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The Sichuan Basin is China’s largest natural gas-producing basin and presents significant challenges for deep oil and gas exploration due to its complex geological conditions. Recent studies in the Northeast Sichuan Basin, particularly the Kaijiang-Liangping (KJ-LP) Trough, have identified the presence of strike-slip faults which may influence the deposition of reefs and shoals. Understanding the controlling influence of these fault zones on the distribution and development of hydrocarbon reservoirs is crucial for effective exploration. Traditional fault identification methods are less effective due to the weak seismic response in this area, which results from the complex geological conditions and lack of dissolution cavities. Predicting fault-related fractures remains a key challenge. To address these challenges, this paper proposes a novel fault characterization approach using the Gradient-Driven Signed Pressure Force (G-SPF) Active Contour Model (ACM), an image-processing-based boundary identification technique. The method begins by selecting tensor and symmetry as the primary optimization attributes. Gradient information is then integrated into the ACM to improve the vertical continuity of fault identification. Finally, a two-step iterative process is employed to separately characterize the fault core and damage zone, improving fault zone delineation. The improved methodology significantly enhances strike-slip fault zone characterization. The results also reveal that strike-slip fault zones serve as vertical migration pathways for deep-source hydrocarbons and they facilitate the lateral migration from source rocks within the trough. By integrating structural analysis with sedimentary characteristics, this study highlights the critical role of strike-slip fault zones in hydrocarbon migration and accumulation.
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1 INTRODUCTION
The Sichuan Basin is China’s largest natural gas-producing region, with significant exploration potential. However, the geological resource exploration rate currently remains at only 18.8% (Yang et al., 2023; Deng et al., 2024). The successful exploration of strike-slip fault-controlled reservoirs in the Tarim Basin (Neng et al., 2022; Ning et al., 2022; Zeng et al., 2024) has increased interest in similar fault systems within the Sichuan Basin. In recent years, a series of strike-slip faults have been identified in the Northeast Sichuan Basin (Wu et al., 2023; Liu et al., 2024), an area where reef-shoal reservoirs are also widely developed (Liu et al., 2017; Long et al., 2020). Investigating the relationship between strike-slip fault zones and reef-shoal reservoirs can guide more efficient and effective exploration efforts in this area.
Strike-slip faults, characterized by horizontal displacement and nearly vertical fault planes, typically have a central fault core sur broader damage zones (Kim et al., 2004; Choi and Kim, 2009; Tang et al., 2022; Silva et al., 2024). The deformation and strain behaviors of these two regions exhibit distinct characteristics (Chester et al., 1993; Torabi et al., 2019; Torabi et al., 2020; Torabi et al., 2021). It is challenging to characterize the strike-slip faults in seismic data due to their limited vertical displacement. Conventional methods for identifying faults typically rely on seismic interpretation and fault attributes such as curvature, coherence, variance, and dip analysis (Zalán, 1987; Pu et al., 2018; Yuan et al., 2021; Brito et al., 2023; Oliveira et al., 2024; Tian et al., 2024). To improve detection accuracy, recent studies have introduced several innovative approaches: Sun et al. (2023) proposed a seismic tensor thickness method to optimally identify strike-slip fault damage zones; Wang et al. (2022) utilized the multi-filtering process and the maximum likelihood method to identify small faults; Cui et al. (2022) applied hybrid attributes and neural networks to enhance imaging of strike-slip faults. However, most studies on strike-slip faults have concentrated on Western China, such as the Tarim Basin, with limited research on the Sichuan Basin. Unlike the fault-karst structures in Tarim, strike-slip faults in Sichuan exhibit weaker seismic responses (Li et al., 2024). As porosity and permeability in fault zones significantly impact reef and shoal gas reservoirs (Garland et al., 2012), accurately characterizing the spatial distribution of strike-slip fault zones in Sichuan is critical for advancing fault-controlled reservoir studies.
