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Shale oil and gas fields usually contain many horizontal wells. The key of 3D structural modeling for shale reservoirs is to effectively utilize all structure-associated data (e.g., formation tops) in these horizontal wells. The inclination angle of horizontal wells is usually large, especially in the lateral section. As a result, formation tops in a horizontal well are located at the distinct lateral positions, while formation tops in a vertical well are usually stacked in the same or similar lateral position. It becomes very challenging to estimate shale layer thickness and structural map of multiple formation surfaces using formation tops in horizontal wells. Meanwhile, the large inclination angle of horizontal wells indicates a complicated spatial relation with shale formation surfaces. The 3D structural modeling using horizontal well data is much more difficult than that using vertical well data. To overcome these new challenges in 3D structural modeling using horizontal well data, we developed a method for 3D structural modeling using horizontal well data. The main process included 1) adding pseudo vertical wells at formation tops to convert the uncoupled formation tops to coupled formation tops as in vertical wells, 2) estimating shale thickness by balancing the shale thickness and dip angle change of a key surface, and 3) detecting horizontal well segments landing in the wrong formations and adding pseudo vertical wells to fix them. We used our improved method to successfully construct two structural models of Longmaxi–Wufeng shale reservoirs at a well pad scale and a shale oil/gas field scale. Our research demonstrated that 3D structural modeling could be improved by maximizing the utilization of horizontal well data, thus optimizing the quality of the structural model of shale reservoirs.
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INTRODUCTION
After over 20 years of the rapid development of hydraulic fracturing in horizontal wells, many shale oil and gas fields exist, most of which are in the United States, Canada, and China (EIA, 2019; IEA, 2019). Horizontal well drilling, as one of the main techniques, opens the door for the commercial shale oil and gas production and has been extensively implemented in the shale play core areas, such as the Barnett Shale in northwestern Texas (Jarvie et al., 2007), the Marcellus Shale in southwestern Pennsylvania (Carter et al., 2011; Wang and Carr, 2013), the Utica-Point Pleasant Shale in eastern Ohio (Shahkarami and Wang, 2017), and the Wufeng–Longmaxi Shale in the Sichuan Basin (Wang, 2015). Data, including wire line logs, formation tops, well location, and well trajectory, in horizontal wells are critical for evaluating the properties of shale reservoirs. For 3D structural modeling, formation tops are the predominant data. However, the horizontal well formation top data have distinct features compared to vertical wells due to the large inclination angle of horizontal wells (Figure 1). The horizontal location of formation tops in one horizontal well is far from each other, while it is the same or similar in vertical wells (Figure 1). This raises new challenges for constructing a 3D structural model of shale reservoirs (Wang et al., 2018a; Qiao et al., 2018; Long et al., 2019; Shu et al., 2020).
[image: Figure 1]FIGURE 1 | Comparison of formation tops and wellbore trajectory characteristics in horizontal wells and vertical wells.
Wang et al. (2018b) developed a method of adding pseudo vertical wells (PVWs) to convert formation tops in each horizontal well to more formation tops in multiple PVWs based on the shale layer thickness. This provides more control points for constructing a high-quality 3D structural model of shale reservoirs. Qiao et al. (2018) used a similar idea to build 3D structural models by transforming horizontal wells into multiple equivalent vertical wells. However, both of them did not provide details of their methods, such as how to add these PVWs and how to transform horizontal wells to multiple vertical wells. Meanwhile, shale thickness data are critical to add formation tops in PVWs, but there is rarely a published method concerning the estimation of shale formation thickness using horizontal well data. In addition, the laterals of horizontal wells are approximately parallel to the formation surfaces and could penetrate through the formation surfaces up and down multiple times, forming a complicated relationship between horizontal wells and formation surfaces. Therefore, it is not surprising that some horizontal wells are located in the wrong formations of the constructed 3D structural model. This causes it necessary to develop a method to effectively detect these errors in the 3D structural model and fix these errors.
