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Abstract

:

The lack of research on fine reservoir structure and sand body patterns in the Jidong Oilfield currently restricts the efficient development of the oilfield. Therefore, this article mainly focuses on the study of the main types of facies of the Shahejie Formation, sand body splicing patterns, and the degree of sand-body connectivity. The interpretation and analysis of well-logging, three-dimensional (3D) seismic, and production data were used to lay the foundation for the study and evaluate the remaining oil distribution. The results indicate that the reservoir sandstones in the study area were mainly deposited in a submerged distributary channel, mouth bar, and distributary channel flank. Using logging information to identify individual sands, a deltaic sand assemblage pattern is proposed by analyzing the sedimentary architecture. In the vertical direction, the deltaic sand body collocation style can be divided into cut-and-stack and separated types. In the lateral direction, the multi-stage sand bodies exhibit three collocation patterns: the side-cutting type, the mouth bar contact type, and the submerged distributary channel flank contact type. The degree of sand-body connectivity under different splicing patterns was analyzed and verified using production dynamic data. It was found that the sand body splicing pattern with a vertical up-cut stack and the sand body splicing pattern with a lateral up-cut had the best inter-sand-body connectivity.
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1. Introduction


Deltaic sedimentary reservoirs are the most dominant types in China’s terrestrial oil- and gas-bearing basins. They account for 54% of the developed petroleum fields [1,2,3]. These reservoirs have been developed and produced over many years but still contain between 16.6% and 36.6% of the remaining movable oil. In contrast, the deltaic foreland sandstones are small in size and fast in facies change. The type of single sand body development, single sand body superposition relationship, and connectivity of the deltaic foreland are poorly understood. The lack of fine reservoir architecture and sand body pattern interpretation restricts efficient oil field development [4,5,6].



Reservoir architecture refers to different reservoir units’ shape, scale, direction, and superposition relationships [7]. Research on reservoir architecture is critical to oil field development, especially in finding remaining oil in near-field exploration and improving oil recovery. Integrating seismic, logging, and core data combined with modern sedimentary outcrop profiles is the main approach used to study the sand bodies of the deltaic foreshore. Nevertheless, the sand connectivity between the wells in the study area is complex, and the actual production needs can no longer be met by logging and seismic data alone. It is necessary to combine actual production dynamics data to compensate for the poor prediction accuracy of inter-well sand bodies and enhance the study of inter-well residual oil enrichment areas [8,9,10,11,12].



The study of sand-body connectivity is of great significance for characterizing reservoir heterogeneity [13,14], reservoir simulation [15], and predicting the distribution of remaining oil [16]. There are various methods for studying sand-body connectivity, such as using inter-well stratigraphic correlation and tracer tracking to investigate sand-body connectivity [17,18] and utilizing seismic reflection amplitude characteristics to study the internal connectivity of reservoirs [19,20]. Hu Zongquan (2003) evaluated sand-body connectivity through single-well statistical analysis, multi-well inter-well log interpolation, and sand-body comparison methods [21]. Wen Zhigang (2004) applied a chromatographic fingerprinting technique to study the fluid connectivity between inter-well layers [22]. Liu Chuanqi (2008) studied the connectivity of sand bodies in the Bohai A Oilfield through logging information, multi-seismic attribute clustering analysis, and other methods [23]. Lei Yuhong (2013) determined the connectivity of sand bodies using production dynamic data and combined analysis of crude oil full hydrocarbon gas-phase chromatographic fingerprinting characteristics [24]. Wang Haigeng (2014) comprehensively analyzed the connectivity of sand bodies using seismic data and introduced the concept of the injection–production connectivity rate to quantitatively describe sand-body connectivity [25]. However, the aforementioned methods also have limitations. For instance, studying the connectivity of sand bodies using tracer tests requires the appropriate selection of tracers and injection methods, which may be constrained by geological conditions and environmental factors such as tracer mobility and stability. The tracer tracking method relies on the accurate collection of tracer arrival time data, a process that can be affected by measurement errors and data interpretation, consequently introducing uncertainty into the obtained results. Similarly, studying reservoir connectivity using seismic reflection amplitude characteristics relies heavily on the quality of seismic reflection data. If the data quality is poor or affected by noise interference, it can potentially impact the accurate characterization of reservoir connectivity.