Given these challenges in characterizing strike-slip fault zones, advanced imaging techniques like the Active Contour Model (ACM) offer promising tools for more precise boundary identification. The ACM works by evolving curves or contours to detect object boundaries by minimizing an energy function (Kass et al., 1988). It is commonly categorized into two classes: edge-based model (Kichenassamy et al., 1995; Malladi et al., 1995; Caselles et al., 1997; Li et al., 2007) and region-based model (Ronfard, 1994; Chan and Vese, 2001). The edge-based model relies on image gradients to locate boundaries and Shafiq et al. (2015) proposed an edge-based geodesic active contour to segment salt dome. In contrast, region-based models focus on the statistical properties of regions rather than edge gradients. To address cases with weak or complex boundaries, Zhang et al. (2010) proposed the Signed Pressure Force (SPF) ACM, which combines the strengths of both edge-based and region-based approaches.
In this paper, to improve strike-slip fault detection in the Northeast Sichuan Basin, we propose a Gradient-Driven Signed Pressure Force (G-SPF) model. This model takes advantage of the nearly vertical planes characteristic of strike-slip faults and incorporates gradient information within the SPF model to enhance vertical continuity. By integrating seismic attributes with the G-SPF model, we can obtain a clearer spatial distribution of fault zones, which allows us to discuss the relationship between hydrocarbon accumulation and strike-slip fault zones.
2 GEOLOGICAL BACKGROUND
The Sichuan Basin, located in southwestern China, is one of the largest natural gas-rich basins. According to the latest oil and gas resource assessment results released in 2023, the natural gas resources in the Sichuan Basin amount to 38.19 trillion cubic meters (38.19 × 1012 m³) (Deng et al., 2024). This huge resource is the result of the complex tectonic process. The basin is situated on the western margin of the Yangtze Plate and has experienced multi-stage tectonic movements, including collisions with neighboring tectonic blocks such as the Qiangtang and the North China Plate. These tectonic activities have facilitated the generation, migration, and accumulation of oil and gas by modifying geological structures, creating storage spaces, and forming sealing traps.
The Kaijiang-Liangping (KJ-LP) Trough, located in the Northeast Sichuan Basin, is defined by its NE-SW trending geometry (Figure 1; Wei et al., 2005). The stratigraphy of the KJ-LP Trough is primarily composed of deep-water carbonates and clastic rocks. In the Upper Permian Changxing to the Early Triassic formation, the platform margin is mainly developed with dolomite reefs and beaches, while the interior of the KJ-LP Trough is dominated by siliceous mudstone and shale (Liu C. et al., 2016; Xu et al., 2023).
[image: Figure 1]FIGURE 1 | (A) Location of the Sichuan basin in China. (B) Location of the Kaijiang-Liangping Trough in China. MLS-Mianlue Structure belt, LMST-Longmen Shan Thrust belt, MCST-Micang Shan Thrust belt, DBST-Daba Shan Thrust belt. (C) Distribution map of the sedimentary units in the KJ-LP Trough.
Influenced by the tectonic activities of surrounding plates and regional transgression-regression events, the KJ-LP Trough developed multiple unconformities. These unconformities reflect the complex geological history. The formation timing of the KJ-LP Trough is still controversial. The more widely accepted viewpoint is that the Trough was primarily formed during the Late Permian to Early Triassic (Ma et al., 2006; Liu S. et al., 2016). Since the east side of the KJ-LP Trough formed with faults (Wei et al., 2005), we are more likely to call it an intracratonic rift. It was formed under the control of the “Emei Tafrogeny” and the subduction of the Mianlue Ocean in the north (Liu et al., 2015; Mo et al., 2019; Liu et al., 2021). During the late Middle Permian, under the activity of basement fault blocks, the intra-platform depression formed by differential uplift of strata (Wu et al., 2019; Wang et al., 2021).
