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Abstract

:

Deeply buried sandstones in the Jurassic, Toutunhe Formation, are a crucial exploration target in the Junggar Basin, NW China, whereas, reservoir-forming process of sandstones in the Toutunhe Formation remain unknown. Focused on the tight sandstone of the Toutunhe Formation, the impacts of diagenesis and hydrocarbon charging on sandstone reservoir-forming process were clarified based on the comprehensive analysis of sedimentary characteristics, petrography, petrophysical characteristics, and fluid inclusion analysis. Three diagenetic facies developed in the Toutunhe sandstone reservoirs, including carbonate cemented facies (CCF), matrix-caused tightly compacted facies (MTCF), and weakly diagenetic reformed facies (WDF). Except the WDF, the CCF and the MTCF entered the tight state in 18 Ma and 9 Ma, respectively. There was only one hydrocarbon emplacing event in sandstone reservoir of the Toutunhe Formation, charging in 13 Ma to 8 Ma. Meanwhile, the source rock started to expel hydrocarbons and buoyancy drove the hydrocarbon via the Aika fault belt to migrate into sandstone reservoirs in the Toutunhe Formation. During the end of the Neogene, the paleo-oil reservoir in the Toutunhe Formation was destructed and hydrocarbons migrated to the sandstone reservoirs in the Ziniquanzi Formation; some paleo-oil reservoirs survived in the WDF. The burial pattern and change of reservoir wettability were major controlling factors of the sandstone reservoir-forming process. The buried pattern of the Toutunhe Formation in the western section of the southern Junggar Basin was “slow and shallow burial at early stage and rapid and deep burial at late stage”. Hence, pore capillary pressure was extremely low due to limited diagenetic reformation (average pore capillary pressures were 0.26 MPa). At the same time, high content of chlorite coating increased the lipophilicity of reservoirs. Therefore, hydrocarbons preferably charged into the WDF with low matrix content (average 4.09%), high content of detrital quartz (average 28.75%), high content of chlorite films (average 2.2%), and lower pore capillary pressures (average 0.03 MPa). The above conditions were favorable for oil and gas enrichment.
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1. Introduction


The formation mechanism of sandstone reservoirs mainly involves two aspects, namely the reservoir rock formation mechanism and the hydrocarbon emplacement-accumulation mechanism. Owing to its direct influence on the formation mechanism and heterogeneity of sandstone reservoir rocks, diagenesis plays a particularly important role in the exploration and development of low-porosity, low-permeability tight sandstone reservoirs. However, different diagenetic processes may have either constructive or destructive effects on the physical property of sandstone reservoirs [1,2]. For instance, compaction is the main contributor to porosity and permeability reduction [2], and it is especially influential in sandstones with higher contents of ductile particles (such as rock fragments, mica, argillaceous clasts, and matrix). In contrast, pressure solution often results in the crushing of brittle minerals and thus the formation of intra-granular fractures [2]. As for clay mineral cementation, its influences on porosity and permeability are more complicated [3,4,5]. Most researchers believe that authigenic clay minerals are extremely harmful to reservoir quality [6,7,8]. It is often the case that a small number of authigenic minerals can lead to plugging of pore throats and severely reduce permeability. Nevertheless, some scholars hold the view that the content of authigenic clay minerals may provide a potential reservoir space for sandstone, due to their inter-granular and inter-crystalline pores [9,10,11]. Moreover, the cover film of clay minerals can to some extent resist compaction, suppress the development of other cement, and thus protect primary pores [12,13]. The impact of relatively rigid cement on the reservoir remains controversial; for example, cementation by sparry calcite and quartz is believed by a few scholars to enhance the compressive strength of the sandstone reservoir and hence help to preserve primary pores [14]. However, most researchers pinpoint the more profound destructive effect of high-content rigid cement on the reservoir’s physical properties, as it plugs primary pores in the reservoir. Whether dissolution can effectively improve reservoir performance is also debatable at this moment [15,16,17]. Moreover, it is still unclear when it comes to the controlling factors of the diagenetic modification intensity, and more efforts should be made to investigate the constraints of tectonic and burial processes as well as hydrocarbon emplacement on diagenetic events.



The Junggar Basin is located in the southern part of the Central Asian orogeny, and it is a large-scale superimposed petroliferous basin that is formed during Neogene–Quaternary. The southern margin of the Junggar Basin (hereinafter referred to as the “South Junggar”) has oil resources of 1.043 × 109 m3 and natural gas resources of 5.371 × 1011 m3, which decided the position of the South Junggar as one of the most important fields for hydrocarbon exploration in West China [18]. The discovery of well Gaotan 1, a high-production oil and gas well in the southern Sikeshu Sag, in the western part of the South Junggar, represents a great breakthrough in the exploration of the lower formations of the South Junggar [19]. Similar to the southern Sikeshu Sag, the Kayindike area of the northern Sikeshu Sag is also characterized by the presence of multiple effective source rocks, well-developed high-quality cap rocks, and well-aligned large anticlines [20], which are extremely favorable for large-scale hydrocarbon accumulation. Tight sandstone is extensively distributed in the Toutunhe Formation in the Kayindike area [21]. Numerous scholars have characterized the mineral composition, pore-throat configuration, and diagenetic characteristics of the sandstone reservoir in the Toutunhe Formation. However, the development characteristics and formation mechanisms of the high-quality reservoir remain unclear [21,22,23]. The Toutunhe sandstone in the Kayindike area is characterized by low maturity and high matrix content. Existing research on the effect of the high chlorite content on porosity and permeability is still inconclusive [24,25]. Moreover, the basal zeolite cementation is symbolic of the Toutunhe sandstone, although its genesis and controlling effect on the reservoir performance require future discussion [26,27]. Besides, how the high-content carbonate cementation affects the sandstone reservoir also needs further clarification [26,27]. Previous studies have indicated the obvious control of the sedimentary environment on the Jurassic reservoir rocks in the Sikeshu Sag [28,29,30,31]. However, they generally fail to consider the effects of diagenetic modification and hydrocarbon emplacement on reservoir quality. Therefore, it is of urgent importance to clearly describe the reservoir-forming mechanism of the Toutunhe sandstone in the Kayindike area to clarify whether or not the reservoir quality and exploration potential of the northern Sikeshu Sag are analogous to those of the southern part.



This research targets Toutunhe Formation sandstone in the Kayindike area of the Sikeshu Sag, the South Junggar, and the objective is threefold: (1) to illustrate diagenetic processes in different facies and discuss the reasons for sandstone densification; (2) to investigate the temporal sequences of sandstone densification and hydrocarbon emplacement; (3) to reveal the formation process of the Toutunhe sandstone reservoir.




2. Geological Setting


The Junggar Basin is surrounded by the Zhayier Mountain and Aerjiati Mountain in the west (the West Junggar Mountains), the Kalamaili Mountain and Qinggelidi Mountain in the east (the East Junggar Mountains), and the Tianshan Mountains in the south (Figure 1). Structurally, it lies in the joint of Kazakhstan, Siberia, and Tarim paleo-plates, and thus is enclosed by the corresponding three Paleozoic suture lines. This basin is a large composite basin formed from the Late Carboniferous to the Quaternary, accompanied by complex structural-sedimentary relations [20,26,32,33,34,35,36,37,38,39,40]. In terms of the South Junggar, it is tectonically located within the piedmont thrust belt of the North Tianshan in the Central Depression of the Junggar Basin. It extends from Jinghe County in the west to Dashitou area of Mulei County in the east and from the North Tianshan in the south to the Wu-Yi Road in the north. The South Junggar stretches itself along the EW direction, with an NS width of about 200 km.



