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Abstract

:

A prediction method of hydrocarbon distribution associated with fault-shale caprock configuration leakages is established through superposing hydrocarbon distribution at deep basin fault-shale caprock configuration leakages, and conducting faults to understand distribution of shallow reservoirs of “lower generation, upper accumulation” in petroliferous basins based on fault-shale caprock configuration leakage mechanism. Prediction of hydrocarbon distribution at the Ed-3 Member in the south of the northern Dagang area of Bohai Bay Basin was used to demonstrate the application of the proposed method. Results show that predicted oil and gas at the Ed-3 Member are mainly distributed in the middle of the north and in the middle of the south edge, where fault-shale caprock configuration leakages in the middle of the Sha-1 Member contributed positively to oil and gas migration from the hydrocarbon reservoir at deep basin to the shallow reservoirs. The prediction matches well with discovered oil and gas in this area, proving the validity of this method.
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1. Introduction


Oil and gas exploration practices suggest that hydrocarbon supply plays an important role in the development and distribution of shallow reservoirs of “lower generation, upper accumulation”, where hydrocarbon migration from the deep to the shallow is significantly controlled by fault-shale caprock configurations. For instance, traps can be effectives ones when they are located at or close to the fault-shale caprock configuration leakages. Hence, accurately predicting positions of fault-shale caprock configuration leakages is critical for shallow oil and gas exploration in petroliferous basins.



Predecessors have studied and discussed oil and gas leakage at fault-shale caprock configurations, which can be summarized as follows. Firstly, oil and gas leakage can occur at fault-shale caprock configurations only when faults are continuously or connected with each other at mudstone shale caprocks [1,2,3,4,5,6,7,8]. Secondly, oil and gas leakage can occur when shale caprock faulted-contact thickness (the difference between shale caprock thickness and fault throw) is lower than the maximum value required for connecting discontinued faults at shale caprocks, which can be used to predict fault-shale caprock configuration leakages [9,10,11,12,13,14]. However, primary positions of upward fault-shale caprock configuration leakages are poorly investigated [15,16,17,18,19], and no work has been performed to superimpose fault-shale caprock configuration leakages, predominant pathways in fault systems, and hydrocarbon distribution at deep basin to seek fault-shale caprock configuration leakages at shallow basin, which brings risks to shallow oil and gas exploration. Therefore, investigating prediction method for fault-shale caprock configuration leakages is of great significance for correctly understanding the distribution of shallow oil and gas reservoirs of “lower generation, upper accumulation” in petroliferous basins, and thus in guiding oil and gas exploration.




2. Mechanism and Distribution of Fault-Shale Caprock Configuration Leakages


Oil and gas can migrate to the shallows through fault-shale caprock configurations when faults are connected at shale caprocks, as shown in Figure 1a. On the contrary, oil and gas cannot migrate to the shallows via faults (Figure 1b).



Oil and gas distributions at shallow basin are commonly coupled by hydrocarbon distribution at deep basin, fault-shale caprock configuration leakage, and predominant pathways in fault systems (Figure 2).




3. Prediction Methods for Hydrocarbon Distribution Associated with Fault-Shale Caprock Configuration Leakages


As shown in the analysis above depicting a hydrocarbon reservoir at deep basin, fault-shale caprock configuration leakage and conducting faults are essential to predict hydrocarbon distribution associated with fault-shale caprock configuration leakages.



Hydrocarbon distribution at deep basin can be divided into two units, i.e., hydrocarbon outside source rocks, and hydrocarbon within source rocks, while the former can be determined with drilling data (Figure 3a). It is approximated that hydrocarbon distribution within source rocks is controlled by connected sand bodies within source rocks, because these sand bodies have the advantage of preferentially capturing oil and gas. Hydrocarbon expulsion thresholds can be identified based on a method proposed by reference [20], with variations of (S1 + S2)/TOC with depth, which can be further used to map distribution of expelled hydrocarbon (Figure 3b). Sand ratios within source rocks can be acquired with drilling data, and the minimum value required for sandstone connection [21] can be used to describe the distribution of connected sand bodies (Figure 3b). Distributions of expelled hydrocarbon and connected sand bodies can be superposed to determine hydrocarbon distribution within source rocks (Figure 3b). Hydrocarbon distributions outside and within source rocks can be superposed to identify hydrocarbon distributions at deep basin (Figure 2).



