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The total organic carbon content is an important indicator for evaluating source rocks. The lithology of the Majiagou Formation in the Tao 112 well area in the eastern Ordos Basin is complex and changeable. The source rock TOC is usually only 0.3%, and the logging response to the TOC is not obvious. The traditional method of TOC logging calculations using a linear relationship is not ideal. Convolutional neural networks can be used to help with these calculations, but they can only address non-linear problems. The major advantage of CNNs is that they can obtain optimal results through receptive fields and weight sharing with a limited number of samples. As such, this paper develops a novel non-linear TOC logging calculation model based on CNNs. The TOC content of the carbonate source rocks in the study area is calculated by logging calculations using both the multiple regression method and the CNN method. The experimental results show that the CNN method has higher accuracy in the calculation of TOC content in complex rock areas, and it can retain detailed TOC changes and reflect the changes of TOC more truly.
Keywords: TOC logging calculation, convolutional neural networks, carbonate source rocks, complex lithology, well logging
1 INTRODUCTION
Total organic carbon (TOC) content refers to the percentage of organic carbon in a rock sample per unit mass (Curiale, 2017). It is the most widely used organic matter abundance index, especially concerning evaluating source rocks. According to the hydrocarbon generation/expulsion characteristics, TOC content, and carbonate reservoir characteristics of the Majiagou Formation carbonate source rocks in the study area, the lower limit of organic carbon content for the Ordos Basin carbonate source rocks is 0.25%, which is about 50% less than that of mudstones. Some scholars believe that the Upper Paleozoic source rocks in the study area are widely distributed along the plane and have a strong hydrocarbon generation capacity. However, the hydrocarbon generation capacity of Majiagou Formation source rocks is generally low. In addition, for large-scale gas reservoirs in the vicinity of the Majiagou Formation, the horizontal contribution of the gas source is still not clear, so it is necessary to use a variety of methods to accurately identify effective source rocks.
TOC content can be obtained through core laboratory analysis. However, due to the limitations concerning sample quantity and testing costs, it is generally difficult to obtain whole and continuous TOC laboratory measurements, and systematic research cannot be carried out. Logging data can reflect the TOC variation in the source rock. Calculating TOC content through logging data cannot only reduce analysis costs, but it can also ensure that the TOC content is obtained with a continuous longitudinal variation.
According to Schmoker et al., there is a linear relationship between TOC content and density log(Schmoker, 1979) and gamma log (Schmoker, 1981), and TOC content can be calculated by examining the density and gamma logs. However, the effectiveness of this method is greatly impacted when the local layer density or gamma logging is affected by factors other than organic matter content, such as lithology. Source rocks have low density, low acoustic time difference, and high electrical resistance, so Meyer et al. believed that they can be identified using well-logging data (Meyer and Nederlof, 1984) and by calculating the TOC content (Mendelzon and Toksoz, 1985). Through field data analysis, Fertl concluded that there is a correlation between TOC content and single or multiple logging curves (Fertl and Chilingar, 1988). Passey believed that the differential response of porosity logs (generally acoustic time difference curves) and resistivity curves to source rocks can be used to characterize the abundance of organic matter (Passey et al., 1990), which is known as the commonly used Δ Log R method. The Δ Log R method has strong applicability, but it can only manually determine the logging baseline, which is problematic as baselines can vary greatly from well to well and in different formations and sedimentary environments (Yu et al., 2017; Wang et al., 2022), so it is not ideal for complex lithologic areas (Zhang et al., 2017). Although many of the above scholars used logging data to calculate TOC content with different methods, they all believe that there is a linear relationship between logging data and TOC content. However, at present, an increasing number of scholars believe that the relationship between TOC content and logging parameters is a complicated non-linear relationship (Meng et al., 2015; Zhao et al., 2015; Emelyanova et al., 2016; Yuan et al., 2019), and, as such, traditional linear methods cannot accurately calculate TOC content.
Neural networks are widely used in various fields due to their ability to solve non-linear problems (Kim and Valdés, 2003; Yang et al., 2003; Li et al., 2019). Some scholars have introduced them to TOC calculations (Huang and Williamson, 1996; Khoshnoodkia et al., 2011; Mahmoud et al., 2017; Elkatatny, 2019), with the back propagation (BP) neural network being the most widely used. However, the BP neural network requires a lot of data for training, and it often overestimates the amount of TOC in the core, which means it is difficult to train a BP neural network with high precision. In comparison, convolutional neural networks (CNNs) require a smaller sample size for training through the receptive field and weight sharing, and they can therefore obtain a relatively ideal neural network with restricted sample sizes.
At present, CNNs are widely used in a variety of fields, such as image recognition (He et al., 2016), behavior detection (Karpathy et al., 2014), face recognition (Taigman et al., 2014), and speech recognition (Abdel-Hamid et al., 2014). CNNs have transformed from the traditional computer vision field into being general tools of feature extraction and pattern recognition. In the field of geology, CNNs are mainly used in remote sensing and seismic interpretation (Xu et al., 2008; Wang et al., 2009); some researchers have used them in TOC logging calculations.
Taking the TOC content of Majiagou Formation marine carbonate source rocks in the eastern Ordos Basin as the research subject, TOC logging calculation models are established by multiple linear regression and CNN methods. In doing so, we compare the advantages and disadvantages of the traditional linear method and the proposed non-linear method, and we analyze the application effect of CNNs in the context of complex lithology.
2 MATERIALS AND METHODS
2.1 Geological Setting
The research area is the Tao 112 well area in the east of the Ordos Basin, and the target horizon is the Majiagou Formation. The Ordos Basin is located in the western part of the North China Plate. It is a multi-cycle composite superimposed basin with a rough area of 37 km2 × 104 km2 and the second-largest sedimentary basin in China (Chen, 2010). The overall tectonic framework of the Ordos Basin is a westward-dipping monocline, which can be further divided into six tectonic units: YiShan slope, YiMeng uplift, Weibei uplift, Jinxi flexural fold belt, Tianhuan depression, and western margin thrust belt (Figure 1). The study area is located on the Yishan slope. The Majiagou Formation is a set of carbonate rocks and evaporite deposits (Zhou et al., 2020) with complex and changeable lithology; it is rich in potassium salt and natural-gas resources (Zheng, 2011; Xie et al., 2013).
[image: Figure 1]FIGURE 1 | Basin structure map and case well located in the study area.
The Majiagou period experienced three major transgression and regression cycles, so the Majiagou Formation can be divided into six lithological sections from bottom to top, of which the Majiagou Member five can be further divided into 10 subsections (Figure 2). The Ma1, Ma3, and Ma5 members are in the regression cycle, which is a limited sea-evaporation shelf environment. Here, dolomites, salt rocks, gypsum rocks, and other evaporites are widely developed. In comparison, the Ma56, Ma58, and Ma510 sub-members are in a shorter period of regression. The regressive semi-cycle around the gypsum and salt lagoon is conducive to the formation of high-quality marine source rocks in a highly reducing environment (Wu et al., 2017). The Ma2, Ma4, and Ma6 members are located in the transgressive cycle and are in the epicontinental-marine shelf environment, where micritic limestone and dolomite are widely developed. Due to the late denudation, the Ma6 member is only distributed in the southern part of the basin (Yan et al., 2009).
[image: Figure 2]FIGURE 2 | Majiagou Formation lithologic histogram.
2.2 Method Principles
2.2.1 Fundamentals of Convolutional Neural Networks
A CNN combines neural networks with deep learning, and neural network models include a convolutional layer. CNNs are composed of numerous neurons. A number of mutually independent neurons form a two-dimensional plane, and a number of two-dimensional planes form a neural-network layer. The multi-layer neural network constitutes the CNN. Compared with BP neural networks, CNNs contain at least one convolutional layer, which is used to extract features. In the convolutional layer, neurons are locally connected and weights are shared, which greatly reduces the computational cost and improves the training efficiency of the neural network. A typical CNN consists of five parts: the input layer, the convolutional layer, the pooling layer, fully connection layer, and the output layer (Figure 3). Among these, the convolutional and pooling layers are unique network structures of CNNs.
1) Convolution layer: This layer removes redundant information through convolutional computation and extracts input data features. The convolutional layer is composed of multiple two-dimensional feature planes, which are connected through the convolutional kernels (Figure 4). The convolution kernel slides from left to right and from top to bottom to carry out the convolution operation step by step; the result is mapped to the convolution layer. The convolution operation can be expressed as
[image: image]
where Aij denotes the value at the position of row i and column j of the receptive field, Bij denotes the value at the position of row i and column j of the convolution kernel, and zij denotes the output of the convolution kernel at the position of row i and column j. To solve non-linear problems, activation functions, such as the rectified linear activation function [image: image], are usually introduced after the convolution operation to correct the linear unit and improve the generalization ability of the neural network.
[image: Figure 3]FIGURE 3 | Schematic of CNN structure.
[image: Figure 4]FIGURE 4 | Schematic diagram of the convolutional neural network framework.
Figure 4 shows the principle of convolutional operation, where the shaded area in the left-most image is the receptive field, and the shaded area in the right-most image is the result of the convolution calculation.
2) Pooling layer: This layer is usually located after the convolution layer; it is used to reduce the model size and improve the calculation speed. Compared with the original feature map, the pooled feature map has a lower dimension and resolution, by which we can avoid the phenomenon of overfitting. There are two common pooling methods: average pooling and maximum pooling (Figure 5). Average pooling takes the average value of the original image region as the pooled value of the region, whereas maximum pooling takes the maximum value of the original image region as the pooled value of the region. Maximum pooling is usually used in CNNs. Average and maximum pooling can be, respectively, expressed as
[image: image]
[image: image]
where sij denotes the value at the position of row i and column j of the feature image after pooling, c denotes the moving step size of pooling, and zij denotes the value at the position of row i and column j of the original feature image.
[image: Figure 5]FIGURE 5 | Two pooling methods in Convolutional neural network.
The purpose of convolution and pooling in CNNs is to compress and purify the original information, remove redundant information, and improve the generalization ability of the model while improving the training speed.
2.2.2 Convolutional Neural Network Model and Parameter Selection
Logging data are affected by many factors, such as formation lithology, borehole environment, and operation mode, and contain both TOC- related and unrelated information. CNN convolution and pooling operation can purify TOC-related information in logging data while improving the accuracy of TOC calculations.
Logging and TOC data are one-dimensional, so a one-dimensional convolution kernel is used instead of a two-dimensional one. This means that the number of available input parameters of the neural network is reduced, and the pooling layer has little effect on reducing the feature resolution. The designed CNN has five layers (Figure 6). The first layer is the input layer, the second and third layers are the convolutional layers, the fourth layer is the fully connected layer, and the fifth layer is the output layer. According to the correlation analysis, the input layer selects the TOC correlation logging as the input data. In the first layer of convolution, three 2 × 1 convolution kernels (the shadow in Figure 6) are set, and three 2 × 1 feature images can be obtained after convolution. The second level of convolution sets six 3 × 2 × 1 convolution kernels (shadow in Figure 6) and six 1 × 1 feature images can be obtained after convolution. After passing through the full connection layer, the fitting output is carried out. CNN training is divided into two stages: forward propagation and backward propagation. For forward propagation, input data are propagated from the input layer, through the hidden layers, and finally to the output layer, whereas, for backward propagation, the differences between the output and actual values are calculated and the network structure and parameters are adjusted according to the minimum error method until errors are within an allowable range. The optimal model was determined according to the coefficient of determination (R2) and root mean square error (RMSE) between the output and actual TOC values.
[image: Figure 6]FIGURE 6 | Structure diagram of convolutional neural network.
2.2.3 Scheme Design
The Majiagou Formation source rocks in the Ordos Basin are mainly thin dark dolomitic mudstone and argillaceous dolomite, which have strong heterogeneity in the spatial distribution. Well Tao 112 is a whole-section core with abundant logging data, including information related to natural gamma ray, acoustic time difference, neutron porosity, compensated density, and resistivity. Therefore, in this study, core and logging data of Well Tao 112 in the eastern area of the basin were selected as the basic data. After core positioning and logging standardization, 145 groups of TOC measured data and corresponding logging data were obtained.
The original data were standardized and the TOC content and corresponding logging data were selected for correlation analysis. According to the correlation analysis results, TOC-sensitive logging curves were determined as the input parameters of the CNN model. The measured TOC content and the corresponding TOC-sensitive logging curves were used to build a sample database. The constructed samples were inputted into the CNN for training, and CNN parameters were adjusted according to the training effect until the TOC calculation model with the best effect was obtained. Finally, the well logging data were input into the CNN calculation model to obtain the TOC content (Figure 7).
[image: Figure 7]FIGURE 7 | CNN-based complex lithology TOC logging calculation process.
The proposed CNN-based TOC logging calculation model takes TOC-sensitive logging curves as input data and outputs TOC content. The sample was randomly divided into two parts, 85% of which were used as training data and 15% as verification data. Overall, 145 datasets were measured for TOC content, 123 of which were used to train the neural network, and the remaining 22 sets were used for verification. To compare the proposed CNN-based TOC logging calculation model with the conventional method, the same data were used to create a control experiment using the multiple regression method.
3 RESULTS AND DISCUSSION
3.1 Sensitivity Analysis of Well Logs
The abundance of organic matter in the study area is low, most measured TOC is less than 0.3%, and the response of organic matter is not obvious. The lithology is complex and changeable. Dolomite, limestone, mudstone, salt rock, gypsum rock, and transitional lithology among them are common. The thickness of the lithological layer is thin, and the lithology changes rapidly, thereby making the correlation between logging and TOC content more complex.
Correlation analysis was conducted on the 145 TOC samples and logging data (Figure 8) to determine the logging parameters most sensitive to changes in the TOC content. Natural gamma is closely related to the radioisotope content in the formation, whereas organic matter absorbs uranium (Dong, 2017; Qin et al., 2018), resulting in high-gamma anomalies in the organic-rich formation. Actual data show that TOC content has a positive correlation with natural gamma (Figure 8A), and there is also a certain positive correlation with uranium (Figure 8F).
[image: Figure 8]FIGURE 8 | Correlation between TOC content and (A) natural gamma ray, (B) acoustic time difference, (C) organic matter density, (D) neutron porosity, (E) formation resistivity, and (F) uranium, 145 samples in each figures.
The kerogen acoustic time difference is greater than the rock-skeleton acoustic time difference, so the formation acoustic time difference increases when the formation is rich in organic matter. Actual data show that the acoustic time difference increases with an increase in TOC content, which suggests a positive correlation between them (Figure 8B).
Generally, the density of organic matter is less than the density of rock skeleton, so the formation density will decrease when organic matter is enriched. The actual data show that the formation density tends to decrease with an increase in TOC content (Figure 8C), but the change is not obvious and may be caused by the low organic matter abundance in the study area.
The neutron porosity is a response to the concentration of hydrogen atoms, and organic matter is rich in hydrogen atoms, so the neutron porosity increases with an increase in TOC content, which suggests a positive correlation between them (Figure 8D).
Generally, the conductivity of kerogen and oil and gas is poor, so formation resistivity increases when organic matter is enriched. Due to the low TOC content of source rocks in the study area, the resistivity is minimally affected by TOC content, and the correlation between them is not obvious (Figure 8E).
According to the above analysis results, TOC content has a strong correlation with natural gamma ray, acoustic time difference, and neutron porosity, but little correlation with density, resistivity, and uranium. Therefore, an accurate prediction model can be established using multiple linear regression. In this experiment, three logging parameters, i.e., natural gamma ray, acoustic time difference, and neutron porosity, were the input parameters of the model. If the linear relationship in this region is not ideal, and because the carbonate source rock itself is very low in organic carbon, machine learning can be used to generate predictions.
3.2 Calculation Results and Comparison
As previously mentioned, 145 samples were obtained with measured TOC calculation model and the remaining 22 values. Of these, 123 samples were used to establish were used to verify the calculation effect of the model. R2 and RMSE were used to evaluate the calculation effect. The closer R2 is to 1 and RMSE is to 0, the better the calculation effect. According to the measured TOC data and the standardized data of natural gamma-ray, acoustic time difference, and neutron porosity, the multiple regression equation of TOC calculations in this region was obtained using SPSS software. The formula obtained by fitting can be expressed as
[image: image]
where [image: image] denotes the natural gamma value, ∆t denotes the acoustic time difference, and [image: image] denotes the neutron porosity.