Northeast and Central Sichuan Basin both belong to the western margin of the Yangtze Plate, and have undergone similar plate tectonic movement. However, the KJ-LP Trough is close to the Qinling Fold Belt and the Mianlue Suture Zone (Figure 1B), which adds to the complexity of strike-slip fault development. The evolution of strike-slip faults in Northeast Sichuan is likely to be more complex than those in Central Sichuan. It undergoes at least four stages. During the late Sinian, depressions such as the Deyang-Anyue Depression developed under the extensional environment (Gu et al., 2021; Ma et al., 2023; Wu et al., 2023). The area was subjected to oblique extensional stress, and high-angle strike-slip faults gradually formed along pre-existing basement weaknesses. In the Early Cambrian to Ordovician, the tectonic setting changed from the extensional to the compressional (Liang et al., 2023; Ma et al., 2023). The scale of the stress was limited, and the activity of the strike-slip faults was weak. However, parts of the faults were reactivated and grew upward (Wu et al., 2023). In the Late Permian to Early Triassic, the Mianlue Ocean subducted (He et al., 2011; Feng et al., 2021), and the KJ-LP Trough developed along the northwest direction. The strike-slip faults gradually reactivated and experienced minor extensional movement. In the Middle and Late Triassic, the Indonesian Movement caused significant uplift and erosion in Western Sichuan (Li et al., 2003), leading to strong strike-slip fault activity. These faults developed along pre-existing fault zones. The deformation intensity was strong and positive flower structures formed under strong oblique compression (Li et al., 2024; Liu et al., 2024; Wu et al., 2024). After the Triassic, strike-slip fault activity mostly ceased, with only minor reactivation observed in localized areas.
3 SEISMIC RESPONSE OF STRIKE-SLIP FAULTS
The characterization of strike-slip faults is closely linked to the fault zone width. To explore the seismic responses of fault zones with varying widths, we use a forward model to study their different seismic responses. However, given the structural complexity of strike-slip fault zones, as well as imaging challenges related to resolution, signal strength, and other factors, the forward model may not fully capture real seismic responses. Therefore, we complement the model analysis with actual seismic data, aiming to identify and summarize the diverse seismic responses associated with strike-slip faults.
3.1 Seismic forward model of strike-slip faults
We create a seismic forward model of faults with varying widths using the acoustic wave equation. The velocity values used in the models were referenced from real well logs, and the corresponding velocity values were listed on the right side of the model (Figure 2A). In our seismic forward modeling, the source spacing was set to 40m, and the receiver spacing was 25 m. A Ricker wavelet with a dominant frequency of 25 Hz was used as the source wavelet. The Kirchhoff post-stack depth migration (PSDM) was used to process the data.
[image: Figure 2]FIGURE 2 | (A) Velocity models for faults with different widths. (B) Forward Modeling Results of Pre-Stack Depth Migration.
The width of a strike-slip fault zone is likely related to its degree of activity, with wider fault zones typically indicating stronger tectonic movements or multi-phase tectonic deformation. Forward modeling reveals several key insights about the behavior of strike-slip fault zones (Figure 2B). Weak reflections, bending, or deformation of seismic events are the primary indicators of fault presence. As the fault zone width increases, the seismic responses become more pronounced, with enhanced weak reflection features at the fault zones. This suggests a direct correlation between the width of anomalous bands and fault zone width, supporting the potential for characterizing strike-slip fault zones through seismic data. Additionally, shallow layers are particularly sensitive to multiples, which can complicate fault detection. In regions with weaker amplitudes, identifying faults becomes challenging unless supported by stronger events from adjacent layers. Finally, overlapping fault zones can create complex geological structures, further complicating the interpretation of seismic waveforms and reflections.
3.2 Seismic response
According to the evolution periods we discussed above, the strike-slip faults in the Sichuan Basin were deep-rooted structures developed since the Sinian. These faults are characterized by their high-angle, roughly near-vertical fault planes.
Through the analysis of seismic data, we identify six different types of seismic responses in the Northeast Sichuan Basin (Figure 3). The most significant type is the weak amplitude type (Figure 3A), which is characterized by low seismic amplitudes at fault zones, with reflections almost blank. And this weak amplitude exhibits vertical continuity. Another type is marked by chaotic reflections (Figure 3B), which may indicate a wider and more complex fault zone. These two types provide a more overall response. However, when we focus on the details of reflection events, we can identify more detailed features: some reflection events are broken with vertical displacement (Figure 3C), others show differences in the number of events on either side of the fault (Figure 3D), and in certain areas, flexure of reflection events can be seen (Figure 3E). All the above five types have obvious discontinuity. The most difficult type to identify is the flexure of events without displacement (Figure 3F), which only manifests as a slight bulge in the reflection events.
