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The lower member of the Middle Jurassic Xishanyao Formation (J2x1+2) sandstones are significant exploratory targets for hydrocarbon resources in the Taibei Sag of the Turpan-Hami Basin, northwestern China. Formation of anomalously high porosity/permeability in deeply buried J2x1+2 sandstones and reservoir quality prediction were investigated using a variety of petrographic analyses. These results show that the J2x1+2 sandstones are mostly feldspathic litharenites and litharenites, which are characterized by moderate-to good sorting, silty to medium granularity, and point- to long grain contacts. The J2x1+2 sandstone has low porosity (avg 6.0%) and permeability (avg 1.12 mD), but shows anomalously high porosity/permeability at depth interval of 3850–4050 m. There is a noticeable variation in pore types and sizes from intergranular-intragranular dissolution pores with a size mode of 2.0 μm in anomalously high porosity (AHP) sandstones, to major intragranular dissolution pores with a size mode of 0.5 μm in normally high porosity (NHP) sandstones, to most micropores with a size mode of 0.25 μm occurred in the normally low porosity (NLP) sandstones. The compaction is the main cause of porosity destruction, resulting in an average porosity loss of 89.6%. However, the authigenic minerals have relatively little influence on reservoir quality. The combination of nappe tectonics and well-sorted particles alleviated the compaction and thus preserved more intergranular pores in the AHP sandstones. Dissolution further increases the porosity and eventually forms the AHP sandstones. The strong carbonate-cemented facies (SCC), tightly compacted facies (TC), moderately compacted with moderate dissolution facies (MCMD), and weakly compacted with strong dissolution facies (WCSD) are determined in the J2x1+2 sandstones. The sandstones with SCC and TC are recognized as the NLP reservoirs. The MCMD and WCSD correspond to the NHP and AHP reservoirs, respectively. The reservoir quality predicted using the constructed diagenetic facies charts is in good agreement with the photomicrograph observations and physical property tests. Additionally, the AHP reservoirs are still developed in the deeply buried sandstones with depths larger than 4000 m.
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1 INTRODUCTION
With the declines in production of conventional hydrocarbon resources and the quickly growing energy needs, the tight sandstone reservoirs have become one of the important exploration targets for petroleum industry (Law and Curtis, 2002; Desbois et al., 2011; Zou et al., 2012; 2013; Li et al., 2020). The tight sandstone reservoirs generally have poor physical property, which are characterized by highly variable reservoir quality in spatial distribution (Wu et al., 2022). Nevertheless, anomalously high porosity zone (AHPZ) is still developed in some tight sandstone reservoirs. The AHPZs are defined as the reservoirs having higher porosity relative to expected background values for their burial depth (Bloch et al., 2002; Nielsen et al., 2019), and can be widely developed across different geological periods, sedimentary facies and buried depth intervals in the various petroliferous basins (Sun et al., 2013; Cao et al., 2014; Yuan et al., 2015a; Wu et al., 2022). The determination of AHPZ is the central work of the genetic analysis and prediction of high-quality sandstone reservoirs, which are the sweet spots for hydrocarbon exploration, especially for deeply buried sandstone reservoirs.
The formation mechanism of anomalously high porosity (AHP) sandstones in the AHPZs has always been the concern for petroleum geologists. With the proposed dissolution mechanism by organic acid from kerogen maturation within the source rocks (Schmidt and McDonald, 1979; Surdam et al., 1989), many scholars believe that the secondary dissolution is the main reason for the formation of AHPZs (Weibel et al., 2019), while the primary pores have almost disappeared in the middle and deep layers (Zhong et al., 2003). Also, the effect of burial dissolution pores on AHPZ requires consideration of whether sandstone diagenesis occurs in an open or closed geochemical system (Gluyas and Coleman, 1992; Bjørlykke and Jahren, 2012; Yuan et al., 2015b; Luo et al., 2019). Secondary dissolution plays a significant effect on porosity-increase in open sandstone systems, whereas it has little effect on porosity-enhancing in closed sandstone systems (Yuan et al., 2015b). In addition, the formation of AHPZs in the mid-deep layers in some areas cannot be explained by secondary dissolution. The primary porosity-preserving mechanisms, such as hydrocarbon emplacement (Emery et al., 1993; Xia et al., 2020; Wu et al., 2022), high fluid pressure (Jin et al., 2011; Nguyen et al., 2013), microcrystalline quartz coatings (Aase et al., 1996; Worden et al., 2012), and clay coatings (Heald and Larese, 1974; Taylor et al., 2010; Zhou et al., 2016), have suggested to dominate the AHPZ formation. The deeply buried sandstone reservoirs of the lower member of the Middle Jurassic Xishanyao Formation (J2x1+2) in the Taibei Sag of Turpan-Hami Basin show anomalous high porosities than expected background values for the burial depth, and more primary intergranular pores dominate these high-porosity sandstones, indicating that high porosity may be related to the primary porosity-preserving capacity. However, the mechanisms previously mentioned cannot explain the development of primary intergranular pores in the deeply buried J2x1+2 sandstones, the cause responsible for the formation of AHPZ needs to be rethought and clarified.
