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From accumulation mechanisms and the identification of effective faults, hydrocarbon distribution in slope areas of petroliferous basins is assessed. In this study, we superimpose two methods to develop a set of key methods, which can identify effective faults for hydrocarbon accumulation in slope areas. The first of this set of methods includes locating the distribution area of the connected sand bodies and paleotectonic ridges overlying the formation where the sand bodies are located, which aids determining the lateral migration path of hydrocarbons in slope areas. The second set of methods includes identifying the lateral sealing parts of faults that are oriented perpendicular or oblique to the channel sand bodies, thereby determining the faults that are effective for hydrocarbon accumulation. By applying these methods, we identify the effective faults in the first member of the Nantun Formation (K1n1) on the Wunan slope of the Wuerxun Depression in the Hailar Basin. The results show that the effective faults in K1n1 are located mainly in its middle and northern parts, with a few distributed in the south-central part. This is conducive to reservoir development, since hydrocarbons which were generated in the western trough source rocks of K1n1, accumulated in the nearby trap formed from a suitable configuration of the fault and sand body of K1n1. This is consistent with previous exploration data, and the observation that hydrocarbons discovered in K1n1 on the Wunan slope are mainly distributed in the middle and northern parts of the region, and a small amount occur in the south-central part. The results show that this set of methods is feasible for determining effective faults for hydrocarbon accumulation in slope areas.
Keywords: slope area, hydrocarbon accumulation, effective faults, determination method, wunan slope area, the 1 st member of the nantun formation (K1n1)
INTRODUCTION
Research on hydrocarbon exploration in the slope areas of petroliferous basins has expanded considerably in recent years. The results suggest that in slope areas, the distribution of hydrocarbons is influenced by its lateral migration path and controlled by whether or not faults are sealed, the relationship between these faults and the spread of the river channel sand bodies, as well as the relationship between the faults and the lateral migration path of the hydrocarbons. Sealed faults along hydrocarbon migration pathways that are oriented perpendicular or oblique to the channel sand bodies are effective in reservoir formation; other faults are not considered as effective for hydrocarbon accumulation.
Recently, multiple studies have attempted the identification of effective faults for hydrocarbon accumulation in slope areas; these studies adopted a similar methodology. For example, Jin (2012), Henares et al. (2014), Zhu et al. (2015), Li et al. (2017), Meng et al. (2020a) and Yang et al. (2020b), made predictions of the argillaceous content of fault rocks by assessing fault distance in the target formation, as well as the thickness of the faulted rock formation and their argillaceous content. Studies also assessed the lateral sealing of faults according to the predicted relative value of the argillaceous content of the fault rocks (Lyu et al., 2016; Fu et al., 2012; Fu and Zhan, 2016; Wang et al., 2017). Other studies focused on two aspects—the distribution of the sand body connection area and oil–gas potential field at the top of the formation, which were then combined to predict the lateral migration path of hydrocarbons in the slope area (Zhou et al., 2006; Wang et al., 2009; Fu and Wang, 2018a; Wang et al., 2018b; Fu and Wang, 2019); the relationship between the lateral migration path of the hydrocarbons and the distribution of faults were used to identify the effective faults for hydrocarbon accumulation. A common observation from these studies is that faults located only along the lateral migration path of hydrocarbons are effective for hydrocarbon accumulation. This has contributed to an improved understanding of the regularity of hydrocarbon distributions in slope areas of petroliferous basins and improved hydrocarbon exploration practices.
However, the distribution of hydrocarbons in slope areas is affected not only by fault sealing and lateral migration path distribution, but also by their spatial configuration, in addition to the spatial configuration of the fault orientations and the orientation of the channel sand bodies. Relatively few field-based studies of effective faults for hydrocarbon accumulation in slope areas combine these influences in their assessments. Most studies are limited to the spatial configuration between sealed faults and the lateral migration path of hydrocarbons (Fu et al., 2014; Wu et al., 2015; Hu et al., 2018) and do not consider the configuration between sealed faults and the orientation of channel sand bodies. Thus, these results do not accurately reflect the hydrocarbon distribution in slope areas; this makes hydrocarbon exploration practices uncertain and risky. Effective fault determination methods for hydrocarbon accumulation in slope areas is important for correct understanding of the hydrocarbon distribution in slope areas and for guiding the exploration.