The research aimed to present a comprehensive and effective method for 3D structural modeling using data mainly from horizontal wells. In this study, we first discussed the data features in horizontal wells for 3D structural modeling and the main issues using horizontal well data to construct 3D structural models. Then, the developed method for 3D structural modeling using horizontal well data were illustrated in detail and its effectiveness was demonstrated by constructing two 3D structural models of the Wufeng–Longmaxi Shale in the Jiaoshiba area, eastern Sichuan Basin. Finally, an uncertainty source, a level, and a method to reduce these uncertainties were discussed for 3D structural modeling using horizontal wells.
DATA CHARACTERISTICS AND ISSUES
Uncoupled Formation Tops and Abnormal Thickness
The essential purpose of 3D structural modeling is to simultaneously implement spatial interpolation of elevation for multiple formation surfaces to generate a framework for the target formations within the study area. As a result, the spatial distribution of formations, including the formation surface structure and formation thickness, is estimated. In a specific vertical well, all formation tops are in the same or a similar horizontal position (Figure 1). For spatial interpolation using data in vertical wells, the control points from these coupled formation tops are distributed similarly for different formation surfaces within the study area. However, formation tops from horizontal wells are uncoupled, locating at different positions in the same horizontal well. This causes it a challenge to ensure these formation surfaces are coupled with each other because the position distribution of control points can significantly influence the spatial interpolation (Stein, 1999). This influence could be more considerable when the amount of control points is limited. Unfortunately, formation tops are usually scattered in most hydrocarbon reservoirs, and the uncoupled formation tops could cause many severe problems in the 3D structural modeling of shale reservoirs.
The generated formation surfaces using these uncoupled formation tops in horizontal wells are either too close to each other, intersected, or too far away (Figure 2). In the upper part of shale reservoirs, horizontal wells usually intersect with formation surfaces with a large angle (e.g., >70o) so that formation tops in horizontal wells have a similar distribution feature as those in vertical wells (Figure 2). Meanwhile, a structural map of any formation surfaces, interpreted from either seismic data or other geological sources, could be used as a soft constraint of the spatial interpolation, providing the regional dip angle information. This can mitigate the problem of the abnormal thickness in the upper part of shale reservoirs. Therefore, the issue of abnormal thickness is less serious in the upper part of shale reservoirs. But this issue becomes common in the formations penetrated by horizontal laterals (usually the lower part of shale reservoirs) in which the formation tops, far away from each other laterally, are uncoupled (Figure 2). Although structural maps may exist, using structural maps of formation surfaces as a soft constraint fails to mitigate the abnormal thickness resulting from the uncoupled formation tops.
[image: Figure 2]FIGURE 2 | The abnormal thickness in the lower part of the 3D structural model of the Wufeng–Longmaxi Shale reservoir in the Jiaoshiba area. (A) Cross section along the well JY-a; (B) cross section along the well JY-b.
The Large Wellbore Inclination and Incorrect Landing Formation
The formation tops divide the well trajectory into multiple segments and each segment lands in a specific formation, which is named landing formation in this research. The landing formation data are along well trajectory, including the location (X and Y) and formation ID (Table 1). In an individual vertical well, the horizontal location of landing formations is the same as or similar to their formation tops (Figure 1). Therefore, the formation tops in vertical wells usually ensure the vertical wells landing in the correct formations in the 3D structural model. However, landing formations and formation tops in horizontal wells are usually at different horizontal locations. It is common that some segments of horizontal wells land in the incorrect formation in the constructed 3D structural model, especially in the segments with relatively large inclination (e.g., >70o) and limited control from formation tops. In 3D structural modeling for shale reservoirs, it is critical to ensure all well segments land in the correct formation. Therefore, the landing formation data serve as a soft constraint to check errors within the 3D structural model and provide the necessary data to fix these errors.
TABLE 1 | Example of Landing Formation Data and the Inferred Elevation Range of the Landing Formation Top. The data in gray-filled cells are for the added pseudo vertical wells.