On the one hand, concerning the multiple regression method, the R2 between the measured and predicted TOC values for the training samples is 0.55, and the RMSE is 7.83% (Figure 9A); for the verification samples, the R2 and RSME are 0.23% and 9.18%, respectively (Figure 9B). The interpretation accuracy was 80.583%. It can be seen that the TOC calculation effect of the multiple regression model under the complex lithologic environment is average, and its generalizability is poor. On the other hand, concerning the CNN-based model, the R2 between the measured and predicted TOC values of the training samples is 0.83, and the RMSE is 4.80% (Figure 9C); for verification samples, the R2 and RSME are 0.86% and 3.60%, respectively (Figure 9D). The interpretation accuracy was 91.589%. Indeed, the CNN-based model is not only highly accurate but also has good generalizability.
[image: Figure 9]FIGURE 9 | The relationship between measured and calculated TOC content. (A) measured- predicted TOC of training samples with multiple linear regression methods (B) measured- predicted TOC of verification samples with multiple linear regression methods (C) measured- predicted TOC of training samples with CNN (D) measured- predicted TOC of verification samples with CNN. TOCmea denotes the measured TOC content, and TOCmp and TOCCNN denote the calculated TOC content using the multiple regression model and the CNN-based model, respectively.
By comparing the calculation results of the multiple regression model and the CNN model (Table 1), from which it is evident that the R2 and RMSE of the CNN model are closer to 1 and 0, respectively, indicating that the model is more accurate than the multiple regression model. Moreover, at the level of mathematical indicators, the TOC calculation effect of the CNN model is better than the multiple regression model. By observing the actual TOC calculation effect (Figure 10), the CNN model is more accurate in the context of rapid lithology changes as the multiple regression model can only reflect the overall trend of TOC changes and cannot describe detailed changes. Indeed, when TOC logging calculation is carried out in areas with complex and variable lithology, the TOC calculation effect using CNN will be much better than the traditional multiple regression method, and the predicted TOC distribution will be closer to the actual geological conditions, which is of great significance for future exploration and development.
TABLE 1 | TOC interpretation results.
[image: Table 1][image: Figure 10]FIGURE 10 | TOC results of different models for well Tao 112.
4 CONCLUSION
A CNN was introduced to TOC logging calculations. The TOC content of Majiagou Formation low-abundance carbonate source rocks in the Tao 112 well area of the eastern Ordos Basin was calculated by multiple regression and CNNs. The research results and related conclusions are outlined below.
(1) In the area with low source rock abundance, the logging response to TOC content was not obvious due to the low TOC content itself. The complexity and variability of lithology further weakened the influence of TOC changes on logging, leading to a generally low correlation between logging and measured TOC content. Therefore, it was difficult to obtain ideal results using multiple regression to calculate TOC content with a linear relationship. The calculation results only reflected the general trend of TOC changes in the vertical direction. In other words, they could not explain detailed TOC changes.
(2) The CNN model can retain the details of TOC changes when calculating TOC in areas with frequent lithologic alternations, and can reflect the changes of TOC more realistically. And its unique weight sharing, local perception and other characteristics make its prediction accuracy higher and adaptability stronger, which can provide a more realistic basis for future exploration and development.
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Volcanic ash improves the amount of nutritive elements in the lake and ocean, but it is not fully understood how volcanic ash influences the total organic matter content (TOC) and bio-precursor, and the scope. A volcanic layer, measuring 5 cm in thickness, was examined using electron microscopy scanning, TOC/TS, rock pyrolytic, and inorganic geochemical analyses. The study shows that the TOC content in the overlying shales increases by 18 wt.% on average, and the vertical scope of influence on shales is twice as thick as the volcanic layer. Organic matter enrichment is attributed to the fact that the volcanic layer provides nutritive elements and meanwhile changes the oxidation-reduction condition. Large variations of hydrogen index (HI) and oxygen index (OI) in the lower and upper parts of the volcanic layer is related to terrestrial organic matter vanishing, due to volcanic eruption and subsequently more terrigenous organic matter migrating into the ocean. Little change of the bio-precursor in the overlying and underlying shales may be related to the fast restoration within the ocean and land ecosystems after a volcanic eruption. The decrease in terrigenous sediments indicated by Rb/Sr, Zr/Y, and ∑REE after a volcanic eruption indirectly reflects fast restoration of terrestrial vegetation boom. This study could decipher the influence of volcanic ash on the qualities of the source rock, which can provide a better understanding on discovering more economically petroleum reservoirs in igneous rocks.
Keywords: volcanic ash, organic matter, productivity, bio-precursor, hydrocarbon generation, Maokou formation, Sichuan Baisn
1 INTRODUCTION
Volcanic ash is the eruptive magmas sediments composed of vitric fragments, rock fragments, and crystal fragments, with a diameter smaller than 2 mm, that may float thousands of kilometers away (White and Houghton, 2006). Recent studies have shown that volcanic ash may cause an algae bloom and increase chlorophyll-a content in seawater. This phenomenon is widely observed in marine and lake after recent volcanic eruptions (Uematsu et al., 2004; Duggen et al., 2010; Hoffmann et al., 2012). Therefore, it is of great significance to demonstrate the impaction of volcanism on the change of sedimentary environment and the formation of source rocks.
Preceding studies showed the important effect of volcanic ash on organic matter enrichment in source rocks (Guoheng Liu et al., 2019), e.g., the Eagle Ford and Marcellus Shales in the US (Zeng et al., 2018), the seventh member in the Yanchang Formation, the Ordos Basin, China (Qing Li et al., 2020; Zhang et al., 2020), the Lucaogou Formation in the Junggar Basin (Jingya Zhang et al., 2019; Quanyou Liu et al., 2019; Shaomin Zhang et al., 2019), the Longmaxi Formation in the Sichuan Basin (Yan et al., 2018), and oil shales in the Bazhenov Formation, Russia (Liang et al., 2021).
As for the relation between volcanic ash and black shales in geologic history, volcanic ash may increase total organic carbon content (Guoheng Liu et al., 2019; Jingya Zhang et al., 2019; Shaomin Zhang et al., 2019; Li Li et al., 2020; Qing Li et al., 2020; Si et al., 2020; Zhang et al., 2020), alter organic matter type (Li Li et al., 2020; Si et al., 2020), change climate (Tao et al., 2020), and affect water oxidation-reduction (Liu et al., 2007). However, ash-bearing source rocks tend to be related to anoxic environments, marine transgressions, and upwelling currents (Zhao et al., 2020), which will similarly enrich the organic matter content. Therefore, it is difficult to separate all these factors and evaluate the effect of volcanic ash on source rocks. The neritic carbonate platform in the Maokou Formation is a good candidate to study, in view of its non-anoxic environment and non-upwelling effect (Gao et al., 2020).
To assess the influence of volcanic ash on organic matter, the TOC content, hydrogen index (HI), and oxygen index (OI), of the shales above and below the volcanic layer are usually used for comparison to establish the effect of volcanic ash on organic matter content and type (Zhao et al., 2020). However, these investigations seldom dealt with the duration of organic matter deposition, which may be promoted/inhibited by volcanic ash due to the lack of organic geochemical indexes. The ash thickness could be affected by the intensity of influence and mechanism. According to the study of recent volcanic eruptions, volcanic ash will release salts, which contain P, Fe, and Mn, altering organism type and content (Hoffmann et al., 2012) when the ash flows into water. On the other hand, volcanic ash will consume mass oxygen, changing sediments and water oxidation-reduction (Haeckel et al., 2001; Hembury et al., 2012; Longman et al., 2019, 2020). Above variations will be imprinted by inorganic elements in sediments. This means that it is possible to more deeply understand the effect of volcanic ash on organic matter enrichment through detailed high-precision sampling to verify the change in elements above and below the volcanic layer.
This study involves the Maokou Formation of Middle Permain containing volcanic ash in the Lengshuixi tunnel section in the Sichuan Basin, Shizhu County, China. The study focuses on 1) Terrestrial environmental responses before and after a volcanic eruption, 2) Perturbation of source organisms by a volcanic eruption, and 3) TOC variation before and after a volcanic eruption and the mechanism of volcanic ash effect on organic matter enrichment. Resulting evaluations are based on the analysis of volcanic ash type, origin, shale geochemistry, and organic petrology using organic geochemical, inorganic geochemical, and mineralogical techniques.
2 GEOLOGIC SETTING
The Paleo-Tethys Ocean became more active during Permian, which resulted in the fault subsidence of the southern Qinling, and the origin of a rifted continental margin extending in a northwest direction in western Sichuan and western Yunnan (Ji et al., 1997). At the end of the Permian Period, the Emei basalts as covered with 250,000 km2. The lava sheet was mainly composed of basaltic and andesitic volcanic rocks in the lower part and felsic volcanic rocks in the upper part (Xu et al., 2001; Xiao et al., 2004). Felsic volcanic rocks (rhyolites and trachytes) have been reported to locally occur in Binchuan and Panzhihua (Shellnutt and Jahn, 2010; Xu et al., 2010).
During the Middle Permian Epoch, in the Maokou Formation of the upper Yangtze region, deposits of a carbonate platform environment were formed and were composed of bioclastic limestones, micrite, and some shales (Figure 1A). The study samples were acquired from a lithologic association of 60 cm thick, consisting of marls, shales, and volcanic tuffs. These samples were obtained from an outcrop section in the Maokou Formation of Middle Permain close to the Lengshuixi tunnel in Shizhu County, Chongqing. In this outcrop section, 5 cm of volcanic ash is sandwiched between two 25 cm layers of greyish black shale, apart from which there are grey marls. A significant amount of moss was growing on the volcanic ash, while only some scattered moss grew on the overlying and underlying black shales (Figure 1B).
[image: Figure 1]FIGURE 1 | Outcrop location (A) and the micro section composition (B) [A modified from Luo (2009)].
3 MATERIALS AND METHODOLOGY
The weathering surface was removed first, followed by sampling. 25 samples were acquired from the 60 cm thick lithologic association in the Maokou Formation, among which 14 were from underlying formations of volcanic ash, four from volcanic ash, and seven from overlying formations of volcanic ash. As for volcanic ash, overlying shales, and underlying shales, each layer was acquired with one moss sample.
Volcanic ash samples were observed using a field emission scanning electron microscope (SEM). The samples were first prepared in 1 cm3 cubes, and then the natural fracture surfaces were sprayed with gold using a coater. Mineral geometry and structure were observed in a high vacuum condition of the scanning electron microscope and the elements were checked using energy spectra. The accelerating voltage was set at 15 kV. The experiments were performed at the School of Geoscience and Technology, Southwest Petroleum University, China.
TOC/TS testing was carried out using an organic carbon/sulphur analyzer (CS230SH) for all 26 samples. Before conducting the experiments, all the samples were cleaned using hydrochloric acid to eliminate inorganic carbon and ions on the surface, e.g., Na, Cl, and Ca, and finally dried in an oven. These experiments were performed at the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, China.
Pyrolytic experiments were made by Delsi Rock-Eval RE II. As the temperature increased, liquid hydrocarbons (S1) were released first, followed by cracked hydrocarbons (S2) as well as carbon dioxide and carbon monoxide (S3). HI = (100 × S2)/TOC; OI = (100 × S3)/TOC.
The 25 samples were carried out for major elements, trace elements, and rare Earth elements (REE). Powdered samples, of 200 mesh, were dissolved using aqua regia. Nitric acid-hydrofluoric acid digestion ICP-MS was employed, and a PlasmaQuant MS Elite ICP-MS analyzer was used during this procedure. International reference samples OU-6, AMH-1, and GBPG-1 were used for quality control with an analytical error of less than 10%. Refer to Ling et al. (2021) for detailed workflow. For all the samples, the analytical error was estimated to be less than 5%. The experiments of major elements, trace elements, and REEs were made in State Key Laboratory of Ore Deposit Geochemistry-Institute of Geochemistry, Chinese Academy of Sciences.
With respect to ash analysis, the moss samples were cleaned using absolute ethyl alcohol, a minimum of 10 times, or until the dust and shale powder on the surface were eliminated. The samples were dried at normal temperature and then ground to an 80 mesh size. Each sample of 0.5 g was weighed and put into a polytetrafluoroethylene beaker for aqua fortis digestion. Element detection was made using the ME-VEG41gt method. The experiments were performed in ALS Minerals, Guangzhou, China.
4 RESULTS
4.1 Volcanic Ash Minerals
Clay and quartzes were the major minerals detected. The content of clay minerals, which may be the product of volcanic debris alteration, was as high as 90%. Quartzes in volcanic ash turn up in two forms. One is a hairline-like hollow tube known as Pele’s hair, with an outer diameter of 24 μm, tube thickness of 1.46 μm, and length of 29.23 μm (Figures 2A–C). EDS energy spectra showed essential constituents of Si and O as well as some Fe, Ca, Al, Mg, and Zr (Figures 2A,C). The other is microcrystalline quartz-like aggregate with a particle diameter of 5.33–8.93 μm, major elements of Si and O, and some Mg and Zr (Figure 2D).
[image: Figure 2]FIGURE 2 | SEM photos of quartzes in volcanic ash. (A–C): hairline-like hollow quartzes. (D): Aggregative quartzes.
4.2 Organic Matter Content, TS, and Rock Pyrolysis
The section being examined included five layers; volcanic ash, overlying and underlying shales, and upper and lower mud shales (Figure 1B).
The overlying shale layer exhibits the highest TOC content at 0.856–1.140 wt.%, with an average of 1.056 wt.%. This is followed by the underlying shale layer with a TOC content of 0.827–0.948 wt.% and an average of 0.892 wt.%. The TOC content ranges from 0.283 wt.% to 0.769 wt.%, with an average of 0.506 wt.% in the volcanic ash layer, which are smaller than those in the overlying and underlying shale layers. The TOC content ranges from 0.240 wt.% to 0.793 wt.% with an average of 0.524 wt.% in the upper and lower marl layers.
The TS content was 0.095, 0.017, and 0.068% in the underlying shales, volcanic ash, and overlying shales, respectively. The value first decreases and then increases from the lower layer to the upper layer. (Figure 3A).
[image: Figure 3]FIGURE 3 | Organic and inorganic geochemistry characters for different part of the micro section. (A): Vertical distributions of TOC, TS, S1, S2, S3, HI, and OI in the volcanic ash layer and upper and lower layers; (B): Vertical distributions of major elements and other elements; (C): Contents of immobile elements and vertical distributions of Zr/Y and Rb/Sr the lowest plain represents Lower Marl, the Lower pink means Lower shale and the blue belt for volcanic ash. The upper pink is for Upper shale and the plain part in the top is for Upper Marl in Figure 1B.
S1, S2, S3, HI, and OI are shown in Figure 4. HI and OI do not vary greatly in the overlying and underlying shales, but they are obviously different in volcanic ash-I and volcanic ash-II. OI is higher in the volcanic ash-I than in the volcanic ash-II, whereas HI is lower in the volcanic ash-I than in the volcanic ash-II (Figure 3A).
[image: Figure 4]FIGURE 4 | Comparison of essential element content in the moss samples from the tuff layer and shale layers.
4.3 Inorganic Elements
4.3.1 Major Elements
Ca content ranges from 10.70 to 22.30% in the marl layers, which is remarkably higher than in the shale layers, from 0.31 to 0.54% and volcanic ash layer from 0.45 to 0.55% (Table 1, Table 2; Figure 3B). Both shale layers show similar Ca and Mg contents, but Al, K, and Ti contents in the lower shale layer are higher than in the upper shale layer (Table 2; Figure 3B). Al, K, and Ti contents slightly increase in the lower shale layer and slightly decrease in the upper shale layer (Figure 3B).
TABLE 1 | TOC, TS, S1, S2, S3, HI, and OI in the volcanic ash layer and upper and lower layers in the Lengshuixi section of the Maokou Formation.
[image: Table 1]TABLE 2 | Contents and ratios of representative elements in the five layers in the Lengshuixi section.
[image: Table 2]In the moss sample from the volcanic ash layer, the Ca, Mg, K, Fe, P, and Mn contents are higher than in the samples from the shale layers, except for the S content. (Figure 4).
4.3.2 Trace Elements
MoEF, UEF, and VEF contents were generally less in the lower shale layer than in the upper shale layer (Table 2; Figure 3B). Fe and P contents were higher in the shale layers and volcanic ash layer than in the marl layers, but lower shales showed slightly higher Fe and P contents than upper shales (Table 2; Figure 3B). Cu/Al and Zn/Al were predominantly less abundant in lower shales than in upper shales (Table 2; Figure 3B).
The contents of immobile elements, e.g., Hf, Nb, Sn, Ta, Th, and Zr, and ∑REE slightly increased from the deepest level in lower shales and slightly decreased from the lowest level in upper shales (Figure 3C). Zr/Y was more plentiful in lower shales than in upper shales. Rb/Sr increases upward in lower shales and basically remains unchanged in upper shales with decreased value (Figure 3C).