IDENTIFYING EFFECTIVE FAULTS FOR HYDROCARBON ACCUMULATION IN SLOPE AREAS
Exploration studies show how hydrocarbon generated from source rocks in sag areas move along a lateral migration path in a sand body to slope areas under the effect of buoyancy. Hydrocarbons accumulate in traps formed by a suitable configuration of the lateral migration path of hydrocarbons with the fault and sand body; no hydrocarbons accumulate if the configuration of the trap consists of just the fault and sand body. Most fault and sand body traps form as a result of the perpendicular or oblique intersection of sealed faults and channel sand bodies. Therefore, only sealed faults that are perpendicular or oblique to the channel sand bodies and located in the lateral migration path of the hydrocarbons could stop their lateral migration. This would allow the hydrocarbons to accumulate in traps formed by suitable configurations of the fault and sand body (Figure 1A). If sealed faults, perpendicular or oblique to the channel sand bodies, are not located along the lateral migration path of the hydrocarbons, they would not accumulate in the fault—sand body configuration (Figure 1B). This analysis demonstrates that only sealed faults located in the lateral migration path of hydrocarbons, and oriented perpendicular or oblique to channel sand bodies, are effective faults for hydrocarbon accumulation in slope areas. If any these three conditions are not met, the fault is not considered effective for hydrocarbon accumulation in slope areas.
[image: Figure 1]FIGURE 1 | Schematic of typical faults for hydrocarbon accumulation in a slope area; (A) Effective faults for hydrocarbon accumulation; (B) Non-effective faults for hydrocarbon accumulation.
METHOD OF DETERMINING EFFECTIVE FAULTS FOR HYDROCARBON ACCUMULATION IN SLOPE AREAS
To determine the effective faults for hydrocarbon accumulation in slope areas, the lateral migration path of hydrocarbons in the slope areas and the distribution of the sealed faults are identified. Configuring them could help determine the effective faults for hydrocarbon accumulation.
To determine the lateral migration path of hydrocarbons in slope areas, the areal distribution of the connected sand body in the target layer and the distribution of paleotectonic ridges overlying the sand body are confirmed first. When superimposed, they demarcate the lateral migration path of hydrocarbons in the slope area. A distribution map of sand ratio of the formation in the target formation is made from drilling data—specifically, the sand ratio of the formation at known wells and the characteristics of the hydrocarbon in the sand body. From this, the minimum sand ratio of the formation in which the sand bodies are located in the hydrocarbon distribution area is taken as the minimum sand ratio of the formation required for sand body connection (Zhang et al., 2018). Encircling the area where the sand ratio of the formation is larger than the minimum sand ratio of the formation required for sand body connection, gives us the sand body connection area (Figure 2). The paleo-burial depth of the formation top where the sand body occurs is reconstructed by the paleo-burial depth reconstruction method (Fu et al., 2021) to estimate the paleo-burial depth during hydrocarbon accumulation. The hydrocarbon paleo-potential energy is calculated from Eq. 1 to create a paleo-potential energy distribution map (Figure 2). The distribution of paleotectonic ridges overlying the formation where the sand body is located can be obtained by the hydrocarbon paleo-potential energy isoline method (Figure 2). The lateral migration path of hydrocarbons in the slope area is obtained by superimposing the above-mentioned sand body connection area with the distribution of paleotectonic ridges overlying the formation where the sand body is located (Figure 2).