[image: Table 1]METHODOLOGY
To construct a high-quality 3D structural model for shale reservoirs using horizontal well data, we need to deal with the uncoupled spatial interpolation and the incorrect landing formation. For the uncoupled spatial interpolation of multiple formation surfaces, our approach is to convert the uncoupled formation tops to the coupled formation tops by adding pseudo vertical wells at formation top data (PVW-As) in all horizontal wells (Wang et al., 2018b; Figure 3). The elevation of formation tops in these PVW-As can be calculated using the elevation of the formation top at the intersection point and the thickness of shale layers (Figure 3A). The uncoupled formation tops in horizontal wells become coupled after adding formation tops in these PVW-As for all formations, fixing the uncoupled spatial interpolation. Now, the problem is that the thickness of shale layers is unknown. Therefore, in this method, the key is to estimate the thickness of all shale layers.
[image: Figure 3]FIGURE 3 | Pseudo vertical wells added at formation tops (PVW-A) for the well JY-a in the Jiaoshiba area, Sichuan Basin (A) and the effects of shale layer thickness on formation top elevation calculation (B–D).
In this research, one part of our improved method is to estimate the thickness of shale layers by balancing the dip angle change and the shale thickness change. This method involves two items: the initial thickness of shale layers and the dip angle change of a key surface. The key surface should have strong responses in wire line logs and seismic data, for example, the Wufeng base in the Jiaoshiba area. First, an initial thickness of all shale layers should be estimated from the formation tops in vertical wells. Within a relatively small area (e.g., a well pad), we can assume that the shale layer thickness is constant or has little change (Wang et al., 2018a), so the formation tops in vertical wells can usually give a reasonable estimation of the initial shale thickness. In a relatively large area, the shale thickness could change significantly, so does the dip angle of the key surface. If only limited vertical wells exist, their formation tops are usually insufficient to give a reasonable estimation of the initial shale thickness. Therefore, we developed an iterative process to repeatedly update the shale thickness and the structural map of the key surface by balancing the dip angle and shale thickness. In detail, the thickness contour map using vertical well data only is used to calculate the elevation of the key surface at all PVW-As, and then a smoothed structural map of the key surface was generated to calculate the shale thickness at all PVW-As, which were used to make their smoothed contour maps. This process could be repeated several times, and these smoothed thickness contour maps were used as the initial thickness in the study area.
The initial thickness of shale layers has two main functions: 1) to estimate the actual shale thickness by adjusting the initial thickness, and 2) to set the thickness change threshold, which is a percentage of the initial thickness. Again, the elevation of the key surface at all PVW-As was calculated using the initial thickness to generate its structural map. The dip angle change of the key surface at all PVW-As was calculated to detect any value larger than the dip angle change threshold. As shown in Figures 3B–D, the large dip angle change usually results from the large differences between the initial and actual thickness of shale layers. Therefore, the shale thickness should be decreased or increased within a range, the thickness change threshold (e.g., 10% of the original formation thickness), to reduce the dip angle change (see Supplementary Appendix for more details). This process continues until all dip angle changes are less than the dip angle change threshold. We developed a VBA program to achieve this process automatically. Finally, the TVTs estimated from all PVW-As and vertical wells together provide a larger dataset to analyze the distribution of formation thickness inside the area statistically. All abnormal TVTs that exist inside the study area should be double-checked.
The incorrect landing formation errors in the 3D structural model can be solved by adding a PVW for each well segment with an error (PVW-B; Figure 4A). The PVW-B is usually added at the middle of the well segment with an error. Different from PVW-As, a PVW-B intersects with the horizontal well within a specific formation and the relative position of the intersection point in this formation is unclear. Therefore, there is no enough data to determine the elevation of any formation tops in PVW-Bs, but we can determine the elevation range of formation tops in PVW-Bs (Figures 4B,C). Given that the elevation of the intersection point between a PVW-B and horizontal well is ELEV and its landing formation thickness is TH, the formation top elevation of the intersection point’s landing formation in the PVW-B must be larger than ELEV and smaller than ELEV + TH (Table 1; Figures 4B,C). The elevation range of a formation top that cannot be directly used as an input of the spatial interpolation should be converted to an exact elevation value. A straightforward method is to arbitrarily use the mid-point or a random point within the elevation range, but it is prone to cause large dip angle change at the location of PVW-Bs, especially when PVW-Bs are close to any other wells (horizontal wells, PVW-As, or other PVW-Bs). In order to minimize these dip angle changes, a better strategy is to use the point within the elevation range and closest to the formation surfaces at the location of PVW-Bs. This closest point is either the lower limit (Figure 4B) or the upper limit (Figure 4C) of the elevation range. This approach results in the slightest change of the current 3D structural model. Besides, this research introduced a confidential constant δ (0.5≤δ ≤ 1) to re-calculate the elevation range as ELEV+(1−δ)TH to ELEV + δTH. This confidential constant reduces the elevation ranges, offers more options for 3D structural modeling (Table 1), and can fit the real geological situation better. After determining the formation top elevation of the intersection point’s landing formation, all formation tops in PVW-Bs can be calculated using the TVT of shale layers, and the 3D structural model can be reconstructed. This process should continue until no more errors exist in the 3D structural model.