The Sikeshu Sag in the western part of the piedmont thrust belt of the North Tianshan is bounded by the Tianshan orogeny in the south and the Chepaizi Uplift in the north (Figure 1b). The southern Sikeshu Sag is subjected to intensive tectonic movement and has developed a series of south-dipping high-angle thrust faults. The northern Sikeshu Sag lies in the junction between the Chepaizi Uplift and Sikeshu Sag and has developed the Kayindike anticline. Due to the limited effects of the Paleogene tectonic movement, the Kayindike anticline is found with low uplifting magnitudes. The Aika fault belt in the northern Kayindike anticline occurs in the Early Triassic, of which the shallow structure is modified during the Late Paleogene [39]. It effectively connects the source rock of the Lower Jurassic and the effective reservoir rock of the Upper Jurassic and Ziniquanzi Formation, which is critical to hydrocarbon migration and accumulation in the Kayindike anticline [41].
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Figure 1. (a) Location of the Central Asian Orogenic Belt and (b) tectonic map of the Sikeshu Sag and location of the study area (modified by [42]); (c) Location of the Sikeshu Sag on the Junggar Basin. 
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3. Samples and Methods


Twenty-three drilling core samples were derived from the Toutunhe Formation in the Kayindike area (Figure 1 and Figure 2). The sample wells are among the two important exploration wells and all drilling cores are from the braid river channels on the delta plain (Figure 2).



3.1. Mineral Composition and Morphology Analysis


The 23 sandstone samples were also made into pore-casted thin sections by injecting blue epoxy resin into the pores. In order to better identify carbonate minerals, half of the pore-casted thin sections were dyed using the Alizarin Red, and the mineral compositions and pore types were determined via the image analysis using the software ImageJ. Meanwhile, whole-rock and clay fraction mineralogy of 23 sandstone samples were measured by X-ray diffraction (XRD) using X-Pert3 Powder 010301 diffractometer set, Cu/Kα radiation, with voltage of 50 keV and current of 800 μA. Sample preparation and analyse procedures were modified from Xi [43], which was according to the Chinese Oil and Gas Industry Standard (SY/T) 5163-2014.



For the 12 sandstone samples with severe carbonate cementation, the carbonate cementation stages were identified according to their cathode luminescence (CL) features. CL images were derived from a Leica DM2500P digital transmission microscope with a Cambridge Image Technology’s CL8200 MK5-2 detector. The acceleration voltage was 30 KV and beam current was 2 mA under vacuum conditions.



FEI Quanta-650 FEG scanning electron microscopy and energy dispersive spectrometer (EDS) were applied for mineral morphology and diagenetic sequence analysis. Mineral geochemistry analysis of 12 samples with multi-stage carbonate cements, zeolite cements, and quartz cements were tested using a JEOL JXA-8230 electron microprobe with an accelerating voltage of 30 keV and beam current of 0.01 μA. The beam size ranged from 3 μm to 5 μm according to mineral size.




3.2. Petrophysical Parameters


Helium porosity and air permeability of 23 sandstone core plugs were measured from the CMS-300 Core measurement system under a confining pressure of 6 MPa, in accordance with the Chinese Oil and Gas Industry Standard (SY/T) 6385-1999 and 5346-1994, respectively. Oil saturation of 18 sandstone samples were obtained on the core under sealed coring conditions, using Oil-Check 400 tester. The contact angles of 18 sandstones were acquired with SAT-5100 Balance Performance Monitor according to the Chinese Oil and Gas Industry Standard (SY/T) 5153-1999.




3.3. Fluid Inclusion Analysis


The petrography, fluorescence characteristics, and microthermometry of 136 oil-aqueous inclusion pairs and 136 oil–gas inclusions were obtained in this paper. Sixteen sandstones samples were prepared as doubly polished thin sections whose thickness are 70 μm around. Homogenization temperature (Th) of 184 aqueous inclusions (129 aqueous inclusions developed in the quartz overgrowth, 55 aqueous inclusions developed in the micro-fractures of the detrital quartz) were measured by a calibrated Linkam THMSG 600 heating and cooling stage that enabled temperatures of phase transitions in the range of −196 °C–600 °C. The rate of heating and cooling was 5 °C/min and the experimental precision of Th was 0.1 °C. Fluorescence characteristics of 125 oil-gas filled inclusions were observed with both incident ultraviolet light (UV) and transmitted white light using a Zeiss AxioscopeA1 A Pol microscope. The wavelength of the emission fluorescence was greater than 420 nm. The fluorescence spectra of oil-gas filled inclusions were derived using the HORIBA IHR550 imaging spectrometer.




3.4. Carbon and Oxygen Stable Isotope Analysis


Carbon and oxygen isotope analyses of 12 samples with high proportion of carbonate cements were conducted. Samples were ground below 200 mesh and then filtered through a 400-mesh sieve. Then, the CO2 was derived by a series of reactions according to Morad [44]. The carbon and oxygen isotopes of CO2 were measured using Finnigan Mat 250 mass spectrometer. The Vienna Peedee belemnite (VPDB) standard was used for the carbon isotope analysis and the Vienna Standard Mean Ocean Water (SMOW) standard was used for the oxygen isotope analysis. The accuracies of the carbon and oxygen isotope ratios were ±0.2‰ and ±0.3‰, respectively. The relation between the oxygen isotope ratios using the PDB standard and the oxygen isotope in SMOW standard was according to the following equation [45]:


δ18Ov-SMOW = 1.03086 × δ18Ov-PDB + 30.86



(1)




where δ18Ov-SMOW is oxygen isotopic ratios from SNOW (‰), δ18Ov-PDB is oxygen isotopic ratios from VPDB (‰).



The cementation temperatures of calcite were calculated by Luo ([46]; δ18Owater = −3‰ SMOW):


T = 16.9 − 4.38 × (δ18OcalPDB − δ18OwaterSNOW) + 0.1 × (δ18calPDB − δ18OwaterSNOW)2



(2)




where T is temperature (°C), δ18OcalPDB is oxygen isotopic ratios from SNOW of calcite (‰), δ18OwaterSNOW is oxygen isotopic ratios from SNOW of ancient lake (‰).





4. Results


Based on the diagenetic characteristics and pore structures of the Toutunhe Formation sandstone in the Kayindike area, this research discussed the mineral composition, sandstone texture, physical property, and reservoir space of three facies, accompanied by reconstruction of the hydrocarbon emplacement process.



4.1. Lithology and Petrophysical Properties of Three Lithofacies


The Toutunhe Formation sandstone in the Kayindike area is often characterized by low composition maturity, limited dissolution intensity, low cement content, and highly varied matrix contents. Lithic sandstone and arkose–lithic sandstone are the most common in the study area. The quartz content is low, ranging from 27.92% to 36.32%. The feldspar content varies greatly from 3.1% to 22.56%, with plagioclase content of 1.5% to 16.324% and a potassium feldspar content of 1% to 8.36%. The rock fragments content is relatively high, and it is mainly composed of sedimentary and magmatic rock fragments, with few metamorphic rock fragments. The matrix content also changes greatly, ranging from 1.2% to 16.2%. Moreover, the sandstone is found with a low cement content, mainly consisting of carbonate, zeolite, and authigenic clay mineral cementation, and an extremely limited amount of quartz cementation. The carbonate cement, accounting for 0% to 20.29% of the total minerals, is mostly composed of calcite, ferrocalcite, and ferrodolomite. The zeolite cement, primarily attributed to the analcite and laumontite, is found with a content of 0.46% to 3.25%. Authigenic clay minerals (mainly chlorite, illite, and kaolinite) are fewer on an overall basis, with an average content of 4.39%.



Due to the relatively low intensity of the diagenetic modification, the Toutunhe sandstone has relatively good physical properties, and a solid positive correlation exists between porosity and permeability (Figure 3a). However, some sandstone presents high contents of matrix and carbonate cement, which severely damages the original reservoir space. According to the diagenetic modification condition, the Toutunhe sandstone in the Kayindike area can be divided into three facies, namely carbonate-cemented facies (CCF), matrix-caused tightly-compacted facies (MTCF), and weakly diagenetically-reformed facies (WDF). The porosity and permeability of the weakly diagenetically-reformed facies are far better than those of the other facies, as indicated by the mineral composition heat map, physical property characteristics, and compaction–cementation chart (Figure 3).