The reservoir quality is the comprehensive results of depositional environment and diagenetic modifications, which is difficult to predict due to the strong heterogeneity. The diagenetic facies that indicates the final state of reservoir is generally used to predict and evaluate the reservoir quality (Ozkan et al., 2011; Lai et al., 2018). At present, many studies have been done on correlating the diagenetic facies with well logs to evaluate reservoir quality (Cui et al., 2017; Lai et al., 2018; Wu et al., 2020; Li et al., 2022). The same AHPZ generally has different genetic types of sandstone reservoirs, including AHP sandstone, normally high porosity (NHP) sandstone, and normally low porosity (NLP) sandstone (Hao et al., 2020). However, there are few studies to correlate the diagenetic facies with different types of sandstone reservoirs and then use the corresponding logging response readings to predict the reservoir quality.
The sandstone of the Middle Jurassic Xishanyao Formation is important tight hydrocarbon reservoir in the Taibei Sag of Turpan-Hami Basin. A new chapter of Jurassic hydrocarbon exploration was opened with the acquisition of industrial oil flow in the Sanjianfang Formation by the scientific exploration well TC one in the Turpan-Hami Basin (Zhai et al., 2016). The hydrocarbon exploration currently focuses on the sandstones of the upper member of Xishanyao Formation, Sanjianfang Formation and Qiketai Formation in the forward structural belt around the sub-sags (Ni et al., 2019; Li et al., 2021). The lithologic hydrocarbon reservoir within coal-bearing source rocks of the J2x1+2 and the lower Jurassic as an important replacement field, however, there is a lack of systematic studies on the quality evaluation and prediction of these sandstone reservoirs (Hao et al., 2022; He et al., 2022; Liang et al., 2022). Therefore, taking the J2x1+2 tight sandstones as a typical example, this paper studied the mechanism responsible for the formation of AHPZ and predicted distribution of high-quality reservoirs. The study mainly focused on the following objectives: 1) to characterize reservoir lithologies, reservoir properties and diagenetic mineralogy, and contradistinguish AHP from NHP and NLP sandstones; 2) to identify the key controlling factors for the formation of AHPZ; 3) to associate different types of diagenetic facies with (AHP, NHP, and NLP) sandstone reservoirs; and 4) to construct the logging responses of (AHP, NHP, and NLP) sandstones and predict reservoir quality. The results of this work will be expected to have a great significance for reservoir quality evaluation and prediction, and provide reference for exploring and developing hydrocarbon reservoirs in analogous geological settings.
2 GEOLOGICAL SETTINGS
The Turpan-Hami Basin, located in northwest China (Figure 1A), is an E-W elongated intermontane basin nestled in the North Tian Shan orogenic belt and covers an area of 5.35 × 104 km2 (Chen et al., 2001; Greene et al., 2004; Han et al., 2016; Shen et al., 2020). It developed on the folded basement of the Early Paleozoic oceanic crustal fragments and accretionary metasedimentary rocks, and mainly contains non-marine Mesozoic-Cenozoic fills (Carroll et al., 1990; Allen et al., 1995; Greene et al., 2005; Xia et al., 2012). The present boundaries of Turpan-Hami Basin are defined by Jueluotage mountains to the south, Barkoland and Bogda mountains to the north, Harlik mountains to the east, and Karawushen mountains to the west (Figure 1B). The Turpan-Hami Basin consists of three first-order tectonic units from west to east, i.e., Turpan depression, Liaodun uplift, and Hami depression (Figure 1B). The Taibei Sag as the study area is the secondary structural unit in the Turpan depression and covers approximately 1 × 104 km2 (Figure 1C). According to the tectonic evolution characteristics, the Taibei Sag can be further divided into twelve positive structural subunits such as the northern piedmont structural belt and Hongtai structural belt, and three negative structural subunits such as Shengbei subsag, Qiudong subsag and Xiaocaohu subsag (Figure 1C).
[image: Figure 1]FIGURE 1 | (A) Location of the Turpan-Hami Basin in China. (B) The tectonic unit divisions of the Turpan-Hami Basin. (C) The tectonic subunit divisions with the hydrocarbon-bearing structural belts and major wells in the Taibei Sag (modified from Hao et al., 2020).
The evolution of the Turpan-Hami Basin during the Carboniferous-Quaternary is generally divided into four phases (Figure 2A) (Tian et al., 2017): 1) The first syn-rift phase was from Carboniferous to Middle Permian, during which sediments were dominated by fluvial-lacustrine depositional system; 2) The thermal subsidence phase was from Late Permian to Triassic, during which sediments were dominated by fluvial depositional system; 3) The second syn-rift phase lasted throughout the Jurassic, during which sediments were dominated by fluvial-swamp-lacustrine depositional system; and 4) The third syn-rift phase spanned the Cretaceous to Quaternary, during which sediments were dominated by fluvial-swamp depositional system. In addition, the Jurassic structural layers were mainly depicted by decollement along coal-bearing strata (Gao et al., 2018).
[image: Figure 2]FIGURE 2 | The generalized stratigraphy column of the Taibei Sag in the Turpan-Hami Basin with focused intervals in this study. (A) The general infilling sedimentary successions of the Taibei Sag (Modified from Tian et al., 2017). (B) The subdivisions of the Xishanyao Formation.