[image: Figure 4]FIGURE 4 | Pseudo vertical wells added for the well segments with the incorrect landing formation (PVW-B) and the formation top of the intersection points landing formation added for PVW-Bs. (A) Well JY-b and the well segments with error; (B) elevation range and the formation top using its lower limit; and (C) elevation range refined by confidential constant and formation top using its upper limit. The two dash rectangles indicate the location of Figures 4B,C.
A generalized workflow of this method is shown in Figure 5, including adding PVW-As, iteratively updating TVTs based on dip angle changes, detecting all incorrect landing formations, and adding PVW-Bs. This workflow can be revised in terms of the data features in a specific study area.
[image: Figure 5]FIGURE 5 | A generalized workflow to build a 3D structural model for shale oil and shale gas fields using horizontal wells.
RESULTS
Two case studies using data of the Wufeng–Longmaxi Shale in the Jiaoshiba area, eastern Sichuan Basin, have been implemented to validate the method in this research (Table 2). The first case is to build a 3D structural model for the JY-1 district, which was located in the northern Jiaoshiba area. This area includes eight horizontal wells and five vertical wells (one inside and four outside the JY-1 district). This case represents a typical situation to build a well pad scale 3D structural model of shale reservoirs. The second case is to construct a 3D structural model for the whole Jiaoshiba area, including 283 horizontal wells and eight vertical wells. We assumed that the seismic data were only accessible for the second case to enlarge the differences between the two cases. Besides, we only constructed the 3D structural model of the lower six shale layers (Figure 4A) for the first case in which all the eight horizontal wells targeted the lower part of the Wufeng–Longmaxi Shale. In contrast, all the nine shale layers (Figure 4A) were analyzed in the second case.
TABLE 2 | Data features of the two cases in the Jiaoshiba area, eastern Sichuan Basin.
[image: Table 2]Well Pad Scale 3D Structural Modeling: The JY-1 District
This study case represents a situation that we need to construct a 3D structural model of one or two well pads surrounded by many vertical wells. This situation is common because many shale plays are located within conventional oil and gas fields, such as the Marcellus Shale in the Appalachian Basin, the Eagle Ford Shale in the Permian Basin, and the Qingshankou Shale in the Songliao Basin. The development of conventional oil and gas has drilled a significant number of vertical wells, which can provide lots of constraint points to estimate the shale thickness. Meanwhile, when the study area is relatively small, the available vertical wells can give a reasonable estimation of shale thickness, assuming that shale formations do not or only gradually change within a small area (Wang et al., 2018b). Therefore, the data in vertical wells can make a reliable estimation of shale thickness with relatively low uncertainty, simplifying the process of 3D structural modeling.