The Shahejie Formation in the Liuzhong Oilfield of the Nanpu Depression, China is characterized by a large thickness (1350 m) and rapid lateral and vertical changes. There are a few contrasting marker layers. Multiple phase faults intersect each other due to complex tectonics. The sand bodies represent small-scale fan delta (single layer thickness 2–7 m) and rapid facie changes. The reservoir distribution is influenced by multiple phases of reservoir formation and oil and gas enrichment patterns are complex with large differences between the planar and vertical distribution. In addition, the oil–water system is complex, with no unified oil–water interface. After years of development, the reservoir has entered an extraordinarily high water production stage. The remaining oil enrichment area of the complex fault block reservoir is unknown. The sand connectivity between the wells is unknown, and the control mechanism of sand distribution on the remaining oil distribution needs to be urgently identified [26,27,28,29].



Therefore, reservoir architecture and connectivity analysis are essential. In this study, an integrated inter-well analysis method was used to combine static and dynamic data. Static geological research was conducted to establish sedimentary facies models, and the distribution characteristics of sedimentary facies were studied by integrating the dynamic data. The analysis of the contact relationships of architecture units in both the vertical and planar directions was carried out. Based on dynamic production data, the connectivity analysis of sand bodies was conducted to validate the correctness of the static geological research.




2. Geological Overview


The Liuzhong Oilfield is located in the Liuzan Oilfield in the Caofeidian District, Tangshan City, Hebei Province, China, and it is one of the three main development areas of the Liuzan Oilfield. The Liuzhong Oilfield occupies approximately 90 km2, and it is located in the Liuzan tectonic zone in the northeastern part of the Nanbu Depression, connected to the Shichang Depression to the north, bounded by the Baigezhuang Fault to the east and adjacent to the Gao Shangbao formation to the west (Figure 1). The main body of the Shahejie Formation in the Liuzhong Oilfield is a condiment anticline divided by normal faults. The area is intersected by 16 main developed normal faults with northeast and northwest orientations. The currently developed oil and gas reservoirs are mainly the Liu 1, Liu 90 South, Liu 90 North, Liu 28-1, Liu 2, and Liu 18 fault blocks, a total of six fault blocks [30,31,32,33,34,35,36] (Figure 1).



The stratigraphy of the Liuzhong Oilfield is relatively well understood, with thick layers of Middle and Cenozoic strata developing above the crystalline base of the Archaean. The Paleoproterozoic is the period of rift development in the Nanbu Depression. The Shahejie Formation is the thickest stratigraphic unit. The Shahejie Formation and the Dongying Formation are both disconformities. The Shahejie Formation is about 42 million years old. The area is located in the subduction zone of the Baigezhuang orthotropic fault. It had a sufficient sedimentary material supply from the northeast-trending Ma Touying Bulge and developed a near-sourced lacustrine fan-deltaic sedimentary system. The Shahejie Formation can be divided into three segments, with the sedimentary thickness of the Sha3 segment being about 1200 m, which can be subdivided into five subsegments. The Sha3 Formation and the Sha2 Formation are disconformities. The sedimentary rocks of the Sha3 Formation mainly consist of gravelly sandstone, dark, gray, red mudstone, and Grayish-black mud, interbedded with thin sandstone and oil shale (Figure 2).