[image: image]
where: [image: image] is the paleo hydrocarbon potential energy value of the fault plane (KJ); [image: image] is the gravitational acceleration (m/s2); [image: image] is the ancient burial depth of the fault plane (m); [image: image] is the fluid pressure of the fault plane (MPa), obtained from [image: image] [image: image], where [image: image] is the formation water density (g/cm3); [image: image] is the hydrocarbon density (g/cm3).
[image: Figure 2]FIGURE 2 | Schematic determining the lateral migration path of hydrocarbons in a slope area.
To determine the distribution of sealed effective faults, it is necessary to determine the distribution of the sections of the faults that are laterally sealed and the distribution of faults that are oriented perpendicular or oblique to the channel sand bodies. For this, the distribution of faults developed in the target formation of the slope area is interpreted from 3D seismic data, the fault distance in the target formation, and the thickness and argillaceous content of the rock formation being faulted. The argillaceous content of faults at different sites is calculated from Eq. 2; thus, the argillaceous content of the fault rocks at all known wells in the study area is estimated, as well as the displaying features of the hydrocarbon in nearby target formations. The minimum argillaceous content of fault rocks in the hydrocarbon distribution area is taken as the minimum argillaceous content of fault rocks required for hydrocarbon accumulation through faults (Fu and Hu, 2016). Sealed fault sites typically have greater fault rock argillaceous content than the minimum argillaceous content of fault rocks required to trap hydrocarbons.
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Where [image: image] is the fault rock shale content (%); [image: image] is the [image: image] faulted strata thickness (m); [image: image] is the [image: image] faulted strata shale content (%); [image: image] is the number of layers of the faulted strata; [image: image] is fault displacement (m).
Research on sedimentary microfacies in the study area help determine the direction of the spread of channel sand bodies. The orientation of fault extensions developed within the target formation are acquired by interpreting the above-mentioned 3D seismic data. The distribution of faults that are perpendicular or oblique to the channel sand bodies are obtained by combining the direction of the spread of channel sand bodies with the orientation of fault extensions. When the distribution of the sealed part of the faults are superimposed over faults that are perpendicular or oblique with the channel sand bodies, the parts that overlap mark the distribution area of the effective faults that seal-in the hydrocarbons (Figure 1). Superimposing the distribution of the lateral migration path of the hydrocarbons in the slope area and the distribution of effective faults which seal them in, the sealed faults that are located both on the lateral migration path of the hydrocarbons, and are perpendicular or oblique to the channel sand bodies are the effective faults for the accumulation of hydrocarbons (Figure 1).
FEASIBILITY STUDY FROM THE WUNAN SLOPE
The methods discussed in this paper were applied to the first member of the Nantun Formation (K1n1) on the Wunan slope of the Wuerxun Depression in the Hailar Basin. We examined the potential of this method in determining the effective faults for hydrocarbon accumulation in the Wunan slope area by correlating the results from this sample study with the currently known distribution of hydrocarbons in the area.
The Wunan slope area is located to the east of the troughs in the southern part of the Wuerxun Depression. It includes three tectonic units—ring depressions, slope breaks, and slope areas (Figure 3). Currently, the Wuerxun Depression is the focus area for hydrocarbon exploration. The stratigraphy of this area includes, from bottom to top, the Lower Cretaceous Tongbomiao Formation, the Nantun Formation, the Damoguaihe Formation and the Yimin Formation, the Upper Cretaceous Qingyuangang Formation, with thin Cenozoic strata (Figure 3). A large volume of the hydrocarbons occur in K1n1; they originate from the lower source rocks in K1n1 of the western trough. In planar view, the hydrocarbons are mainly distributed near the faults in the slope area of the ring depressions and slope breaks, but not all faults in the slope area host hydrocarbons. This is mainly controlled by the distribution of the effective faults for the hydrocarbon accumulation. To guide the hydrocarbon exploration in K1n1 in the Wunan slope area requires accurate identification of the effective faults for hydrocarbon accumulation.
[image: Figure 3]FIGURE 3 | (A) Structural and (B) stratigraphic characteristics of the Wunan slope area.