In this case, there are a total of 94 formation top data points for the six layers within the Wufeng–Longmaxi Shale, including 87 points in the eight horizontal wells and 35 points in the vertical wells. A PVW-A was added for each formation top in the horizontal wells, adding 87 PVW-As in total (Figure 6). The seven formation tops in the vertical well JY-1 were used to calculate the actual vertical thickness (TVT) of the six shale layers at well JY-1, which were used as the TVTs of the six shale layers in the entire JY-1 district. Therefore, we can calculate the Wufeng base elevation at all PVW-As using the shale layer thickness and formation tops in horizontal wells (Figure 3). As a result, the amount of control points for Wufeng base mapping was significantly increased from 11 log-interpreted formation tops in horizontal and vertical wells to 88 points (Figure 6). The structural map of Wufeng base is shown in Figures 6, 7. Compared to the 3D structural model along the horizontal wells JY-a and JY-b, in Figure 2, the 3D structural model using our improved method has a much better quality.
[image: Figure 6]FIGURE 6 | Log-interpreted formation tops and the pseudo vertical wells added at these formation tops (PVW-As) with the inferred formation top of the Wufeng base. The structural map is the Wufeng base generated using the formation top in all wells, including the horizontal wells, the vertical wells, and PVW-As.
[image: Figure 7]FIGURE 7 | Cross sections of wells JY-b and JY-c with the inferred formation tops in PVW-As. The blue X and the blue curve represent the formation top for the Wufeng base that was calculated using the TVTs from the well JY-1 and the Wufeng base structural map made from these inferred formation top. The color-filled squares in the PVW-As are the formation tops after adjusting the TVTs for shale layers based on the dip angle change threshold of 2.5o.
In the structural map of the Wufeng base, the dip angle significantly changed at the location of some PVW-As (Figures 7, 8). The dip angle and curvature contour maps (Figure 8) helped view and summarize these dip angle changes. This mainly resulted from the significant differences between the initial thickness and actual thickness of shale layers. We mitigated the dip angle change by altering the TVTs at the location of these PVW-As automatically using our developed VBA program. For example, as shown in Figure 7, the dip angle change of the Wufeng base surface was reduced by increasing the thickness of L14 at well JY-b and JY-c. This increased the variation of shale thickness but reduced the dip angle changes. Therefore, we used the dip angle change threshold and thickness change threshold to limit the dip angle change and TVT change within an acceptable range. Using different values of the two thresholds, for example, the estimated thickness of the Wufeng Formation was different (Figure 9). The largest thickness variation occurred when setting dip angle change threshold as 1.5o and thickness change threshold as 30% (Figure 9). This indicated that, in order to limit the dip angle change to less than 1.5o, the thickness of the Wufeng Formation should be significantly increased or decreased. Also, the Wufeng Formation thickness was similar for all the six cases that the dip angle change threshold was set to 2.5o and 3.0o (Figure 9). In this research, based on the thickness change of all the six layers, we used the dip angle change threshold of 2.5o and thickness change threshold of 10% to estimate the thickness of the six shale layers (Figure 10). Within this small area, it is a little difficult to analyze the trend of thickness change statistically, so we directly used these TVTs to calculate the elevation of formation tops in all PVW-As (Figure 7).
[image: Figure 8]FIGURE 8 | The contour map of the dip angle (A) and curvature (B) of the Wufeng base surface that was made from the inferred formation top using shale layer TVTs from the vertical well JY-1.
[image: Figure 9]FIGURE 9 | Isopach maps of the Wufeng Formation in the JY-1 district after adjusting its TVT at the location of PVW-As using different dip angle change thresholds and thickness change thresholds. The white-filled squares represent the location of formation tops in the vertical and horizontal wells.
[image: Figure 10]FIGURE 10 | Isopach maps of the six shale layers in the JY-1 district after adjusting their TVTs using dip angle change threshold of 2.5° and thickness change threshold of 10%. The white-filled squares represent the location of PVW-As.
The formation tops in all horizontal wells, the vertical well, and PVA-As were used to build the 3D structural model in the JY-1 district. However, we detected errors in six segments in four horizontal wells. Figures 11A,B showed an example of the errors in well JY-b. It is worth pointing out that, to check errors in all horizontal wells quickly, we extracted the landing formation information from the constructed 3D structural model and compared it with the landing formation determined from formation tops using the VBA program (Figure 11B). For each well segment with error, we added one pseudo vertical well (PVW-B) at the middle of the well segment and calculated their formation tops with a confidential constant of 0.95 (Figure 11C). All errors were removed after adding these PVW-Bs and their formation tops.
