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The majority of high quality clastic reservoirs in the foreland basins, northwest China have anomalously high primary porosity. The intensive tectonic compression, overburden and overpressure importantly impact on the deep reservoir quality in the foreland basins, and that very little research had been so far conducted on this topic. Only considering mechanical compaction without chemical diagenesis, various geological models of tectonic compression, overpressure and porosity were simulated using a comprehensive numerical model. Based on the simulations, the influences of the coupling tectonic compression and overpressure on porosity in deep reservoirs are quantitatively discussed. A case study using a representative well in the thrust belt of the Junggar foreland basin is simulated. The results show that the porosity formed from the early-middle slow burial and late rapid burial type is higher than the almost constant burial type and the early rapid burial and then slow burial type, when the overpressure is formed by the three burial types couple with the same tectonic compression. Importantly, overpressure formed during the early-middle slow burial and late rapid burial type in concert with tectonic compression best preserves high porosity within reservoirs. Either increasing tectonic compression stress early at constant overpressure or increasing the tectonic compression stress at a relative late stage and increasing reservoir overpressure can contribute to porosity loss. The porosity decreases more rapidly in the former case. The later the tectonic compression was applied, the more rapidly porosity of the reservoir decreased. Therefore, late stage tectonic compression accompanied by overpressure has the largest influence on the porosity. The porosity of the Qigu Formation in the well Ds1 in the south margin of Junggar Basin, for example, was decreased by 0.88% in response to intensive tectonic compression in the late Himalayan orogeny. However, porosity formed by overpressure suppression and preservation in the reservoir is 3.66%. So, in addition to vertical compaction and diagenesis, the influence of tectonic compression and overpressure should also be considered in the study of deep reservoir porosity evolution in foreland basin. This study can be helpful for deeply understanding the evolution rule of deep reservoir porosity in foreland basin.
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1 INTRODUCTION
Foreland basin is one of the most abundant petroliferous basins in the world (Zhang et al., 2015; Zou et al., 2015). In recent years, large oil and gas in the deep clastic reservoirs of the foreland basins, western China are proved (Du et al., 2019; Yu et al., 2019; He et al., 2021), and these reservoirs have suffered intensive tectonic compressive processes in the late Himalayan period (Song et al., 2012; Jia et al., 2013). Because the intensive tectonic compression has an important influence on the development and preservation of porosity in reservoirs (Shou et al., 2006; Sun et al., 2013; Guo et al., 2016b; Gao et al., 2017; Mao et al., 2017; Obradors-Prats et al., 2017), in general, porosity of the reservoirs reduce as the magnitude of tectonic compression increase (Shou et al., 2006; Yang et al., 2016), and these reservoirs should be very lower porosity due to the strong compaction from the intensive tectonic compression and deep burial (Zhang et al., 2012a; Yuan et al., 2015; Feng et al., 2016). However, exploration and research in recent years show that the majority of high quality clastic reservoirs in these foreland basins have anomalously high primary porosity (Liu et al., 2019; Tian et al., 2020; Gao et al., 2023). It is difficulty to explain this phenomenon.