The typical structure of hydrocarbon reservoirs corresponds well with the accumulation model for hydrocarbons trapped in K1n1 along the Wunan slope. Here, the hydrocarbons generated from the source rocks in the lower part of K1n1 in the western trough migrate upward through the oil source faults. These faults not only connect the source rocks in the lower part of K1n1 with the K1n1 reservoir, they were active at the end of the sedimentation period of the Yimin Formation which marks the hydrocarbon accumulation period. Since they are blocked by the regional mudstone caprock of the first Member of the Damoguaihe Formation (K1d1), the hydrocarbons laterally migrate to the K1n1 reservoir and laterally, to its slope area. They accumulate, finally, in the trap formed by a suitable configuration of the fault and sand body, and form a reservoir (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic of the hydrocarbon accumulation model for the first member of the Nantun Formation (K1n1) in the Wunan slope area.
The sand ratio of the formation for the two oil formations in K1n1 are obtained from the drilling data. When combined with the hydrocarbon distribution for the Nantun Formation in this area (Figure 5A), the minimum value of sand ratio of the formation required for sand body connection is estimated to be about 19%. The distribution of the sand body connection area for these two oil formations in the Wunan slope area is also obtained (Figure 5B, Figure 5C). Except for a part of the central area, Figure 5B clearly shows that sand bodies of oil formation Ⅰof K1n1 in the Wunan slope area are all connected. The sand bodies of oil formation Ⅱ of K1n1 are also connected, except for parts of the central and northeastern area (Figure 5C). The burial depth of the top of the K1n1 formation is obtained from the paleo-burial depth reconstruction method (Fu et al., 2021) and corresponds to the paleo-burial depth of formation during the hydrocarbon accumulation period, i.e. the late sedimentary period of the Yimin Formation (Fu et al., 2013). The hydrocarbon paleo-potential energy value is calculated from Eq. 1. The distribution of the paleotectonic ridges that overlie the formation where the sand bodies are located is obtained from the hydrocarbon paleo-potential energy field. The distribution of the lateral migration paths of the hydrocarbons in K1n1 is obtained by superimposing the distribution of the sand body connection areas of K1n1 in Wunan slope area with the distribution of the paleotectonic ridges overlying the formation where the sand bodies are located (Figure 6). This figure suggests that there are seven lateral migration paths, from west to east, in the Wunan slope area. The three lateral migration paths of the hydrocarbon extend northward, and the four lateral migration paths of the hydrocarbon extend southward.
[image: Figure 5]FIGURE 5 | Determination of sand body connection distribution area for the first member of the Nantun Formation (K1n1) in the Wunan slope area; (A) The determination chart of the minimum value of the ratio of the sand and formation required for sand body connecting distribution in the Nantun Formation; (B) The sand body connecting distribution in oil formation Ⅰ of K1n1; (C) The sand body connecting distribution in oil formation Ⅱ of K1n1.
[image: Figure 6]FIGURE 6 | Distribution map with the lateral migration path of hydrocarbons in the first member of the Nantun Formation (K1n1) in the Wunan Slope Area; (A) Oil formation Ⅰ; (B) Oil formation Ⅱ.
The faults developed within K1n1 in the Wunan slope area are interpreted from 3D seismic data (Figure 7); the data suggests that a majority of the faults are oriented NW, a few are oriented NEE, and a small number are oriented in the N–S direction. Apart from in the western area, the faults are well-developed and widely distributed; the average density of faults is 0.4–0.5 per km. The fault distance in K1n1, the thickness of the rock formation and the argillaceous content (SGR) of the faulted formations are estimated from this 3D seismic data. Eq. 2 is used to calculate the argillaceous content of the faults in K1n1; the minimum argillaceous content of fault rocks required for hydrocarbon accumulation is estimated to be about 18%— from the relationship between the argillaceous content of the fault rocks at all known wells and the distribution of hydrocarbons in the area (Figure 8A). The fault lateral sealing of K1n1 in the Wunan slope area is evaluated accordingly (Figure 8B); it can be seen that almost all the faults are laterally sealed except for a few in the north.