[image: Figure 11]FIGURE 11 | Examples of errors in the 3D structural model (A–B) and the pseudo vertical wells added to fix these errors (PVW-B) (C).
Regional/Basin Scale 3D Structural Modeling: The Jiaoshiba Area
The Jiaoshiba area was much larger than the JY-1 district, with 283 horizontal wells. The data available for 3D structural modeling are summarized in Table 1. Similar to the first case, we added a PVW-A at each of all the 4,024 formation tops in the horizontal wells. The structural map of the Wufeng base interpreted from 3D seismic data was available (Figure 12A) and used as the second input for making the structural map of the key surface. Besides, within this relatively larger area, both the formation surface dip angle and thickness had a larger range. This caused two major differences from the first case in estimating the thickness of shale layers.
[image: Figure 12]FIGURE 12 | (A) Seismic-interpreted structural map of the Wufeng base with the inferred Wufeng base elevation at PVW-As; (B) the Wufeng Formation TST contour map generated by formation top data in vertical wells; (C) the Wufeng formation TST contour map generated by formation top data in PVW-As and vertical wells; (D) the smoothed Wufeng formation TST contour map; and (E) the 3D structural model of the Jiaoshiba area in the eastern Sichuan Basin.
The first one was to deal with the differences between the true stratigraphic thickness (TST) and the true vertical thickness (TVT). When the dip angle is large, for example, ∼20o in the marginal area of Jiaoshiba (Figure 12A), the TST is much different from TVT. Since the TVTs are affected by formation dip angle, it is better to use TST to analyze the distribution features of shale layers. In the Jiaoshiba area, the initial value of formation dip angle was estimated from the seismic-interpreted structural map of the Wufeng base (Figure 12A), and the formation tops in vertical wells were used to generate the TST contour maps of all shale layers (Figure 12B). Then, the dip angle of the Wufeng base surface, formation tops in horizontal wells, and the TST contour maps were used together to calculate the Wufeng base elevation at all PVW-As (Figure 12A).
The second difference was to estimate the initial thickness of shale layers using an iterative process (Figure 5). Within the small area of the JY-1 district, the thickness of each shale layer was considered as constant and set to the value in the vertical well JY-1. However, in the relatively larger area of the entire Jiaoshiba area, data in the limited vertical wells failed to give a high-quality estimation of shale layer thickness, especially in the areas far away from the vertical wells. Therefore, we should also take the thickness information extracted from horizontal wells into consideration by the iterative process. First, the TST data that were calculated at all PVW-As (Figure 12C) were used to re-evaluate the distribution features of shale layer thickness by smoothing the TST contour maps (Figure 12D). Then, the elevation of the Wufeng base at all PVW-As was updated again, and its dig angle was re-calculated, which was used to calculate the TSTs at all PVW-As again. Therefore, the dip angle of the Wufeng base, the TSTs at all PVW-As, and the smoothed TST contour maps were repeatedly calculated in three iterations in this research to provide a better estimation of the initial shale thickness.
The estimated initial shale thickness of shale layers was utilized to calculate the elevation of the key surface Wufeng base. Then, the dip angle change threshold and the thickness change threshold were set to 2.5o and 15%, respectively, to balance the dip angle change of the Wufeng base and thickness change of the nine shale layers. Finally, these data were combined to create a 3D structural model of the entire Jiaoshiba area, in which we found errors in 118 segments in 69 horizontal wells. Therefore, we added 118 PVW-Bs to remove all the errors in the 3D structural model. Figure 12E showed the final version of the 3D structural model using the formation tops in vertical wells, horizontal wells, PVW-As, and PVW-Bs.
DISCUSSION
Uncertainty is an essential component of 3D geological modeling, and it is critical to understand and estimate the uncertainties in geological models (Lelliott et al., 2009; Wellmann et al., 2014; Krajnovich et al., 2020; Liang et al., 2021). Compared to 3D structural modeling for conventional reservoirs, both data and methods were different in 3D structural modeling for shale reservoirs. Therefore, it is necessary to discuss the uncertainty in the 3D structural model of shale reservoirs. In this research, we classified the uncertainty into two groups: data-associated uncertainty and process-associated uncertainty.