The WDF features a high content of detrital quartz and zeolite and the development of chlorite films (Figure 4a–c). The flaky chlorite film often occurs on the surfaces of the feldspar and magmatic rock fragment particles. The WDF is typically well sorted and rounded, with high texture maturity. It is commonly seen in sandstone deposits in the environments of shore-lake, mouth bar, and underwater distributary channel. The CCF mostly presents itself as the basal cementation of calcite, and the content of ferrocalcite and ferrodolomite in the Toutunhe Formation is less than that in the Badaowan Formation (Figure 4d–g). The MTCF is often developed at the base of the braided river channel. With a relatively high matrix content, this facies is mostly of fine-grain sandstone and is mainly characterized by poor sorting and rounding (Figure 4h,i). More details about the three and Table 1 types of Toutunhe sandstone facies in the Kayindike area are provided in Figure 3 and Figure 4, including mineral composition, reservoir space, and porosity and permeability.




4.2. Pore Types


Owing to the limited dissolution-induced alteration and cementation, the residual inter-granular pore often preserves its complete shape, with relatively flat boundaries. The radius of residual inter-granular pores lies between 0.855 μm and 80.364 μm (Figure 4a–c). The volume ratio of residual inter-granular pores is relatively high, which is commonly higher than 70% for the WDF. Feldspar dissolution pores generally occur in the potassium feldspar and the dissolution pore volume ratio in the plagioclase is smaller than that in the potassium feldspar. Such pores, often strip-like, are distributed along the feldspar cleavage, with the radii mostly of 0.951 μm to 10.429 μm and volume ratios of 4.2% to 16.4%. Rock fragment dissolution pores, generally irregularly shaped, are finer than feldspar dissolution pores, with a radius range of 0.155 μm to 4.024 μm. Dissolution pores in the Toutunhe sandstone are associated with a volume ratio of 4.8% to 19.0%. Inter-granular and inter-crystalline pores of clay minerals grow with the increasing content of authigenic clay minerals, and their shapes are often affected by the morphology of authigenic clay minerals (Figure 4j–l). The radius of the clay mineral inter-granular pore is 0.136 μm to 1.383 μm, while that of the clay mineral inter-crystalline pore is in most cases smaller than 0.124 μm. The volume ratio of the clay mineral inter-granular pore in the Toutunhe sandstone is 5.12% to 19.2%, while that of the clay mineral inter-crystalline pore is 1.3% to 9.0%. At last, the matrix pore, which is often amorphous, typically features a narrow radius and yet a high pore volume ratio. The presence of extensive matrix pores further complicates the pore structure. In the Toutunhe sandstone, the volume ratio of matrix pores is relatively low, ranging from 0.32% to 89.1%. In addition, the Toutunhe sandstone is relatively fractured, due to compaction and tectonic movement. The resultant fractures are often found as networked, irregularly shaped, or nearly-vertical (with high dip angles), and their geneses are related to the uplifting of the Tianshan Mountain during the Middle-Late Jurassic. During the Toutunhe period, folding-associated deformation as well as uplifting and denudation are very common in the Sikeshu Sag. During this time, the Chemo paleo-uplift is formed, and fractures are created mainly by the tectonic compressional stress imposed on formations. Nonetheless, the fractures in the Toutunhe sandstone are mostly filled with calcite and bitumen and thus have limited contributions to improving the reservoir’s physical property. The pore volume ratios, corresponding contributions to porosity and pore radius for the six types of pores in the Toutunhe Formation sandstone are presented in detail in Table 2.




4.3. Diagenesis Type


The sandstone reservoir densification of the Toutunhe Formation in the Kayindike area is attributed to the high matrix content and severe carbonate cementation (densification does not happen to the WDF), as revealed via the analysis of petrology, reservoir space, and physical property of the sandstone reservoir.



4.3.1. Compaction


Compaction is the uppermost diagenetic factor damaging the Toutunhe sandstone reservoir, as demonstrated by the apparent negative correlation between the burial depth and sandstone physical properties in well Y1 (Figure 5). The high matrix content is an important reason for severe mechanical compaction. Under compaction, the matrix was squeezed into small pores and throats, which led to extensive plugging of primary pores and tremendous degradation of permeability [47]. Meanwhile, ductile particles form a large number of pseudo-matrices during compaction associated with meteoric water leaching, which further promoted the compaction-induced damage to the reservoir [47]. The primary porosity was computed empirically using the sorting coefficient that was obtained from the grain size analysis. Subsequently, the porosity loss due to compaction was then calculated using the compaction coefficient. The results show that the compaction-induced porosity loss was about 2% to 62.5% for the Toutunhe sandstone in the Kayindike area (Figure 3b).




4.3.2. Cementation


The cementation degree of the Toutunhe sandstone reservoir in the Kayindike area is low. Eodiagenesis was dominated by calcite cementation, analcite cementation, and filming of authigenic clay minerals. In contrast, mesodiagenesis manifested itself mainly in the extensive conversion of smectite into chlorite and illite, accompanied by cementation of ferrocalcite, laumontite, halite, anhydrite, and ferrodolomite.



There are various types of authigenic clay minerals in the Toutunhe sandstone reservoir, yet with limited contents (Figure 5, Table 1). SEM images of samples from Wells Y1, Y2, and Y3 all show clay minerals of numerous morphologies, which are mainly illite and chlorite. However, due to their low overall content, clay minerals have smaller effects on the reservoir’s physical property. Illite, observed in bridge-like, fibrous, and sheet-like shapes, mostly fills the residual inter-granular and inter-granular pores, with an average content of 2.68%. A positive correlation is found between the content of illite and chlorite, which suggests a possible genesis of illite from smectite conversion that usually produced sheet-like illite [48]. Figure 5 implies that most illite may came from kaolinite conversion, which required temperatures of 120 °C to 130 °C and often generated bridge-like and fibrous illite. To sum up, the main contributors to the illite in the Toutunhe sandstone are kaolinite and smectite conversion, and illite has limited effects on the sandstone’s physical property, due to its low content (Figure 5, [48]).



The chlorite in the Toutunhe tight sandstone mostly occurs as the cover film or lining. Extensive development of flaky chlorite films is observed, of which the genesis was often controlled by the sedimentary environment—most of such chlorite was converted from iron-containing leading minerals (such as berthierine and biotite; [2]). Moreover, the strong positive correlation between the illite and chlorite contents shows that smectite conversion is also an important source of chlorite, which was often associated with occurrences of authigenic illite (Figure 5, [48,49]). Magmatic rock fragments were in most cases chemically active and hence were prone to montmorillonitization and chloritization [2]. The authigenic chlorite may be related to the dissolution of magmatic rock fragments, as inferred by the negative correlation between the chlorite and magmatic rock fragment content (Figure 5). In addition, the high-content matrix tended to occupy the space where the film of flaky chlorite developed and consequently suppressed the growth of chlorite. The porosity and permeability are found to be positively correlated with the chlorite content (Figure 5), which can be explained by the fact that the chlorite film preserved the primary pore by taking up the space for quartz nucleation and also to some extent increased the compaction resistance of sandstone [12,50,51].



Due to the dry and hot climate, the Toutunhe tight sandstone is associated with a low content of kaolinite, which is mainly book-like (blocky kaolinite is less observed) and filled residual inter-granular pores (Figure 4l). The kaolinite content is highly negatively correlated with the feldspar content, which implied the main source of kaolinite was eogenetic feldspar dissolution. The hydrocarbon expulsion occurred relatively late, and the organic acid content in the non-coal-bearing formations was low. Therefore, the acid fluid dissolving feldspar was mostly meteoric water [52]. Nevertheless, it should be noted that the kaolinite content of the Toutunhe tight sandstone was further reduced, as most kaolinite is transformed into illite at a temperature over 120 °C [53,54]. Kaolinite was destructive to the reservoir’s physical property, as suggested by its negative correlation with porosity and permeability (Figure 5).