After mantle normalization of incompatible elements in volcanic ash, the spider diagram shows enriched large ion lithophile (LIL) elements (Cs, Rb, K, Ba, Sr, and Eu) and depleted high field strength (HFS) elements (Figure 5). Some elements (Ba, Nb, Ta, Sr, Zr, and Ti) are notably depleted (Figure 5).
[image: Figure 5]FIGURE 5 | Spider diagram after mantle normalization of the elements in volcanic ash in the Lengshuixi section of the Maokou Formation. Convergent plate marginal magmatic island arc data are taken from Huang et al., 2018).
4.3.3 REEs
Sedimentary rock and volcanic ash samples were normalized separately using post-Archean Australian shales and chondrites. As for sedimentary rocks, two marl layers showed a flat REE pattern (Figure 6A), which is similar to that of the marls in the Permian Maokou Formation (Su et al., 2020). Two shale layers showed a REE pattern of depleted light REEs, negative Ce/Ce* anomaly, and positive Y anomaly. The Ce/Ce*, an anomaly in the lower shales, was measured at 0.49–0.90, with an average of 0.70 at n = 8. This was higher than the upper shales at 0.42–0.50, with an average of 0.47 at n = 6. A LaN/SmN value of 0.74–1.09, with an average of 0.89 at n = 8, in the lower shales, was less than in the upper shales at 0.98–1.46, with the average of 1.09 at n = 6. This indicates more enriched REEs in the lower shales than in the upper shales (Figures 6B,C).
[image: Figure 6]FIGURE 6 | REE patterns of the volcanic ash and overlying and underlying rocks in the Lengshuixi section of the Maokou Formation. PAAS represents post-Archean Australian shales with their REE data taken from Taylor and McLennan (1986); chondrite REE data are taken from Boynton (1984) (A). low and upper marl; (B).lower shale; (C).upper shale; (D).volcanic ash.
As for the volcanic ash REE pattern, a LaN/YbN value of 7.23–8.85, indicates more enriched light REEs (Table 3, Table 4). The Eu/Eu* value of 0.58–0.62, indicates a notable negative Eu/Eu* anomaly (Table 4; Figure 6D).
TABLE 3 | REE contents and representative element ratios in the upper and lower marl and shale layers, the Lengshuixi section.
[image: Table 3]TABLE 4 | REE contents and representative element ratios in the volcanic ash layer, the Lengshuixi section.
[image: Table 4]5 DISCUSSIONS
5.1 Volcanic Ash Origin and Type
SEM observation show the hollow quartz known as Pele’s hair (Figure 2), is a typical kind of highly elongated volcanic debris (Duffield et al., 1977; Cannata et al., 2019). This denotes an intermediate-acidic magma eruption. The chondrite-normalized REE pattern with enriched light REEs, depleted heavy REEs, and negative Eu anomaly (Figure 6D) indicates evident plagioclase fractional crystallization before magmatic exhalation, which also indicate the acidic magma eruption (Rollison et al., 2000). Negative Sr, Ti, Ba, and P anomalies in the spider diagram of incompatible elements after primitive mantle normalization (Figure 5) indicate a lot of feldspar, apatites, and titanomagnetite detached by magma splitting to finally form rhyolites (Xu et al., 2010). The crossplot of Nb/Y-Zr/TiO2 also indicates the zone of rhyodacite/dacite (Figure 7), which agrees with the conclusion of Middle Permian eruptive rock types in Zhou et al. (2020).
[image: Figure 7]FIGURE 7 | Nb/Y-Zr/TiO2 (Winchester and Floyd, 1977) and Zr-Ti (Pearce, 1982) crossplots for volcanic ash samples from the Lengshuixi section in the Maokou Formation [reproduced from Huang et al. (2018)]. Wangpo-shale volcanic ash data was taken from (Pearce, 1982); the data of the volcanic ash from the Wujiaping-Changxing Formations in the Shangsi section was taken from Huang et al. (2018); the data of rhyolites and trachytes from the Emei Mountain were taken from Xu et al. (2001), Fan et al. (2008), He et al. (2010), Qi et al. (2008), Xiao et al. (2003), Xiao et al. (2004); the data of the last-phase volcanic ash from the Upper Permian Series in southeast China was obtained from Liao et al. (2016a), Liao et al. (2016b); post-Archean Australian shale data was taken from McLennan (2018).
Elements of volcanic ash may also contain implicit information of geological settings. The La/Nb value of 2.24–2.77 is much higher than the value of 0.94 on average (Table 4) in the primitive mantle and slightly higher than the value of 2.2 in the continental crust (Saunders et al., 1988). Enriched LIL elements and depleted HFS elements represent the geochemical features similar to island arc/epicontinental arc volcanic rocks relative to the subduction effect (Figure 5). The crossplot of Zr-Ti indicates the distribution of these elements in arc magmas (Figure 7). Thus, it was concluded that magma origin is related to oceanic crust subduction.
5.2 Terrestrial Environment Change Indicated by Terrestrial Input Before and After a Volcanic Eruption
Terrestrial input index is a good indicator in land ecosystem and tectonic activity. Physical and chemical weathering intensity in a source area for shale depositions are represented using ∑REE and the ratios of Rb/Sr and Rb/Y, respectively, where the higher value corresponds to the more intense weathering (Chen et al., 1999; Wei et al., 2001; Jin et al., 2006). Terrestrial input indicators include Al, Ti, Hf, Nb, Sn, Ta, Th, and Zr, which indicate a small degree of activity and less liable to move from volcanic ash into sea water (Zielinski, 1985; Hints et al., 2015; Kiipli et al., 2017).
The ∑REE content and Rb/Sr value increases in the underlying shale layer (Figure 3C), which indicates intensified the physical weathering and chemical weathering on land. It is unusual to observe this slight increase in the contents of immobile elements, e.g., Al, Ti, Hf, Nb, Ta, and Zr (Figure 3C), because immobile elements tend not to move from volcanic ash into surrounding formations (Hints et al., 2015; Liao, 2020). Such a trend of increasing in the underlying layer indicates the effect from the intensified terrestrial input instead of volcanic ash alteration. This corresponds with our observation of intensified terrestrial input into the Permian Period microbialite underlying layer of volcanic ash (Liao, 2020).
In fact, the volcanic ash beds originated from an island arc eruption. There may be related to the epicontinental uplift (Fisher and Smith, 1991; Sak et al., 2009; Di Capua and Scasso, 2020) and earthquakes (López et al., 2012) before an island arc eruption. For example, precursory monitoring of the 2011 volcanic eruption in El Hierro, Spain, recorded 10,000 earthquakes with the largest surface deformation exceeding 5 cm before the volcanic eruption (López et al., 2012). Land uplift and earthquakes will intensify the terrestrial input effect (Crisafulli and Dale, 2018), and the product of terrestrial input will migrate into the ocean via geologic processes (Xu et al., 2009). Coincidentally, the underlying shale layer shows obviously higher LaN/SmN, indicating a degree of light-middle REE enrichment, which denotes an intensified river input, compared to the overlying shale layer (Table 3; Figures 6B,C). This implies that mass terrestrial materials in the weathered zone were transported by rivers to the ocean, resulting in more terrestrial input into the underlying shale layer of volcanic ash (Figure 8A).
[image: Figure 8]FIGURE 8 | Mechanism of a volcanic action on organic matter enrichment in a neritic carbonate platform environment. (A) Topographic rise, enhanced earthquakes, and more terrestrial inputs before a volcanic eruption. (B) Synergistically increased ocean and land productivity after a volcanic eruption. (C) Land plants die and consequently increase input of terrestrial organic matter in phase-I of a volcanic eruption. (D) Decreased input of terrestrial organic matter and remnant organisms, like algae, in phase-II of a volcanic eruption.
Smaller ∑REE, Zr/Y and Rb/Sr in the overlying shale layer, than in the underlying shale layer (Figure 3C), indicates declined weathered input. A land ecosystem tends to be seriously destroyed by a volcanic eruption, which will then enhance subsequent terrestrial input. Liao (2020) discovered mass extinction of terrestrial biota and significantly increased terrestrial input on the volcanic ash deposits at the transition from the Permian to the Triassic Period. However, this study of the Maokou Formation observed a significant decrease in volcanic eruption. This may be attributed to a small-scale eruption which did not remarkably alter the land ecosystem. N.N. Li (2020) observed sporopollenin and found basically unchanged arboreal sporopollen and shrubby sporopollen, slightly increased sedgy pollen, and notably increased sphagnum after the volcanic eruption in the Holocene Epoch of northeast China. This implies that volcanic eruptions do not ruin land ecosystems but instead promote plant growth (Figure 8B). As a result, the bloom of land plants surpassed the weathering effect in the land-source area. It should be noted that the area of interest was less affected by the volcanic eruption due to the long distance from the crater, which cannot be excluded from the results.
5.3 Bio-Precursor Change During and After Volcanic Eruption
Volcanic eruptions bring forth wildfires and elementary substances, which may change ocean and land ecosystems (Cui et al., 1997; Crisafulli and Dale, 2018) and consequently the bio-precursor types. HI and OI could be used to indicate the change of the bio-precursor type in sediments. HI denotes hydrogen richness in organic matter, and OI denotes oxygen richness in organic matter. A high HI indicates strong hydrocarbon generation capacity. For example, bacteria and algae with high lipid content exhibits high HI. A high OI indicates poor hydrocarbon generation capacity. High content of terrestrial plants corresponds to high OI. Thus, we could use HI and OI to estimate the change in source organism type/organic matter type (Peters et al., 2005).
Volcanic ash-I feature increased OI and decreased HI (Figure 3A). The increase in OI is dominated by volcanic eruption-induced wildfires, which causes leaves to drop and trees to burn (Cui et al., 1997). A large amount of land plant fragments is transported by air or rivers to oceans, which increases the content of terrestrial organic matter in an ocean (Scott, 2010) (Figure 8C). This causes a sharp reduction in the biodiversity of an ocean (Hints et al., 2003; Perrier et al., 2012) and when organisms die, many corrosive animals first migrate into this area (Walker et al., 2013). Organic matter is consumed and not preserved in the formations (Figure 8C), eventually leading to increased OI and decreased HI.
Volcanic ash-II eruptions feature increased HI, and decreased OI, which are attributed to zero terrestrial organic matter transportation from the land. The existence of residual organisms, like algae in the ocean (Walker et al., 2013) (Figure 8D), give rise to increased HI and decreased OI.
However, a HI of 2.6 and OI of 10.5, on average, in the overlying shale layer are similar to the HI of 3.9 and OI of 11.2, on average, in the underlying shale layer. This mostly likely indicates a zero change in source organism type in the shales after a volcanic eruption. In fact, the land and ocean ecosystems may quickly recover after a volcanic eruption. A plankton and benthos food chain in the ocean could be rebuilt within a few years, and remnant land plants could be revitalized in less than 2 years (DeGange et al., 2010). Therefore, consistent HI and OI in underlying and overlying shale sediments may be related to regenerating organic matter in ocean and land environments. (Figure 8B).
5.4 Volcanic Action on Organic Matter Enrichment and Its Mechanism
5.4.1 Influence on Organic Matter Content Content and Vertical Range of Influence
HI and OI almost remain unchanged in the overlying shales, but further discussion on the volcanic ash effect on the TOC content is needed. Compared with the underlying shale layer, the overlying shale layer shows increased TOC content by 18% (Figure 3A). In the vertical direction, the TOC content significantly decreases in the upper level of the overlying shale layer (Figure 3A), which means that the largest range of influence doubles the thickness of the volcanic ash layer.
To clarify, further assessment is needed to determine if the TOC content in the underlying shale layer should be used as a background value because the TOC in this layer may be diluted by increased terrestrial inputs at the dispositional stage of shales. As for underlying shale samples, the TOC content hardly decreases with ∑REE content, Rb/Sr, and the content of immobile elements (Figure 3). This confirms the findings that terrestrial inputs were not sufficient enough to significantly alter the TOC content in the underlying shale layer at its depositional stage. Thus, it is appropriate to use the TOC content in the underlying shale layer as a background value to estimate TOC increment by volcanic ash.
5.4.2 Volcanic Ash Nourishment for Organism Growth
Increased TOC content in the overlying shale layer was related to improved paleoproductivity. Studies show that modern eruptive volcanic ash contains many nutritive elements, including volatile compounds, e.g., NH4+, NO3−, PO43−, and SiO2, and trace elements, e.g., Al, Cd, Co, Cu, Mn, Ni, Pb, and Zn (Frogner et al., 2001; Witham et al., 2005; Frogner Kockum et al., 2006; Duggen et al., 2007; Jones and Gislason, 2008). In particular, the element Fe, may greatly promote productivity (Zeng et al., 2018) because the oceans in geologic history usually assumed Fe deficiency (Duggen et al., 2010). This study showed much higher Fe content in volcanic ash than in overlying and underlying shales of the volcanic ash layer (Figure 3B). Figure 9 shows a Fe loss of 50%, which agrees with the results of Lee et al. (2018) and Zhao et al. (2020). This means Fe in volcanic ash travelled into the iron-deficient environment Lee et al. (2018).
[image: Figure 9]FIGURE 9 | Nutritive element loss based on intrusive rock data from south China [after Zhao et al. (2020)]. Black lines indicate plutonite data from the South China plate; four dotted lines indicate the loss of 25, 50, 75%, and 90, respectively. Wangpo-shale volcanic ash data was taken from Huang et al. (2016); the data for the volcanic ash from the Wujiaping-Changxing Formations in the Shangsi section was taken from Huang et al. (2018); the data of rhyolites and trachytes from the Emei Mountain were taken from Xu et al. (2010); the data from the last-phase volcanic ash of the Upper Permian Series in southeast China, was taken from (Liao et al., 2016a; Liao et al., 2016b); and post-Archean Australian shale data was taken from McLennan (2018).
Element P, is a basic element of marine plankton and an important component of all organisms. P is widely used as a paleoproductivity indicator (Hints et al., 2015). Figure 9 shows P loss of over 75% in volcanic ash. Fe and P migrating from the volcanic ash layer into the overlying shale layer may boost the productivity in the overlying layer.
In addition, important micronutrients (e.g., Cu and Zn) in the ocean, are also limited-elements which could extensively stimulate ocean productivity and plankton accumulation (Brumsack, 2006). The ratio of element to Al could be used to exclude the effect of terrestrial input. For example, Cu/Al and Zn/Al. The Cu/Al value is obviously higher in the overlying shale layer than in the underlying shale layer (Figure 3B). The value of Zn/Al in the overlying shale layer increases with the distance to volcanic ash within 8 cm (Figure 3B), which is in agreement with the thickness of TOC increment. This means that in addition to terrestrial input, some Cu and Zn originated from volcanic ash and were re-deposited in water. In addition to increased Cu and Zn in volcanic ash observed in this study, Hints et al. (2015) observed remarkably increased P and Ca in the marls above bentonite, and Wang et al. (2021) showed increased P, Ni, and Cu in the shale layer above the volcanic ash layer. All these elements could improve paleoproductivity (Hints et al., 2015; Wang et al., 2021).
The moss sample from volcanic ash was compared with the analogues from shales to further confirm the direct effect of elements on plant growth. Moss is a transition group from aquatic plants to terrestrial plants. As per outcrop observation, the moss was more flourishing in volcanic ash than in the overlying and underlying mud shales (Figure 2). In accordance with the comparative study of the essential elements in moss, i.e., Ca, Mg, K, Fe, P, S, and Mn, additional element content was higher in the moss sample from volcanic ash than in the analogues from overlying and underlying shales, except S (low S content in volcanic ash) (Figure 4).
The essential elements mainly originate from atmospheric sedimentation and growth matrix. The former mainly includes atmospheric precipitation with dry (humid) dust fall, and the latter includes rocks and soil (Tuttle et al., 1986). The element discrepancies between two moss samples, with a difference of length in growth to be less than 1 m, and these are obviously related to growth matrix instead of atmospheric sedimentation. Further, Figure 3B shows that volcanic ash accumulates these essential elements. This means that moss growth was promoted by high-content essential elements migrating from volcanic ash into moss plants. Therefore, it can be inferred that volcanic action on TOC enrichment may be attributed to enough essential elements in volcanic ash for plant or algae growth and metabolism. It is worth mentioning that, with the existing means, we’re not sure that nutrients in volcanic ash are is the only sole thing trigger that could boost moss growth because the ash has higher permeability and moisture content.
5.4.3 Volcanic Ash Effect on Oxidation-Reduction
Volcanic ash may change the redox properties of sediments. After volcanic ash deposition, Fe2+ generated by volcanic ash bonded with silicate and oxidized by O2 will form Fe3+ and Fe(OH)3 precipitates. In this process, O2 in and below volcanic ash will be consumed sharply (Hembury et al., 2012) and even exhausted when the volcanic ash layer is thicker than 3 cm (Haeckel et al., 2001). After that, Fe(OH)3 will function as the oxidizing agent to oxidize methane, when methane is produced. Meanwhile, Fe(OH)3 itself will be reduced into Fe2+ (CH4 + 8Fe(OH)3 + 15H+ → HCO3− + 8Fe2+ + 21H2O) (Luo et al., 2020) and go into water column once again (Figure 10).