3. Materials and Methods


The data used in this study include well-log curves, stratigraphic data, and core and experimental assay data from 243 wells in the Liuzhong Oilfield. Well-log curves from 243 wells, including the gamma-ray log curves (GR) and deep investigate double lateral resist (RLLD) and spontaneous potential log curves (SP), were used in our analysis. In addition, suction fluid data from 15 wells, monitoring data from three tracer well sets, production dynamics data from 61 wells, and basic information such as 3D seismic data covering the whole area were utilized in the study evaluations. According to spectrum analysis, the main frequency of the seismic data of the target layer in the study area was 27 Hz, and the frequency width was 9 to 67 Hz [37]. The facies were initially identified from the core. The base-level cycle was identified and compared using logging data and Integrated Prediction Error Filter Analysis (INPEFA) [38,39,40,41,42,43,44].



This article divides sedimentary microfacies through a combination of seismic, core, and logging methods. Moreover, based on the relationship between the sedimentary characteristics of single-channel sand bodies and logging responses, identification indicators for single sand bodies were established. Based on modern sedimentary models, different types of sand body stacking patterns were summarized, and the connectivity of sand bodies was analyzed and verified using tracers, providing guidance for subsequent development and production.




4. Results


4.1. Sedimentary Phase Classification


The VI oil group of Es34 subsegments in the study area is well developed in the gray and black mud intercalated oil shale with a distinct seismic response. Using this as a marker layer, the seismic section (Figure 3) provides evidence that there is a distinct foregrounding reflection feature away from the Baigezhuang fault, representing subphase deposition at the front edge of the fan delta.



Studying cores from seven conventional coring wells in the Liuzhong Oilfield (Figure 4), with a cumulative core length of 483.3 m, allowed us to identify that the mudstone color was overwhelmingly gray and light green, with more developed charcoal and iron nodules (Figure 4a,b), reflecting an above-water-submerged transitional depositional environment. The top is a pale white medium-to-fine sandstone to gray-green siltstone (Figure 4c). The sedimentary architectures indicate fluvial and wave origin, such as interlocking laminations and scour surface development (Figure 4d). Coarse-grained sediments such as gravels are common at the base (Figure 4e), with poor sorting and moderate rounding.



Integrating various data such as the depositional background, seismic response characteristics, and core observation results allows us to identify that during the Shahejie Formation’s deposition, the Liuzhong Oilfield was the main depositional area of the delta-front surfaces. The delta-front mainly contains three types of sand bodies: distributary channels, mouth bars, and submerged divergent channel flanks. The sedimentary characteristics of the three sand bodies are summarized below.



4.1.1. Distributary Channel Sand Bodies


The sand body of the distributary channel is mainly gravelly sandstone and medium and coarse sandstone. Massive and parallel laminations and scouring architectures are common. Positive rhythms developed vertically, and more uniform rhythms and erosional surfaces are evident at the base. The natural gamma curve appears as a medium-to-high amplitude bell, compound bell, or tooth box (Figure 5a). Distributary channels along the front edge of the delta often diverge in the direction of the sedimentary source, with multiple phases of terminal distributary channel development. Distributary channel sands are dendritic and ribbon-shaped in the map view. The distributary channel sand bodies are larger in size near the source, with thicknesses ranging from 2 to 8 m and an average thickness of 4.2 m.




4.1.2. Mouth Bar Sand Bodies


The mouth bar sand bodies are mainly fine-grained sandstones, commonly blocky laminated, interbedded, and undulating. They show anti-rhythmic or relatively homogeneous complex rhythmic features, with a funnel-shaped natural gamma curve response and common dentition (Figure 5b).




4.1.3. Distributary Channel Flank Sand Bodies


The distributary channel flanks are mainly siltstone and fine-grained sandstone. They are commonly interbedded and parallel laminated, with a low amplitude bell-shaped or finger-shaped natural gamma-ray (GR) curve response, indicating the boundary of the submerged distributary channel, with thin sand bodies, generally less than 3 m (Figure 5c).





4.2. Single Sand Body Identification and Stacking Style


Limited by seismic accuracy, this paper identifies the sedimentary unit interface mainly by applying logging information, establishing single sand body identification markers based on the relationship between the sedimentary characteristics of the single channel sand body and the logging response, and delineating the single sand body in the composite sand body. It is mainly based on the following.



