time of conversion, as shown in Figure 8b,c, respectively.



Clustering is an effective method to distinguish and extract similar groups by considering the characteristics of the data. The azimuth and dip information stored at each point was clustered using the density-based spatial clustering of applications with noise (DBSCAN) method [37,38]; subsequently, the fault was extracted separately. The DBSCAN algorithm expands clusters by finding data that are close to the initial data. The input parameters were the number of neighbors required to define the dense region (MinPts) and the distance representing the neighborhood (ε). Using these parameters, the data were classified into three types. If the number of points within a neighborhood with distance ε exceeded the minimum, then such a point was designated as a core point. After a core point was located, data within its neighborhood were defined as connected points or as other core points. If the data point was not connected to a neighbor, it was designated as a border point. Lastly, data in clusters that were neither core nor border points were designated as noise. Therefore, DBSCAN performs density-based clustering, and, unlike K-means, the number of final clusters is not required as an input parameter, which is an advantage. Figure 9 shows clustered fault point sets. Since DBSCAN was used, complexly intertwined faults could be identified individually according to the orientation, and the density-based attributes allowed the extraction of the connectivity of the fault surface. Furthermore, parts that lacked the number of points to be defined as a fault were considered outliers and removed.



Figure 10 shows the results of extracting the fault model from the original fault cube using the conventional automatic method and the proposed clustering method. The automated method showed significantly lower connectivity of the fault, and it seemed difficult to implement an accurate model because individual separation of the fault was not well generated at the intersection site of several intersections. On the other hand, using the proposed method, the generated model extracted individual fault surfaces with high connectivity. In addition, unnecessary outliers could be eliminated to obtain simpler and more visible images.



Comparing the time spent on the extracting method, it took at least two days to combine the calculation and editing processes when modeling faults using the automatic extraction method. If done manually, this would take several weeks or more. However, by applying the clustering method, the fault extraction could be completed within 4–5 h. Therefore, we demonstrate that the proposed method can obtain an effective fault model in a significantly shorter time than the conventional methods.




5. Conclusions


We proposed an improved fault detection workflow consisting of directional edge detection, summation, and edge enhancement. Compared to the conventional fault detection workflow using seismic attributes, the proposed method is less cumbersome for controlling the parameters and does not require the selection of seismic attributes based on individual case. It mainly controls the results on the basis of a sequence of seismic attributes and displays consistent results regardless of the cases. In addition, the attributes used are smaller than those of the conventional method, and the proposed workflow requires lesser process time. Overall, we found that clustering effectively enables the extraction of individual fault surfaces.



In this method, the fault surface extracted from the edge detection cube was converted to a sufficient number of points to describe the orientation of the fault layer. Subsequently, clustering was performed on the azimuth and dip using DBSCAN, and individual fault surfaces with high continuity could be extracted from complex entangled fault structures.



The proposed workflow was applied to field data obtained from the Vincent oil field in Australia. The results showed that sharper and continuous edges could be detected with significant noise reduction compared to the conventional methods. Thus, we demonstrate that the proposed model is applicable to field data and is more effective for fault detection. The proposed workflow reduces the overall cycle of fault analysis and human-induced errors. This also reduces the effort and time spent during the manual interpretation of faults and allows the interpreter to further invest time in quality control of the extracted faults.
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Figure 1. The conventional workflow for fault detection consists of conditioning, edge detection, and edge enhancement. It is set up to perform a significant number of sub-processes within each attribute. 
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Figure 2. Workflow proposed in this study for fault detection consists of directional edge detection, summation, and edge enhancement. The workflow is significantly simplified, and the computational time is also reduced due to the application of reduced attributes. 
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Figure 3. Amplitude contrast for specific azimuth direction. A change in amplitude contrast is shown when the azimuth direction increases from 0° to 170° at 10° intervals. 
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Figure 4. (a) Original cube section and the results of edge detection using amplitude contrast attribute with (b) nondirectional and (c) directional and summation steps. 
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Figure 5. First edge enhancement with sequential edge evidence. When first applied along the (a) horizontal direction, the edges were sharper, and, when it was subsequently applied along the (b) vertical direction, the discontinuity was enhanced. 
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Figure 6. Second edge enhancement with cross-applying using the ant tracking attributes. In the (a) aggressive–passive–aggressive sequence, the edges of the small faults are more enhanced, and, in the (b) passive–aggressive–passive sequence, the edges of the major faults are enhanced. 
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Figure 7. Fault detection using the (a) proposed and (b) conventional workflow. The proposed workflow generates clearer and simpler fault edges than conventional results. 
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Figure 8. Extracted fault surfaces as (a) point type. To perform orientation clustering, (b) azimuth and (c) dip information for each point position was also extracted. 
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Figure 9. Fault point groups extracted individually by DBSCAN clustering from original point group data shown in Figure 8a. 
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Figure 10. Results of fault modelling using (a) original fault cube, (b) conventional (automatic) approach, and (c) clustering (the proposed method). Automatic fault extraction methods show low connectivity between fault models; however, the proposed method shows high connectivity with the possibility of individual fault extraction through clustering. 
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