The carbonate cement in the Toutunhe Formation includes calcite, ferrocalcite, and ferrodolomite, generally developing at the base of the braided river channel. There are two stages of calcite cementation—the eogenetic basal cementation of calcite mostly filled the inter-granular pore (Figure 4d,e), while the mesogenetic patchy ferrocalcite often replaced rock fragments and feldspar (Figure 4f,g). The cementation temperatures of calcite of the two stages were calculated according to the carbon and oxygen isotope ratios [45]. It is found that the genesis of the eogenetic sparry calcite was mainly meteoric water leaching, with the cementation temperature at 31.67 °C to 54.82 °C. Moreover, Ca2+ in the sparry calcite cement mostly derived from the mudstone interbedded in the thick sandstone and also mudstone adjacent to the sand body (Figure 6). This means that the diagenetic environment for the eogenetic calcite cementation was open and thus it was highly influenced by meteoric water leaching and mudstone near the sandstone (Figure 6). The mesogenetic patchy ferrocalcite developed at the cementation temperature of 96 °C to 120 °C, typically after intensive compaction. Its genesis was primarily related to the decarboxylation of organic acid (Figure 6), which was supported by the closeness between the cementation time of ferrocalcite and ferrodolomite and hydrocarbon emplacement. No considerable correlation with the distance to mudstone was identified for the ferrocalcite content. Therefore, the mudstone near the sandstone was not the main material source for ferrocalcite, which suggested that the diagenetic environment at the time was more sealed and the ions of ferrocalcite were sourced internally from the sandstone (Figure 6).



Quartz cementation in the Toutunhe tight sandstone of the Kayindike area was mainly embodied as secondary overgrowth of quartz, and in a few cases, authigenic quartz microlite adhered to particle surfaces or filling pores. Quartz cement of the Toutunhe sandstone was associated with the low overall content and yet wide distribution. The content of quartz overgrowth has a high positive correlation with the detrital quartz content, which proved pressure solution as one of the major sources of silicon ions. The process of converting smectite into illite also produced authigenic quartz (Figure 5). The electron probe data reveals high contents of aluminum and iron ions in the quartz secondary overgrowth, which confirmed that the conversion of smectite into illite provided Si4+ for quartz overgrowth (Figure 7a,b). Dissolution of plagioclase could generate illite and authigenic quartz, which was supported by both the positive correlation between the contents of plagioclase, illite, quartz overgrowth, and the quartz overgrowth with a higher content of sodium ions identified by the electron probe (Figure 7c,d). In addition, the high-content matrix may have occupied the nucleation position of quartz overgrowth and thus reduced the content of the latter (Figure 5). The development of quartz overgrowth also had two stages, as indicated by the measured homogenization temperatures of the brine inclusions in the quartz overgrowth. The corresponding cementation temperatures were 70 °C to 75 °C and 105 °C to 130 °C (Figure 8; [55]). Since smectite often transforms into illite at around 70 °C, the 1st stage of quartz cementation was likely to be related to smectite illitization. For the stage at 105 °C to 130 °C, the silicon ion might be sourced from the pressure solution of detrital quartz and the dissolution of plagioclase (Figure 8; [55]). The quartz overgrowth content is positively correlated to both porosity and permeability of the Toutunhe tight sandstone, which implies it to some extent promoted the compaction resistance of the reservoir and protected primary inter-granular pores (Figure 5).



Zeolite cementation mainly involved analcite and laumonite (Figure 9), with a few mordenite and clinoptilolite. The zeolite content in the Toutunhe Formation is considerably higher than that for other layers (Figure 9). Analcite often occurred in the form of basal and interstitial cementation and is considered the sedimentary type. The analcite in the form of the tetrahedral trioctahedron was typically concentrated near the magmatic rock fragment and feldspar (Figure 9f; [56]). The analcite content is negatively correlated with the volcanic rock fragment, which infers that the eogenetic analcite might be linked to the syndepositional volcanic activity during the Late Jurassic (Figure 5).



Dissolution and decomposition of massive volcanic rock fragments and tuff often resulted in an alkaline diagenetic environment, which happened to be the most favorable for analcite formation. The eogenetic dissolution products of volcanic rock fragments could serve as the source of leading minerals of zeolite, e.g., mordenite, clinoptilolite, and kaolinite (Figure 9; [12]). These leading minerals were converted into analcite at the burial temperature over 20 °C to 120 °C [57,58,59]. The analcite in the Toutunhe Formation is featured by an Si/Al ratio range of 2.32–2.48, a high Na content, and rare K (Figure 7e–f). Thus, it was safe to say that the analcite of basal cementation might be eogenetic, with the genesis attributed to felsic volcanic glass. Such analcite often presented certain thermal stability [56].



In the mesogenetic stage, the diagenetic environment again became alkaline—the solubility of silicon dioxide was reduced and the chemical stability of albite and kaolinite degraded [56], which provided sodium, silicon, and aluminum ions for analcite [58].



As the silicon ion activity to some extent controlled stabilization of analcite, analcite often coexists with quartz microlite. Besides, the zeolite content is in direct proportion to the illite content, which implies that the smectite illitization that released sodium and silicon ions helped to form analcite (Figure 5).



The diagenetic analcite enhanced the compaction resistance of sandstone, although it occupied some pore space. This was critical to the Toutunhe sandstone—the limited content of eogenetic analcite cementation played a vital role in easing mechanical compaction. In addition, many scholars claimed that zeolite was highly prone to dissolution, which could significantly improve the reservoir’s physical property (Figure 5). However, the dissolution modification in the Toutunhe sandstone was relatively weak [60], and the porosity gain attributed to zeolite dissolution pores was less than 0.5%.




4.3.3. Dissolution


Dissolution was commonly weak in the Toutunhe Formation reservoir of the Kayindike area, which was mainly manifested as the feldspar dissolution and selective dissolution of lithic particles, with a few cases of cement dissolution such as calcite and analcite. SEM and pore-casted thin section observations revealed that the mineral edge was often associated with small-scale dissolution and the overall porosity gain by dissolution is less than 5% on average. Hence, it was concluded that dissolution had minor contributions to the storage capacity of the Toutunhe reservoir.





4.4. Hydrocarbon Charging Periods


According to the petrographic analysis, homogenization temperature measurement, and fluorescence spectral test of the 136 fluid inclusions of 16 Toutunhe Formation sandstone samples collected from Well Y1 in the Kayindike area, the reservoir should have been subjected to only one stage of hydrocarbon emplacement (Figure 10). The resultant fluid inclusion was generally found with yellow-yellow white fluorescence. It typically occurred in quartz fractures and secondary fractures in the linear and separated forms, with low gas-liquid ratios. The homogenization temperature of these yellow while fluorescent fluid inclusions is 100 °C to 115 °C, and the maximum wavelength ranges from 525 μm to 540 μm. In accordance with the burial depth, such oil inclusions were trapped during 13 to 8 Ma. The massive hydrocarbon generation of the Lower Jurassic source rock in the Kayindike area occurred at about 12 Ma [61], and the vitrinite reflectance (Ro) of the Badaowan Formation source rock ranging from 0.6% to 0.7%, just reached the hydrocarbon expulsion threshold (about 0.6) at 10 Ma [62]. Given the oil-source correlation resulted for the Kayindike area by other researchers, it was believed that the hydrocarbons of the Toutunhe Formation were mainly sourced from the low-maturity source rock of the Jurassic Badaowan Formation [63].





5. Discussion


After clarifying the diagenetic process of the Toutunhe sandstone in the Kayindike area, an attempt is made to discuss the reservoir formation mechanism of the Toutunhe sandstone, by integrating the hydrocarbon emplacement time, diagenetic sequence, and sandstone reservoir wettability, also in accordance with the burial process and tectonic movement.



5.1. Relationship between Hydrocarbon Emplacement and Sandstone Reservoir Densification


Here in this section, we discussed the temporal sequence of sandstone densification and hydrocarbon emplacement, based on the identified hydrocarbon emplacement time and the above analysis of the main diagenetic events and their mechanisms of the Toutunhe tight sandstone.