According to previous studies, the influence degree of tectonic compression on porosity in reservoirs nearly relates to some factors such as the size of tectonic stress, the style of tectonic deformation, the duration of tectonic compression and tectonic style and so on (Christine et al., 2010; Laubach et al., 2010; Yang et al., 2016; Obradors-Prats et al., 2017). In general, the greater the tectonic compressive stress, the faster porosity decreases (Han et al., 2015; Yang et al., 2016; Obradors-Prats et al., 2017). In addition, reservoirs in foreland basins often develop overpressure (Zhang et al., 2012a; 2012b; Luo, 2013; Wang et al., 2015). The evolution of overpressure plays a key role for the development and preservation of porosity (Bloch et al., 2002; Nguyen et al., 2013; Grant et al., 2014; Han et al., 2015; Guo et al., 2016; Lv et al., 2022). Overpressure that develops at different burial/tectonic phases has different impacts on the quality of reservoir, and most researchers suggest that high porosity is preserved in reservoirs if the overpressure formed early (Nguyen et al., 2013; Stricker et al., 2016). As suggested above, tectonic compression is also the basis for overpressure in foreland-basin reservoirs except for stress related to overburden (Zhang et al., 2011; Guo et al., 2016b; Obradors-Prats et al., 2017; Nikolinakou et al., 2018; Berthelon et al., 2021; Zhang et al., 2021; Michael and Floarin, 2022; Wang et al., 2022). The change of the porosity is controlled by the mean effective stress under the influence of the lateral and vertical compaction. The effective stress is mainly controlled by the combination of the tectonic stress, overburden and overpressure (Luo, 2004; Obradors-Prats et al., 2017). To study of the effect of tectonic compression and overpressure on porosity, previous researches mainly use the methods such as geological analyses (Shou et al., 2006; Guo et al., 2016a; 2016b; Yang et al., 2016; Mao et al., 2017; Obradors-Prats et al., 2017), physical simulations (Gao et al., 2017), and numerical models (Obradors-Prats et al., 2016; 2017; Luo et al., 2017; Nikolinakou et al., 2018) and so on. Geological analyses are mostly qualitative, and some conditions of physical simulation, such as applying of tectonic stress and assessing the internal pressure of rocks are difficult to achieve. In many respects numerical simulations provide a superior method, because this method can achieve the quantitative evolution analysis of the porosity. Luo (2004) combined tectonic stress and hydrodynamic equations and thereby proposed the numerical simulation analysis for the effect of tectonic compression on pore pressure. Obradors-Prats et al. (2016, 2017), Nikolinakou et al. (2018) and Luo et al. (2017) used geomechanical modeling of pore pressure to quantify the effect of tectonic compression on porosity. This paper simulates various geological models that consider the co-evolution of tectonic compression and overpressure on porosity in reservoirs. Based on these simulations, the influence of the tectonic compression and overpressure on porosity in reservoirs is quantitatively discussed. To consider the numerical model, a case study using a representative well in the thrust belt of the Junggar Basin is simulated. The results of this study can contribute to a better understanding to the influence of the tectonic compression and overpressure on the development of high quality reservoirs in foreland basins, and also provide a technical means of predicting the distribution of better quality reservoirs in the deep basin.
2 METHOD OF NUMERICAL SIMULATION
The compaction of sediments and porosity loss are principally vertical in extensional settings. Overpressure will be generated by disequilibrium compaction when sediments undergoing burial cannot de-water fast enough for the pore fluid to remain at hydrostatic as the vertical stresses increasing (Gutierrez and Wangen., 2005; Tingay et al., 2009; Couzens-Schultz and Azbel, 2014). In compressional settings, the maximum principal stress is horizontal and the compaction of sediments and porosity change are controlled by the mean effective stress, which is closely related to the overburden, overpressure and the lateral compressional stresses, acting on the sediments (Luo, 2004; Couzens-Schultz and Azbel, 2014; Obradors-Prats et al., 2017). The numerical simulation used here combines the quantitative model of the tectonic stress with the quantitative model of the effect of tectonic stress on the porosity and the fluid dynamics equation (Luo, 2004). The solution of some parameters, such as formation pressure and formation porosity, are solved by using iteration method. This provides a quantitative simulation method for the analysis on the effect of tectonic compression and overpressure on porosity of layers.
2.1 Model of tectonic stress
Based on the assumption of the horizontal principal stress generated by gravity paralleling to the tectonic stress, three perpendicular principal stresses can be expressed as (Luo, 2004):
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where σv is the vertical load stress, ρ is the average density of rock, g is the gravitational acceleration, h is the depth, ν is the coefficient of stress ratio, σH is the horizontal maximum principal stress, σh is the horizontal minimum principal stress and σT is the tectonic compression stress. In this case, the following equation can be described the mean effective stress ([image: image]):
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where P is the pore pressure. The tectonic compression stress (σT) in this equation is a function of depth when the depth is shallow, but if the depth is deeper than a certain value, normally at great burial depths, it will be a constant (Luo, 2004). Those can be expressed formally by the equation:
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where σTmax is the maximum tectonic compression stress, zm is the given depth and b is an empirical coefficient.
2.2 Model of porosity influenced by tectonic stress
Based on previous studies, the porosity in sediments is affected not only by overburden, but also by tectonic stress and overpressure (Luo, 2004; Couzens-Schultz and Azbel, 2014; Obradors-Prats et al., 2017). Hence, when the porosity in sediments is calculated, the mean effective stress under the function of overburden, horizontal tectonic stress and overburden should be considered (Luo, 2004). The porosity in sediments can be determined as follows (Luo, 2004):
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where the Φ is the porosity at a given depth, Φ0 is the uncompacted porosity, c is a coefficient of compaction, which obtains from the relationship between porosity and depth, ρb is the density of sediments and ρf is the density of pore fluid.