At present, the discovered hydrocarbon resources are mainly concentrated in the Taibei Sag. From base to top, the sedimentary successions in the Taibei Sag are represented by the Carboniferous, Permian, Triassic, Jurassic, Cretaceous, Paleogene, Neogene, and Quaternary strata (Figure 2A), and a maximum thickness can reach up to approximately 9000 m (Wu and Zhao, 1997; Zhang et al., 2018; Ni et al., 2019). The main petroliferous intervals originate from the Jurassic deposited during the second syn-rift stage (Tian et al., 2017), which can be divided into Lower Jurassic Badaowan Formation (J1b) and Sangonghe Formation (J1s), Middle Jurassic Xishanyao Formation (J2x), Sanjianfang Formation (J2s) and Qiketai Formation (J2q), and Upper Jurassic Qigu Formation (J3q) and Kalaza Formation (J3k), from bottom to top (Figure 2A). The J2x comprises high quality reservoir rocks and source rocks (Chen et al., 2001; Ni et al., 2019), and is divided into four members as J2x1, J2x2, J2x3, and J2x4 from bottom to top (Figure 2B). Overall, the J2x is mainly composed of siltstones, sandstones, mudstones, and thick coal seams deposited in delta-lacustrine system (Shao et al., 2003), or rather, fan delta deposits are mainly developed in the northern Taibei Sag, and braided-river delta deposits are developed in the southern part. The J2x1 mainly consists of sandstone and fine conglomerate. The J2x2 is composed of siltstone, mudstone, carbonaceous mudstone, and coal seam. The J2x3 is characterized by the interbeds of mudstone, light gray sandstone, and siltstone in different thickness. The J2x4 contains gray massive sandstone, glutenite, and gray-green mudstone (Figure 2B). The average vitrinite reflectance Ro of coal-bearing source rocks varies from 0.6% to 0.9%, signifying source rocks are at a low mature to mature stage (Chen et al., 2001; Tian et al., 2017). The J2x sediments mainly sourced from the Jueluotage mountains in south and Bogda mountains in north (Greene et al., 2005; Ji et al., 2017; Hao et al., 2021). This paper focuses on the deeply buried tight sandstones in the lower part of the Middle Jurassic Xishangyao Formation (J2x1+2) in the Taibei Sag.
3 SAMPLES AND METHODS
A total of 4490 core samples from 253 wells were studied in petrography and mineralogy, in order to elucidate the controlling factors for the formation of AHPZ of the J2x1+2 tight sandstones in the Taibei Sag.
The red epoxy resin-impregnated thin sections were prepared for determining the detrital mineralogy, diagenetic mineralogy, pore types and the corresponding thin-section porosity of samples by counting 300 points per thin slices with Olympus BX51 digital transmission microscope (Stroker et al., 2013). Thin sections were partly stained with Alizarin Red S and K-ferricyanide for identifying the carbonate minerals (Dickson, 1965).
Sixty-two samples were gold-coated and performed on the Quanta 200F scanning electron microscopy (SEM) with a resolution of 1.2 nm to observe diagenetic minerals (especially authigenic clay minerals), pore types and morphology at micro to nano-scales.
The clay fraction mineralogy of 120 samples were analyzed using X-ray diffraction (XRD), which was performed on a D8 DISCOVER X-ray diffractometer at 40 mA and 40 kV. The specific procedures for sample preparation and XRD measurement were according to Hillier (2003) and Clarkson et al. (2013).
Two hundred and thirty-eight samples were selected for granulometry measurement to determine the grain size and sorting degree of grains, which were conducted on an MS 2000 laser granularity analyzer. The specific procedures for preparation, analysis and interpretation of these samples were according to Amireh (2015) and Zhang et al. (2019).
The mercury injection capillary pressure (MICP) analysis was performed to characterize the pore structure characteristics such as pore size distribution (PSD) and pore-throats connectivity. 120 samples were conducted by using an AutoPore IV9500 mercury porosimeter. The maximum pressure of mercury injection is 35 MPa, corresponding to a pore-throat radius of 20 nm (Washburn, 1921).
The porosities and permeabilities of 10902 core plug samples were measured by helium injection, which were performed on a Ultrapore-200A porosimeter and an Ultra-PermTM200 permeameter. Before the experiments, these core plugs were cleaned with a mixed solution of alcohol and trichloromethane to remove the residual oil and then dried with a vacuum at 110°C for 24 h.
4 RESULTS
4.1 Detrital mineralogy
The detrital compositions of the studied sandstones comprise 6.4%–55.9% quartz (Q), 4.1%–35.4% feldspar (F) and 19.2%–85.1% rock fragment (R), showing that the sandstones are primarily feldspathic litharenites and litharenites according to the classification scheme presented by Folk (1980), with an average component of Q29.3F21.3R49.4 (Table 1). There is no significant difference between the J2x1 and J2x2 sandstones in detrital component. Both J2x1 and J2x2 sandstones are enriched in lithic, with lithic populations comprising sedimentary fragments (avg 1.5%), metamorphic fragments (avg 4.5%), igneous fragments (avg 27.5%), and volcaniclastic fragments (avg 14.8%).