5.1.1. Diagenetic Sequence


The diagenetic process of the Jurassic Toutunhe Formation sandstone reservoir in the Kayindike area mainly included compaction, cementation, dissolution, and metasomatism. The diagenetic stage was the mesogenetic A stage (Figure 11). During the early deposition, the Toutunhe sandstone at the base of the braided river channel featured a high content of matrix, while the sandstone at the center of the braided river channel and that in the shore-lake environment was characterized by high porosity and high permeability. Due to the syndepositional volcanic materials, the diagenetic environment during the eogenetic A stage was alkaline, in which the tuffaceous rock fragments related to the Late Jurassic syndepositional volcanic activities and other magmatic rock fragments started to transform into the iron-containing leading minerals that were subsequently converted into the flaky chlorite film, analcite, and smectite. Afterward, with meteoric water leaching, the cementation of sparry calcite initiated at 31 °C to 54 °C. At this time, the burial rate was rather small, and the mechanical compaction slowly proceeded.



Later, the diagenetic environment gradually became acid, in which small-scale dissolution occurred in feldspar and rock fragments. Also, the diagenetic environment was transformed from an open state to a closed state, and blocky cementation of kaolinite occurred. Sediment started to endure rapid burial, as the formation temperature reached 65 °C. The main compaction process changed from mechanical compaction into chemical pressure solution. When the formation temperature reached 70 °C, smectite started to transform into illite, associated with the generation of secondary quartz overgrowth and microlite. Upon the arrival of the mesogenetic A stage, the formation temperature exceeded 90 °C. At this time, some kaolinite started to change into illite or analcite; the main shapes of illite transformed from sheet-like into bridge-like or fibrous; pompon-and rosette-like chlorite occurs. Meanwhile, smectite illitization offered a massive number of sodium, aluminum, and silicon ions, which stimulated the formation of analcite. With the sustained growth of the burial depth, the formation temperature rose to 100–115 °C and the second stage of quartz cementation occurred. In the meantime, the hydrocarbon expulsion of the Badaowan source rock began and so did the decarboxylation process of organic matter—the carbonate ion content of the pore water sharply increased, and these carbonate ions bind with the magnesium, calcium, and iron ions, released by dissolution and clay mineral conversion, to form ferrocalcite and ferrodolomite. When the diagenetic environment turned to calcium-alkaline, analcite started to transform into laumontite.




5.1.2. Porosity Evolution


The pore evolution models of the CCF, the MTCF, and the WDF was developed in this research via the pore evolution reconstruction method proposed by Dou ([64]; Figure 11). The pore evolution process was described in detail in Table 3. The carbonate cemented facies was mainly characterized by the relatively high content of calcite, ferrocalcite, ferrodolomite, and matrix. For example, Sample 3809.8 had original porosity of 38%, which was subjected to compaction-caused loss of 18.1%. The eogenetic calcite cementation led to the most porosity reduction, while it to some extent enhanced the compaction resistance of the sandstone reservoir, which resulted in the compaction-related porosity loss smaller than that of the MTCF. The mesogenetic ferrocalcite and ferrodolomite cementation led to porosity loss of about 4%, and the porosity of the carbonate cemented facies had dropped to 10% since 9 Ma, which represented densification of the sandstone reservoir (Table 3).



The MTCF was generally associated with a higher matrix content. Taking Sample 3645.3 as an example, its matrix content was high, up to 15.74% (Table 3). This resulted in the phenomenon that the original porosity of this facies was smaller than that of the other two facies. Mechanical compaction was the uppermost contributor to porosity reduction of this facies, and the corresponding porosity reduction could be up to 22.46%. In addition, the high-content authigenic clay mineral aggravates damage to the tight sandstone caused by compaction and also further plugged the reservoir space, especially for fibrous illite. The porosity of the MTCF declined to 10% since 18 Ma and became densified.



As for the WDF, it features “weak cementation”, “weak compaction”, and “weak dissolution”. Its compaction-induced porosity reduction was smaller than that of both the carbonate-cemented and MTCF. For instance, Sample 3907.4 presented a porosity loss related to compaction by 17.33%. Since the sandstone commonly had coarser rock particles and well-developed chlorite film, the preservation condition for the residual inter-granular pore was rather good in the WDF. Therefore, the sandstone reservoir of this facies had not been through densification.




5.1.3. Reservoir-Forming Mechanism


The primary porosity of the three facies of the Toutunhe Formation sandstone in the Kayindike area was distinctly different (Figure 12). Due to the higher content of the matrix, the MTCF had the least primary porosity, while the WDF had the best primary physical properties, due to its higher sandstone maturity (Table 3). From the Late Jurassic to Early Cretaceous, due to the tectonic movement, the northern part of the Kayindike area was subjected to tectonic compression and a series of EW-striking anticlines occurred—the Kayindike anticline was formed. In the meantime, a series of EW-trending faults were also created and referred to as the Aika fault belt [65], which connected the Mid-Lower Jurassic source rock and the Toutunhe Formation reservoir (Figure 12).



The burial rate during the eodiagenesis was relatively slow and mechanical compaction had lower destructive effects on the reservoir quality. The volcanic materials derived from syndepositional volcanism were converted into flaky chlorite film. The mineral particle surface of the WDF was easier to form chlorite films and analcite cementation, due to the lower matrix content, and such cement could help to preserve the primary pores, yet with the inevitable resultant porosity reduction of 0.7% to 4.2%. The other facies were found with fewer chlorite films and analcite cementation. As located in the margin of the braided river channel, the carbonate-cemented facies was more prone to mudstone in the floodplain. Sparry calcite cementation occurred between 152 Ma and 182 Ma. This extensively plugged inter-granular pores, resulting in great porosity reduction up to 7% to 12%, although it also to some extent relieved damage to the reservoir physical property due to mechanical compaction. Dissolution of framework particles started at 78 Ma, owing to meteoric water leaching, and authigenic minerals such as kaolinite and smectite-illite mixed layers and quartz secondary overgrowth were generated. Nonetheless, the dissolution modification was found with very limited effects and the average porosity increment was only around 1.19%. From the end of the Paleogene to the end of the Shawan period, the Sikeshu Sag was again subjected to the tectonic stress of northward compression. The Toutunhe Formation rapidly subsided and the mechanical compaction effect was greatly intensified. The MTCF had passed the densification limit since 18 Ma, upon which the compaction was dominated by pressure solution; the 2nd stage of quartz cementation occurred, with the coexistence of illite, analcite, and laumontite. Massive hydrocarbon expulsion of the Badaowan Formation source rock started during 13 Ma to 8 Ma, and the hydrocarbons migrated into the Toutunhe sandstone reservoir via the Aika fault belt and the Jurassic–Cretaceous unconformity. The hydrocarbon emplacement brought in a large amount of organic acid and carbon dioxide produced by organic matter decarboxylation, which triggered the ferrocalcite and ferrodolomite cementation. Consequently, further porosity reduction was seen in the carbonate cemented facies that was found densified at about 9 Ma. The WDF had never been through densification. Almost all of the oil-containing inclusions were concentrated in the WDF and field drilling in the Kayindike area also showed that the oil saturation of the WDF is higher than those of the other two. Given the above, the WDF, with the low matrix content, well-developed chlorite film, and high content of detrital quartz, served as the effective oil-containing reservoir. In contrast, both the MTCF, accomplishing densification before hydrocarbon emplacement, and the CCF, enduring densification during hydrocarbon emplacement, had lower oil saturations (Figure 13). At the end of the Neogene, the paleo-oil reservoir of the Toutunhe Formation was destructed, from which hydrocarbons migrated through the vertical fault into the Ziniquanzi Formation. However, some paleo-oil reservoirs survived in the Toutunhe Formation [65].



From the end of Paleogene to the Early Neogene, the maximum remaining formation pressure was 2.5 MPa for the Toutunhe Formation in the Kayindike area of the Sikeshu Sag. Such weak over-pressurization indicated that the hydrocarbon expulsion failed to generate sufficient pressure to transport crude oil into the tight reservoir [65,66]. Hence, the CCF and the MTCF were associated with low oil contents (Figure 13a). For the Toutunhe sandstone, buoyancy is the main driver for hydrocarbon migration.