[image: Figure 10]FIGURE 10 | Schematic element movement, chemical reactions, and the effects on productivity and oxidation-reduction conditions close to the volcanic ash layer.
Water column of the volcanic ash may also be affected by volcanic ash. Figure 3A shows quickly declining TS content in the volcanic ash layer as well as in the overlying and underlying shale layers. Subsurface sulfur elements usually turn up in the forms of elemental sulfur, sulfates, disulfides, and compounds bonded with organic matter (Tuttle et al., 1986). Sulfur will be consumed by sulfate reducing bacteria in a reducing condition (2CH2O+ SO42−→ 2HCO3− + H2S) (Boetius et al., 2000). In the shallow oxidized carbonate platform, volcanic ash provides a reducing condition for sulfate reaction (Figure 10), which led to the decrease in TS content in the overlying and underlying layers of volcanic ash. Organic matter enrichment was more affected by volcanic ash in the overlying shale layer than in the underlying shale layer because underlying shales were in an oxidizing environment at the depositional stage, whereas overlying shales had already been affected by volcanic ash at the depositional stage.
The difference between MoEF enrichment and UEF enrichment, in different reducing conditions, could be used to indicate the oxidation-reduction conditions at the depositional stage (Algeo and Tribovillard, 2009). Figure 11A shows that samples from the overlying shale layer were closer to anoxic water which indicates that overlying shales were in a more reducing environment at the depositional stage and such an environment was favorable for organic matter enrichment. The crossplots of TOC content and MoEF, UEF, and VEF show that the TOC content is higher in the overlying shale layer than in the underlying shale layer (Figure 3B; Figures 11B,C).
[image: Figure 11]FIGURE 11 | Crossplots of (A) MoEF vs UEF, (B) TOC vs MoEF, (C) TOC vs UEF, and (D) TOC vs VEF. Three dotted lines in (A) represent that the MoEF/UEF has a value of 0.3, 1, and 3 times that of sea water. The zone with graduated color indicates U-Mo covariance in a normal open ocean environment, and the green zone indicates U-Mo covariance with the effect of metal particle carriers [modified from Algeo and Tribovillard (2009)].
6 CONCLUSION
Based on outcrop, mineralogical, organic geochemical, and inorganic geochemical studies three conclusions can be determined:
1) Terrestrial inputs increase before a volcanic eruption and decrease after an eruption due to land ecosystem recovery and plant growth promoted by volcanic ash as a nutritive substance.
2) Plant fragments migrate to water at the beginning of a volcanic eruption, which results in poor organic matter type. At the end of a volcanic eruption, there is less input of plant fragments and organic matter mainly originating from bacteria and algae, which resulted in a good organic matter type.
3) Volcanic ash may increase the TOC content by 18%, and the range of influence doubled the thickness of the volcanic ash layer. Such effects were related to the fact that volcanic ash offered nutritive elements and altered the redox conditions of water (Xu et al., 2009).
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A thermodynamic and hydrocarbon composition model based on VTFlinc software was conducted based on the homogenization temperature of fluid inclusions and gas-to-liquid ratio, and the fluid inclusions’ trapped pressure was calculated. This software does not require the determination of individual inclusions, the composition of the simulation procedure is simple, and the simulation result has certain reliability. The VTFlinc software was used to calculate the trapped pressure of oil inclusions in the Fuyu tight reservoir of the Sanzhao area in the Songliao Basin. The results show the existence of two phases of oil charge. The first phase occurred at the end of the Nenjiang Formation at 79–74 Ma with an oil entrapped pressure of 16.922–19.068 MPa, and pressure coefficient of 1.18–1.26. During the second period in the Sifangtai Mingshui group at 69–64 Ma, the oil entrapped pressure was 20.216–28.830 MPa, and the pressure coefficient was 1.21–1.33. During the two periods, the pressure of the trapped oil inclusions is abnormal, and the pressure coefficient is above 1.2. Abnormal high pressure is the main driving force of hydrocarbon source rock and oil in the Fuyu Formation, as well as an important driving force for the lateral migration of oil in the tight reservoir. The reservoir formation model of the Fuyu tight oil reservoir in the Sanzhao area is a direct high-pressure charging and multi-channel migration accumulation model. The Q-1 source rock and Fuyu oil layer has a direct contact relationship between the source rock and the reservoir.
Keywords: oil inclusions, paleo-formation-pressure simulation, abnormal pressure, fuyu oil layer, sanzhao area
INTRODUCTION
The Sanzhao area is located in the east of Daqing Changyuan in the northern part of the Songliao Basin, with an area of 6,500 km2. This area deposits thick Mesozoic strata and is a large source sag. Under the control of the basement fault, the area formed seven tertiary tectonic units, such as Shang Jia, Sheng Ping, Northern Song Fangtun, Southern-Zhao Zhou Song Fangtun nose structure, Western Sheng Ping oblique, and Xujiaweizi oblique, which shows a “four nose and three concave” tectonic pattern. Since the 1990s, the study of the geological conditions in the area showed that the Songliao Basin is in a stable stage in the depression period, and the subsequent tectonic activity is relatively weak. In the Qingshankou period, a large-scale river-delta sedimentary system was developed. In the lower part of the Qingshankou Formation with high-quality source rocks, a large area of tight reservoirs of the Fuyu reservoir was developed. The hydrocarbon source rocks of the Qingshankou Formation and near-source charging into the Fuyu tight reservoir formed a wide range of quasi-continuous or continuous oil accumulation (Meng et al., 2014). With further study on tight sandstone reservoirs, many scholars have studied the power of its accumulation. Generally, the abnormally high pressure of the source rocks is the main driving force of oil charging (Zhang and Guan, 1982; Chi et al., 2000; Fu and Wang, 2008; Wang and Wang, 2009; Fu et al., 2009; Yang, 2009; Zhang et al., 2010a). At present, the accumulation power is mainly analyzed through the acoustic logging data, which can only reflect the pressure characteristics of the maximum depth of the source rock and lacks direct research on the oil charging power. The fluid inclusions captured by diagenetic minerals record rich information such as ancient temperature, ancient pressure, and fluid composition. In recent years, the use of inclusion thermodynamic simulations to restore oil and gas accumulation into the ancient temperature and pressure state has become a simple and widely used method.
The PIT simulation method based on different hydrocarbon fluid models is preferred over the other methods (Coveney et al., 1987; Thiéry et al., 2000; Lu et al., 2004; Liu et al., 2007). However, the single hydrocarbon inclusions required by the simulation method are estimated using α (heavy hydrocarbon) and ß (light hydrocarbon) parameters, and their application has some limitations. Previous researchers (Aplin et al., 1999) proposed another inclusion thermodynamic simulation method by using VTFlinc. It has been embedded in the Denmark Calsep company as a module in PVT sim software. The method does not need to determine the composition of hydrocarbon inclusions, making it easy to use and reliable for capture pressure calculation.
Therefore, we used the VTFlinc simulation method to analyze the capture pressure of Fuyu oil inclusions in the Sanzhao area of the Songliao Basin. We then discussed the ancient pressure characteristics of oil charging in the Fuyu oil layer and its significance to oil charging of low-permeability and tight sandstone.
FLUID INCLUSION PVTX SIMULATION BASIC PRINCIPLE
In the present study, the fluid inclusion PVTx simulation method was used to obtain the fluid pressure, and VTFlinc simulation software was used. The basic principle is that the two isomeric lines of the same P-T phase diagram are based on the coherent lines of the immiscible inclusions in the same temperature–pressure coordinate system. These lines must intersect at the capture point known as the isomeric line intersection method.
The following methods were employed: (Meng et al., 2014): The gas-to-liquid ratio of a single hydrocarbon inclusion was accurately measured using a confocal laser scanning microscope; (Zhang et al., 2010a); with the VTFlinc software fluid inclusion component module, the “average composition” of the measured inclusions in each period was obtained as an approximate representation of the constituent of the hydrocarbon inclusions with the salt inclusions in a certain period; and (Chi et al., 2000) the homogenization temperature of the hydrocarbon inclusions and their inter growth aqueous inclusions determined using the above method was approximately the same as that of the saline inclusions at the time of organic inclusion catching. (Wang and Wang, 2009) The temperature of the chemical system was determined by containing hydrocarbons or hydrocarbon inclusions in the PT space of the isochoric line intersection to determine the minimum captured pressure of hydrocarbon fluid inclusions. In Figure 1, the ABC line shows the hydrocarbon or hydrocarbon-containing inclusions. The AB section indicates gas-liquid two-phase coexistence, and point B shows the liquid phase. Point C is approximated by the assumption of the capture temperature of the inclusions; (Fu and Wang, 2008); it corresponds to the capacity of the hydrocarbon or hydrocarbon-containing inclusions known as the minimum trapping pressure (Fu et al., 2009)
[image: Figure 1]FIGURE 1 | Schematic diagram of PVTx thermodynamic simulation.
SIMULATION OF CAPTURE PRESSURE OF OIL INCLUSIONS IN THE FUYU OIL LAYER
Characteristics of Oil Inclusions
A total of 20 samples and 17 wells of the Fuyu oil layer in the Sanzhao area were selected (Figure 2), (Zhang and Guan, 1982) and the inclusions in the samples were first identified with a transmission light and fluorescence microscope. The lithology of the sample was mainly silt-stone and calcic silt-stone. The oil inclusions were mainly distributed in the secondary cracks of the quartz, the quartz double edge, dissolve hole charging, sparing crystal calcite, and calcite cement. (Yang, 2009) The occurrence of oil inclusions was mostly in beaded groups with a size of 4–20 μm, and most of them had irregular shapes and similar gas–to-liquid ratios. (Thiéry et al., 2000) The oil inclusions were colorless or light brown under transmitted light, they issued a strong different color under fluorescent light. The four-color fluorescence included yellow, yellow-green, blue-green, and blue-white (Figure 3). (Lu et al., 2004) The oil inclusions in the samples of the Fuyu reservoir in the Zhao-48 well, Sheng-554 well, and the Fang-182 well in the Sanzhao area were well developed. Asphalt charging hole could be seen in Tai 34 well samples (Liu et al., 2007)
[image: Figure 2]FIGURE 2 | Location of the study area and the distribution of the fluid inclusion sampling well.
[image: Figure 3]FIGURE 3 | Fluorescent color and microscopic fluorescence spectra of oil inclusions in the Fuyu oil reservoir of the Sanzhao area.
A1 and A2: Tai-34 well, 1,903.2 m, siltstone, a large number of blue-white fluorescent oil inclusions could be seen in calcite cement.
B1 and B2: Sheng-554 well, 2,012.58 m, siltstone, a small amount of blue-green fluorescent oil inclusions could be seen in wear quartz particle cracks.
C1 and C2: Zhao-48 well, 1,948.53 m, siltstone, a large number of yellow-green oil inclusions could be seen in quartz particle cracks.
D1 and D2: Fang-182 well, 1,952.68 m, siltstone, a large number of yellow fluorescent oil inclusions could be seen in wear quartz particle cracks.
(A3, B3, C3, and D3 were the microscopic fluorescence spectra).
Determination of Fluid Inclusion Homogenization Temperature and Gas-to-Liquid Ratio
To measure the composition of the hydrocarbon and brine water in the inclusions and their phase transitions, (Coveney et al., 1987), we used the Linkam MDS600 automatic hot and cold station. According to the characteristics of the inclusions in the samples, the distribution characteristics, and the measurement results of the homogenous temperature, the stages of the fluid activities in the Sanzhao area were analyzed. Four major fluids were captured in the Fuyu reservoir of the Sanzhao area (Aplin et al., 1999)
Stage one: The homogenization temperature of aqueous inclusions ranged from 73.8 to 99.2°C, and that of associated oil inclusions ranged from 51.2 to 79.6°C. Stage two: The homogenization temperature of aqueous inclusions ranged from 100.2 to 119.6°C, and that of oil inclusions ranged from 81.5 to 99.3°C. Stage three: the homogenization temperature of aqueous inclusions ranged from 120.5 to 129.8°C, and that of oil inclusions ranged from 100.8 to 109.4°C. Stage four: (Zhang et al., 2010b): the homogenization temperature of aqueous inclusions ranged from 130.4 to 149.4°C, and that of oil inclusions ranged from 110.8 to 126.2°C (Figure 4).
[image: Figure 4]FIGURE 4 | Homogenization temperatures of oil inclusions (left) and their coeval aqueous inclusions (right) in the Fuyu oil reservoir of the Sanzhao area.
The selected hydrocarbon inclusions were performed using the LEICA laser confocal scanning microscope. (Zou et al., 2012) Finally, the three-dimensional images were superimposed and measured (Figure 5) to calculate the gas–to-liquid ratio (Table 1).
[image: Figure 5]FIGURE 5 | Two-dimensional slices of continuous scanning of oil inclusions in the Fang-182 well in the Fuyu oil reservoir by CLSM.
TABLE 1 | Gas-to-liquid ratio of oil inclusion by CLSM.
[image: Table 1]Simulation of Capture Pressure of Hydrocarbon Inclusions
VTFlinc software is used to simulate the capture pressure of oil inclusions. (Bhatti et al., 2020) First, the “data pairs” of the homogenization temperature of the oil inclusions and symbiotic saline inclusion were selected. The homogenization temperature of the oil and aqueous inclusions, the gas-to-liquid ratio of the oil inclusions, and the mole fraction of the components of the fluid inclusions were obtained from the VTFlinc software. (Bloch et al., 2002) Thereafter, the software could calculate the molar volume, saturation pressure, and density of the homogenization temperature of the hydrocarbon inclusions and calculate the saturation pressure at room temperature. (Jiang et al., 2016) The saturated pressure at room temperature was higher than the true internal pressure of the inclusions, and the molar volume at the saturated pressure was lower than the true molar volume in the inclusions, (Jiang et al., 2006), because hydrocarbon inclusions at room temperature are composed of liquid and gas. The actual internal pressure of the inclusions at room temperature could be calculated by alliteratively adjusting the pressure value to calculate the molar volume of the total contents of the inclusions until they matched the molar volume of the material at saturation temperature and pressure. (Yang et al., 2017) Upon heating, the hydrocarbon inclusions changed along the isotropy line on the P–T diagram to the phase line of the relevant composition, with the intersection of the corresponding homogeneous phase. (Zeng et al., 2003) In the simulation process, the initial components adopted the results of medium crude oil sample component analysis of the module of fluid inclusions component in the software as shown in Table 2. The content of C1 was 26.57%, the content of middle molecule hydrocarbons (C2–C6) was 30.47%, (Huang et al., 2001), the content of C7+ was 38.82%, the crude oil density was 0.800 g/cm3, and the viscosity was 15.4 m Pas. (Huang et al., 2019) The simulation results are shown in Table 3.
TABLE 2 | Composition of crude oil samples in the simulation.
[image: Table 2]TABLE 3 | Reservoir formation period and paleo-pressure in the Fuyu oil reservoir of the Sanzhao area.
[image: Table 3]By using the Fang-431 well and Zhao-48 well as examples, their paleo-formation-pressure simulation results are as follows:
In the Fuyu oil layer of the Fang 431 well (1,763.06 m), the homogenization temperature in the first stage of aqueous inclusions was 89.7°C, the homogenization temperature of the same stage of oil inclusions was 77.2°C, and the minimum trap pressure was 17.938 MPa. The homogenization temperature in the fourth stage of aqueous inclusions was 133.4°C. (Shi et al., 2004) The homogenization temperature of the same stage of oil inclusions was 115.9°C, and the minimum pressure was 20.938 MPa (Figure 6).
[image: Figure 6]FIGURE 6 | PVTx simulation results and P–T diagram of fluid inclusion assemblages in the Fang-431 well in the Fuyu oil reservoir.
In the Zhao-48 well (1,948.53 m) of the Fuyu oil reservoir, the homogenization temperature of the second aqueous inclusions was 106.7°C, while that of the same stage of oil inclusions was 81.7°C, and the minimum capture pressure was 26.209 MPa. The homogenization temperature at the third stage of aqueous inclusions was 126.8°C, the homogenization temperature of the oil inclusions in the same horizon was 102.2°C, and the minimum capture pressure was 21.849 MPa.
Based on the analysis of the paleo-pressure values obtained from the tight reservoirs in the Fuyu Sanzhao area, the pressure coefficient and capture time of tight reservoir inclusions in this area could be obtained on the basis of the ancient burial depth at the time of fluid recovery (Table 3 and Figure 7).