[image: Figure 7]FIGURE 7 | Fault distribution map of the first member of the Nantun Formation (K1n1) in the Wunan slope area.
[image: Figure 8]FIGURE 8 | Evaluation map of lateral fault sealing of the first member of the Nantun Formation (K1n1) in the Wunan slope area; (A) The minimum argillaceous content of fault rocks required to close the fault; (B) The distribution of lateral sealing faults.
Sedimentary microfacies studies in the region suggest that the orientation of the channel sand body spread in the Wunan slope area is NNE (Figure 9). This is compared with the fault distributions that are perpendicular or oblique to channel sand bodies in the Wunan area (Figure 7 and Figure 9). The results show that the faults in K1n1 that are perpendicular or oblique to the river channel are mainly oriented NW and near-N–S; a few are oriented in the NE direction (Figure 10). Faults perpendicular or oblique to the channel sand bodies in the region are widely distributed, except for in the southwestern region—where they are not developed.
[image: Figure 9]FIGURE 9 | Channel sand body distribution map of the first member of the Nantun Formation (K1n1) in the Wunan slope area.
[image: Figure 10]FIGURE 10 | Distribution map of sealed faults in the first member of the Nantun Formation (K1n1) in the Wunan slope area oriented vertical or oblique to the channel sand body.
Effective sealing faults that aid hydrocarbon accumulation in K1n1 are widely distributed in the study area—except in the southwest, where these faults are not developed (Figure 8, Figure 10). The distribution of effective faults for hydrocarbon accumulation in K1n1 in the Wunan slope area are obtained by superimposing the distribution of the hydrocarbon lateral migration paths and the distribution of the effective sealing faults that support hydrocarbon accumulation (Figure 11). It can be seen that the effective faults for hydrocarbon accumulation are mainly distributed in the middle and northern part of K1n1; a comparatively smaller number of faults are distributed in the south-central part. Thus, oil formation Ⅰ has fewer effective faults for hydrocarbon accumulation in K1n1 than oil formation Ⅱ.
[image: Figure 11]FIGURE 11 | Relationship between hydrocarbon accumulating effective faults and hydrocarbon distribution in the first member of the Nantun Formation (K1n1) in the Wunan slope area; (A) Oil formation Ⅰ of K1n1; (B) Oil formation Ⅱ of K1n1.
The hydrocarbons discovered in K1n1 are mainly distributed in the middle and northern part of the Wunan slope area, near the effective faults for hydrocarbon accumulation (Figure 11). Here, hydrocarbons that accumulate near effective faults are obtained from the lateral migration of hydrocarbons from the source rocks of K1n1 of the western trough. Their accumulation is conditional on the configuration of the trap formed by the fault and sand body; they are found by drilling.
CONCLUSION
The lateral migration path of the hydrocarbons in the slope area were determined by identifying the sand body connection area, and the paleotectonic ridges overlying the formation where the sand body is located. By determining the lateral sealing part of the faults and faults that are perpendicular or oblique to the channel sand bodies, the effective faults for sealing hydrocarbons can be determined. The superimposition of these two methods creates a set of key methods to determine the effective faults for hydrocarbon accumulation in slope areas.
These methods were applied to effective faults determination in the Wunan slope area of the Wuerxun Depression in the Hailar Basin. The effective faults in K1n1 were identified mainly in the middle and northern part, with a smaller number distributed in the south-central part. This is conducive to hydrocarbon accumulation from the source rocks in K1n1 in the western trough given the nearby trap formed from fault and sand body configurations. This result is consistent with the discovery of hydrocarbons in K1n1 in the Wunan slope area, i.e., hydrocarbons are mainly located in the middle and northern part, and with a smaller volume in the center of the southern part.
These methods could be applied to sandy mudstone petroliferous basins to identify effective faults for hydrocarbon accumulation in slope areas.
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