5.2. Factors Controlling Reservoir-Forming Process of the Tight Sandstone


The reservoir forming process of the Toutunhe Formation tight sandstone in the Kayindike area was mainly affected by the burial process and reservoir wettability. In cases of varied structural geologic settings, the burial evolution histories of formations were tremendously different, which directly resulted in the differentiation of the diagenetic modification intensity of sandstone. Therefore, the burial history to some extent controlled the reservoir quality. Specifically, the diagenetic modification intensity was decided by the burial rate and depth. The burial history curve of Well Y1 in the Kayindike area showed that the Sikeshu Sag was subjected to slow subsidence on an overall basis since Jurassic, with a subsidence rate of 8 m/Myr [67,68]. Due to the uplifting of the current North Tianshan area at the initial Neogene, the Toutunhe Formation started to subside rapidly at 25 Ma, with the subsidence rate increasing to 112 m/Myr (according to the Xinjiang oilfield). To sum up, the burial process was mainly composed of the early shallow burial with slow subsidence and the late deep burial with rapid subsidence. Given this, the primary pore in the Toutunhe sandstone was well preserved during the early slow burial—the sandstone physical property degradation induced by compaction was fairly weak and the cementation and dissolution processes were limited [25]. However, as the rapid subsidence of formations began, densification was rapidly accomplished in the MTCF with a higher matrix content. As for the CCF and the WDF, they had relatively higher primary porosity and the porosity loss made by the rapid compaction was reduced, owing to the higher compaction resistance promoted by the high content of rigid minerals. Besides, the late rapid deep burial was relatively short-lived, so the thermochemical process did not severely impact the reservoir. It should be noted that rapid burial was highly likely to cause under-compaction and thus over-pressurization to protect primary pores. But this mechanism needed further investigation to confirm the presence of under-compaction in the Toutunhe Formation. The burial pattern featured the early slow shallow burial and late rapid deep burial of the Sikeshu Sag determines that the diagenetic modification of the sandstone reservoir was extremely limited, which in turn resulted in effective preservation of primary pores. Sharing the analogous provenance supplied and the sedimentary environment with the Sikeshu Sag, the Qigu fault-fold zone in the middle part of the South Junggar presents inferior reservoir quality, due to intensive compaction and cementation. The main reason was the burial pattern of the Qigu fault-fold zone of “sustained constant-rate deep burial plus late rapid uplifting” [67].



Wettability alteration, mainly triggered by the change of Zeta-potential on the mineral surface, had vital effects on the hydrocarbon emplacement in tight sandstone [69]. The surface of crude oil was often with negative potential [69]. Thus, if the authigenic mineral surface had positive potential, the oil and mineral would attract each other, which was manifested as lipophilicity [48]. By measuring the contact angle of 18 representative samples of the three facies and oil saturations of the 18 Jurassic sandstone samples of the Kayindike area, this research investigated the effects of diagenetic minerals on the reservoir wettability of the Jurassic reservoir in the South Junggar (Figure 13b,c). The measured contact angles are 13.5° to 79.52°. Moreover, the contact angles of the WDF were 66.24° to 79.52° (fairly lipophilic), considerably higher than those of the other facies averaging 27.41° (highly hydrophilic).



Clay minerals played a critical role in the wettability alteration of the Jurassic reservoir in the South Junggar, especially chlorite. In the WDF, the surfaces of feldspar and rock fragments often developed a flaky chlorite film. With the increasing chlorite film, the reservoir oil saturation grew, and a rising tendency was observed in the contact angle. The chlorite in the South Junggar Jurassic sandstone was mainly derived from the dissolution of volcanic rock fragments, smectite conversion, and plagioclase dissolution, associated with higher content of iron. The positive charge of excessive Fe2+ and Mg2+ in the flaky chlorite increased the positive potential on the reservoir pore surface (mineral surface), which consequently altered the reservoir wettability and promoted lipophilicity (Figure 13b). In addition, during the Toutunhe period, the climate was arid and hot, the salinity of the lake grew, and so did the eogenetic pore water. Under such circumstances, the formed chlorite naturally had higher lipophilicity, which was favorable for hydrocarbon emplacement (Figure 13c; [70]). The lipophilic chlorite film could also react with the crude oil to form a series of flocculating constituents to further reduce the viscous force of oil flow [48].



The over-pressurization system was also one of the important mechanisms affecting the reservoir’s physical property. It could only protect the primary pores of the reservoir but also had decisive effects on hydrocarbon emplacement in tight sandstone. By paleo-pressure reconstruction based on fluid inclusions and numerical simulation, some scholars managed to confirm the presence of abnormally high pressure in the east and south of the Kayindike area during Paleogene—the remaining formation pressure was up to 25 MPa in the Dushanzi area and that of the Xihu area could reach 37 Mpa. Such over-pressurization was mainly related to under-compaction and tectonic compression [65,66]. The Kayindike area presented low remaining formation pressure and barely developed over-pressurization [66]. Accordingly, the formation process of the effective Toutunhe Formation reservoir in this area was more similar to that of conventional sandstone reservoirs, in which the driver for hydrocarbon accumulation was mainly buoyancy. This understanding was also supported by the fact that the facies with inferior physical properties (the matrix-caused tightly-compacted and carbonate cemented facies) had lower oil contents. During Cenozoic, the Sikeshu Sag was subjected to violent northward compression and the Aika structural belt was re-activated from the end of Paleogene to the early Neogene, which led to a series of shallow detachment and thrust faults, further releasing the pressure [71]. This might be one of the reasons for the under-development of over-pressurization in the Toutunhe Formation of the Kayindike area during that period.





6. Conclusions


	(1)

	
Due to the low intensity of the diagenetic modification, the Toutunhe Formation sandstone reservoir in the Kayindike area, the Sikeshu Sag at the southern margin of the Junggar Basin, is characterized by limited dissolution (average porosity of dissolution pore less than 3%), low cement content (average content of cements less than 7%), and greatly varying matrix content (average content of matrix reached 12.3%). It has three facies, namely the matrix-caused tightly-compacted facies (MTCF, with high content of matrix, from 7% to 16.2%), the carbonate-cemented facies (CCF, with high content of carbonate cement, from 12% to 20.29%), and the weakly diagenetically-reformed facies (WDF). The former two facies reached the porosity limit of tight sandstone at 18 Ma and 9 Ma, respectively. The WDF has not been through densification, due to its low matrix content (average 4.09%) and high contents of detrital quartz (average 28.75%) and chlorite films (average 2.2%).




	(2)

	
The Toutunhe sandstone in the Kayindike area had been through only one stage of low-maturity-hydrocarbon emplacement, charging in 13 Ma to 8 Ma. The Badaowan Formation source rock started to experience massive hydrocarbon expulsion at 13 Ma to 8 Ma and the expelled hydrocarbons migrated into the Toutunhe sandstone reservoir via the Aika fault belt. At this time, porosities of the CCF and the MTCF deceased to 10%, and most hydrocarbons were driven by the buoyancy to flow into the high-porosity high-permeability WDF. At the end of Neogene, the hydrocarbons in the WDF migrated into the Ziniquanzi Formation, due to tectonic compression, while some paleo-oil reservoirs remained in the WDF.