2.3 Model of pore pressure influenced by tectonic stress
Using the mean stress to replace the vertical stress, the hydrodynamic equation becomes:
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where the β is the compressibility of fluid, βs is the compressibility of rock, k is the permeability, μ is the dynamic viscosity of fluid, t is the time, [image: image] is the mean stress, α is the coefficient of thermal expansion of fluid, T is the temperature and Q is the volume increase rate per unit volume (Wang et al., 1997; Luo, 2004). The permeability (k) in this equation can be solved by a simplified Kozeny-Carman equation (Luo, 2004):
[image: image]
where λ′ is the coefficient of permeability, n is an empirical coefficient which is approximate 5.0 (Luo, 2004), and n=5.0. The temperature (T) in the Equation 7 can be calculated from the heat conductivity law:
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where q is the heat flow, λ is the thermal conductivity tensor, [image: image] is the temperature gradient. The thermal conductivity tensor can be calculated by the equation (Hantschel and Kauerauf, 2009):
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where λr is the thermal conductivity of rock, λw is the thermal conductivity of water. Both of the λr and the λw are the function with the temperature (Hantschel and Kauerauf, 2009), and the λr and the λw can be calculated using the equation:
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where A, B and C is the constant for a rock.
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Assuming the λr and the λw is constant for a given layer in the vertical direction (Hantschel and Kauerauf, 2009), they can be calculated from the upper layer on the condition of known surface temperature. Then the temperatures of every stratum can be ultimately calculated from top to bottom.
The complicated Eq. 7 above can be solved using cyclic iteration. The pore pressure and porosity in sediments under the different tectonic compression conditions in the geological history are recovered using the numerical simulation. This modeling only considers mechanical compaction without chemical diagenesis.
3 NUMERICAL SIMULATION CONSIDERING THE COUPLING OF TECTONIC COMPRESSION AND OVERPRESSURE ON POROSITY
By classifying the representative sedimentation and tectonic evolution of foreland basins, some classic patterns of the coupling of tectonic stress and overpressure can be summarized. These different patterns relate to various evolutions of the porosity of reservoirs due to different processes. Firstly, the evolution of overpressure, which is formed by different burial types, can couple with the contemporaneous tectonic stress of a similar magnitude. Secondly, the overpressure formed by the same burial types coupled with the different magnitudes of contemporaneous tectonic stress. Thirdly, tectonic stress formed in different periods coupled with the overpressure formed by the same burial processes in the same layer assemblages.
3.1 Coupling of tectonic stress and overpressure formed by different burial types and its effect on porosity in reservoirs
Based on previous efforts (He et al., 2010; Feng et al., 2016), the burial process of sediments in sedimentary basins can be grouped into three common types: early-middle slow burial and late rapid burial (Type 1), almost constant burial (Type 2) and early rapid burial and then slow burial (Type 3). These burial types are illustrated in Figures 1A, B, C, respectively. Using these three different burial types, various geological models can be considered and the different developmental paths of overpressure can be modeled (i.e., Model 1, Model 2 and Model 3).
[image: Figure 1]FIGURE 1 | (A) Burial history of the Model 1. (B) Burial history of the Model 2. (C) Burial history of the Model 3.
The three models (Models 1, 2 and 3) and their lithologies are shown in Figure 1 and summarized in Table 1. The tectonic stress conditions applied to the three models are the maximum tectonic stress (σTmax), which is 200 MPa from 30 Ma to the present-day. Also, models 1, 2 and 3 correspond respectively to models 4, 5 and 6, which do not consider the tectonic stress but only consider the overburden stress: this permits comparison of overpressure and porosity under the two conditions for each burial type. For each of these simulations, the uncompacted porosity of sandstone and mudstone are 41% and 70% respectively, their coefficients of compaction are 0.00031 m−1 and 0.00083 m−1 respectively. Coefficient of stress ratio (v) in each model is 0.82 (Luo, 2004), coefficients of permeability (λ’) for sandstone and mudstone are 10−11 m2 and 10−16 m2 respectively, compressibilities of sandstone and mudstone (βs) are 3.9×10−11 m2 and 5.5×10−11 Pa−1 respectively and the compressibility of fluid (β) in each model is 4.8×10−10 Pa−1. The zm in each model is 10000m, and the coefficient of thermal expansion of fluid (α) is 5.0×10−4°C−1. The A, B, C in the Eq. 11 for sandstone and mudstone in each model are 0.00001, −0.0081, 4.0991 and −0.000001, 0.0008, 1.626 respectively. The heat flow (q) and surface temperature in all periods of each model is 42 mW/m2 and 16°C respectively. Setting the bottom of reservoir E as an observation point, the results of simulation are assessed.