[image: Figure 3]FIGURE 3 | Different seismic responses of strike-slip faults in the Northeast Sichuan Basin: (A) weak amplitude type, (B) chaotic reflections type, (C) break of events type, (D) varying number of events type, (E) flexure of events with displacement type and (F) flexure of events without displacement type.
4 METHODS
The general workflow of the proposed method is shown in Figure 4. We first extract tensor and symmetry attributes, preprocess the data, and calculate their gradients. These values are then fed into the G-SPF iterative process, where the contour is updated in each iteration. If the result does not converge, the computation steps are repeated. Once convergence is achieved, the contour for the first G-SPF is output, representing the boundary of the fault damage zones. This contour is then used as the initial boundary for the second iteration, and the attribute values are reset based on the newly obtained contour. After the second G-SPF iteration, we get the boundary of the fault core. The detailed techniques of the method are outlined in the following sections.
[image: Figure 4]FIGURE 4 | Workflow for characterization of strike-slip zones.
4.1 Attributes for strike-slip fault identification
4.1.1 Tensor
The structure tensor represents the gradient information of a point within a defined neighborhood, indicating continuity in the gradient direction. It can be expressed as a matrix. The rank of a matrix reflects the number of indices required to describe it.
For 3D seismic data, the structure tensor is represented as Equation 1.
[image: image]
Here, [image: image] and [image: image] are partial derivatives along the x, y, and z direction
The tensor attribute offers local gradient information and orientation sensitivity, making them effective in detecting areas of discontinuity and delineating fault zones. When the seismic response of strike-slip faults displays weak amplitudes or chaotic reflections, the tensor attributes provide a clear response (Li et al., 2019; Zhang et al., 2024).
On the horizon slice of the tensor attribute (Figure 5), we can observe continuous, banded high-value zones, which represent the strike of the faults. These high values gradually decrease outward from the fault core, with a color gradient transitioning from red to blue using a rainbow color scale, indicating a weakening of discontinuities away from the fault core. The tensor attributes not only characterize the fault strike but also reflect the intensity of activity within the fault zone.
[image: Figure 5]FIGURE 5 | The tensor horizon slice of the Base Permian Liangshan Formation (P1l).
On the seismic profile (Figure 6A), the fault zones are characterized by chaotic reflections, discontinuities in the event alignments, and amplitude attenuation, with these features extending vertically. In the tensor attribute profile (Figure 6B), high values showing nearly vertical extensions that correspond to the faults observed in the seismic profile, highlight the fault morphology. The high values (red color) of the tensor attributes indicate areas of concentrated strain and significant discontinuities, suggesting that these red zones likely represent the fault core. The tensor attribute profile enhances the view of the fault zone’s characteristics, offering deeper insights into the fault’s morphology.
[image: Figure 6]FIGURE 6 | (A) Seismic profile and (B) Tensor attribute of aa’ (the location is shown in Figure 5).
4.1.2 Symmetry
The principle of symmetry in seismic data analysis is based on the concept that a signal remains unchanged under certain transformations, such as rotation or reflection (Manzi et al., 2020; Huang and Wang, 2023). Symmetry is often evaluated over a moving window along seismic traces. The symmetry of the seismic trace s(t) in this case is given by Equation 2.
[image: image]
where [image: image] is the seismic trace at time [image: image], [image: image] is the window size, [image: image] is the index within the window, [image: image] is a tuning parameter to adjust the sensitivity. The window size is typically chosen to be between 1/4 and 1/2 of the signal wavelength to ensure it effectively captures the signal’s periodic variations.
In this formula: S(t) = 1 when the trace is perfectly symmetric, and S(t) = 0 when it is perfectly asymmetric. This attribute focuses on structural continuity, independent of amplitude variations, and helps highlight subtle features in seismic data.
On the symmetry horizon slice (Figure 7), similar to the tensor attributes, anomalous banded zones are observed. However, while the tensor attributes highlight areas of exceptionally high values, the symmetry attribute reveals regions with exceptionally low values. On the seismic profile, the rectangular box in Figure 8A shows a fault with flexure of events but no displacement. In the symmetry profile (Figure 8B), vertical fault bands are visible, whereas the tensor attributes show no response (Figure 8C). This indicates that the symmetry attribute is sensitive to asymmetry in the data, highlighting areas where structural continuity is disrupted, and is effective in revealing subtle features in seismic data. To more accurately characterize strike-slip faults, it is necessary to integrate this approach with the tensor attributes.