	(3)

	
The main control factors of the reservoir-forming process of the Toutunhe sandstone in the Kayindike area were the burial process and reservoir wettability. The burial pattern of the Toutunhe Formation was composed of “early slow, shallow burial and late rapid, deep burial”. The early shallow burial with slow subsidence limited the modification intensity of compaction, cementation, and dissolution, while the late rapid subsidence avoided severe damage to the reservoir quality by thermochemical effects. High content of chlorite films increased the lipophilicity of the sandstone reservoir effectively (average content of chlorite films reached 1.2%). The syndepositional volcanism of the Toutunhe Formation promoted the formation of chlorite films by offering an alkaline diagenetic environment and iron-containing leading minerals. The sandstone reservoir of the WDF was the most favorable reservoir, due to its characteristics of high porosity (average porosity reached 13.04%), high permeability (2.77 mD), low pore capillary pressure, good pore connectivity, and the presence of chlorite films that further enhanced the reservoir lipophilicity.
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Figure 2. Lithologic profiles and sampling locations of well Y1 and well Y2 drilled in Sikeshu Sag. 
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Figure 3. Petrophysical parameters, the original porosity destroyed by cementation and mechanical compaction, and mineral characteristics of three sandstone facies developed in the Toutunhe Formation: (a) Relation of porosity and permeability, (b) Plot of cement volume versus intergranular volume in Toutunhe sandstones, (c) The heat map of mineral composition and petrophysical parameters. Q, quartz; QG, quartz overgrowth; Pla, plagioclase; K-fel, potassium feldspar; MRF, metamorphic rock fragment; VRF, volcanic rock fragment; SRF, sedimentary rock fragment; Cal, calcite; Sid, siderite; Chl, chlorite; I, illite; Kao, kaolinite; Sid, siderite; I/S illite-smectite mixed layer; Zeo: zeolite. 
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Figure 4. Casting thin sections of the tight sandstone samples in Toutunhe Formation, showing mainly diagenetic characteristics of 3 types of lithofacies. (a) weakly diagenetic reformed facies, residual intergranular pores widely developed with weakly dissolved, 3643.2 m, Y1 well, plane-polarized light; (b) weakly diagenetic reformed facies, analcime filled in residual intergranular pore, 3643.2 m, Y1 well, plane-polarized light; (c) poikilitic analcime filling in residual intergranular pores, 3907.4 m, Y1 well, plane-polarized light; (d) carbonate cemented facies, poikilitic calcite filling the residual intergranular pores, cut by fractures, 3809.5 m, Y1 well, plane-polarized light; (e) carbonate cemented facies, poikilitic calcite emitting bright orange fluorescence, 3809.5 m, Y1 well, cathodoluminescence image; (f) carbonate cemented facies, ferrocalcite occluding the dissolution pore of rock fragment, 3182.3 m, well Y2, plane-polarized light; (g) ferrocalcite emits dark orange fluorescence, 3809.8 m, well Y1, cathodoluminescence image; (h) matrix with a widely developed but small proportion of residual intergranular pores, most of micro-fractures were filled with bitumen, 3182 m, well Y2, plane-polarized light; (i) pore-filling matrix widely developed, most of micro-fractures were filled with bitumen, 3181 m, well Y2, plane-polarized light; (j) fibrous illite developed on the mineral grain, 3709 m, Y1 well, SEM; (k) Lining-blade shape chlorite, 3809.1 m, Y1 well, SEM; (l) kaolinite aggregates in book-page shape filled primary pores, 3643.2 m, well X1, SEM. Q: quartz; QG: quartz overgrowth; F: feldspar; MRF: metamorphic rock fragment; VRF: volcanic rock fragment; SRF: sedimentary rock fragment; RF: rock fragment; Cal-I: calcite; Cal-II: ferrocalcite; Sid: siderite; C: chlorite; Kao: kaolinite; I: illite; Zeo: zeolite; M: matrix; RIP: residual inter-granular pore; MP: matrix pores: FDP: feldspar dissolution pores; RFDP: rock fragment dissolution pores; IPC: intercrystalline pores of clay; CIP: clay mineral intergranular pore. 
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Figure 5. The vertical distribution of mineral composition and petrophysical property in the Toutunhe Formation sandstone. VRF: volcanic rock fragment; QG: quartz overgrowth. 
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Figure 6. Features of carbon–oxygen stable isotopes for carbonate cements (a) and the relationship between the carbonate cement and the distance to mudstone/sandstone interface in Toutunhe formation sandstones (b). 
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Figure 7. In situ microprobe analysis for quartz and zeolite in the Toutunhe Formation sandstone. (a) Backscattered electron image exhibiting experimental point situations of quartz for the sample 3643.2 m, well X1; (b) elemental composition distribution features of a quartz grain in sample 3643.2 m, well X1; (c) backscattered electron image exhibiting experimental point situations of quartz for the sample 3907.4 m, well X1; (d) elemental composition distribution characteristics of a quartz grain in sample 3907.4 m, well X1; (e) backscattered electron image exhibiting experimental point situations of zeolite for the sample 3710 m, well X1; (f) elemental composition distribution features of a zeolite grain in sample 3710 m, well X1. 
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Figure 8. Frequency histogram of homogenization temperature from inclusions in authigenic quartz cements of the Toutunhe Formation sandstone. (a) Homogenization temperature of the first stage quartz overgrowth; (b) homogenization temperature of the second stage quartz overgrowth. 
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Figure 9. XRD patterns and micrographs of representative samples with various kinds of zeolite in the Toutunhe Formation sandstone reservoir. (a) XRD pattern of sample 3709.8 m, whole-rock analysis, X1 well; (b) columnar laumontite widely dispersed in residual intergranular pores, 3709.8 m, X1 well; (c) XRD pattern of sample, 3709.6 m, whole-rock analysis, X1 well; (d) fibrous mordenite developed in the residual intergranular pores, 3709.6 m, X1 well; (e) XRD pattern of sample 3643.2 m, whole-rock analysis, X1 well; (f) euhedral analcime crystal developed on the detrital quartz grain, 3643.2 m, X1 well. 
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Figure 10. Micrographs of oil inclusions of the sandstone reservoirs in the Toutunhe Formation. Yellow fluorescent oil inclusions trapped in a quartz crack, (a) transmission light and (b) fluorescent light, 3709.4 m, Y1 well; yellow fluorescent oil inclusions trapped in healed microfractures developed in a detrital quartz grain, (c) transmission light and (d) fluorescent light, 3642.2 m, Y1 well; histogram of homogenization temperatures of aqueous inclusions corresponding to oil inclusions in the same oil-aqueous inclusion pairs (e); Scatter of half height width and λmax of fluorescence in oil inclusion (f). 
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Figure 11. Diagenesis sequence and hydrocarbon charging timing of three lithofacies in the Toutunhe Formation. J: Jurassic, K: Cretaceous, E: Paleogene, N: Neogene, K1tg: Tugulu Formation, J2t: Toutunhe Formation, J2x: Xishanyao Formation, J1s: Sangonghe Formation, J1b: Badaowan Formation. Chl: chlorite, Cc: calcite, Kao: kaolinite, QO: quartz overgrowth. 
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Figure 12. Reservoir-forming models of three lithofacies in the Toutunhe Formation. Tectonic evolution model of the Kayindike anticline was modified by the Xinjiang oil filed, CNPC. 
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Figure 13. Plots of controlling factors for oil saturation of the reservoir in the Toutunhe Formation. (a) Relationship between the oil saturation and porosity; (b) contact eagle versus chlorite; (c) correlation between oil saturation and chlorite. CCF: carbonate cemented facies; MTCF: matrix-caused tightly compacted facies, WDF: weakly diagenetic reformed facies. 
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Table 1. Average petrophysical parameters and mineralogical compositions of three lithofacies (Sample number: 23).
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Lithofacies

	
Detrital Mineral (%)

	
Carbonate (%)

	
Authigenic Clay (%)

	
Zeolite (%)

	
Matrix (%)

	
Petrophysical Parameters




	
Quartz

	
Feldspar

	
Rock Fragment

	
Siderite

	
Calcite

	
Ferrocalcite

	
Illite

	
I/S Mix-ed Layers

	
Kaolinite

	
Chlorite

	
Porosity

(%)

	
Permeability

(mD)