TABLE 1 | The detrital components, major diagenetic minerals and grain sizes of different types of sandstone reservoirs in the Taibei sag.
[image: Table 1]The J2x1+2 reservoirs are mostly silt-to medium-grained sandstones with moderate-to good sorting. The framework grains are primarily subrounded-subangular and subangular, and mostly range from point to linear contacts.
4.2 Reservoir properties
4.2.1 Porosity and permeability
The porosity of studied sandstone samples has an average value of 6.0% with a range from 0.4% to 19.1%, and the permeability has an average value of 1.12 mD with a range from 0.001 to 197 mD. In general, the J2x1+2 belongs to the tight sandstone reservoirs, since a total of 89.2% of samples have a porosity of less than 10% and permeability of less than 1 mD. The results also showed that J2x1 and J2x2 have similar physical property distributions, with an average porosity and permeability of 5.8% and 1.31 mD, and 6.3% and 0.97 mD, respectively.
4.2.2 AHPZ determination
Determination of effective porosity and normal maximum porosity is the core work for identifying AHPZ and predicting reservoir quality. The effective porosity can separate the effective reservoir from the ineffective reservoir, and can be determined using the specific method proposed by Wang et al. (2009). The log-interpreted porosities of different oil-bearing layers and dry layers were used to determine the lower limit of effective porosity at depth interval of 300 m in the range of 2000–4500 m by using the cumulative distribution function (Wang et al., 2009; Wu et al., 2022). There existed very significant power correlation between the lower boundary of effective porosity and depth with a coefficient of determination of 0.98. The lower boundary of effective porosity is displayed as the solid red line in Figure 3A. The normal maximum porosity was determined using the specific method proposed by Bloch et al. (2002). In addition to the 1203 core porosity data for J2x1 and J2x2, a total of 9699 core porosity data from Middle Jurassic J2x3, J2x4, J2s and J2q were used to determine the normal maximum porosity by plotting the histogram of the porosity distribution per 300 m depth interval (Bloch et al., 2002). There lies in an exponential relationship between the normal maximum porosity and depth with a coefficient of determination of 0.95. The evolution trend line of normal maximum porosity is shown as the solid blue line in Figure 3A.
[image: Figure 3]FIGURE 3 | The buried depth versus (A) core porosity of middle Jurassic sandstones, (B) core porosity of J2x1+2 sandstones, (C) core permeability of J2x1+2 sandstones, (D) thin section porosity of different types of reservoirs, and (E) percentage of primary pore in different types of reservoirs in the Taibei Sag.
The normal maximum porosity evolution trend line combined with the porosity envelope indicates that the depth intervals of 3000–3700 m and 3800–4050 m exhibit AHP (Figure 3A). The J2x1 and J2x2 show anomalously high measurements at depth interval of 3850–4050 m (Figures 3B, C). The porosity lower than the boundary of effective porosity and greater than the boundary of normal maximum porosity is defined as NLP and AHP sandstones, respectively. The sandstones between the lower boundary of effective porosity and the maximum porosity boundary is called NHP sandstones.
4.2.3 Pore types and thin-section porosity
The primary intergranular pores, secondary dissolution pores and micropores are recognized in the J2x1+2 sandstones based on SEM and thin section observations (Figure 4). The primary intergranular pores are characterized by smooth pore edge, regular shape, and flat grain edge (Figures 4A, D). Secondary dissolution pores with irregular shapes are mostly intragranular dissolution of feldspars and rock fragments (Figures 4A, B, E, F), and a small amount dissolution pores of grain margins and interstitial materials (Figure 4C). Micropores were generally occurred in matrix and clay-dominated intercrystalline pores (Figures 4C, L–O) and weak intragranular dissolution pores (Figure 4C). The reservoir space assemblages of different types of sandstones in the AHPZ are different. The results show that there is a noticeable variation in pore types from intergranular-intragranular dissolution pores in the AHP sandstones, to major intragranular dissolution pores in the NHP sandstones, to most micropores happened in the NLP sandstones. In the AHP sandstones, thin section porosity of primary pores ranges from 1.0% to 17.0%, with an average of 9.33% (Figure 3D). The proportion of primary pores in the AHP sandstones can reach 63.5% on average (Figure 3E), indicating that primary pores dominate the development of the AHPZ in the J2x1+2 sandstones.