[image: Figure 7]FIGURE 7 | Charging stages of hydrocarbon in the Fuyu oil reservoir of the Sanzhao area.
The reservoir formation involved two periods. During the period of 79–74 Ma at the end of the Nenjiang Formation, the first period corresponded to the first stage of charging with capture pressure of 16.922–19.068 MPa and pressure coefficient of 1.18–1.26. The second period occurred in the 69–64 Ma period of Sifangtai–Mingshui Formation, corresponding to the second, third, and fourth stages of oil and gas charging, with capture pressure of 20.216–28.830 MPa and pressure coefficient of 1.21–1.33 (Table 3). The pressure coefficient was above 1.2 based on the characteristics of inclusion capturing. Hence, an abnormal pressure system existed in the capture of the two-phase crude oil inclusions in the Sanzhao area.
FORMATION OF TIGHT OIL
Paleo and Present Pressure Characteristics and Charging Power of Tight Reservoirs
Based on the statistics of more than 50 formations in the Fuyu oil layer in the Sanzhao area, the present strati-graphic pressure coefficient of the Fuyu oil layer in this area ranged from 0.9 to 1.29 with an average of 1.06 (Table 4). Based on the pressure data obtained from the formation test, the present formation pressure in some areas of the Fuyu oil layer in the Sanzhao area showed overpressure, but the remaining wells were characterized by normal pressure, (Shi et al., 2003), indicating that the reservoir has undergone overpressure transfer.
TABLE 4 | Formation test data in the Fuyu oil reservoir of the Sanzhao area.
[image: Table 4]The paleo-pressure of the reservoirs during the reservoir formation of the Fuyu oil layer in the Sanzhao area was restored using the thermodynamic simulation of inclusions in this study. Nine wells were included for testing, and 21 pressure data points were obtained in the Sanzhao area. The results showed two periods of major oil charging in the Fuyu reservoir in the Sanzhao area, corresponding to the deposition period of the Nenjiang Formation, the end of the sediments of Sifangtai-Mingshui Formation, and at the end of the second phase, the distribution of oil inclusions mainly at the end of the second phase. The pressure test results showed that the Fuyu oil layer was mainly dominated by overpressure (Table 3).
Reservoir Formation Driving Forces and the Model of the Fuyu Oil Layer in the Sanzhao Area
The paleo-pressure of the inclusions showed that the tight reservoirs in the study area generally had high pressure anomalies (Table 3), indicating that petroleum enters the tight reservoirs under overpressure. The main driving forces for oil migration are buoyancy, abnormally high pressures caused by hydrocarbon generation and pressurization, under-compaction, and dehydration of clay minerals, hydrodynamic forces, and tectonic stresses. The buoyancy of the Fuyu reservoir in the Sanzhao area was opposite to the direction of the oil migration, thus hindering the initial migration. Hence, buoyancy was not the power of the initial migration of tight oil. Considering that tight oil is mostly formed after being tight, the flow of fluid in the oil involved a non-Darcy flow, and the water in it could not flow freely. Hence, the hydrodynamic force was not the force of tight oil accumulation. The structural movement of the Songliao Basin in the main reservoir formation was mainly the subsidence of the depression, which was not subjected to strong tectonic compression and could not form overpressure. Therefore, tectonic stress was not the driving force of tight oil accumulation. Therefore, both the overpressure of genetic compaction and hydrocarbon generation may constitute the initial migration force of the Fuyu reservoir in the Sanzhao area.
The accumulation period of the Fuyu reservoir in the Sanzhao area was mainly the end of the Nenjiang Formation and the Sifangtai-Mingshui Formation, and the Sifangtai-Mingshui sedimentary period was the most important oil migration period. The characteristics and patterns of hydrocarbon accumulation in the study area are discussed in terms of hydrocarbon generation intensity, pore evolution curve, and residual pressure of the two key periods.
After Nenjiang Formation, the depth of the bottom of Qing-1 was between 1,300 and 1,700 m, with an average of 1,500 m, and a very small part of the source rock Ro was greater than 0.5%. (Sun et al., 2013) Most of them were in the immature stage, and the residual pressure could reach 2–8 MPa. According to the relationship between porosity and depth, the porosity was mainly distributed at 16.3%–12.8%, and the reservoir was not tight. The petroleum generated during the Qing stage mainly migrated laterally and downward along fractures and faults and had a short migration distance.
After the Sifangtai-Mingshui Formation, the buried depth of the bottom was 2,000–2,400 m, with an average of 2,200 m. Most of the source rock Ro was greater than 0.7%, and the maximum value was close to 1.3%. At the peak of hydrocarbon generation, the maximum residual pressure could reach 16 Mpa. According to the relationship between porosity and depth, the porosity was mainly distributed at 11.7%–6.4%, and the reservoir was tight. The oil from the source rocks of Qing-1 migrated laterally and vertically along the cracks, faults, and sand bodies, which formed a large area of tight reservoirs.
The reservoir model of tight oil accumulation in the Fuyu reservoir of the Sanzhao area is a multi-channel migration type accumulation model under source direct high-pressure injection. The source–reservoir relationship between the source rocks of Qing-1 and the Fuyu reservoir involved direct contact. The Sifangtai-Mingshui Formation was the main charging period of tight oil. The reservoir was tight. The residual pressure generated by hydrocarbon generation and pressurization could reverse the oil flow back into the Fuyu oil layer. The generated oil flowed along the fractures, faults, and sand bodies such as vertical or lateral transport channels to form a tight reservoir (Figure 8).
[image: Figure 8]FIGURE 8 | Hydrocarbon charging and accumulation model in the Fang141-Sheng8 well in the Fuyu oil reservoir of the Sanzhao area.
The oil flowed downward into the Fuyu reservoir, and the resulting oil formed a tight reservoir by vertical or lateral migration along the cracks, faults, sand, and other transport channels (Figure 8).
DISCUSSION
The paleo-pressure simulation showed two stages of reservoir formation in the Sanzhao area. At the first stage, the paleo fluid pressure was 16.992–19.068 MPa, and the pressure coefficient was 1.18–1.26. At the second stage, the palaeo fluid pressure was 20.216–28.830 MPa, and the pressure coefficient was 1.21–1.33. The two stages were characterized by abnormally high pressure. This finding supports the below-source high-pressure charging accumulation model in this paper and introduces different views on lower product and upside reservoir migration (Zhang et al., 2010b). Fu et al. (2009) argued that in the accumulation process of the Fuyu oil layer in the Sanzhao area, tight oil began charging and forming in the Sifangtai-Mingshui Formation. The remaining pressure generated by the hydrocarbon generation pressurizes the oil generated in the upper formation to infiltrate the Fuyu oil layer. The resulting oil is lost along cracks, faults, and sand bodies. The generated oil descends along the transmission channels such as cracks, faults, and sand bodies and forms an upper and lower reservoir tight reservoir. However, some scholars such as Fu Guang did not explain fluid pressure characteristics in oil and gas down-charging. The present study shows that paleo-pressure is a major driving force for the downward migration of oil and gas. This paper mainly includes the following innovations: (Meng et al., 2014): Paleo-pressure of multi-stage hydrocarbon charging was described; (Zhang et al., 2010a); paleo and present pressures were contrasted in the study area; and (Chi et al., 2000) an overpressure hydrocarbon charging model was proposed.
CONCLUSION
The homogenization temperature of saline over the same period and the charging degree of oil inclusions in the Fuyu oil layer of the Sanzhao area were measured accurately by microscopic fluorescence analysis, microscopic temperature measurement, and confocal laser scanning microscopy. With the burial history of the strata and inclusion PVTx simulation, our comprehensive views are as follows:
1) The fluorescence colors of oil inclusions in the Fuyu reservoir are yellow, yellow-green, blue-green, and blue-white, indicating the charging of crude oil with different maturity. Among them, yellow oil inclusions have the lowest maturity, blue-white oil inclusions have the highest maturity, and yellow-green and blue-green oil inclusions have medium maturity.
2) Oil and gas charging in the Fuyu oil layer in the area involves two phases. The first period occurred during the period at 79–74 Ma at the end of the Nenjiang Formation, corresponding to the inclusions of the first oil inclusions charging, with trapping pressure of 16.992–19.068 MPa and pressure coefficient of 1.18–1.26. The second period occurred in the Sifangtai-Mingshui Formation at 69–64 Ma, corresponding to the second, third, and fourth curtain oil inclusions charging, with capture pressure of 20.216–28.830 MPa and pressure coefficient of 1.21–1.33. Based on the characteristics of oil and gas capture pressure coefficient, the capture pressure of crude oil inclusions in the two phases of the Sanzhao area is abnormally high.
3) The reservoir formation model of the Fuyu tight oil reservoir in the Sanzhao area is a direct high-pressure charging and multi-channel migration accumulation model. The Q-1 source rock and Fuyu oil layer have a direct contact relationship between the source rock and the reservoir.
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Since the discovery of the Yuanba gas reservoir, there has been no unified conclusion of hydrocarbon accumulation. The Feixianguan Formation micrite and argillaceous limestone are controversial as the direct cap rock. This research analyzed the integrity of the limestone layer from delaminated fracturing to judge whether it can be as the caprock and then discuss the mechanism of accumulation. Delaminated fracturing and its controls on hydrocarbon accumulation were studied using seismic data, well logging data, rock mechanic measurements, and petroleum geological data. Mudstones from the Upper Permian Wujiaping Formation serve as the source rock. Changxing Formation dolomite from the Upper Permian is the reservoir rock. The caprock is marlites from the Lower Triassic Feixianguan Formation. The Changxing Formation had middle-high dip angle fractures formed by integrating pore fluid pressures and the tectonic stresses in the Late Triassic Indosinian Movements. The Feixianguan Formation had horizontal stylolites and fewer fractures, which kept the Feixianguan Formation marlites good caprocks. The adjacent Feixianguan and Changxing formations have their fracture system known as delaminated fractures. As a result, the Upper Permian Changxing Formation dolomite has good reservoir properties, while the Lower Triassic Feixianguan Formation limestone or marlites have good capping performance. These delaminated fractures are formed because of different lithologies and thicknesses in the carbonate rock series. It is the key factor in controlling the formation of Yuanba Gas Field with weak deformation. Delaminated fracturing suggests a significant exploration potential in carbonate strata with weak deformation, particularly in ultra-deep areas.
Keywords: delaminated fracturing, carbonate rock, medium-strength deformation, hydrocarbon accumulation, Yuanba ultra-deep gas field
INTRODUCTION
Carbonate rocks are common in surface outcrops and underground rock formations and are good targets for petroleum exploration (Ehrenberg and Nadeau, 2005; Jin et al., 2006; Zhao et al., 2014 and Zhao et al., 2015; Zhu et al., 2019). Carbonate rocks are primarily composed of limestone and dolomite with various thicknesses. Carbonate rocks formed primarily in the Sinian, Cambrian, Ordovician, Devonian, Carboniferous, and Permian periods in geological history, accounting for 20% of the area occupied by sedimentary rocks. The reserve and production of oil and gas in carbonate rocks account for half of the world’s total reserves and production. Dolomite has been a good reservoir of carbonate rocks, even in ultra-deep formations (Bildstein et al., 2001; Ehrenberg and Nadeau, 2005; Bai, 2006; Davies and Smith, 2006; Jin et al., 2006; Zhao et al., 2014; Zhao et al., 2015).
The existence of caprocks and the occurrence of fractures or joints will determine the oil- and gas-bearing properties of the carbonate rock areas. The common caprocks are mudstone, shale, evaporites (salt and gypsum), and tight limestone. The tight limestone encased a small petroleum reserve. According to the statistical data from the world’s 334 largest oil and gas fields, mudstone caprock accounts for 65% of the reserve, evaporites account for 33% of the reserve, and tight limestone caprock accounts for 2% of the reserve. In China, the caprocks of large-scale gas fields were composed of 60% mudstone, 18% gypsum salt rocks, 11% muddy shale, and 11% carbonate rocks (Hu et al., 2009).
The fractures are significant in carbonate rocks. They increase the porosity and permeability of carbonate rocks, thereby improving their reservoir properties (Li et al., 2018; Wu et al., 2020; Yang et al., 2020). The fracture density of the different layers varies due to differences in lithology and thickness (Bai and Pollard, 2000; Zeng et al., 2007; Hooker et al., 2013). Conversely, some fractures are linked along the fracture plane or at the intersections of different strike fractures. Some fractures are separated from one another and do not intersect. Tectonic stresses determine the occurrence of fractures, and pore fluid pressures play an essential role in the occurrence of fractures (Handin, 1958; Hubbert and Rubey, 1959; Tingay et al., 2009; Hao et al., 2015). Although fractures can disrupt the continuity of limestones, they can also serve as caprocks and are necessary for carbonate rock areas, particularly in deep or ultra-deep formations (Heap et al., 2018; Toussaint et al., 2018; Bruna et al., 2019). The deep area is 4,500–6,000 m, while the ultra-deep area is more than 6,000 m (Dyman et al., 2002; Zhang et al., 2015). Deep or ultra-deep petroleum traps have recently received increased attention (Arouri et al., 2010; Sun et al., 2013; Katz and Everett, 2016).
The Yuanba Gas Field is an ultra-deep gas field located northeast of the Sichuan Basin. Its source–reservoir–cap assemblage lies in a series of marine strata, including the Upper Permian mudstone source, the Upper Permian dolomite reservoir, and the Lower Triassic limestone cap. Since the discovery of this gas reservoir, there have been discussions on the accumulation mechanism (Guo et al., 2014; Guo et al., 2018; Shao, 2012; Fan, 2012; Fan, 2014), but there has been no unified conclusion of the caprock of the reservoir. The Lower Triassic Jialinjiang Formation gypsum salt rock is generally accepted as the regional caprock, but the Feixianguan Formation micrite and argillaceous limestone are controversial as the direct caprock (Wu, 2020). We analyzed the integrity of the limestone layer from fractures to judge whether it can be as the caprock and then discuss the mechanism of accumulation. Thus, the objectives of this study are based on field observation, seismic data interpretation, core fracture observation, paleo-stress measurement, and fluid pressure analysis. This research will be an important guideline for petroleum exploration in carbonate rocks of ultra-deep formations with weak deformation.
GEOLOGICAL SETTING
The Yuanba Gas Field, an ultra-deep carbonate gas reservoir, is located in a weak deformation zone with no faults cutting through the Sinian to Cretaceous strata (Figure 1). It has a general NWW-SSE trend, with the Jiulongshan anticline, Chixi sag, and Tongnanba anticline in the north and the Cangxi-bazhong gentle dip slope in the south (Figure 1).
[image: Figure 1]FIGURE 1 | Tectonic location and 2D seismic profiles of the Yuanba Gas Field. (A) Location of the study area and seismic profiles (modified after Guo et al., 2018); (B) NWW-SEE seismic profile; (C) NNE-SSW seismic profile.
The strata associated with the Yuanba Gas Field include Permian, Triassic, Jurassic, and Cretaceous (Figure 2). The Permian was composed of marine sediments, shales, limestones, and dolomites. The lower-middle Triassic was composed of marine sediments like shales and limestones and salt-bearing layers like gyprocks, polyhalite rocks, and salt rocks (Zhu et al., 1986). The Permian and Triassic strata belong to continental margin sedimentation. The overlying strata were continental foreland basin sediments, including the Upper Triassic, Jurassic, and Cretaceous with lithologies of sandstones and shales. The Wujiaping Formation is shallow-water shelf facies carbonate rocks with a gentle slope. The lithology is mainly marl, carbonaceous limestone, bioclastic marl, and dark black argillaceous limestone. Based on the different depositional environments, the Changxing Formation can be divided into carbonate platform-type deposits, platform-margin reef-shoal-type deposits, platform-margin slope-type deposits, and shelf-type deposits (Guo et al., 2014). Among them, the platform-margin reef-shoal deposits have the largest thickness, about 200–300 m. They are mainly biogenic limestone, bioclastic limestone, bioclastic dolomite, and sandy dolomite. A set of oolitic limestone or oolitic dolomite develops in the lower part of the Feixianguan Formation, and evaporative platform mudstone or anhydrite develops in the upper part.
[image: Figure 2]FIGURE 2 | Comprehensive column of major source–reservoir–cap assemblages in the Yuanba Gas Field (modified after Guo et al., 2014).
The directions of tectonic stress fields changed several times after forming primary reservoir rocks in the Changxing Formation (Qin et al., 2017; Wang et al., 2019). They referred to several compressions, including the NW-SE compression of the Late Triassic Indosinian movements, the SN compression of the Yanshanian movements, the NW-SE or EW compression of the early and middle Himalayan movements, and the NE compression of the late Himalayan movements (Qin et al., 2017). The present maximum horizontal principal stress is in the NW-SE direction or at 110–120° based on imaging logging data, induced fracture data, and borehole caving data (Guo et al., 2010; Zhang, 2010; Zhao et al., 2017).