TABLE 1 | The main parameters of Models 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 showing the burial process, the magnitudes and the periods of tectonic stress, the uncompacted porosity and the coefficients of compaction and the coefficients of permeability for sandstone and mudstone.
[image: Table 1]The results of the simulations indicate that there are different evolutionary paths between followed by overpressure and porosity in reservoirs characterized by different burial types. Following burial Type 3, the overpressure in reservoir E is 4.5 MPa higher than burial Type 2 (Model 2 and Model 3; Figure 2). Overpressure in reservoir E formed by burial Type 1 is higher yet by about 21 MPa (Model 1 and Model 2; Figure 2). The porosity of reservoir E in the three different burial models shows clear differences. The magnitude order is burial Type 1 > burial Type 2 > burial Type 3, and differences between them are 2.7% and 1.7% successively (Figure 3). Those porosity differences between each burial type are mainly caused by the forming of overpressure, which suppressed on the compaction of reservoir. Comparing overpressure and porosity of a reservoir under constant tectonic stress (models 1, 2 and 3) with values neglecting tectonic stress (models 4, 5 and 6), both of overpressure and porosity are changed by tectonic compression. Porosity of reservoirs decrease whereas overpressure of reservoirs increase. The overpressure at the bottom of reservoir E between these two conditions (tectonic stress versus no tectonic stress) is Type 1 > Type 2 > Type 3, and the changing values between the two are 19.0 MPa, 4.4 MPa and 0.4 MPa respectively (Figure 2). The porosity at the bottom of reservoir E comparing the same two conditions is Type 2 > Type 1 > Type 3, and the changing values between them are 5.4%, 4.4% and 4.3% respectively (Figure 3).
[image: Figure 2]FIGURE 2 | Overpressure evolution of the bottom of reservoir E simulated from the Model 1, Model 2, Model 3, Model 4, Model 5 and the Model 6.
[image: Figure 3]FIGURE 3 | Porosity evolution of the bottom of reservoir E simulated from the Model 1, Model 2, Model 3, Model 4, Model 5 and the Model 6.
Therefore, the coupling of a late-stage constant tectonic stress with overpressure formed by different burial types will lead to different magnitudes of porosity reduction in deep-basin reservoirs. Among these burial types, Type 1 will retain the largest porosity and has the best prospect to preserve high porosity.
3.2 Coupling of different tectonic stress and overpressure and its effect on porosity of reservoirs
Using models 2 as a basis, we apply tectonic stress values (σTmax) of 0 MPa, 150 MPa and 300 MPa respectively during 27 Ma to 0 Ma and are presented as models 7, 8 and 9 respectively. The coefficients of stress ratio (v) and the coefficients of permeability (λ) for each lithology are held the same as in Model 2. By applying the different magnitudes of contemporaneous tectonic stress, their effect on overpressure and porosity of reservoirs can be studied.
Comparing the overpressure and the porosity in Model 7 (σTmax=0 MPa) to Model 8 (σTmax=150 MPa), the modeled overpressure of reservoir E in Model 8 is slightly greater (0.2 MPa) than Model 7 (Figure 4). However, Model 8 porosity is reduced to 4.8% (Figure 5). The results of the simulation show that although the tectonic stress is small, the porosity will decrease with increasing tectonic compression at the same time, the overpressure changes far less dramatically. Comparing Model 7 and Model 8 with Model 9, which is characterized by the greatest tectonic compression (σTmax=300 MPa), both the overpressure and the porosity of reservoir E change notably. The porosity of reservoir E in Model 9 decreases by approximately 2.5% compared to Model 8 (Figure 5), but the overpressure of reservoir E increases 1.8 MPa (Figure 4). Thus, we can conclude that although the change in tectonic stress in Model 7 to Model 8 and Model 8 to Model 9 are equal, the rate of porosity change is different. The porosity decreases faster before the overpressure caused by tectonic compression begins to develop.