Current fault throws at shale caprocks, and shale caprock thickness, can be acquired with drilling and seismic data. After that, fault throw and shale caprock thickness during hydrocarbon accumulation can be restored with the maximum fault throw subtraction method [22] and the palaeo thickness restoration method [23]. The shale caprock faulted-contact thickness then can be calculated by subtracting the palaeo fault throw from the palaeo shale caprock thickness. The maximum shale caprock faulted-contact thickness required for connecting discontinuous faults in the shale caprocks can be determined with the method in reference [24]. Finally, the fault shale caprock configuration leakages can be identified through comparing the shale caprock faulted-contact thickness with the maximum shale caprock faulted-contact thickness (Figure 2).



Conducting faults are those both connecting source rocks and reservoirs, and faulting during oil and gas accumulation, which can be determined with seismic data. Fault throws of conducting faults at reservoirs also can be determined with seismic data, and corresponding palaeo fault throws during oil and gas accumulation can be restored via the maximum fault throw subtraction method [22]. Palaeoactivity rate of faults can be calculated through dividing palaeo fault throws by fault activity periods. The minimum activity rate required for faults to migrate oil and gas in the study area can be determined with the method from reference [25]. After that, development positions of conducting faults can be obtained by comparing the activity rate of faults at the study area and the required minimum value (Figure 2).



Oil and gas distribution associated with fault-shale caprock configuration leakages can be mapped through superposing hydrocarbon distribution at deep basin, fault-shale caprock configuration leakages, and conducting faults (Figure 2).




4. Application Example


Taking the south of the northern Dagang area at Qikou Sag in Huanghua Depression of Bohai Bay Basin as an example, this paper used the above method to predict oil and gas leakage from the middle part of the first Member of the Shahejie Formation (Sha-1 Member) to the third Member of Dongying Formation (Ed-3 Member). Predictions were compared with oil and gas discovered in the Ed-3 Member to verify the feasibility of this method.



The south of the northern Dagang area is located in the central and northern parts of Qikou Sag. Structurally, it can be divided into the Qibei sub-sag, the south Dagang buried hill, the southern and central part of north Dagang buried hill, the north of Qibei slope, the southwest of Qikou sag, and the northwest of Chengbei fault-step zone (Figure 4). The strata drilled in this area mainly include the Palaeogene (Kongdian Formation, Shahejie Formation and Dongying Formation), the Neogene (Guantao Formation and Minghuazhen Formation), as well as the Quaternary. Currently, discovered oil and gas are mainly distributed at Shahejie Formation, with a small proportion at Dongying Formation and Guantao Formation, which was mainly derived from the Es-3 Member. The oil and gas generated by the Es-3 source rocks can be accumulated at the Ed-3 Member, which have to migrate through the regional shale caprock at the middle part of the Sha-1 Member. Figure 4 shows that oil and gas discovered at the Ed-3 Member at the south of the northern Dagang area are mainly distributed in the north, with a minor amount in the middle of the south edge. Besides traps and sand bodies, it is mainly controlled by fault-shale caprock configuration leakages at the Sha-1 Member. Therefore, accurately predicting oil and gas distribution at the Ed-3 Member associated fault-shale caprock configuration leakages is critical for oil and gas exploration in the south of the northern Dagang area.