The Yuanba Gas Field was discovered in 2007. It was in an area with a gentle dip and weak deformation. The Upper Permian lover part mudstone served as the source rock, the Upper Permian dolomite served as the reservoir, and the Lower Triassic limestone served as the caprock. The paleo-pore fluid pressures, fractures, high temperatures, and confining forces all played important roles in forming the Yuanba Gas Field.
RESERVOIR CHARACTERISTICS
Reservoir Type
The structures do not control the distribution of the Yuanba Gas Field, but it is done by organic reef and bank facies at the platform margin (Figure 3). It is a structural and lithologic gas field with reservoirs in both the Changxing and Feixianguan formations. The central pay zone of the Yuanba Gas Field is the Changxing Formation gas reservoir, with a burial depth of 6,682.9 m in the middle of the gas reservoir, which is an ultra-deep, pore-type, and fracture-pore-type gas reservoir (Guo et al., 2014 and Guo et al., 2018; Yuan et al., 2019). The Feixianguan Formation was composed of low-yield gas reservoirs only found in the northwest of Yuanba and had a burial depth of 6,317 m in the middle of the typical gas reservoir (Guo et al., 2014). The mechanism of hydrocarbon accumulation has been debated since the discovery of the Yuanba Gas Field (Fan, 2012; Shao, 2012; Fan, 2014; Guo et al., 2014; Guo et al., 2018). However, the accumulation mechanism is still unknown, such as the gas-bearing difference between the Changxing and Feixianguan formations and the stratum of the caprock.
[image: Figure 3]FIGURE 3 | Distribution diagram of reservoirs in the Changxing Formation in the Yuanba Gas Field (modified after Guo, 2019).
Source–Reservoir–Caprock Assemblages
The Wujiaping Formation of the Upper Permian is the source rock of the Yuanba Gas Field, with bioclastic limestone and mudstone (Figure 4). The thickness of the source rock in the Yuanba area is 60,100 m. The organic matter in the source rock is primarily sapropel, with a significant part of terrestrial organic matter (Li, 2009).
[image: Figure 4]FIGURE 4 | Lithology distribution and gas distribution of YB2.
The primary reservoir rock in the Yuanba Gas Field is the Upper Permian Changxing Formation, which has a burial depth of about 6,680 m, an ultra-deep pore-type fracture-pore-type gas reservoir (Guo et al., 2014; Guo et al., 2018; Yuan et al., 2019). Dolomite and biolimestone are the reservoir rocks (Figures 2, 4). The development and distribution of the reef flat influenced the distribution of the gas reservoir (Figure 3). The Changxing Formation has two reservoir types: porosity-type and fracture-porosity-type. The dominant lithology is crystalline dolomite, bioclastic dolomite, and clastic dolomite, with a trace of clastic limestone and bioclastic limestone (Figures 2, 4). The reservoir rock of the Changxing Formation is mainly found at the platform margins in reefs, retro-reef shoals, and reef flat complexes (Figure 3). The Changxing reservoir rock covers an area of 350,450 km2. The reservoir rock thicknesses range from 30 to 150 m, with an average of 70 m. The reservoir rock in the platform-margin reef flats is thick, whereas those in the retro-reef shoal and intra-platform flat are thin.
For the Yuanba Gas Field, the regional caprock is gypsum, polyhalite, salt rock, and gypsum dolomite of the Lower-Middle Triassic (Figures 2, 4). However, the main gas pay zone of the Yuanba Gas Field is the Changxing Formation of the Upper Permian, and the Feixianguan Formation directly above it only produces gas locally. The Changxing Formation has a local caprock, the marlites, in the Lower Triassic Feixianguan Formation base.
Formation Process of the Gas Reservoir
The Changxing gas reservoir was formed through a complex process, and it is a pyrolysis gas reservoir. The Wujiaping Formation reached its peak oil generation during the Late Triassic to the Early Jurassic, and the paleo-oil reservoir of the Changxing Formation was formed. The oil was generated from the Wujiaping Formation and injected into the Changxing Formation reservoir (Zhang, 2010; Guo et al., 2014; Li et al., 2016). The paleo-oil reservoir was pyrolyzed to form a paleo-gas field at the end of the Middle Jurassic (Zhang, 2010; Guo et al., 2014; Li et al., 2016). The paleo-gas reservoir was adjusted to its present status during the late Yanshanian movements and Cenozoic Himalayan movements.
Fracture Characteristics
It was found that tectonic deformation in the Yuanba Gas Field was weak, with low-magnitude anticlines and no large-scale faults (Figure 1). Different strata have been subjected to various tectonic movements, resulting in multiple fractures. In terms of attitudes, imaging logging data show that the fractures in the Changxing Formation are mostly steep (Figure 5 and Figure 6A) and strike NW-SE (Guo et al., 2010), with 8% at 0–30° dip angles, 35% at 30–60°, and 57% at 60–90°. The fractures in the Feixianguan Formation have multiple strikes and are mostly low-angle fractures and stylolites (Figures 5, 6B), with dip angles of 0–30° accounting for 19%, 3,060° accounting for 52%, and 60–90° accounting for 29%.
[image: Figure 5]FIGURE 5 | Fractures in the Yuanba area. (A) Steep fractures filled by pitch in the Changxing Formation; (B) steep dip fractures filled by calcite in the Changxing Formation; (C) Steep dip fractures without filling in the Changxing Formation; (D) horizontal stylolites in the Feixianguan Formation.
[image: Figure 6]FIGURE 6 | Imaging logging of Yb27. (A) High-angle fractures of the Changxing Formation; (B) Stylolites of the Feixianguan Formation.
In terms of fillings and filling degrees, we counted the fillings of the fractures on the core and identified the fillings. Fully filled fractures in the Changxing Formation account for 57%, semi-filled fractures account for 19%, and non-filled fractures account for 24% (Figure 7A). Based on the types and distribution of fillings, there are mainly five types of filling materials: dolomite, calcite, quartz, muddy, and asphalt. The fractures filled with dolomite, calcite, muddy, and asphalt account for 2.7, 15, 8, and 73%, respectively; others were filled with pyrite (Figure 7B). The fractures in the Feixianguan Formation have a filling degree of about 54%, followed by non-filled and semi-filled fractures, accounting for about 23% (Figure 7A). The fillings are mostly calcite materials (Figure 7B), accounting for about 65%, followed by mud accounting for about 16%, and the remaining part is asphalt.
[image: Figure 7]FIGURE 7 | Fracture fillings of the Yuanba Gas Field. (A) Histogram of the filling degree; (B) histogram of the filling substance.
DISCUSSION
Several factors influence the formation of the Yuanba Gas Field. The permeability and porosity of the dolomite reservoir were improved by delaminated fracturing. The delaminated fracturing was controlled by the mechanic layers, thicknesses, and pore fluid pressures. High confining pressures in the deep crust gave the marlite high plasticity, ensuring that it was caprock.
Delaminated Fracturing
Delaminated fracturing refers to various fracture densities and patterns in different layers. It is determined by the magnitude of tectonic stresses, the mechanical properties, and the thicknesses of the rocks. The fractures are required to improve the reservoir properties, but extensive deformation will result in fault formation, which will destroy the gas reservoirs. Because of differences in the inner structures, mineral composition, and grain size, the rocks in the Earth’s crust have varying mechanical properties. Different rocks have different fracture conditions, implying that the rock will fracture when the stress reaches the rock strength. In general, the compressive strengths (which also reflect shear and tensile strengths) of rocks increase in strength from dolomite to dense limestone, dense sandstone, anhydrite, mudstone, shale, and gypsum (Ferrill et al., 2017). In terms of strengths, given a rock section composed of shale (mudstone), dolomite, tight limestone, and marlite, the sequence of forming fractures should be shale (mudstone), marlstone, dense limestone, and dolomite. However, there are strains that different rocks can withstand before fractures can vary. As a result, some rocks with higher strengths will fracture earlier than rocks with lower strengths under identical tectonic movements (Figure 8; Ferrill et al., 2017).
[image: Figure 8]FIGURE 8 | Strain curves of rocks before forming fractures under different confining pressures (modified after Ferrill et al., 2017).
For rocks with identical mechanical properties, the density and attribute of fractures formed in one-time deformation will vary due to various thicknesses. Researchers show that joint space in layered sedimentary rocks is proportional to the thickness of the fractured layer (Bai and Pollard, 2000). The delaminated fractures often are observed in outcrops around the Sichuan basin (Figure 9). The inter-bed cohesion will affect fracture development (Hooker et al., 2013; Surpless and Wigginton, 2020).
[image: Figure 9]FIGURE 9 | Outcrops with delaminated fractures. (A) Carbonate sequence with similar lithology and different thicknesses; (B) carbonate sequence with different lithology; (C) sandstone sequence with similar lithology and different thicknesses; (D) sand and shale sequence. F1 - intrastratal fracture, F2 - interlaminar fracture, and F3 - interlaminar extending fracture.
Medium deformation occurred in the Yuanba Gas Field, and the Feixianguan Formation and Changxing Formation are with fractures but without faults (Figures 1, 3, 10). Fractures increase the porosity and particularly the permeability of the dolomite reservoirs in the Changxing formation (Guo, 2011; Fan, 2012). Because the Upper Permian and Lower Triassic contacted conformally, the Changxing and Feixianguan formations experienced the same tectonic action processes (Figure 10). The Early Indosinian movements in the late Middle Triassic were responsible for forming the NW-SE fractures in the Changxing Formation (Figure 11). The density, dip, strike, and interstitial materials of fractures in the Feixianguan Formation differed from those in the Changxing Formation, indicating delaminated fracturing.
[image: Figure 10]FIGURE 10 | Seismic profile of the Jiulongshan mountain.
[image: Figure 11]FIGURE 11 | Strikes of the fractures in the Yuanba Gas Field. (A) Changxing Formation; (B) Feixianguan Formation.
Pore Fluid Pressure Helping the Fracture Formation
The Mohr envelope curves for dolomite and limestone were obtained by measuring the strength of rock samples collected from well cores in the Yuanba Gas Field and field crops (Table 1 and Figure 12).
TABLE 1 | Result of strength measurements of rock samples.
[image: Table 1][image: Figure 12]FIGURE 12 | Mohr envelope curves in the Yuanba Gas Field. (A) Dolomite of the Changxing Formation; (B) limestone of the Feixianguan Formation.
The Mohr envelope curves of dolomite are as follows:
[image: image]
[image: image]
The Mohr envelope curves of limestone are as follows:
[image: image]
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The burial depth of the Changxing and Feixianguan formations in the Late Triassic was 2,200 and 2,000 m, respectively (Figure 13). The density of the overburdened rocks was 2.63 g/cm3. The Poisson’s ratio of rocks was 0.35–0.448. The Poisson stress in the horizontal direction was 19.8 and 18 MPa for the Changxing and Feixianguan formations, respectively. The maximum principal stress measured by the acoustic emission in Indosinian movements was 152.1 MPa (Zhang, 2010). Due to zero porosity in the tight limestone, the paleo-pore fluid pressure was 28.6 MPa for dolomite in the Changxing Formation and 0 for limestone in the Feixianguan Formation (Zhang, 2010). Considering all the above, we got the maximum and minimum principal stresses of 123.5 and −8.8 MPa in Changxing Formation dolomite, respectively. The maximum and minimum principal stresses were 152.1 and 18 MPa in Feixianguan Formation limestone, respectively. Mohr stress circles were constructed for the dolomite and limestone according to the maximum and minimum principal stresses. The figure showed that fractures occurred in the dolomite of Changxing Formation but not in the limestone of the Feixianguan Formation (Figure 14).
[image: Figure 13]FIGURE 13 | Burial history of well YB102 (modified after Zhang,2010)
Marlite Being an Efficient Cap Rock
Although there is a small amount of gas in the Feixianguan Formation, it is mainly caprock. The fractures may cut the marlite at normal temperature and pressure. Due to high confining pressure and temperature in the deep crust, ductility or plasticity increases, leading to good caprocks like shale. (Figure 8; Donath, 1970; Ferrill and Morris, 2003 and Ferrill and Morris, 2008; Ferrill et al., 2012 and Ferrill et al., 2017). The strength of the marlite decreases like salt (Weijermars et al., 1993; Jackson and Vendeville, 1994).
The deformation behavior of the marlite in limestone samples from well cores was similar to that of the Solnhofen limestone, according to the strength measurements of the marlite of the limestone samples (Figure 15 and Table 2). The limestone will undergo semi-brittle deformation, with a confining pressure of 53 MPa. The limestone will enter the plastic deformation stage when the confining pressure reaches 140 MPa.
TABLE 2 | Strengths of the limestones in the Sichuan basin under various confining pressures.
[image: Table 2]When gas production peaked at the end of the Middle Jurassic, the burial depth of the Yuanba Gas Field was 5 km. The Poisson horizontal stress was 70.80 MPa, and the vertical stress was 131.5 MPa. Considering that the Sichuan basin was a foreland basin during the middle Jurassic period, the horizontal stress would have been greater than 70.80 MPa. The acoustic emission measurement on the J1z sandstone in well YB102 at a 3,921 m depth revealed two horizontal stresses of 101.1 and 96.1 MPa, with a vertical stress of 100.4 MPa. These stresses were referred to as Yanshanian movement stress strength. The marlite has progressed to the semi-brittle stage. Consequently, the marlite of the Feixianguan Formation was continuously buried before being uplifted by the late Yanshanian movements. Now, it has a 6,000 m burial depth and is denudated with thicknesses of 1,000–3,400 m (Qiu et al., 2008). The present maximum principal stress is in the NW-SE direction, according to borehole caving and fracturing data. The vertical stress in well YB1 is 186.0 MPa, and the horizontal stresses are 243.8 and 154.8 MPa at a depth of 7,081–7,150 m. The vertical stress in well YB2 is 173.0 MPa, and the horizontal stresses are 235.9 and 140.8 MPa at a depth of 6,677–6,700 m. As a result, the confining pressures in geological compression settings were greater than 53 MPa or 96.1 MPa. Marlite has been in a high plastic state to be a good caprock, similar to shale.
Furthermore, the well cores revealed stylolites formed in the Feixianguan Formation, with most of them filled with mud (Figure 5D). They were sealing materials for oil and gas (Heap et al., 2018; Toussaint et al., 2018; Bruna et al., 2019). Many factors, including delaminated fracturing, plastic deformation due to high confining pressures, and mud-filled stylolites, determined the Feixianguan Formation marlite to be a good cap (Figure 16). Since the late Jurassic, it has prevented the pyrolysis gas from leaking out of the Changxing Formation dolomite reservoir.
Gas Field Formation Mechanism
The major fractures in the Changxing Formation were formed during the initial formation of oil reservoirs in the Yuanba Gas Field from the Late Triassic to the Early Jurassic by integrating pore fluid pressure with the Indosinian movements in the Late Triassic. The fractures increased the porosity and permeability of the dolomite from the Changxing Formation. Due to the medium extent of deformation, no faults cutting through the stratum section from Permian to Jurassic systems were formed. The oil migrated through the fracture network from the underlying source rock, the Wujiaping formation, to charge the overlying Changxing Formation dolomite reservoirs (Figure 17). Later, in the Late Jurassic, the oil was pyrolyzed, resulting in the formation of a paleo-gas field. The subsequent tectonic movements had a minor impact on the paleo-gas field, and finally, the Yuanba Gas Field was formed.
A few vertical fractures were found in the overlying Feixianguan Formation marlite, and they were not connected to the fractures in the Changxing Formation dolomite. Because of the plasticity caused by the deep burial, high confining pressure, and mud-filled stylolites, the marlite served as a good caprock to keep the gas in the underlying Changxing Formation.
CONCLUSION
Delaminated fracturing is critical in controlling the ultra-deep Yuanba Gas Field formation. The interlayer fracturing was determined by the various rock mechanics, deformation layer thicknesses, the pore fluid pressures, and the magnitudes of the tectonic stress strengths. A medium deformation extensity is favorable for gas field formation because it ensures fractures and prevents the formation of a fault.
The Feixianguan Formation, which directly overlies the Changxing reservoir, was marlite. The Indosinian movement was not fractured due to the low pore fluid pressure. Due to high confining pressures, the marlite acquired high plasticity during the burial and uplifting processes, preserving the continuity of marlite. Dense horizontal stylolites formed in the marlite and were filled with mud to form sealing. These factors ensure that the Feixianguan Formation marlite will be caprock.