[image: Figure 4]FIGURE 4 | Photomicrographs showing typical pore types and diagenetic minerals of the J2x1+2 sandstone reservoirs in the Taibei sag. (A) PPL view showing mixed pores of primary intergranular pores and dissolution pores (Well H803, 3998.59 m). (B) PPL showing intragranular dissolution pores and a small number of micropores (Well K23, 3991.77 m). (C) PPL showing micropores formed by interstitial materials dissolution (Well K23, 3992.69 m). (D) SEM image showing the remaining intergranular pore after quartz overgrowths fillings (Well H803, 3998.63 m). (E) SEM image showing the dissolution pores of rock fragment (Well H801, 3865.65 m). (F) SEM image showing the feldspar dissolution pores (Well YB3, 3836.39 m). (G) PPL view showing the early poikilitic calcites (Well H801, 3868.25 m). (H) PPL image viewing the intragranular dissolution pores were replaced by the dolomites (Well K33, 3801.94 m). (I) PPL image showing the dissolved frameworks replaced by ankerites partly or entirely (Well L2, 3473.01 m). (J) SEM image showing the ankerite cement with rhombohedral crystals (Well G12, 4009.36 m). (K) PPL image showing the quartz overgrowths (Well K31, 4012.55 m). (L) SEM image showing the intergranular pores filled by the kaolinite aggregates (Well H803, 4041.04 m). (M) SEM image showing pore-filling euhedral quartz crystals and illites (Well J3, 4125.75 m). (N) SEM image showing the euhedral quartz crystals and chlorites (Well G5, 3650.02 m). (O) SEM image showing the I/S mixed layers (Well K23, 3991.14 m). IP- intergranular pores; DP- dissolution pore; MP- micropore; Qo-quartz overgrowths; PPL-plane-polarized light; SEM-scanning electron microscope; Ca-calcite; Dol-dolomite; Ank- Ankerite; K- kaolinite; I- illite; I/S- illite/smectite mixed layer; Ch- Chlorite.
4.3 Diagenetic mineralogy
The J2x1+2 sandstones in the AHPZ have various diagenetic minerals, including carbonates, clay minerals, and quartz cements. The volume of carbonate cements ranges from 0.1% to 24.4%, with an average of 2.1%. The carbonate cements are composed of calcite (Figure 4G), dolomite (Figure 4H), and ankerite (Figures 4I, J). The calcite generally filled the intergranular pores and occurred as a sparry or poikilitic crystals, which represent the early stage of precipitation. The dolomite and ankerite represent the late stage of precipitation, and commonly occurs in the form of filling intragranular or intergranular pores and replacing framework grains (Figures 4H, I). Authigenic quartz is not as widespread as clay and carbonate cements in the J2x1+2 sandstones, with an average of less than 0.5%. Quartz cements occurred in syntaxial overgrowths (Figure 4K) and euhedral quartz crystals, which generally filled the intergranular or intragranular pores, and often appears together with the illite/smectite (I/S) mixed layers, illite, chlorite and kaolinite (Figures 4M–O).
The volume of authigenic clay cement ranges from 0.5% to 3.0%, with an average of 1.2%. The clay cement includes kaolinites (Figure 4L), illites (Figure 4M), chlorites (Figure 4N), and I/S mixed layers (Figure 4O), and their contents vary significantly in the AHP, NHP and NLP sandstones (Table 1). The kaolinite and chlorite dominate the clay cements in the AHP sandstones, which averaged 44.2% and 36.5% of the total clay mineral content, respectively. The kaolinite, chlorite and illite dominate the clay cements in the NHP sandstones, which averaged 46.2%, 24.1% and 19.4% of the total clay mineral content, respectively. However, the illite and I/S mixed layer are the major clay cements in the NLP sandstones, which averaged 59.0% and 30.6% of the total clay mineral content, respectively.
4.4 MICP curves and PSD
The MICP curves of AHP, NHP and NLP samples are shown in Figure 5. The MICP curves of AHP and NHP samples increases gradually from the beginning to the end with a “plateau-trend” stage at the early period of mercury injection compared with NLP samples (Figures 5A, C), indicating that the pore-throat sorting of AHP and NHP sandstones is better than that of NLP sandstones. The maximum pore-throat radius (Rm) and medium pore-throat radius (R50) decrease with increasing the threshold pressures (Pd) and medium saturation pressure (P50) from AHP to NHP to NLP samples, signifying that the larger pore throats exist in the AHP sandstones. The Pd is less than 0.3 MPa in the AHP samples and greater than 0.5 MPa in the NHP and NLP samples. Furthermore, the maximum mercury saturation of AHP samples (avg 87.3%) was higher than that of NHP and NLP samples.
[image: Figure 5]FIGURE 5 | MICP curves (A, C, E) and corresponding pore-throat size distributions (B, D, F) of different types of sandstones in the Taibei Sag. (A, B)-AHP sandstones. (C, D)-NHP sandstones. (E, F)-NLP sandstones.
The PSD is wide, ranging from 21 nm to 10 μm (Figures 5B, D, F), and shows significant differences among AHP, NHP and NLP sandstones. The PSD of AHP samples shows a significant unimodal pattern and mainly ranges from 0.1 μm to 10 μm with a mode of 2 μm (Figure 5B). The PSD of NHP and NLP samples has similar distribution characteristics and shows a bimodal pattern. The smaller pore-throats size (minor peak) of NHP and NLP samples are ranging from 21 nm to 0.08 μm with a mode of 0.05 μm. Although the larger pore-throats size (primary peak) of both NHP and NLP are distributed between 0.1 μm and 1 μm, the mode of NHP is about 0.5 μm and that of NLP is about 0.25 μm (Figures 5D, F).