	(1)

	
Differences in elevation







Sedimentary paleomorphology controls the differences in water bodies’ energies in different submerged distributary channels, which developed at different times. Within the same stratigraphy, there is an elevation difference between the sand bodies of the two channel phases (Figure 6). The single sand bodies of different channels are discerned by the difference in elevation at the top of the sand bodies.



	(2)

	
Differences in microfacies







Two submerged distributary channels developed simultaneously, with fine-grained siltstone or mudstone developing between the channels (Figure 7). The fine-grained deposits in the inter-divergent bays are one of the markers that delineate the sand bodies of the different submerged distributary channels.



	(3)

	
Differences in logging curve characteristics







Differences in hydrodynamic conditions and variability characteristics within different submerged distributary channels result in different sedimentation grain sizes and rhythms, manifesting as marked differences in the magnitude or shape of the curves. For example, in II 1-3 (Figure 8), the gamma-ray (GR) curves in Wells L1-25 and L1-12 exhibit a toothed bell pattern. In contrast, the GR curves in Wells L1-37 and L1-26 have a boxy morphology, with no dentition in the curves and a significant return in the middle. Two different channels intersect between Wells L1-12 and L1-37.



	(4)

	
“Thick–thin–thick” pattern of the sand body







From the center to the edge of the channel, the thickness of the underwater distributary channel sand body gradually decreases. In the same stratigraphic unit, underwater distributary channel sand bodies appear continuously, and the thickness is characterized by a “thick-thin-thick” pattern. There must be a channel boundary between the two channels. In the process of lateral stacking of different watercourses, the logging curve presents a clear reflection, mainly due to the return phenomenon of the natural gamma curve with increased value at the cut stack position (Figure 9).




4.3. Distribution Characteristics of Microfacies in the Whole Area


We analyzed the development and combination of microfacies based on the recognition results of single-well microfacies. The results show that the proportion of underwater distributary channels is the highest in the Liuzhong Oilfield, followed by the mouth bars. The typical funnel-shaped curve combination style at the lower part and the bell-shaped curve combination style at the upper part (Figure 10a) reflect the “Upper channel and Lower Bar” mode of “up-front and down-reverse” (Figure 10b).



The sediments of the Shahejie Formation in the Liuzhong Oilfield originate from the northeast Matouying uplift, forming the fan delta-front sand body. Compound banded channel sand body is developed in the near end, GR curve is in positive rhythm. Mouth bars are developed far from the source area, and the curves are mostly in a reverse rhythm or a homogeneous rhythm, with a tongue-like to flower-like distribution (Figure 11). The sand body of the mouth bar is mainly distributed in a large area with a contiguous shape, and it has a drilling rate of more than 30% and a thickness of 4–5 m.



The vertical evolution of the microfacies of the target layer in the whole area mainly shows two types of characteristics (Figure 12). The terrain dip angle was relatively gentle during the sedimentation period of the Es35–Es33 subsegments. The sedimentary water system was far away from the lake basin. The sediments have good gradation and fine septicity of grains.



The drilling rate of the mouth bar is low, averaging 20%, and is distributed on both sides of the channel. The mouth bar shows finger propulsion, such as VIII 2-1 (Figure 13a) and III 3-3 (Figure 13b). During the sedimentation period of the Es35–Es33 subsegments, the terrain was steep, the settlement rate was fast, and the handling distance of debris was short. The sorting property was poor, and the fan size was large. The drilling rate of the mouth bar is high, averaging 40%, which shows blossom distribution, such as II 1-1 (Figure 13a) and I 2-1 (Figure 13b).





5. Discussion


5.1. Sand-Body Connectivity


Frequent channel oscillations and diverse sand stacking styles have formed complex sand-body connectivity relationships [45,46]. In this paper, the connectivity of the sand body is analyzed vertically and laterally, which lays a foundation for evaluating the injection–production relationship of the development’s well pattern and for analyzing the water drive of the reservoir.