[image: Figure 7]FIGURE 7 | The symmetry horizon slice of the Base Permian Liangshan Formation (P1l).
[image: Figure 8]FIGURE 8 | (A) Seismic profile, (B) symmetry attribute, and (C) tensor attribute of BB’ (the location is shown in Figure 7).
4.2 Boundary extraction based on gradient-driven signed pressure force Active Contour Model
Since the strike-slip faults have nearly vertical fault planes, enhancing vertical continuity in their delineation is essential. In this paper, we apply a G-SPF model. The gradient can represent both the direction and intensity changes of attribute values. By integrating the gradient into the energy function, the contour is guided to evolve towards the boundaries of strike-slip faults, enabling more accurate fault zone delineation.
The core of the proposed method involves evolving a contour, represented by a Level Set Function (LSF) denoted as ϕ(x,y), which implicity defines the contour. Specifically, ϕ(x,y) = 0 defines the contour itself, ϕ(x,y) > 0 indicates the inside of the contour, and ϕ(x,y) < 0 marks the outside. The contour evolves iteratively by minimizing a predefined energy function, driving it towards the boundaries of the fault zones.
Let [image: image] be a given attribute, [image: image]. The energy function is shown in Equation 3.
[image: image]
where [image: image] is the LSF, and [image: image] corresponds to the gradient magnitude of the LSF.
The signed pressure force [image: image] is a key term in the evolution and can be expressed as a combination of different attribute forces as shown in Equation 4.
[image: image]
where [image: image] and [image: image] are weight parameters that balance the contribution of each attribute.
The proposed G-SPF model consists of two main components: the Global-SPF, which characterizes the global distribution, and the Gradient-SPF, which incorporates gradient-driven forces for more localized analysis. For each attribute, the [image: image] is further divided into two parts: [image: image] and [image: image], as shown in Equation 5.
[image: image]
The [image: image] is relevant to the values inside and outside the evolving contour and can be expressed as Equation 6.
[image: image]
where [image: image] and [image: image] represent the average values inside and outside the contour, respectively.
The term [image: image] represents the shifted median value which consists of the median value [image: image] and Mean Absolute Deviation (MAD) value.
Attributes used to identify faults actually detect discontinuities. The attribute values in fault zones show significant changes compared to non-fault areas, where the values are more stable and have a broader distribution. Therefore, the attribute data often follows a non-normal distribution and exhibits a large deviation from the median. The MAD is a robust statistical measure that helps us obtain a more stable estimate of the median which can be defined as: [image: image]. Thus, [image: image].
The parameters [image: image] and [image: image] are weight parameters that control the influence of the intensity differences in the Global-SPF. For adaptively update weights during iteration, they are defined as shown in Equation 7.
[image: image]
where [image: image] and [image: image] are the number of pixels inside and outside the evolving contour, respectively.
The [image: image] relies on the rate of change in the horizontal and vertical directions to highlight areas of rapid change in the seismic attribute, guiding the contour evolution toward significant fault zone boundaries. It is defined as shown in Equation 8.
[image: image]
where [image: image] and [image: image] are the gradients of the attribute in the horizontal and vertical directions, respectively. [image: image] and [image: image] are the weight parameters that adapt during the iteration process. Since strike-slip faults are typically characterized by high angles, the weight [image: image], corresponding to the vertical gradient, becomes more significant as the iteration progresses.
By calculating the Euler-Lagrange equation of the Equation 3 and following Fang et al. (2019), the final evolution equation can be expressed as:
[image: image]
4.3 Two-step iterative extraction of fault damage zone and fault core
The fault is not merely a plane but a complex fault zone, consisting of a narrow fault core and broader damage zones on either side (Choi and Kim, 2009; Torabi et al., 2020). The deformation and strain in these two regions behave differently (Chester et al., 1993; Torabi et al., 2019; Torabi et al., 2021). The fault damage zone is more widely distributed, with lower strain intensity and weaker seismic signals, while the fault core shows more intense changes in seismic data. The proposed method applies a two-step iterative process that progressively refines the results, allowing us to approximate both the fault damage zone and the more localized fault core.