Drillings into reservoirs below the Ed-3 Member are enveloped to represent hydrocarbon outside the source rocks in the south of the northern Dagang area (Figure 5a), which is mainly distributed in most areas except the surrounding area. The hydrocarbon expulsion threshold of the Sha-3 source rocks in the south of the northern Dagang area is about 3500 m, which is used to determine the hydrocarbon expelled distribution at the south of the northern Dagang area. Figure 5b shows that expelled hydrocarbon is mainly distributed in the eastern and central parts. The sand ratios of Sha-3 source rocks are determined with drilling data, while the high is mainly distributed in the east, the north, and the southwest, with values up to 30%. These values decrease to zero towards the northeast, the southwest, and the north. The minimum sand ratio required for sand body connection at the Qikou Sag is about 15% [21], which is used to determine the distribution of connection in the Sha-3 source rocks in the south of the northern Dagang area (Figure 6). Most sand bodies within Sha-3 source rocks are connected, except sand bodies at the northeast, the southern edge, and the central part of the west. The distributions of expelled hydrocarbon and connected sand bodies are superposed to map hydrocarbon accumulations within source rocks (Figure 5b). After that, the hydrocarbon accumulations outside and within source rocks are enveloped to describe distribution of hydrocarbon reservoirs below the Ed-3 Member. Figure 5c shows that hydrocarbon is widely distributed in the south of the northern Dagang area, except local positions, e.g., the north, the west, and the southwest edge.



Faults connecting the Sha-3 source rocks and the Ed-3 Member in the south of the northern Dagang area are identified based on seismic data, while active ones during hydrocarbon accumulation, i.e., middle to later Minghuazhen period [26,27], are considered as conducting faults. Figure 7 shows that conducting faults at the Ed-3 Member in the south of the northern Dagang area are mainly distributed in the east, with minor faults in the north and in the south. Fault throws at the Sha-1 shale caprocks and thickness of corresponding shale caprocks are acquired with 3D seismic data, which are used to restore palaeo fault throws and palaeo shale caprock thickness during the middle to later Minghuazhen period [22,23]. Subsequently, the palaeo fracture thickness is calculated by subtracting the palaeo fault throw from the palaeo shale caprock thickness. Fault-shale caprock configuration leakages in the middle part of Sha-1 Member are determined, with the maximum shale caprock faulted-contact thickness required for connecting discontinuous faults at shale caprocks in Qikou Sag of 170–180 m [24], which is mainly distributed in the middle of the north and the south edge.



Current fault throws of conducting faults at the Ed-3 Member in the south of the northern Dagang area are calculated with 3D seismic data, which is used to restore ancient fault throws during oil and gas accumulation period [22], e.g., the middle and late Minghuazhen period. They are then divided by fault activity period to determine the paleoactivity rate. Predominant pathways in fault systems at the Ed-3 Member are determined using the required minimum fault activity rate at Qikou Sag of 4 m/Ma [25], and are primarily developed at the middle of the north and at the middle of the south edge.



Hydrocarbon distribution at the Ed-3 Member in the south of the northern Dagang area can be mapped through superposing hydrocarbon distribution below the Ed-3 Member, fault-shale caprock configuration leakages at the Sha-1 Member, and conducting faults at the Ed-3 Member (Figure 4). As Figure 4 shows, hydrocarbon at the Ed-3 Member is mainly distributed in the middle of the north and at the middle of the south edge.



Figure 8 suggests that oil and gas discovered at the Ed-3 Member are mainly distributed in the middle of the north and in the middle of the south edge. It matches well with the fault-shale caprock configuration leakages at the Sha-1 Member, indicating that these positions have high-quality conducting faults connecting below hydrocarbon accumulation and reservoirs at the Ed-3 Member.