5.1.1. Vertical Connectivity of the Sand Body


Vertical connectivity refers to the connection between several adjacent single sand bodies vertically. In the Liuzhong Oilfield, the average content of the filler is 5.5%, the cement content is low, and the cementation is weak. The subaqueous distributary channel is highly hydrodynamic, and the lithology is predominantly coarse-grained gravelly sandstone or massive coarse sandstone.



The connectivity of the tangential superposition sand body is good. The later stage of the channel development completely flushes the fine-grained material from the top of the sand body of the earlier stage channel. The gravelly sandstones with good physical properties at the base of the channel sand bodies are in complete contact vertically, forming interconnected seepage units, with a high degree of vertically connected channel sand bodies in the two cut and stacked phases (Table 1).



Separate sand bodies are not connected. The fine-grained argillaceous sediments in the interdistributary area act as a seepage barrier between the sand bodies, leaving no contact or disconnection between the two single sand bodies (Table 1). Stabilized mud deposits act as a longitudinal barrier separator. Under the combined production and injection method of oil recovery, there are large inter-stratigraphic conflicts due to differences in permeability. The residual oil is easily reached within relatively low permeability layers.




5.1.2. Lateral Connectivity of the Sand Body


Lateral connectivity refers to the connectivity between the adjacent single sand bodies in the plane. The lateral connectivity of a single sand body in contact with different microfacies is different. It affects the displacement path of injected water, thus controlling the remaining oil distribution [47].



Integrating the microfacies’ distribution characteristics with the superimposition style of lateral single sand bodies allowed us to conclude that there are two kinds of lateral contact relationships between adjacent single sand bodies. Two single-channel sand bodies are directly tangent, or the single-channel sand bodies are connected laterally by other microfacies sand bodies. The following two aspects are discussed in detail: the connectivity relationship between different single-channel sand bodies and the relationship between single-channel sand bodies and inter-channel sand bodies.



	(1)

	
Connectivity of different single-channel sand bodies







The distributary channel undergoes constant bifurcation, crossings, and diversions as it moves forward, often with the superposition of another single-channel sand body. Different single-channel sand bodies are in direct contact on the plane, and the overlap pattern of a single sand body is of the side-cutting type.



The lithology of underwater distributary channels is mainly sandy conglomerate, gravelly sandstone, and sandstone. The underwater distributary channel is shown as a “flat top and convex bottom” in the section. When two single-channel sand bodies are directly tangential, it is generally considered that the two single sand bodies are in a connected state (Figure 14, Table 2). The higher the degree of lateral overlap, the better the development of fluid seepage channels and the stronger the connectivity.



	(2)

	
Connectivity of sand body in different microfacies







The sediments of the mouth bars are mainly fine-grained sandstone, often developed with cross-bedding and wavy bedding. The permeability of these sediments is low. When mouth bar sand bodies develop between two single-channel sand bodies, it usually indicates weak connectivity (Figure 14 and Table 2).





5.2. Production Dynamic Verification of Connectivity


Production dynamics information can effectively verify sand connectivity between wells. Tracer test data were used to verify the accuracy of our observations on the connectivity of different sand stacking patterns between the wells in the study area by comparing and analyzing the degree of tracer effectiveness of the good groups.



5.2.1. Well Group Tracer Effectiveness Analysis


This paper analyzes the effectiveness of the tracer in the good group using the II 1-4 to II 2-3 substrate of Well L28-11 and Well L28-5 injection and extraction well pairs as an example (Figure 15).



The II 1-5 layer is a submerged distributary channel sand body contacting the side-wing sand body. Well L28-11 has an accumulated water absorption of 0.7 × 104 m3, i.e., low water absorption.



The II 2-1 layer is the contact between the submerged distributary channel sand body and the mouth bar sand body. Well L28-11 has an accumulated water absorption of 7.3 × 104 m3, and Well Liu28-5 has a 26.8% liquid yield. The tracer is effective, and the sand bodies between the wells are in a weak state of connectivity.