5 DISCUSSION
5.1 Diagenetic controls on the formation of AHP
The complex and variable interplay of factors, such as the detrital composition, grain texture and prolonged diagenetic alteration after sediment deposition, yields a wide range of potential outcomes with respect to the pore structure and reservoir quality (Ajdukiewicz and Lander, 2010; Taylor, et al., 2010; Lai et al., 2018; Griffiths et al., 2019; Quandt et al., 2022; Wu et al., 2022; Marghani et al., 2023). There is no significant difference in the grain size and composition among the AHP, NHP, and NLP reservoirs in the AHPZ (Figures 6A, B). The average sorting coefficient of the AHP is the lowest among these sandstone reservoirs, with an average of 1.9 (Figure 6A). Correspondingly, the average initial porosity (32.9%) is the largest. However, the difference between the average initial porosity of AHP sandstones and that of NHP and NLP sandstones is 1.5% and 2.8% (Beard and Weyl, 1973), respectively. Therefore, the sedimentation differentiation may have no significant controls on the formation of AHP sandstone reservoirs in the AHPZ.
[image: Figure 6]FIGURE 6 | Box plots of the detrital grain size and sorting coefficient (A), detrital component (B), and authigenic minerals (C) in the J2x1+2 sandstones in the Taibei Sag. MGZ-medium grain size; AGZ- Average grain size; SC- Sorting coefficient; I/S- illite/smectite mixed layer.
5.1.1 Compaction
Compaction is a collection of processes that lead to both the intergranular volume (IGV) and primary porosity decrease with increasing burial depth. The grain contacts of J2x1+2 sandstones mainly vary from point to linear contact (Figures 4A–C), indicating that the degree of compaction is significantly different among the AHP, NHP, and NLP sandstones in the AHPZ. The IGV of sediment can be measured to evaluate the degree of sandstone compaction (Houseknecht, 1987; Paxton et al., 2002). Assuming that the initial porosity of the well-sorted J2x1+2 sandstone is about 40%, the porosity loss rate caused by compaction is distributed from 64.8% to 99.5% with an average of 89.6%, which reveals that the compaction plays a most important role in porosity loss for J2x1+2 sandstone (Figure 7A). The strong degree of compaction of the J2x1+2 sandstone is due to the progressive burial in which the early burial rate is greater than the late burial rate (Wu and Zhao, 1997; Shao et al., 2003). In addition, the abundance of acidic fluids in the coal measure strata during the early diagenesis makes the dissolution of clastic particles common, which in turn reduces the compaction resistance of the sandstone (Shou et al., 2006).
[image: Figure 7]FIGURE 7 | (A) Plot of the effect of compaction and cementation on porosity loss in the J2x1+2 sandstones (modified from Houseknecht, 1987; Ehrenberg, 1989). (B) Cross-plot showing the relationship between the sorting coefficient and the compaction rate.
The NHP and NLP sandstones underwent more extensive compaction, resulting in a >90% reduction in initial porosity. However, the AHP sandstones in the same AHPZ underwent a less 80% reduction in initial porosity through compaction (Figure 7A). The factors responsible for the difference in the rates and degrees of sandstone compaction mainly focus on the following two aspects: 1) Internal factors involving sediment composition and texture (Taylor et al., 2010; Tobin et al., 2010); and 2) External factors induced by temperature, stress condition, and burial rate (Pittman and Larese, 1991; Shou et al., 2006). The composition and grain size cannot explain the differential compaction of AHP, NHP and NLP sandstone reservoirs (Figures 6A, B). However, the mechanical compaction of poorly sorted NLP sandstones that have the maximum sorting coefficient will be extensive (Figures 6A, 7B). This is because the pores between the relatively large particles are easy to be filled by smaller particles (Mckinley et al., 2011). When the sorting coefficient is <2, the NHP and AHP sandstone reservoirs co-exist (Figure 7B), signifying that the sorting coefficient is not the sole factor controlling the compaction rate. The tectonic stress condition may be responsible for most intergranular porosity preservation in the AHP sandstones. The nappe tectonics developed in the Qiketai—Huoyanshan area of the Turpan-Hami Basin can alleviate the compaction to a certain extent (Figure 8), thus reducing the compaction rate and preserving the IGV of sandstones under the nappe (Shou et al., 2005). Taking well K31 in the northern piedmountain zone, well J3 in the abdominal zone and well H803 in the southern nappe tectonic zone as examples, the compaction of well H803 sandstone is significantly weaker than that in other zones when the depth is similar, as confirmed by thin section images (Figures 4A–C). The sandstone porosity and permeability of well H803 at a depth of 4002.45 m can reach 12.6% and 5.688 mD, respectively. The primary porosity with good connectivity is up to 65%, which accounts for the relatively high permeability of the sandstone reservoir.
[image: Figure 8]FIGURE 8 | Simplified profile sketch showing the nappe tectonics and its influence on compaction (modified from Wu and Zhao, 1997; Shou et al., 2005). The profile location is shown in Figure 1.