5. Discussion


As the most common structure in petroliferous basins, faults are very key to oil and gas accumulation, and oil source faults are an important channel for oil and gas migration [28,29,30,31,32,33]. However, due to the limited oil and gas generated by the source rocks in the study area during the period of fault activity, it cannot meet the needs of shallow oil and gas accumulation, and there should be oil and gas reservoirs (i.e., early formed oil and gas reservoirs) under it. Petroleum geologists put forward the concept of a “transfer station” of oil and gas migration. The research on the “transfer station” of oil and gas migration can be summarized in the following three aspects: first, study the existence of the “transfer station” of oil and gas migration according to the distribution relationship between source rocks, faults and sand bodies [34]; second, use various geochemical means to study the relationship between shallow oil and gas reservoirs and oil and gas “transfer stations” [35]; and third, by studying the role of a “transfer station” in shallow oil and gas accumulation, study its favorable position for supplying oil and gas to shallow layer [34]. As for whether the transfer fault can supply oil and gas, the main consideration is to consider the relationship between several reservoir-forming elements such as source rock, fault, and sand body in the transfer fault. Predecessors have carried out some research and discussion on this subject, which can be summarized in the following three aspects: first, study the oil and gas migration conditions of the transfer fault according to the coupling relationship between the transfer fault and source rock and sand body [36]; second, study its oil and gas migration capacity according to the differences of shallow transfer fault activities [37]; and third, study the oil and gas supply period of shallow transfer faults according to the relationship between the activity period of transfer faults and the hydrocarbon expulsion period of source rocks [38]. The fault zone has a complex internal structure [39,40,41,42,43], and different parts develop different degrees of connectivity. Therefore, not all parts of the fault can migrate oil and gas. There are dominant oil and gas migration channels in it; not all cover-breaking configurations can leak oil and gas upward. Where did oil and gas leak to the upper reservoir during fault activity? Where is the favorable location for shallow oil and gas accumulation? Previous studies have mainly considered the influence of active fault parts and source rock hydrocarbon expulsion distribution areas on the vertical migration of oil and gas in Qikou Sag, but there are few studies on the leakage parts of fault cap configuration, let alone on the favorable parts of vertical migration of oil and gas. This paper innovatively brings fine research of the lower oil and gas reservoir into broader research on the prediction method of the main parts of upward leakage oil and gas in the fault cap configuration. The prediction results are consistent with the actual situation, which shows that this method is feasible. Furthermore, this method also has certain limitations, which is valid to predict oil and gas accumulating at shallow reservoirs of “lower generation, upper accumulation” associated with fault-shale caprock configuration leakages in petroliferous basins.




6. Conclusions


	(1)

	
The hydrocarbon distribution associated with fault-shale caprock configuration leakages is jointly determined by hydrocarbon accumulation at deep basin, fault-shale caprock configuration leakages, and predominant pathways in fault systems. The more developed they are, the more favorable it is for the lower oil and gas to accumulate and form reservoirs in the shallow layer. On the contrary, it is not conducive to oil and gas accumulation.




	(2)

	
A determination method for oil and gas distribution at shallow basin is established through superposing oil and gas accumulation at deep basin, fault-shale caprock configuration leakages, and conducting faults. It is demonstrated by predicting hydrocarbon distribution at the Ed-3 Member in the south of the northern Dagang area.




	(3)

	
Predicted oil and gas distribution at the Ed-3 Member in the south of the northern Dagang area are mainly occurred in the middle of the north and in the middle of the south edge. This matches well with discovered oil and gas in this area.




	(4)

	
This method is valid to predict oil and gas accumulating at shallow reservoirs of “lower generation, upper accumulation” associated with fault-shale caprock configuration leakages in petroliferous basins.
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Figure 1. Schematic diagram showing mechanism of fault-shale caprock configuration leakages. (a) Occurrence of fault-shale caprock configuration leakage. (b) No occurrence of fault-shale caprock configuration leakage. 
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Figure 2. Schematic diagram showing determination of oil and gas distribution at shallow basins associated with fault-shale caprock configuration leakages. 
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Figure 3. Diagram of identifying oil and gas distribution at deep basin. (a) Hydrocarbon distribution outside source rocks. (b) Hydrocarbon distribution within source rocks. 
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Figure 4. Coupling of fault-shale caprock configuration leakages at the Sha-1 Member and discovered oil and gas at the Ed-3 Member in the south of the northern Dagang area. 
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Figure 5. Oil and gas distribution in the lower section of the Ed-3 Member in the south of the northern Dagang area. (a) Hydrocarbon reservoirs outside source rocks in the lower section of the Ed-3 Member. (b) Hydrocarbon reservoirs within source rocks in the lower section of the Ed-3 Member. (c) Oil and gas distribution at the lower section of the Ed-3 Member. 
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Figure 6. Connected sand bodies in Sha-3 source rocks in the south of the northern Dagang area. 
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Figure 7. Distribution of fault-shale caprock configuration leakages at the middle part of Sha-1 Member in the south of the northern Dagang area. 
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Figure 8. Distribution of the predominant pathways in fault systems at the Ed-3 Member in the south of the northern Dagang area. 
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