Data-Associated Uncertainty
According to the features of data used for 3D structural modeling of shale reservoirs, we grouped all the data into five types and recognized their uncertainty to three levels. Well location and trajectory data are considered in the first group with the first-level uncertainty, also called hard data. They together define the spatial position of all well-related data. Uncertainty of well location and trajectory results from data measurement due to equipment and human error. In general, this uncertainty should be the least compared to all other data. Compared to well location, it is more challenging to measure the well trajectory in the underground (Zhou, 2015; Liu, 2018; Shtuka et al., 2018), and, as a result, the uncertainty of well trajectory should be higher than well location. Meanwhile, the uncertainty of well trajectory could be more significant when close to well toe since errors will accumulate along the wellbore.
Formation tops are interpreted from wire line logs and their locations are determined from well location and trajectory. Therefore, the uncertainty of formation tops is affected by the uncertainty of log data (mainly gamma-ray log, resistivity log, and measured depth), well location, well trajectory, and the performance of formation top interpretation. In general, the uncertainty of formation tops is larger than well location and trajectory but smaller than the other data. This research considered the formation tops interpreted from well logs as the second group with the first-level uncertainty. In addition, as for the performance of formation top interpretation, it is usually easier to recognize the formation tops with clear lithology changes, such as the base and top surface of the shale reservoir, and consequently, the uncertainty of formation tops with stronger log response is smaller. In addition, the uncertainty of formation tops in horizontal wells is usually more considerable than them in vertical wells because it is much more challenging to interpret formation tops in horizontal wells, especially in the lateral segments due to the logging process and formation repetition (Passey et al., 2005; Griffiths et al., 2012; Maggs et al., 2014; Wang et al., 2018a).
The inferred formation tops in PVW-As are considered the third group with the second-level uncertainty, which has a relatively larger uncertainty than formation tops interpreted from wire line logs. This uncertainty is primarily affected by the estimated thickness contour maps of shale layers and the interpreted formation tops. The relatively high uncertainty of thickness contour maps is the main reason for the high uncertainty of inferred formation tops in PVW-As. In order to reduce this uncertainty, the estimation of the thickness contour maps should be improved, such as the iterative process to estimate the thickness distribution in the entire Jiaoshiba area (Figures 12B–D). The inferred formation tops in PVW-Bs are considered the fourth group with the third-level uncertainty, also called soft data, due to their high uncertainty. In fact, we can only determine the elevation range of formation tops in PVW-Bs. This elevation range is strongly associated with the thickness of the landing formation of the intersection point between the horizontal well and PVW-B (Figure 4 and Table 1). A feasible way to reduce this uncertainty is to recognize more shale layers within the shale reservoir to reduce the thickness of each shale layer. Besides, refining the relative vertical position of the intersection point within the landing formation can also reduce this uncertainty.
Structural map interpreted from seismic data is considered the fifth group with the third-level uncertainty (soft data). Seismic data have a relatively low vertical resolution of seismic data and the high uncertainty of velocity model to convert seismic data from time to depth domain (Fomel and Landa, 2014; Donahoe and Gao, 2016; Pinto et al., 2017). This uncertainty should be much larger than well location and trajectory, formation tops interpreted from well logs, and formation tops inferred in PVW-As. Therefore, seismic-interpreted structural maps are usually used as a soft constraint to build the 3D structural models.