[image: Figure 4]FIGURE 4 | Overpressure evolution of the bottom of reservoir E simulated from the Model 7, Model 8, Model 9.
[image: Figure 5]FIGURE 5 | Porosity evolution of the bottom of reservoir E simulated from the Model 7, Model 8, Model 9.
When the tectonic compression is increasing and exceeds a certain value (i.e., σTmax is approximately equal to 150 MPa), both the overpressure and porosity of reservoirs will be changed: porosity will decrease whereas overpressure increases. There are two coupling ways. The first one is increasing of tectonic stress at a relative early stage and without changing of reservoir overpressure, the second one is increasing of tectonic stress at a late stage and increasing of reservoir overpressure. Overall, the porosity decreases more rapidly when early tectonic stress is applied.
3.3 Coupling of tectonic stress in different periods and overpressure and its effect on porosity of reservoirs
The conditions of burial Type 1 for this simulation are presented below. They are a constant maximum tectonic stress value (σTmax=200 MPa) at periods of 31-16 Ma, 16-6 Ma and 6-0 Ma respectively, and presented as models 10, 11 and 12 respectively. The coefficients of stress ratio (v), the coefficients of permeability (λ’) for each lithology in these models are the same as Model 1. These model constraints are used to determine the overpressure and porosity effects of the same magnitude of tectonic stress over different periods of time. For the results of simulation, after applying 200 MPa of the maximum tectonic stress in different periods, overpressures in reservoir E at present between them have large difference. The overpressure of reservoir E at the present-day has the highest value (44.4 MPa) if the tectonic stress was applied in an earlier in the Model 10, and it has the lowest value (28.3 MPa) if a later tectonic stress was applied on the Model 12 (Figure 6). The porosity of reservoir E at the present-day between them also shows large differences. The porosity of reservoir E is highest (17.7%) if the tectonic stress is applied early. The porosity is lowest (5.9%) if a late tectonic stress is applied as with Model 12 (Figure 7).
[image: Figure 6]FIGURE 6 | Overpressure evolution of the bottom of reservoir E simulated from the Model 10, Model 11, Model 12.
[image: Figure 7]FIGURE 7 | Porosity evolution of the bottom of reservoir E simulated from the Model 10, Model 11, Model 12.
Based on the above, the later the tectonic stress is applied, the greater the porosity of reservoirs is decreased. If the tectonic stress is applied early, overpressure will also develop early, and so high porosity is easier to preserve due to the suppression of overpressure in the reservoirs. Therefore, the coupling way of early tectonic stress and overpressure has the best potential to form and preserve high porosity within a deep reservoir. The combination of late tectonic stress and overpressure has the largest impact on the porosity and that is not favorable for the preservation of high porosity.
4 CASE STUDY
The south margin of Junggar Basin is located next to the North Tianshan Mountains. This part of the basin has gone through three tectonic evolutionary stages: a foreland-basin stage (from the Permian to the Triassic), intracontinental depression basin stage (from the Jurassic to the Paleogene) and a rejuvenated foreland-basin stage (since the Neogene) (Wang et al., 2005). The south margin of the Junggar Basin suffered intensive tectonic compression caused by the rapid uplift of North Tianshan Mountains, which is a consequence of the Indian-Eurasian collision in the Neogene (Wang et al., 2005). The largest lateral tectonic stress field was formed during this event (Wu et al., 2000). In the south margin of Junggar Basin, overpressure is commonly developed in the Mesozoic and the Cenozoic (Xu et al., 2000; Wang et al., 2003; Yang et al., 2012). The strong tectonic compression has a significant impact on the forming of overpressure (Luo et al., 2007; Zhang et al., 2011; Zhang et al., 2012a), and lead to a decrease of porosity in sediments in the study area (Shou et al., 2006; Gao et al., 2017; Mao et al., 2017; Obradors-Prats et al., 2017). As further exploration occurs in the study area, the targets of exploration are gradually shifting to deeper strata such as the so-called lower play (Shao, 2013). Overpressure also exists at these depths.