The Yuanba Gas Field is a reservoir filled with pyrolysis gas. The reservoir rock is dolomite of the Upper Permian Changxing Formation, the caprock is marlite of the Lower Triassic Feixianguan Formation, and the source rock is mudstone of the Upper Permian Wujiaping Formation. The paleo-oil reservoir in the Changxing Formation was formed from the Late Triassic to the Early Jurassic. The oil was stored in the pores and fractures of the dolomite. The fractures were formed by the interaction of the pore fluid pressure and the tectonic stresses of the Indosinian movements. The oil was pyrolysis gas from the Late Jurassic and was stored in the original pores and fractures.
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Supplementary Figure S1 | Mohr envelope curves and Mohr stress circles.
Supplementary Figure S2 | Strengths of the limestone in the Yuanba Gas Field under various confining pressures. The solid and dashed lines in b are the strengths of Solnhofen limestone (Rutter, 1986). The small squares are the measurement data. The average density of the overburden rocks is 2.63 g/cm3, and Poisson’ ratio is 0.35.
Supplementary Figure S3 | Reservoir formation mechanism of the Yuanba Gas Field.
Supplementary Figure S4 | Gas migration and charge via intersections of delaminated fractures. (A) Fractures in the upper layer; (B) fractures in the lower layer; (C) gas migrating from the lower layer to the upper layer via the intersections (small circles).
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On the basis of petrology, in combination with analysis of the geochemical characteristics of major and trace elements, REE (rare earth elements), carbon isotopes, oxygen isotopes, strontium isotopes and fluid inclusions, the geochemical characteristics and fluid properties of the Qixia Formation dolomites of the Middle Permian Qixiain the Shuangyushi block in the NW Sichuan Basin were systematically studied. The analysis results of the samples show that the Qixia dolomites are mainly composed of medium, coarse, medium-coarse crystalline and dolomites with polymodal crystal size distribution, and cloudy centers and clear rims. They generally show dark purple cathodoluminescence (CL) colors in the centers and orange red CL colors in the rims. The Qixia dolomites are relatively highly ordered (0.79–0.95, averaging 0.90). The CaO and MgO contents show a negative correlation. They are characterized by higher Mg/Ca ratio (0.89–0.92, averaging 0.91), high Fe (94–2,991 ppm, averaging 622 ppm), high Mn (26–185 ppm, averaging 102 ppm), high Na (210–374 ppm, averaging 277 ppm) contents, low Sr (53–218 ppm, averaging 93 ppm) content and lower ∑REE (1.10–5.56 ppm, averaging 2.08 ppm) concentrations. The REE patterns of the dolomites are similar to those of the calcites (C1), and are characterized by light REE (LREE) enrichment, heavy REE (HREE) depletion (LREE/HREE = 5.38–9.58, averaging 7.10), and Eu (0.65–4.19, averaging 1.70) and Ce (0.99–9.52, averaging 2.61) positive anomalies. They have consistent δ13C (1.98–4.27‰ VPDB, averaging 3.01‰ VPDB) and δ18O (−9.54‰–−4.65‰ VPDB, averaging −7.09‰ VPDB) values with the coeval seawater. The salinity index Z is larger than 120, with diagenetic temperature higher than normal temperature. The average value of 87Sr/86Sr is positive (0.707150–0.712273, averaging 0.708669), while some samples are consistent to those of the coeval seawater. Their homogenization temperatures of fluid inclusions (96.3°C–105.0°C, averaging 101.1°C) exceed 100°C, which is equivalent to the buried paleogeothermal temperature, and their salinity (12.3%–14.3%, averaging 13.5%) is 3–5 times that of normal seawater. Based on the regional geological setting and previous research achievements, the dolomitized fluids in the Qixia Formation are probably derived from seawater or marine fluids sealed in pores under shallow-burial environment. The dolomites experienced late alternation by deep high-salinity hydrothermal fluids, and were formed before the Middle-Late Triassic Period.
Keywords: dolomite, geochemical characteristics, Qixia formation, Shuangyushi block, analysis of fluid property
1 INTRODUCTION
The Shuangyushi block is located in the northwestern Sichuan Basin, covering an area of about 592.8 km2. In recent years, significant breakthroughs in the oil and gas exploration of the Middle Permian Qixia dolomites have been achieved, and high-yield wells, such as Well SYX131 yielding 123.97 × 104 m3 gas per day (Zeng et al., 2020). With the increasing exploration and development in this block, significant investigations on the genetic mechanism and fluid properties of dolomite reservoirs have been conducted, but a unified understanding has not been formed, which limited the follow-up exploration. The former research results indicated that the lenticular dolomites of the Qixia Formation in the western Sichuan Basin is originated by mixing water dolomitization (Zhang, 1982; Jiang et al., 2009), where Mg2+ is derived from seawater, magnesium-rich calcite red algae, sponges, bryozoans, echinoderms and other organisms (Zhang, 1982). The massive and patchy dolomites of the Qixia Formation in eastern Yunnan-western Sichuan are formed in the burial environment at higher temperatures, where Mg2+ is derived from the leaching of Emeishan basalt by meteoric water (Jin and Feng 1999). The Qixia Formation dolomites in northwestern Sichuan are formed by buried dolomitization (Jiang et al., 2009; Wang et al., 2011), where Mg2+ is mainly derived from clay mineral alteration, pressure dissolution of organic matter, magnesium-rich groundwater with incomplete metasomatism in its underlying strata and its overlying Emeishan basalt (Wang et al., 2011). The Qixia Formation dolomites in the northwestern Sichuan Basin are hydrothermal dolomites formed by the upwelling of deep fluids along faults (Huang et al., 2012, 2013; Yang et al., 2019). The Qixia Formation dolomites in the northwestern Sichuan Basin are regarded as the result of mixing water, burial and hydrothermal dolomitization (Tian et al., 2014). The Qixia Formation dolomites in the northwestern Sichuan Basin are formed by a superposition of buried dolomitization and later hydrothermal transformation, where Mg2+ mainly comes from seawater Meng et al., 2017; Hu et al., 2018; Zeng et al., 2020). No unanimous conclusion has been drawn on the genetic mechanism and fluid properties of the Qixia Formation dolomites in the northwestern Sichuan Basin. The increased data and deepened understanding are more and more supportive of the burial or hydrothermal dolomitization or their superimposition, the dolomitization fluids are derived from primary seawater, formation-sealed hot brine and deep hydrothermal solution etc. However, further research is needed into the specific formation mechanism and fluid properties of the Qixia Formation dolomites in the Shuangyushi block, northwestern Sichuan Basin. Therefore, this paper analyzed the petrological and geochemical characteristics of the Qixia Formation dolomites, and discussed the genetic mechanism and fluid properties on the basis of the analytical results, so as to provide support to the viewpoints on the dolomite genesis and provide guidance for further oil and gas exploration of the Qixia Formation dolomites in the Shuangyushi block, northwestern Sichuan Basin.
2 GEOLOGICAL BACKGROUNDS
Geotectonically, the Shuangyushi block is part of the northwestern margin of the Upper Yangtze Plate. It is located within the transition zone from the Longmenshan fault-fold belt to the low structural belt of the Central paleo-depression in the northern Sichuan Basin (Zeng et al., 2020), which borders the Longmenshan over-thrust belt to the west, the structural lowland in the Central paleo-depression in the northern Sichuan Basin to the east, and the piedmont fault-fold belt on the southern margin of the Micangshan Uplift to the north (Figure 1). The study area underwent two major structural evolution stages: the Sinian-Middle Triassic marine basin and the Meso-Cenozoic foreland basin (Chen et al., 2019). The Yunnan movement at the end of the Carboniferous Period caused a long-term weathering and denudation in the Sichuan Basin and its adjacent areas. In the Early Permian, a new marine transgression happened in the Sichuan Basin. Consequently, in the initial stage of transgression, the coal-bearing clastic rocks of the Lower Permian Liangshan Formation of shore-swamp facies were deposited above the Carboniferous weathering crust, with a thickness ranging from 0.2 to 30 m. With the expansion of transgression, the Qixia Formation carbonate sediments of the Middle Permian were developed within the basin (Huang et al., 2004). In general, the sea level rose first and then dropped. Affected by the ancient landform before the deposition of the Qixia Formation, the NW-SE extending basin-foreslope facies, platform margin facies and open platform facies were developed successively from northwest to southeast in the northwestern Sichuan Basin, and the Shuangyushi block was generally located in the platform margin facies belt (Figure 1), with a sediment thickness ranging from 70 to 300 m. During the early depositional stage of the Qixia Formation, the rapid rising of sea level led to a deep-water paleo-environment in the platform margin, allowing the formation of low-energy shoal sediments, which are mainly composed of dark gray medium- and thick-layer bioclastic wackestone or bioclastic packstone. During the middle-late deposition stages of the Qixia Formation, the platform-marginal low-energy shoal facies gradually evolved into the platform-marginal high-energy shoal facies, as the sea level inclined. The lithology was mainly light gray, gray-white thick-layer to massive sparry bioclastic grainstone and intraclastic dolomite. In the late deposition stage of the Qixia Formation, the slight rise and fluctuation of sea level resulted in the gradual lithological variation into limy dolomite or dolomitic limestone, and bioclastic packstone intercalated with micrite. At the end of Qixia Formation, the large-scale rise of sea level occurred, leading to the regional deposition of thin mudstone or micrite at the bottom of the Maokou Formation, which covers the Qixia Formation with a conformable contact (Liu et al., 2021). The volcanic eruption in Emeishan area in the southwest during the sedimentary period of the Maokou Formation (Zhu et al., 2010) changed the thermal evolution history of the Sichuan Basin. Scholars reported that this igneous activity had a significant impact on the shallow buried Qixia Formation, and it made the Qixia Formation characterized with favorable source-reservoir configuration, larger trap closure, good preservation conditions and hydrocarbon accumulation in the Shuangyushi block, together with the later diagenesis and tectonism (Yang et al., 2018).
[image: Figure 1]FIGURE 1 | Regional structure, sedimentary facies and comprehensive histogram of the Qixia Formation, Shuangyushi block.
3 SAMPLES AND METHODS
Two hundreds and seventy-two samples were collected from the cores of the Qixia Formation (164) in the Shuangyushi block, Maoertang section (66) and Shuigentou section (43), including 88 limestone samples, 173 dolostone samples, 5 dolomitic limestone samples, 3 limy dolostone samples, 2 calcite samples and 2 dolomite samples (Table 1). They were prepared for thin section authentication, cathodoluminescence analysis, X-ray diffraction analysis, SEM observation, measurements of major elements, trace elements, carbon and oxygen isotopic compositions, strontium isotopes and fluid inclusions, which were completed in the State Key Laboratory of Oil and Gas Reservoir Geology and Exploration affiliated to Chengdu University of Technology.
TABLE 1 | Investigated samples of carbonates in the Qixia Formation.
[image: Table 1]The thin sections were identified and photographed by a Leica PM4500 optical microscope from Leica, Germany, after alizarin red staining. The cathodoluminescence analysis was conducted using a CL8200 MK5–2 cathodoluminescence spectroscope from Cambridge Image Technology Ltd., United Kingdom, in conjunction with a Leica polarizing microscope, at the beam-focus voltage of 12 kV and the beam current of 300 μA. A D/MAX-IIIC diffractometer from Rigaku Company, Japan, was used for X-ray diffraction analysis. The SEM observation was performed using a JSM-5500LV SEM from JESOL Company, Japan and a QUANTAX400 X-ray energy spectrometer from Bruker Nano GmbH Company, Germany at the voltage of 20 kV and the current of 3 × 10−10 A. The major element measurement was conducted at the temperature of 20°C and humidity of 65%, using an ICP-OES from German SPECTRO Company. The trace element measurement was performed at the temperature of 20°C and humidity of 65%, using an ICP-MS from Thermo Fisher Company, United States, at the temperature of 20°C and humidity of 65%. Carbon and oxygen isotopic compositions were obtained by an Elementar Isoflow-Precision from Elementar Company, German, according to the SY/T6039-94 and TTB-2 industrial standards, at the temperature of 20°C and humidity of 44%, with the analysis error of 0.01%. Measurement of Sr isotopic ratios was performed at the temperature of 20°C and humidity of 30% by using a MC-ICP-MS (Multi-Collector-Inductively Coupled Plasma Mass Spectrometry) from Thermo Fisher Company, United States, with the certified reference material NBS987 by NIST (National Institute of Standards and Technology) used as test standard. The error of the measured 87Sr/86Sr values ranges from 0.000010 to 0.000097, averaging 0.000043, which achieved the required accuracy for this study. The fluid inclusions were analyzed using a Linkam THMSG600 from Lincoln Company, United Kingdom.
The REE concentrations are normalized to those of the North American shale composite (NASC, Gromet et al., 1984) and anomalies of Cerium (Ce/Ce*)SN = CeSN/(0.5LaSN + 0.5PrSN), Europium (Eu/Eu*)SN = EuSN/(0.67SmSN + 0.33TbSN) were calculated based on the equations by Bau and Dulski (1996).
4 PETROGRAPHY
The Qixia Formation in the Shuangyushi block mainly consists of platform margin facies sediments, including limestone, dolomitic limestone, limy dolostone, dolostone and shale, with crystalline granular texture and grain texture observed.
4.1 Limestones
Limestones are widely developed in the study area, including micrite, bioclastic packstone and grainstone classified by texture.
Micrite is dominated by bioclastic wackstone (Figure 2A), and micrite is less developed or basically undeveloped. Macroscopically, it commonly occurs as gray-dark gray medium-thin layers, and also thick layers and masses. It is composed of microcrystalline calcite, where the bioclasts include foraminifera, crinoids, brachiopods, etc. According to its lithological association sequences, it was formed in the stable and low-energy environment between beaches.
[image: Figure 2]FIGURE 2 | Typical types of carbonates and their characteristics of the Qixia Formation:(A) Bioclastic wackstone, with foraminiferal fossils, 10 layers, Shuigentou section; (B) Bioclastic packstone, with algae and foraminifera fossils, 12 layers, Maoertang section; (C) Bioclastic grainstone, with foraminiferal fossils, 7,432.12 m, Well ST3; (D) Bioclastic packstone. The main part exhibits blue-violet luminescence and cements show orange red luminescence. Some bioclasts filled by sparry calcite display orange red luminescence, 5,739.41 m, Well ST2; (E) “Leopard” limestone, with leopard patches occurring in networks, 30 layers, Maoertang section; (F) Cracked dolomite, 7,328.93 m, Well ST8; (G) Dolomite with intergranular pores filled by hair-like illite, 7,326.95 m, Well ST8; (H) Mesocrystalline dolomite with intergranular pores, 7,323.85 m, Well ST8; (I) Coarse crystalline dolomite with intergranular pores; (J) Intergranular pores and fractures in dolomites with polymodal crystal size distribution, 7,330.90 m, Well ST8; (K) Zonal texture formed by dolomite crystals, dark purple luminescence in the centers and orange red luminescence in the rims, null in the pores, 7458 m, Well ST3; (L) Dolomite fractures filled with fluorite exhibiting indigo blue luminescence, 7,319.3 m, Well ST8.
Bioclastic packstone (Figure 2B) and grainstone (Figure 2C) are composed of calcites (C1), displaying a light gray, gray or brownish gray color, where the bioclasts include foraminifera, brachiopods, bryozoans, spines, bivalves, algae and etc., with a small amount of sand debris locally. The bioclastic packstone mainly cemented by microcrystalline calcite has relatively high shale content and is generally formed in the shoal margin. The bioclastic grainstone cemented by sparry calcite has relatively low shale content and is generally formed in the high-energy shoal core. The bioclastic packstone mainly shows blue-violet luminescence, and its calcite cements exhibit consistent luminescence with its surrounding rock. As replaced by calcite, the interior of some bioclasts displays orange red luminescence (Figure 2D).
The investigated carbonates are not completely dolomitized, which are predominantly composed of dolomitic limestones and a minor amount of limy dolostones. The lithology also known as “leopard” limestone, with fractures developed, which is easy to identify on the outcrops. The contact of dolomitic patches and limestone matrix is sharp, forming a clear boundary between them. Dolomitic patches are dark gray-gray black, and generally distributed in floating state within light gray, gray white limestone matrix. Locally, these patches are connected with each other, forming a network distribution (Figure 2E). They are mainly composed of fine-medium crystalline dolomite and mesocrystalline dolomite. Their crystals show better morphology and straight planar face, characterized with cloudy centers and clear rims (CCCR). Argillaceous materialis observed in dolomite locally. Limestone matrix is composed of bioclastic packstone with a high bioclastic content. The cements are mainly micritic calcite and some are sparry calcite. The bioclasts are dominated by ostracoda and echinoderms. According to the petrological features, it is generally formed in the shoal margin environment.