Process-Associated Uncertainty
In addition to the data itself, the method to process these data can also significantly affect the uncertainty within the 3D structural models. Three major processes affect the uncertainty of 3D structural modeling using horizontal well data. The first one is the initial thickness of shale layers used to calculate the elevation of the key surface (e.g., the Wufeng base) at all PVW-As since the adjustment of shale thickness is based on the initial thickness. The effect of the selected initial thickness of shale layers is small if the study area is relatively small but becomes serious within a relatively large area (e.g., the entire oil/gas field). This uncertainty can be reduced by an iterative process to update the key surface dip angle and the TSTs at all PVW-As, which helps estimate the distribution of shale thickness (Figure 5). The second process is to balance dip angle change and thickness change of shale layers. A larger dip angle change usually form more uniform shale thickness and vice versa. By setting different thresholds of dip angle change and thickness change, the estimated thickness of shale layers could be different (Figure 9). The third process is the confidential constant to calculate the formation tops in PVW-Bs. With different confidential constants, the 3D structural model should be different in the areas surrounding PVW-Bs. Figure 13 showed an example of the different 3D structural models using confidential constant 95, 85, and 75%, respectively. Meanwhile, the effect of the confidential constant will be larger if the landing formation of the intersection point between the horizontal well and PVW-B has a larger thickness. For example, the differences at PVW-B1 are larger than PVW-B2 since the landing thickness of the intersection point at PVW-B1 is larger. This is one of the important reasons to subdivide the shale reservoir into as many shale layers as possible.
[image: Figure 13]FIGURE 13 | The effect of confidential constant on the 3D structural model of shale reservoirs using the cross section along the well JY-b. The black solid lines, the blue dash lines, and the red dot lines represent the structural model using the confidential constant of 95, 85, and 75%.
In order to estimate these process-associated uncertainties, it is necessary to construct multiple 3D structural models using different values of the initial thickness (either a constant value or a contour map), dip angle change threshold, thickness change threshold, and confidential constant and compare their differences. Except the confidential constant, the other three parameters work together to determine the shale layer TVTs. Compared to the dip angle change threshold and thickness change threshold, the initial thickness can be estimated from formation tops in vertical wells, depositional environments, and geologic knowledge of the study area. Meanwhile, the iterative process is designed to update the initial thickness based on the dip angle and thickness change threshold. Therefore, the initial thickness usually has a relatively smaller effect on the 3D structural model. Instead of providing multiple different initial thicknesses, it is more feasible to focus on the effect of dip angle change and thickness change threshold. There are rare data to estimate the confidential constant, and it would be good to test three to five values.
CONCLUSION
The existence of a large number of horizontal wells in the core area of shale oil and gas plays makes its 3D structural modeling distinct from conventional reservoirs with mainly vertical wells. To construct a high-quality 3D structural model for shale oil and gas fields, it is critical to effectively use the data in horizontal wells. The uncoupled formation tops are the main reason for the abnormal thickness in the constructed 3D structural models. Our method is to add PVW-As at all formation tops in horizontal wells and infer the formation tops in all PVW-As based on the thickness of shale layers. As one key component of our method, an iterative process was developed to estimate the shale thickness using the uncoupled formation tops in horizontal wells by balancing the thickness change and dip angle change threshold. Meanwhile, we introduced a new data type, landing formation, in horizontal wells as a soft constraint for the 3D structural modeling. The landing formation data are mainly used to 1) detect whether the horizontal wells land in the correct formation in the constructed 3D structural models and 2) provide the necessary information for adding PVW-Bs if any incorrect landing formation in the 3D structural model is detected.
By adding PVW-As to convert the uncoupled formation tops to coupled formation tops, estimating shale thickness by balancing the dip angle change and the thickness change, detecting errors in the constructed 3D structural model, and adding PVW-Bs to fix these error, we are able to maximize the use of the structural-associated data in horizontal wells to optimize the quality of 3D structural modes of shale reservoirs. The data from the Jiaoshiba area in the eastern Sichuan Basin were utilized to successfully construct two 3D structural models of the Wufeng–Longmaxi Shale reservoir at the well pad scale and the field scale, respectively. Besides, we analyzed the uncertainty within the 3D structural model using horizontal well data, including the uncertainty level, the uncertainty source, and the method to reduce these uncertainties for different data types. This research, by summarizing the special features of formation tops in horizontal wells and the main issues in 3D structural modeling using horizontal well data, developed a method to maximize the data in horizontal wells to optimize the quality of 3D structural models of shale reservoirs. It should be helpful for geologists and engineers to improve their 3D structural model of shale reservoirs for property modeling, hydraulic fracturing simulation, well design, etc.
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