There are two single sand bodies in the II2-2 layer. The lower sand body is pinching out of the estuary bar sand body, and the upper sand body is a side-cut superimposed pattern of the underwater distributary channel sand body.



Well L28-11 has an accumulated water absorption of 3.2 × 104 m3, and Well L28-5 has a 73.2% liquid yield. The tracer is effective, which proves that the sand bodies between the wells are connected.



The II 2-3 layer is the sand body of the mouth bar and the sand body of the channel flank in different periods. An insufficient tracer proves that no contact occurs between the sand bodies, and the inter-well sand bodies are not connected.



Comprehensive analysis shows that the two peak times of the tracer occur in the II 2-2 and II 2-1 layers (Table 3). The II 2-2 layer has good inter-well connectivity, high water absorption, and a high liquid production ratio. The water drive speed of the tracer is faster than that of the II 2-1 layer.




5.2.2. Dynamic Verification of Sand Body Overlay Style and Connectivity


Based on well group tracer analysis, the relationship between overlapping patterns and connectivity of sand bodies is verified by overlapping microfacies map of small layer sediments. The effectiveness of the tracer indicates that the sand bodies between wells are connected [48,49,50,51,52,53,54,55].



Taking layer II 2-2 as an example (Figure 16), there are four tracer well groups in this layer. Comprehensive analysis shows the following.



The injection wells in the same channel are connected with the monitoring wells, such as Well L28-3 and Well L28-9, Well L28-4 and Well L28-2, and Well L28-11 and Well L28-2. The tracer effectiveness between injection and monitoring wells shows that the sand bodies between the wells are not connected for the injection–production well pairs in different channels separated by sand bodies at the edge of the underwater distributary channel. Examples include Well Liu28-11 and Well Liu28-6, and Well Liu28-11 and Well Liu28-9.



The distributary bay mudstone is developed between Well L28-3 and Well L28-1. Hence, the sand bodies are not in contact with each other. There is no fluid connection between the wells.



The present study has certain limitations in the analysis of sand-body connectivity using tracers, based on architecture analysis. For instance, the tracer tracking method may encounter issues such as dispersion, degradation, or adsorption of tracers in the subsurface environment, resulting in the uneven distribution of the tracers, potentially affecting the accurate assessment of sand-body connectivity. Furthermore, the tracer tracking method necessitates the accurate collection of tracer arrival time data, a process that can be influenced by measurement errors and data interpretation, thereby introducing uncertainty into the obtained results.



Reservoir connectivity research plays a significant role in oil and gas exploration and development. In the future, with the continuous development of science and technology, research can be conducted in the following aspects: (1) Currently, reservoir connectivity research mainly focuses on the macroscopic scale. In the future, it is anticipated that with the development of nanotechnology and microscopic experiments, research can be further expanded to smaller scales. This will contribute to a better understanding of reservoir pore structure and fluid transport mechanisms; (2) With the development of digital technology, it is expected that more reservoir data will be collected and processed digitally, enabling more accurate reservoir modeling. Digital reservoir modeling can better depict the connectivity characteristics of reservoir sand bodies, which can help optimize oil and gas development and production plans; (3) In the future, reservoir connectivity research can leverage techniques such as artificial intelligence and big data analysis. By processing massive amounts of data and establishing more accurate predictive models, the precision and effectiveness of the research can be further improved. Overall, future reservoir connectivity research will be more refined, digitized, and intelligent, providing more accurate and efficient solutions for oil and gas exploration and development [56,57,58,59,60,61,62,63,64].






6. Conclusions


In this study, the delta sandstone reservoir architecture and connectivity in the Liuzhong Oilfield of the Nanbao Sag were studied using 3D seismic and logging data. The Shahe Street Formation is divided into 10 oil groups, 22 sand groups, and 113 sub-layers. The delta-front reservoir sands in the target section of the study area were mainly deposited in the submerged divergent channel, mouth bar, and distributary channel flanking depositional microphases. Using logging information to identify individual sand bodies, a deltaic sand assemblage pattern was proposed by analyzing depositional formations.