5.1.2 Cementation
Different types of cements can be observed in the J2x1+2 sandstone (Figure 4). The cements are mainly carbonate, followed by clay minerals, with less quartz cement. The porosity loss destroyed by cementation ranges from 0.1% to 11.6% (avg 1.42%), accounting for 0.2%–28.9% (avg 3.55%) of IGV in the J2x1+2 sandstones (Figure 7A). The porosity lost by cementation in the AHP sandstone varies from 0.3% to 3.5%, with an average of 0.94%. The corresponding values for the NHP and NLP sandstone reservoirs are 0.3%—8.4%, 1.39%, and 0.1%—11.6%, and 1.64%, respectively (Figure 7A). There is no significant difference in the content of carbonate cements among AHP, NHP, and NLP sandstones (Figure 6C), indicating that the carbonate cement are not the main factor affecting the formation of AHP sandstone. It is worth noting that there are more outliers in the distribution of carbonate cements in NLP sandstones than in AHP and NHP sandstones (Figure 6C). The poikilitic calcites filling large intergranular spaces are responsible for these outliers, which is confirmed by thin section observations (Figure 4G). Therefore, in addition to the tight compaction (Figure 7A), the strong carbonate cementation is also the main reason for the formation of the NLP sandstones. Although the content of authigenic clay minerals is low, the content of different types of clay minerals is significantly different in AHP, NHP, and NLP sandstones (Figure 6C). The contents of kaolinite and chlorite are relatively higher in the AHP and NHP sandstones, while the contents of illite and I/S mixed layer are relatively higher in the NLP sandstones. The illite and I/S mixed layer generally occurred as pore-filling forms, which clogs the pore systems and thus attenuates the reservoir quality. The chlorite occurred as grain coatings, which plays a positive role in preserving intergranular pores and improving reservoir quality (Zhou et al., 2016). Compared with the NLP sandstone, more intergranular pores preserved in the AHP and NHP sandstones can provide conduits for acidic fluid transport to enhance dissolution, which leads to a marked increase in content of authigenic kaolinite (Surdam et al., 1989).
5.1.3 Dissolution
The dissolution of framework grains significantly increases the porosity and thus promotes the formation of the AHPZ (Figure 3). The secondary dissolution pores mainly occur in the AHP sandstones, followed by the NHP and NLP sandstones. The point-counting results show that the secondary thin-section porosity of AHP sandstone ranges from 3.0% to 7.0%, with an average of 4.9%. The corresponding values for NHP and NLP sandstones are 2.0%—6.0%, 3.8% and 0.2%—4.0%, 2.5%, respectively. The J2x1+2 sandstones are located adjacent to coals and dark mudstones, which are in the stages of low maturity to maturity (Table 1). The organic acids released by coal-bearing source rocks provide conditions for the dissolution of J2x1+2 sandstones. The results also indicate that the dissolution is closely related to the development degree of intergranular pores after compaction and cementation (Li et al., 2020; Wu et al., 2022). There is a significant positive correlation between the primary and secondary thin-section porosity (Figure 9A). This is because the intergranular pores served as the main pathway for fluid activity (Li et al., 2020). The contribution of secondary porosity in the AHP sandstone to core porosity and permeability is more significant than that in NHP and NLP sandstones (Figures 9B, C). The PSD of the AHP sandstone is significantly higher than that of the NHP and NLP sandstones (Figure 5), which may allow by-products of dissolution to be effectively carried away from the dissolution minerals, thus effectively increasing the porosity and permeability.
[image: Figure 9]FIGURE 9 | Cross-plotting of the secondary thin-section porosity versus the primary thin-section porosity (A), core porosity (B), and core permeability (C).
5.2 Implications for reservoir quality prediction
5.2.1 Association of AHP, NHP, and NLP with diagenetic facies and their log responses
The differential reservoir quality of AHP, NHP, and NLP sandstones within the AHPZ can be explained by the various diagenetic facies. Based on the complex diagenetic processes, diagenetic minerals, and pore systems (Lai et al., 2018), the four main types of diagenetic facies, i.e., strong carbonate-cemented facies (SCC), tightly compacted facies (TC), moderately compacted with moderate dissolution facies (MCMD), and weakly compacted with strong dissolution facies (WCSD), are distinguished in the J2x1+2 sandstones. The SCC and TC are the destructive diagenetic facies that tend to form NLP sandstones with a poor reservoir quality in the Taibei sag (Figures 4G, 8C). The MCMD has a moderate reservoir quality and eventually forms the NHP sandstones (Figures 4B, C). The WCSD is an important construction diagenetic facies for the best reservoir quality layers, which mainly corresponds to the AHP sandstones (Figures 4A, 8A). The AHP and NHP sandstones are defined as relatively high-quality sandstone reservoirs (Wu et al., 2022). Additionally, significant differences exist in the porosity and permeability of sandstone reservoirs with different types of diagenetic facies (Figure 10A). The reservoir quality index (RQI) is a valid proxy for evaluating the reservoir quality heterogeneity, and the corresponding equation is written as [image: image] (where K is the permeability, μm2;Φ is the porosity, fraction) (Amaefule et al., 1993). The RQI of the WCSD is the highest, followed by the MCMD, while the TC and SCC are the worst (Figure 10B). Therefore, correlating the AHP, NHP, and NLP sandstones to the different types of diagenetic facies can be rationally used to predict the subsurface reservoir quality and thus evaluate the favorable reservoir intervals (Ozkan et al., 2011; Lai et al., 2018).
[image: Figure 10]FIGURE 10 | (A) The porosity-permeability cross plots of the various diagenetic facies. (B) Box-whisker plots viewing the variance in RQI among various diagenetic facies. The legend is the same as Figure 6.