In the first iteration, we obtain the fault zone boundary. Following this, the attribute values outside the boundary are adjusted to the average value of the inside region, and this boundary is used as the initial contour for the second iteration. This adjustment effectively smooths the attribute distribution, isolating the region of interest for more refined analysis.
The process then moves to a second iteration, where the modified attributes are fed back into the G-SPF for another round of contour evolution. The G-SPF process iterates again until convergence is achieved, resulting in the extraction of the fault core - a more concentrated zone within the fault system characterized by higher strain and deformation. This two-step process enables a more detailed and focused extraction, first capturing the broader fault damage zone and then producing a more refined result within the fault system.
5 RESULT
In this chapter, we apply the proposed method to seismic data from the Northeast Sichuan Basin and compare results with common attributes to observe the outcomes.
In the variance horizon slice (Figure 9A), high-value banded zones are also observed, but compared to the tensor attribute in Figure 5 and the symmetry attribute in Figure 7, the distribution is more limited, indicating that variance is less effective in identifying fault zones than the other two attributes. The variance attribute captures some of the discontinuities but does not highlight the fault zone as clearly or extensively as the tensor and symmetry attributes do.
[image: Figure 9]FIGURE 9 | (A) Variance horizon slice of the Base Permian Liangshan Formation (P1l). (B) seismic horizon slice of the Base Permian Liangshan Formation (P1l) with detection results from the proposed method.
Among these three different attributes, the tensor attribute highlights areas of deformation, with high values corresponding to regions of significant strain, while the symmetry attribute is sensitive to asymmetry in the data, highlighting areas where structural continuity is disrupted. In contrast, the proposed method, which combines tensor and symmetry attributes along with a two-step iterative process, refines the fault zone boundaries, producing clearer and more focused results (Figure 9B). This method effectively isolates both the damage zones and the fault core, providing a more accurate delineation of the fault structure.
From the profile results, the tensor struggles to identify flexure events without displacement and cannot delineate fault structures, particularly the detailed inner zones (Figure 10A). Symmetry can help with detecting faults that the tensor may fail to capture. However, while it indicates potential fault locations, symmetry tends to capture many subtle features, making it challenging to effectively isolate the primary fault structures (Figure 10B). Variance, as a commonly used attribute for fault detection, can identify discontinuities in stratigraphy but often includes unnecessary features like stratigraphic layers, fractures, or even noise. Moreover, it has difficulty in accurately representing fault structures (Figure 10C).
[image: Figure 10]FIGURE 10 | (A) Tensor profile, (B) symmetry profile, (C) variance Profile, and (D) seismic profile with detection results from the proposed method. The position of the profile is shown in Figure 9.
Figure 10D shows the results of applying the proposed method to the original seismic data. The fault zones are more clearly delineated, with distinct boundaries that outline both the broader damage zones and the narrower fault core. This demonstrates the effectiveness of the two-step iterative method, which refines fault zone contours based on both tensor and symmetry attributes, providing a more precise structural interpretation. By integrating tensor and symmetry attributes with G-SPF, the proposed method improves fault zone extraction accuracy, reducing uncertainty and enhancing the delineation of both the damage zones and fault core.
6 DISCUSSION
6.1 Distribution of strike-slip fault zones
From the identification results (Figures 9B, 11), we observe three NW-trending fault zones, labeled a, b, and c, that appear consistently across different layers. This consistent vertical occurrence of fault zones across layers suggests that these strike-slip faults are deep-seated structures with vertical continuity, indicating structural inheritance. Typically, strike-slip faults tend to show increased fracturing and structural complexity in shallower layers due to accumulated tectonic influences over time (Joussineau et al., 2007; Meng et al., 2023; Guo et al., 2024). In the Permian Liangshan Formation (P1l) (Figure 9B), the fault structures are relatively simple, consistent with general expectations for this depth. However, the Feixianguan Formation (the middle one of these three layers) shows a higher degree of structural fragmentation (Figure 11A). This is particularly pronounced around fault zone b, which developed along the platform margin of the trough. Here, faulting combined with sedimentary processes has resulted in increased structural complexity and fragmentation in this layer. The early developed strike-slip faults could influence or control the development of the platform margin along the trough and have implications for hydrocarbon reservoir distribution. Further upward, in the Xujiahe Formation (Figure 11B), fault zone b exhibits branching with two fault cores, suggesting that a new structural movement occurred after the Feixianguan Formation, leading to the branching of the strike-slip fault in the shallower layers.