In the vertical direction, the deltaic sand body collocation styles can be divided into cut-and-stack types and separated types. In the lateral direction, the multi-stage sand bodies exhibit three collocation patterns: the side-cutting type, the mouth bar contact type, and the submerged distributary channel flank contact type. In the vertical direction, the tangential stacked sand assemblage pattern has good connectivity. In comparison, the laterally tangential sand assemblage pattern has the best connectivity, followed by the mouth bar contact pattern, and the submerged distributary channel flank contact pattern has the worst connectivity.
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Figure 1. Map of the tectonic position of the Liuzhong Oilfield. 
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Figure 2. Stratigraphic division of the Paleocene System in the Liuzhong Oilfield. 
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Figure 3. Pro-gradational reflection characteristics of the seismic section along the sediment source direction. 
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Figure 4. Core photographs show Shahejie Formation in the Liuzhong Oilfield: (a) carbon chip, Well L31-4, 3253.22 m; (b) ferruginous nodules, Well L31-4, 3252.20 m; (c) gray-green muddy siltstone, Well L17-9, 2595.41 m; (d) interlocking stratigraphy, Well L1-13, 2927.53 m; (e) medium gravel, Well L2, 2952.52 m. 
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Figure 5. Response characteristics in logging of sedimentary microfacies in the Liuzhong Oilfield: (a) type of distributary channel curve; (b) type of mouth bar curve; (c) type of distributary channel flank curve. 
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Figure 6. Elevation difference of a single channel of the Liu 1 fault block. 
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Figure 7. Inter-channel deposition of a single channel of the Liu 1 fault block. 
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Figure 8. Differences in curve characteristics of a single channel of the Liu 1 fault block. 
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Figure 9. “Thick-thin-thick” phenomenon of single channel boundary of the Liu 1 fault block. 
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Figure 10. Deposition pattern diagram: (a) combination mode of “Upper channel and Lower Bar”; (b) sand body contact relationship of “Upper channel and Lower Bar”. 
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Figure 11. Plane distribution of microfacies and plane superposition diagram of sand body microfacies of I1-3 in the Liuzhong Oilfield: (a) plane superposition diagram of the sand body; (b) plane distribution of microfacies. 
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Figure 12. Sedimentary model of the Liuzhong Oilfield. 
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Figure 13. Distribution of microfacies in the Liuzhong Oilfield: (a) VIII 2-1 depositional microphase diagram; (b) II 1-1 depositional microphase diagram. 
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Figure 14. Lateral contact pattern and connectivity pattern of a single sand body in the study area. 
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Figure 15. Tracer monitoring analysis of Well Liu 28-11 and Well Liu 28-5. 
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Figure 16. Connectivity superposition analysis of tracer monitoring results and microfacies in II 2-2 of the Liu 28-1 fault block. 
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Table 1. Classification of the vertical connectivity of single sand bodies in the study area.
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	Styles of Vertical Stacking
	Diagram of Stacking Style
	Classification of Sand Connectivity





	Vertical tangential

superposition
	[image: Energies 17 00115 i001]
	Connectivity



	Vertical isolation
	[image: Energies 17 00115 i002]
	No connectivity










 





Table 2. Classification of plane connectivity of single sand body in the study area.
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	Lateral Stacking Style
	Diagram of the Lateral Stacking Style
	Degree of Connectivity





	Side-cutting type
	[image: Energies 17 00115 i003]
	Connected



	Mouth bar

contact type
	[image: Energies 17 00115 i004]
	Weakly connected



	Flanking contact

type
	[image: Energies 17 00115 i005]
	No connectivity










 





Table 3. Tracer water drive speed of Well Liu 28-11 and Well Liu 28-5.
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Injection Well

	
Monitoring Well

	
Layer

	
Peak Time (d)

	
Water Drive Speed (m/s)






	
L28-11

	
L28-5

	
II 2-2

	
73

	
1.5




	
II 2-1

	
101

	
1.1
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