The conventional well logs, such as compensated neutron log (CNL), bulk density log (DEN), acoustic transit time log (AC), deep lateral resistivity log (LLD) and shallow lateral resistivity log (LLS), are sensitive to changes in the diagenetic facies (Cui et al., 2017; Lai et al., 2018). The value of LLD minus LLS is defined as ΔR. The cross plots between the diagenetic facies of core sandstone samples and the corresponding calibrated well log values show that the different types of diagenetic facies have good differentiation in the well log responses (Figure 11). The well log responses of TC can be recognized by ΔR > 0, high DEN values but low CNL and AC values (Figure 12A). The SCC has high DEN values, medium to high CNL values, low AC values and ΔR > 0 (Figure 12B). The MCMD is characterized by the relatively medium to high DEN, AC and CNL values, but ΔR < 0 (Figure 12C). The WCSD has relatively high AC and CNL values, low DEN values and ΔR < 0 (Figure 12D).
[image: Figure 11]FIGURE 11 | Cross plots showing logging parameters of different types of diagenetic facies of the J2x1+2 sandstone reservoirs. DEN- bulk density log; CNL- compensated neutron log; AC- acoustic transit time log; LLD- deep lateral resistivity log; LLS- shallow lateral resistivity log; LLD/LLS- the ratio of deep lateral resistivity log to shallow lateral resistivity log; ΔR = LLD-LLS.
[image: Figure 12]FIGURE 12 | The typical photomicrographs and corresponding well log responses of different types of diagenetic facies.
5.2.2 Prediction of reservoir quality via well log readings
The logging interpretation could provide the ultimate state of the various diagenetic facies that associated with the reservoir quality heterogeneity. A combination of well log readings discussed in subsection 5.2.1 can be used for identifying the diagenetic facies and thus predicting the reservoir quality of intervals that lack core control. A blind test has been performed on the intervals from other wells that were not involved in the model construction to verify the rationality of the constructed logging response model. Taking the wells PB102 and H803 as examples, the prediction of diagenetic facies in these wells are consistent with the results of thin section and SEM observations and physical property tests (Figures 13, 14), indicating that the constructed well logging response chart can be used as an effective method to identify the diagenetic facies and thus predict the reservoir quality. In general, the oil-water, water and oil-bearing water layers are closely related to WCSD and MCMD, while the dry layers are associated with the TC (Figures 13, 14). The SCC with poor RQI occurs near the sand-mudstone contact surface. In addition, the constructed well log response charts are of great significance for the prediction of deeply buried favorable sandstones. The interpretation of diagenetic facies reveals that relatively high-quality reservoirs are still developed in the lower Jurassic sandstones with depths larger than 4000 m (Figure 14), which has been confirmed by previous studies (Hao et al., 2020; Chen et al., 2022; He et al., 2022). It is worth noting that the logging response characteristics of the constructed diagenetic facies are different from the results of previous studies (Cui et al., 2017; Wu et al., 2020; Li et al., 2022), which may be due to the difference in tectonic setting, sedimentary environment, and diagenetic history. Correlating the diagenetic facies with well logs can provide a feasible perspective for quality evaluation, prediction, and classification of subsurface sandstone reservoirs, especially for deeply buried tight sandstone reservoirs.
[image: Figure 13]FIGURE 13 | Prediction of diagenetic facies in the vertical profile of well PB103. Φ-core porosity; K-core permeability; Cal-carbonate cement.
[image: Figure 14]FIGURE 14 | Prediction of diagenetic facies in the vertical profile of well H803. Φ-core porosity; K-core permeability; Cal-carbonate cement.
6 CONCLUSION

(1) The J2x1+2 sandstones are mostly feldspathic litharenites and litharenites, which are characterized by moderate-to good sorting, silty to medium granularity, and point-to long grain contacts.
(2) The J2x1+2 sandstones have low porosity (avg 6.0%) and permeability (avg 1.12 mD), but show anomalously high measurements at depth interval of 3850–4050 m.
(3) There is a noticeable variation in pore types and sizes from intergranular-intragranular dissolution pores with a size mode of 2.0 μm in AHP sandstones, to major intragranular dissolution pores with a size mode of 0.5 μm in NHP sandstones, to most micropores with a size mode of 0.25 μm occurred in the NLP sandstones.
(4) Compaction is the main cause of reservoir quality attenuation, resulting in an average porosity loss of 89.6%. However, authigenic minerals have relatively little influence on reservoir quality, but poikilitic carbonate cements can generally form NLP sandstones.
(5) The combination of nappe tectonics and well-sorted particles alleviated the compaction and thus preserved more intergranular pores in the AHP sandstones. Dissolution further increases the porosity and eventually forms the AHP sandstones.
(6) The sandstones with strong carbonate-cemented facies (SCC) and tightly compacted facies (TC) are recognized as the NLP reservoirs. The moderately compacted with moderate dissolution facies (MCMD) and weakly compacted with strong dissolution facies (WCSD) correspond to NHP and AHP reservoirs, respectively.
(7) The reservoir quality predicted using the constructed diagenetic facies charts is in good agreement with the photomicrograph observations and physical property tests. Additionally, the AHP reservoirs are still developed in the deeply buried sandstones with depths larger than 4000 m.
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