[image: Figure 11]FIGURE 11 | Horizon slice of (A) the base of the Triassic Feixianguan Formation (T1f1) and (B) the base of the first member of the Triassic Xujiahe Formation (T3x1), with detection results from the proposed method respectively.
6.2 Hydrocarbon enrichment in strike-slip fault zones
Strike-slip fault zones, due to their complex structural features and dynamic tectonic history, play a crucial role in the migration and accumulation of hydrocarbons. These fault zones, characterized by horizontal displacement and vertical continuity, can create favorable conditions for hydrocarbon entrapment, particularly when they intersect with porous reservoirs or act as barriers to fluid migration. In the Northeast Sichuan Basin, where large-scale reef and shoal reservoirs are present (Liu et al., 2017; Mo et al., 2019; Long et al., 2020), strike-slip fault zones are especially significant. Their influence on the distribution and development of these reservoirs may enhance the accumulation of hydrocarbons, providing critical pathways for fluid migration and trapping.
For example, the well TD110 is located in the platform margin of the KJ-LP Trough (Figure 1C), where gas production from the Changxing Formation reaches up to 493,800 m³/d. Imaging logging and core analysis reveal that the well contains well-developed fractures in multiple directions, including high-angle fractures (Figure 12A, B). Additionally, dissolution pores have formed along these fractures, some of which are filled with calcite (Figure 12C), indicating multi-period fault activity.
[image: Figure 12]FIGURE 12 | Characteristics of imaging logging images (A) and core sample (B, C) from Well TD110.
Detection using the G-SPF method identified a strike-slip fault zone intersecting with the wellbore. The fault zone, when analyzed in conjunction with the distribution of sedimentary facies, provides insight into the migration and accumulation of hydrocarbons. Specifically, the Changxing Formation in TD110 is located in a key position for hydrocarbons to migrate from the Permian-Triassic source rocks in the trough. The strike-slip fault zone not only serves as a conduit for the vertical migration of hydrocarbons from deeper source rocks but also facilitates lateral migration from the trough, creating a two-way hydrocarbon supply (Figure 13). This dual role of the fault zone enhances the connectivity between different reservoirs, ensuring more efficient hydrocarbon trapping and accumulation.
[image: Figure 13]FIGURE 13 | (A) Seismic Profile through Well TD110. (B) Hydrocarbon Accumulation Model of the Trough-Platform Margin Zone. Both the Lower Triassic source rocks in the trough and deeper underlying source rocks supply hydrocarbons to the platform margin zone.
In summary, the strike-slip fault zones in the Northeast Sichuan Basin play a critical role in the distribution and development of the Permian platform margin zones. These deep-seated strike-slip faults provide both structural traps and migration pathways for hydrocarbons, enhancing fluid accumulation and reservoir quality. As demonstrated by the well TD110, the presence of fractures, dissolution pores, and the intersection of fault zones with porous reservoirs make the area highly favorable for hydrocarbon migration and trapping, further solidifying its significance as a hydrocarbon reservoir.
7 CONCLUSION

(1) Forward modeling of strike-slip faults with varying fault throw widths confirms that fault response strengthens as the throw increases. Using 3D seismic data from the Northeast Sichuan Basin, we identify six distinct types of strike-slip fault seismic responses. Among these, five are associated with amplitude variations or vertical displacement, while the most challenging to detect is the flexure of events without displacement.
(2) Our proposed method demonstrates a significantly enhanced fault identification capability compared to using single attributes or the conventional variance method. It provides clearer fault zone boundaries and enables us to quickly distinguish areas with varying fault intensities.
(3) In the Northeast Sichuan Basin, the strike-slip zones in the platform margin act as migration pathways, connecting the underlying deep-source rocks and the Permian-Triassic source rocks within the trough to the reefs. This connectivity enables hydrocarbons generated from both sources to migrate along the faults toward the reefs, thereby facilitating hydrocarbon accumulation in these areas.
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