However, what is the effect of tectonic compression on overpressure and the formation and preservation of high quality reservoirs in the study area? Unfortunately, a clear answer to this question is still unavailable. In this case study, the well Ds1, which has been drilled to the lower play, can be used to assess the effect of tectonic compression on overpressure and porosity. The well Ds1 is located in the anticline of Dushanzi area near the eastern part of Sikeshu sag in the south margin of Junggar Basin and the layers drilled by this well include Jurassic Qigu (J3q), Cretaceous Qingshuihe (K1q), Hutubi (K1h), Shengjinkou (K1s), Lianmuqin (K1l), Donggou (K2d), Paleogene Ziniquanzi (E1-2z), Anjihaihe (E2-3a), Neogene Shawan (N1s), Taxihe (N1t), Dushanzi (N2d) formations and undifferentiated Quaternary strata. In those formations, the Jurassic Qigu formation and lower part of Cretaceous Qingshuihe formation are the main unit for exploration. The Lower Cretaceous Tugulu group including K1q, K1h, K1s, K1l provide important cap rocks. The Jurassic Badaowan (J1b) Formation and Xishanyao (J2x) Formation are the major hydrocarbon source rocks of the lower play (Wei et al., 2010; Tian et al., 2017). For the purpose of understanding the magnitude of tectonic stress in the well Ds1, the lateral maximum principal stress at depth 6,417.90 m was tested by the acoustic emission (AE) (254.51 MPa) (Table 2). This value reflects the lateral maximum principal stress of that stratum from the beginning of the Neogene and especially during the Quaternary. The result show that the lateral maximum principal stress of the Qigu formation in the well Ds1 is greater than the overburden stress. During the above simulations, when a maximum tectonic stress value (σTmax=270 MPa) during the periods from 5 Ma to 0 Ma was applied, the calculated lateral maximum principal stress is generally aligned with the measured value. Since there was also a certain tectonic compression during the Taxihe sedimentary period (Wang et al., 2005), a maximum tectonic stress value (σTmax=100 MPa) during the periods from 16.3 Ma to 5 Ma was also applied. The condition without considering tectonic compression was also simulated to compare differences with the stressed models. Many parameters used in the simulation were assessed empirically or measured in the study area. For example, porosity and pore pressure are measured in the study area. Paleo-surface temperatures and paleo-heat flow used in the simulation are cited from the Hantschel and Kauerauf. (2009) and the Rao et al. (2013), Rao et al. (2018) respectively. They are shown in the Figure 8.
TABLE 2 | The results of acoustic emission test of the well Ds1 in the study area, and the contrast and the difference of maximum horizontal principal stress and vertical principal stress.
[image: Table 2][image: Figure 8]FIGURE 8 | (A) Diagram of surface temperature versus time in the well Ds1. (B) Diagram of heat flow versus time in the well Ds1.
The errors for the some parameters in the simulation were assessed. The results show that the strata in the well Ds1 experienced Type 1 burial (Figure 9A) and the simulated values of vitrinite reflectance (Ro) and formation temperature are in good agreement with the measured value (Figures 9B, C). After applying a tectonic stress, which is close to the measured data, the simulation shows that porosity of Qigu formation at present in the well Ds1 should be 5.7%. The measured porosity values in the Qigu formation of this well range from 5.8% to 7.6% and the mean value is 6.6%. According to previous studies, the reservoir pores of Qigu formation in the study area are mainly intergranular pores, accounting for about 70%–75%, and the rest are intergranular and intragranular dissolved pores and fractures (Wang et al., 2022; Gao et al., 2023). So the porosity obtained by this simulation is close to the primary intergranular porosity, and this result is reasonable. The pressure coefficient of the formation from the simulation is 1.72 and overpressure is 41.8 MPa. Because there is not any measured pressure coefficient data for this formation from the well Ds1, the data from the adjacent well Xh1, which is 2.18, is used. This simulation for overpressure is mainly generated by the disequilibrium compaction of tectonic compression and overburden. Except for these two factors, overpressure transfer also contributes to overpressure in the Qigu formation according to the former research (Luo et al., 2007; Zhang et al., 2020; 2021). So, current overpressure induced by overpressure transfer is 33.4 MPa (Figure 10). According to the previous research, the overpressure transfer mainly occurred from the end of Neogene Dushanzi to the Quaternary. The formation of anticline and the opening of fault in these periods are the main factors of overpressure transfer (Zhang et al., 2020).