	
Detrital

Quartz

	
Quartz Over-Growth

	
K-Feldspar

	
Plagioclase

	
Sedimentary

Rock Fragment

	
Igneous

Rock Fragment

	
Metamorphic

Rock Fragment






	
MTCF

	
21.37

	
0.13

	
3.50

	
6.33

	
15.92

	
3.67

	
2.35

	
0.00

	
0.00

	
0.00

	
2.90

	
0.82

	
1.35

	
0.75

	
1.20

	
16.33

	
4.98

	
0.04




	
CCF

	
21.50

	
0.12

	
2.88

	
6.38

	
20.01

	
2.79

	
1.47

	
0.00

	
10.13

	
1.50

	
2.27

	
0.20

	
1.23

	
0.96

	
1.59

	
13.76

	
4.95

	
0.04




	
WDF

	
28.75

	
0.96

	
4.68

	
13.14

	
19.47

	
3.59

	
1.26

	
0.00

	
0.00

	
0.00

	
2.81

	
0.07

	
0.43

	
2.34

	
2.57

	
4.09

	
13.04

	
2.77
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Table 2. The proportion, porosity, and average pore radius of different pore types in the Toutunhe Formation (Samples number: 13).
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Samples Form Well Y1

	
Proportion (%)

	
Porosity (%)

	
Average Pore Radius (μm)




	
Residual

Intergranular Pore

(RIP)

	
Feldspar Dissolution Pore

(FDP)

	
Rock Fragment

Dissolution Pore

(RFDP)

	
Clay Mineral

Intergranular Pore

(CIP)

	
Intercrystalline Pores of Clay

(IPC)

	
Matrix Pore

(MP)

	
Residual Intergranular Pore

(RIP)

	
Feldspar

Dissolution Pore

(FDP)

	
Rock Fragment

Dissolution Pore

(RFDP)

	
Clay Mineral

Intergranular Pore

(CIP)

	
Intercrystalline Pores of Clay

(IPC)

	
Matrix Pore

(MP)

	
Residual

Intergranular Pore

(RIP)

	
Feldspar

Dissolution Pore

(FDP)

	
Rock Fragment

Dissolution Pore

(RFDP)

	
Clay Mineral

Intergranular Pore

(CIP)

	
Intercrystalline Pores of Clay

(IPC)

	
Matrix Pore

(MP)






	
3833.2

	
3.965

	
4.978

	
0.872

	
19.227

	
4.669

	
66.174

	
0.215

	
0.270

	
0.047

	
1.043

	
0.253

	
3.589

	
12.534

	
6.345

	
3.524

	
0.324

	
0.040

	
0.010




	
3835

	
5.894

	
4.384

	
1.307

	
15.086

	
8.962

	
64.366

	
0.247

	
0.184

	
0.055

	
0.631

	
0.375

	
2.694

	
13.263

	
7.234

	
4.024

	
0.355

	
0.050

	
0.035




	
3834.7

	
4.324

	
4.432

	
0.352

	
16.435

	
5.363

	
69.094

	
0.173

	
0.177

	
0.014

	
0.657

	
0.215

	
2.764

	
16.324

	
3.253

	
3.242

	
0.734

	
0.060

	
0.047




	
3760.3

	
0.392

	
4.212

	
1.974

	
4.800

	
0.100

	
89.051

	
0.030

	
0.327

	
0.153

	
0.372

	
0.008

	
6.903

	
0.855

	
0.951

	
1.432

	
0.234

	
0.124

	
0.028




	
3761.5

	
1.519

	
6.790

	
3.627

	
4.197

	
2.881

	
89.103

	
0.107

	
0.477

	
0.255

	
0.295

	
0.202

	
6.258

	
1.253

	
2.634

	
3.251

	
0.174

	
0.090

	
0.037




	
3762.5

	
0.526

	
4.263

	
0.526

	
3.263

	
1.264

	
90.158

	
0.037

	
0.298

	
0.037

	
0.228

	
0.088

	
6.311

	
1.723

	
3.264

	
1.234

	
0.136

	
0.080

	
0.070




	
3709.6

	
75.324

	
9.534

	
5.630

	
4.250

	
2.050

	
3.212

	
14.312

	
1.811

	
1.070

	
0.808

	
0.390

	
0.610

	
75.354

	
10.429

	
2.432

	
1.223

	
0.030

	
0.052




	
3709.8

	
78.320

	
8.435

	
4.324

	
4.253

	
2.153

	
2.515

	
17.230

	
1.856

	
0.951

	
0.936

	
0.474

	
0.553

	
57.234

	
6.435

	
3.222

	
1.264

	
0.020

	
0.043




	
3710

	
76.620

	
8.453

	
4.263

	
5.060

	
2.040

	
3.564

	
13.792

	
1.522

	
0.767

	
0.911

	
0.367

	
0.642

	
63.523

	
7.435

	
1.533

	
1.226

	
0.010

	
0.012




	
3642.2

	
72.312

	
16.345

	
2.643

	
5.423

	
2.230

	
1.047

	
10.847

	
2.452

	
0.396

	
0.813

	
0.335

	
0.157

	
79.435

	
5.435

	
3.954

	
0.643

	
0.030

	
0.034




	
3644.2

	
70.345

	
15.263

	
3.725

	
5.123

	
2.150

	
3.394

	
11.396

	
2.473

	
0.603

	
0.830

	
0.348

	
0.550

	
77.435

	
6.723

	
3.523

	
0.964

	
0.020

	
0.026




	
3643.2

	
72.345

	
15.243

	
3.254

	
5.769

	
2.384

	
0.320

	
14.572

	
3.070

	
0.655

	
1.620

	
0.194

	
0.026

	
69.325

	
4.724

	
3.990

	
0.536

	
0.030

	
0.010




	
3907.4

	
76.324

	
10.320

	
5.230

	
5.120

	
2.140

	
0.850

	
15.373

	
2.079

	
1.053

	
1.031

	
0.431

	
0.171

	
80.364

	
9.435

	
2.534

	
1.383

	
0.010

	
0.016











[image: Table] 





Table 3. The fraction proportion and porosity of different pore types in representative samples of the Toutunhe Formation.






Table 3. The fraction proportion and porosity of different pore types in representative samples of the Toutunhe Formation.





	
Representative Samples

	
of Lithofacies

	
OP

(%)

	
Eogenetic Stage

	
Mesogenetic Stage

	
COPL

(%)

	
Calculated

Porosity

(%)

	
Helium Porosity (%)




	
CLPL

(%)

	
CCPL

(%)

	
ZEOPL

(%)

	
DP

(%)

	
KAOPL (%)

	
QGPL

(%)

	
CLPL

(%)

	
ZEOPL

(%)

	
QGPL

(%)

	
ILLPL

(%)

	
CCPL

(%)

	
DOLPL

(%)

	
SIDPL

(%)






	
3760.3

	
MTCF

	
35.23

	
1.18

	
0.00

	
1.00

	
0.46

	
1.49

	
0.05

	
0.31

	
0.23

	
0.17

	
4.47

	
0.00

	
0.00

	
0.00

	
22.46

	
4.33

	
4.33




	
3809.8

	
CCF

	
38.00

	
0.00

	
8.74

	
0.70

	
2.24

	
0.90

	
0.05

	
0.02

	
0.34

	
0.00

	
2.89

	
2.00

	
2.00

	
0.00

	
18.10

	
4.50

	
4.43




	
3709.4

	
WDF

	
39.00

	
2.00

	
0.00

	
2.20

	
0.89

	
0.23

	
1.24

	
0.40

	
0.40

	
0.44

	
1.40

	
0.00

	
0.00

	
0.34

	
17.03

	
14.55

	
14.25








CCF: carbonate cemented facies, MTCF: matrix-caused tightly compacted facies; WDF: weakly diagenetic reformed facies; OP: original porosity; CLPL: chlorite cementation porosity loss; ZEOPL: zeolite porosity loss; CCPL: carbonate cementation porosity loss; KAOPL: kaolinite cementation porosity loss; ILLPL: illite cementation porosity loss; COPL: compactional porosity loss; OGPL: quartz overgrowth porosity loss; DP: dissolution porosity; DOLPL: dolomite cementation porosity loss; SIDPL: siderite cementation porosity los.
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