[image: Figure 9]FIGURE 9 | (A) Burial history of the well Ds1 in the study area. (B) Diagram of vitrinite reflectance versus depth of the well Ds1. (C) Diagram of formation temperature versus depth of the well Ds1.
[image: Figure 10]FIGURE 10 | Overpressure evolution of reservoir of Qigu formation in well Ds1 of the study area, including the simulation results from considering the tectonic stress and overburden and overpressure transfer, and the tectonic stress and overburden, and the overburden.
As a result, the intensive tectonic compression from the Dushanzi period in the study area had a significant impact to overpressure and porosity of the Qigu formation in the lower play of the well Ds1 (Figures 10, 11). Before the formation of tectonic compression, the formation pressure in this reservoir is basically normal pressure. In the early sedimentary stage of the Shawan formation, the porosity of the Qigu formation in the well Ds1, which is 15.8%, was still high. However, in the early sedimentary stage of the Taxihe formation, the porosity of the reservoir initially decreased rapidly to 10.4% due to the moderate intensity tectonic compression, but the tectonic compression did not cause the overpressure in the reservoir. Compared with the simulation result just considering overburden stress and overpressure, the decreasing porosity caused by tectonic compression in the reservoir is 3.3% (Figure 11). After experiencing the intensive tectonic compression since the Dushanzi period, both overpressure and porosity of the Qigu formation in the well Ds1 changed substantially, and overpressure caused by tectonic compression reached the maximum value during the Quaternary. The overpressure is about 41.8 MPa and it is calculated from the comparison with the simulation that only considered overburden stress (Figure 10). Because of the coupling of intensive tectonic compression, overburden and overpressure, the porosity of the reservoir decreased rapidly and then stabilized (Figure 11). Compared with the simulation result just considering overburden stress and overpressure, the decreasing porosity caused by tectonic compression in the reservoir constantly changes, it reachs the maximum in the early stage of the Dushanzi deposition and is smaller at present-day, their sizes are 4.48% and 0.88%, respectively (Figure 11). Compared with the calculation result just considering tectonic compression stress and overburden stress, current porosity formed by overpressure suppression and preservation in the reservoir is 3.66% (Figure 11). Thus, the coupling of the intensive tectonic compression at the late Himalayan period and overpressure caused the porosity of deep reservoirs in the study area decrease. However, to a certain extent, overpressure plays a good role in inhibiting and preserving the formation of abnormally high primary porosity of deep reservoir in the study area.
[image: Figure 11]FIGURE 11 | Porosity evolution of reservoir of Qigu formation in well Ds1 of the study area, including the simulation results from considering the compaction of tectonic stress and overburden and overpressure, and the compaction of overburden and overpressure, and the compaction of tectonic stress and overburden.
5 CONCLUSIONS

1) Overpressure caused by early-middle slow burial and late rapid burial type, almost constant burial type, or early rapid burial and then slow burial type are modeled with the same tectonic stress at the same model times. The early-middle slow burial and late rapid burial type preserves the greatest porosity and is the best way to preserve the abnormal high porosity of deep reservoirs.
2) Either increasing tectonic compression stress early at constant overpressure or increasing the tectonic compression stress at a relative late stage and increasing reservoir overpressure will cause a reduction of porosity. In addition, the rate of porosity change will decrease faster with early tectonic compression even when the same tectonic compression stress is applied (to the various models). So the porosity in the different stages will have different rates of change.
3) If a deep-basin reservoir is exposed to constant tectonic stress during different model times, but with the same burial type, the later the tectonic stress applied, the more the porosity is decreased. The pairing of tectonic stress in late time periods and overpressure has a larger effect on the porosity of deep reservoirs.
4) For the deep-basin reservoirs in the lower play in the south margin of Junggar Basin that experienced early-middle slow burial and late rapid burial process (Type 1), their porosity was largely decreased by the intensive tectonic compression during the late Himalayan orogeny. However, to some extent, overpressure inhibits the decrease of their porosity. This supports the assertion that intensive tectonic compression and overpressure have a significant impact on the porosity of deep reservoirs in foreland basin.
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