4.2 Dolostones
The Qixia Formation dolostones in the study area are mainly light gray-gray, thick-massive crystalline dolomites (D1) formed by recrystallization, with pores and fractures developed. Fractures are completely or incompletely filled with crystallized calcites (C2), saddle dolomites (D2), asphalt and clay minerals (Figure 2F) and a small amount of fluorite, apatite and other hydrothermal minerals. Pores are completely or incompletely filled with anhedral dolomites (D3). Locally, the crystalline dolomites are cut into brecciated dolomite or cataclastic dolomite by fractures (Figure 2G). The dolomites are highly crystallized, and mainly consist of medium crystals (Figure 2H), coarse crystals (Figure 2I), medium-coarse crystals and anisotropic crystals (Figure 2J), which are mainly euhedral and semi-euhedral with straight crystal face, and anhedral with non-straight crystal face. The crystals are turbid. The original texture of the dolomites has completely disappeared, and the ghosts of bioclasts, including foraminifera, spines and etc. were observed locally. Thus, the original rock was inferred as bioclastic limestone, which was formed in the high-energy shoal core. In the cathodoluminescence (CL) images, zonation of the dolomite crystals was observed. The cores exhibit dark purple luminescent (Figure 2K), representing the early growing dolomites, and the rims generally show bright orange red luminescent (Figure 2K), representing the late growing dolomites. The fluorite and dolomite filling fractures display indigo blue luminescent (Figure 2L) and dark purple luminescent, respectively.
4.3 Shales
Little amount of shales are developed in the study area. They are generally gray and gray black, with smaller thickness, mainly formed in the low-energy inter-beach environment.
5 RESULTS
5.1 XRD
QixiaX-ray diffraction data are given in Table 2. The order degree of dolomite (D1) varies from 0.79 to 0.95, averaging 0.90.
TABLE 2 | XRD composition of dolomites in the Qixia Formation.
[image: Table 2]5.2 Geochemistry
5.2.1 Major and Trace Elements
Major and trace elements data are given in Table 3. C1 have high CaO content (51.1%–52.8%, averaging 52.3%), and low MgO content (0.7%–1.9%, averaging 1.3%). D1 have relatively high CaO content (28.7%–30.4%, averaging 29.7%) and slightly low MgO (19.6%–20.4%, averaging 20.0%). The Mg/Ca ratio ranges from 0.89 to 0.92, averaging 0.91.
TABLE 3 | Major and trace elements of carbonates in the Qixia Formation.
[image: Table 3]In C1, the Fe content ranges from 29 to 1,253 ppm, averaging 291 ppm; the Mn content from 9 to 70 ppm, averaging 44 ppm; and the Sr content from 82 to 2,221 ppm, averaging 630 ppm. In D1, the Fe content varies from 94 to 2,991 ppm, averaging 622 ppm; the Mn content from 26 to 185 ppm, averaging 102 ppm; and the Sr content from 53 to 218 ppm, averaging 93 ppm. In D2, the Fe, Mn and Sr contents are 25 ppm, 269 and 94 ppm, respectively. In C2, the Fe, Mn and Sr contents are 17 ppm, 73 and 141 ppm, respectively. The Na content in C1 ranges between 94 and 260 ppm, averaging 157 ppm, and that in D1 ranges between 210 and 374 ppm, averaging 277 ppm.
Rare earth element (REE) data are given in Table 4. The average ΣREE, LREE/HREE ratio, (Ce/Ce*)SN and (Eu/Eu*)SN value of C1 is 3.44 ppm (1.04–10.50 ppm), 9.95 (5.44–20.5), 0.84 (0.40–1.36) and 1.01 (0.60–1.37), respectively. The average ΣREE, LREE/HREE ratio, and (Ce/Ce*)SN value of D1 is 2.08 ppm (1.10–5.56 ppm), 7.10 (5.38–9.58), and 0.96 (0.64–1.54), respectively. The (Eu/Eu*)SN value varies from 0.65 to 4.19, averaging 1.70, when an extremely high value of 24.29 is excluded. The ΣREE, LREE/HREE ratio, (Ce/Ce*)SN and (Eu/Eu*)SN value of D2 is 1.85 ppm, 11.33, 0.74 and 0.95, respectively. The ΣREE, LREE/HREE ratio, (Ce/Ce*)SN and (Eu/Eu*)SN value of C2 is 3.93 ppm, 12.24, 0.93 and 0.43, respectively.
TABLE 4 | REE of carbonates in the Qixia Formation.
[image: Table 4]5.2.2 Isotopic Values
Carbon and oxygen isotopic data are given in Table 5. The δ13C and δ18O of C1 are −1.02‰–3.16‰ VPDB (averaging 1.77‰ VPDB) and -8.13‰ to -6.18‰ VPDB (averaging -7.16‰ VPDB), respectively. The δ13C and δ18O of D1 are 1.98‰–4.27‰ VPDB (averaging 3.01‰ VPDB) and −9.54‰ to −4.65‰ VPDB (averaging −7.09‰ VPDB), respectively. The δ13C and δ18O of D2 are 2.58‰ and −11.21‰ VPDB. The δ13C and δ18O of C2 are 1.27‰–2.62‰ VPDB (averaging 1.95‰ VPDB) and −7.74‰ to −15.66‰ VPDB (averaging −11.7‰ VPDB).
TABLE 5 | Carbon, oxygen and strontium isotope of carbonates in the Qixia Formation.
[image: Table 5]Strontium isotopic data are given in Table 5. The 87Sr/86Sr ratio of C1 ranges from 0.707186 to 0.708478, averaging 0.707578; that of D1 varies between 0.707150 and 0.712273, averaging 0.708669; that of D2 is 0.708459; and that of C2 is 0.708422–0.708769, averaging 0.708596.
5.3 Fluid Inclusion
Fluid inclusion data are given in Table 6. The homogenization temperature and salinity of inclusions in D1 are 96.3°C–105.0°C (averaging 101.1°C) and 12.3%–14.3% (averaging 13.5%), respectively. The homogenization temperature and salinity of inclusions in D2 are 123.5°C–129.7°C (averaging 127.7°C) and 21.4%–22% (averaging 21.7%), respectively. The homogenization temperature and salinity of inclusions in D3 are 114.3°C–115°C (averaging 114.4°C) and 21.3%–21.9% (averaging 21.6%).
TABLE 6 | The fluid inclusions homogenization temperature and salinity of carbonatesin the Qixia Formation.
[image: Table 6]6 INTERPRETATION AND DISCUSSIONS
6.1 Dolomite Petrography
The petrological characteristics show the Qixia Formation in the Shuangyushi block is dominated by medium crystalline, coarse crystalline, medium-coarse crystalline and dolomites with polymodal crystal size distribution characterized by coarse crystals with cloudy centers and clear rims. Their original rocks are mainly the bioclastic grainstones deposited in a high-energy shoal environment of platform margin, without gypsolyte or gypsum cements, salt rock and dolomicrite normally formed in an evaporitic environment or mode. The analyses by X-ray diffraction determined a high order degree of D1. This means that a dolomitization process characterized with relatively slower crystallization and higher crystallization degree, or a higher dolomitization temperature and relatively complete dolomitization are required to form the specific alternating arrangement of CaCO3 and MgCO3 layers under ideal conditions, leading to the higher order degree (Zhong et al., 2009). These characteristics indicate a metasomatic origin of the D1 under burial conditions without syngenetic dolomitization and mixing water dolomitization. The microscopically undulatory extinction observed in some dolomites suggests the influence of hydrothermal fluids in the burial process.
6.2 Major and Trace Elements
Among the major elements, CaO and MgO contents reflect the crystalline form of dolomites in some extent (Sun et al., 2018). In the dolomites of sedimentary genesis, Mg2+ and Ca2+ are precipitated as CaMg(CO3)2 by the ratio of 1:1. Both of the CaO and MgO contents increase with the increased amount of dolomites, showing a positive correlation. In the dolomites of metasomatic genesis, CaO content decreases and MgO content increases with the increase of metasomatic dolomites, showing a negative correlation (He et al., 2018). QixiaCaO and MgO contents have a negative correlation with each other of D1 (Figure 3), and Mg to Ca ratio is close to the stoichiometric value of ideal dolomites, which indicates a metasomatic genesis.
[image: Figure 3]FIGURE 3 | Plot of CaO and MgO contents for the carbonates in the Qixia Formation.
Some trace elements (Na, Sr, Fe and Mn etc.) are important indicators of the sedimentary-diagenetic environment and the diagenetic fluid properties of rocks, which are effective in analyzing the origin of dolomites (Walker et al., 1989; He et al., 2018). Researches have proven the seawater is rich in Na, Sr and deficient in Fe, Mn; Fe, Mn contents increase and Sr content decreases with the enhanced diagenesis of marine carbonates because Na, Sr are brought out, while Fe, Mn are brought in as the overall trend of element migration in the diagenetic process (Ren et al., 2016; He et al., 2018), and Na is also controlled by the salinity of diagenetic fluids (Walker et al., 1989; He et al., 2014). The D1 of the Qixia Formation has low Sr content, higher contents of Fe, Mn and Na than the coeval marine limestone, which indicates the D1 are probably formed in the high-salinity environment under burial condition.
6.3 Rare Earth Elements
The distribution pattern of rare-earth elements (REE) is an indicator to identify the material source and is used to characterize the properties of dolomitization fluids. Ce3+ and Eu3+ are easy to form soluble ions with the change of physicochemical conditions and then separated from REE, leading to anomalies, which are used for determination of the diagenetic environment. QixiaThe ΣREE of C1 and C2 are within the variation range of normal marine carbonates of 1–50 ppm and are similar to each other. The ΣREE of D1 and D2 are lower than that of C1, indicating that the D1 and D2 retain the REE characteristics of their original calcites. The NASC-normalized REE patterns of C1, C2, D1 and D2 are similar to each other (Figure 4). The C1 show enrichment of LREE and depletion of HREE, and (Eu/Eu*)SN values presenting slightly positive anomalies, with part of the values dominantly presenting negative anomalies, and (Ce/Ce*)SN values presenting negative anomalies, with individuals presenting slightly positive anomalies. The D1 show enrichment of LREE and depletion of HREE, and (Eu/Eu*)SN values presenting obviously positive anomalies, with individuals presenting slightly negative anomalies, and (Ce/Ce*)SN values presenting slightly negative anomalies, with part of the values dominantly presenting positive anomalies. The D2 show enrichment of light REE and depletion of heavy REE, and (Eu/Eu*)SN value showing a slightly negative anomaly, and (Ce/Ce*)SN value presenting a negative anomaly. The C2 show enrichment of LREE and depletion of HREE, and (Eu/Eu*)SN values presenting a negative anomaly, and (Ce/Ce*)SN presenting a slightly negative anomaly.
[image: Figure 4]FIGURE 4 | REE distribution curves for the carbonates in the Qixia Formation.
The REE distribution pattern of D1 is similar to that of C1, which is characterized by enriched LREE, depleted HREE, obvious positive Eu anomalies, and slightly negative Ce anomalies. Eu is very sensitive to temperature. When a weak reducing environment is heated to above 250°C under increased pressure, Eu in fluid is easy to enter the lattices of hydrothermal minerals in the form of Eu2+, forming strong positive anomalies. At the intermediate temperature of about 100°C, both Eu2+ and Eu3+ exist in fluid. In the low-temperature surface environment, Eu in fluid mainly appears in the form of Eu3+. It tends to combine with oxygen and form oxide precipitation rather than entering the lattices of minerals, resulting in negative Eu anomalies in carbonate minerals (Li et al., 2021). Michard and Albarede, (1986) identified the characteristic high LREE enrichment and obvious Eu positive anomalies resulted from the reaction between seawater and ocean floor rocks at 350°C through a study on the high-temperature hydrothermal fluids in floor highs of the eastern Pacific Ocean. Yi et al. (2008) studied the Oligocene-Miocene lacustrine dolomites alternated by hydrothermal fluids in central Tibetan Plateau. Han et al. (2009) studied the Early Paleozoic hydrothermal dolomites in the Tarim Basin. Yang et al. (2014) studied the Shahejie Formation hydrothermal dolomites of the Paleogene in the Qikou sag. All these hydrothermal dolomites are characterized by high LREE enrichment and obvious Eu positive anomalies. Although some marine carbonates affected by hydrothermal fluids show depletion in LREE, they generally have obvious positive Eu anomalies. Ce anomaly generally refers to the enrichment degree of Ce relative to La and Pr. Under the oxygen-rich conditions, Ce3+ is partially oxidized into Ce4+ and precipitated adhering to the surface of manganese oxide (or hydroxide), leading to the negative anomalies of Ce due to the consequent consumption of Ce in seawater. The fractionation of Ce only occurs in an oxygen-rich environment, thus the Ce anomaly in marine sediments is applied as a sensitive paleoredox indicator. Based on the above-described principles and research results, dolomitization fluids in the Qixia Formation should be dominated by marine fluids. The Qixia Formation was influenced by high-salinity hydrothermal fluids in its burial process. As the un-dolomitized limestones were also affected by the fluids locally, resulting in the positive anomalies of Eu in some samples.
6.4 Carbon and Oxygen Isotopes
Carbon and Qixia oxygen isotope compositions are effective reflectors of the paleo-salinity and paleotemperature of rock formation, thereby they are used to determine the source of dolomitization fluids and the origin of dolomites (Jin et al., 2019). According to the studies on the Permian marine brachiopod fossils conducted by Veizer et al. (1999) and Jiang et al. (2016), the variation ranges of δ13C and δ18O have been determined as 0–4.8‰ VPDB and −10.0‰ to −5.0‰ VPDB respectively (Figure 5). It is concluded that the δ13C and δ18O of C1 and D1 in the Qixia Formation range within their variation ranges of the coeval seawater, and the δ18O values of C2 and D2 are generally more negative than those of the coeval seawater, and the δ13C values are within their variation range of the coeval seawater. According to Jiang et al. (2014), the δ13C values of the Middle Permian medium-coarse crystalline dolomites in the western Sichuan Basin, ranging from 1.87‰ to 5.3‰ VPDB, showing small difference from those of the coeval seawater. As measured by Meng et al. (2017), the δ13C values of the medium-coarse crystalline dolomites from the Qixia Formation of the Middle Permian in the western Sichuan Basin have an average value of 2.68‰ VPDB, and vary within the variation range of the coeval seawater. The results are similar to those measured in previous studies. It is indicated that the dolomitization fluids in the Qixia Formation is mainly derived from the seawater or marine fluids in formation, and is affected by high-temperature hydrothermal solution.
[image: Figure 5]FIGURE 5 | Plot of δ13C and δ18O isotope for the carbonates in the Qixia Formation.
6.5 Strontium Isotopic Composition
The strontium isotopic composition is an indicator of the source of dolomitization fluids (He et al., 2014). The 87Sr/86Sr values in the Middle-Lower Permian paleo-seawater were measured as 0.70613–0.70821 (Huang, 1997). The C1 shows a consistent variation range of 87Sr/86Sr with the coeval seawater, and the D1, C2 and D2 have higher 87Sr/86Sr values than the coeval seawater. The D1 has the highest average 87Sr/86Sr, but the 87Sr/86Sr values of some D1 and C2 are lower than that of the coeval seawater.
Chen et al. (2013) reported that the 87Sr/86Sr ratio (0.709174–0.710194) of the Middle Permian hydrothermal dolomites is greater than that of the coeval marine limestones. Jiang et al. (2014), Meng et al. (2017) and Pei et al. (2021) reported the 87Sr/86Sr ratio varies within the variation range of the coeval seawater, which are similar to those measured in previous studies. Exceptionally in some dolomite samples, the 87Sr/86Sr values were measured higher than that of the coeval seawater. It is well known that the marine strontium isotopic composition in the geological history is a function of time, and the major controls over its variations are two sources of strontium. One is the chemical weathering of the continental old silicate rocks, which provides the radiogenic 87Sr through the rivers to the sea water, resulting in the higher 87Sr/86Sr ratio, averaging 0.7119 globally (Palmer and Elderfield, 1985). The other is the hydrothermal system at mid-ocean ridges, which provides the predominantly non-radiogenic 86Sr, resulting in the lower 87Sr/86Sr ratio, averaging 0.7035 globally (Palmer and Elderfield, 1985). The 87Sr/86Sr ratio of modern seawater is the result of the balance of Sr isotopes derived from these two sources, averaging 0.709073 ± 0.000003 (Denison et al., 1994). The major reasons leading to the higher 87Sr/86Sr ratio of the carbonates than that of the coeval seawater during the diagenetic process are as follows. 1) The formation water (or atmospheric fresh water) acquires radioactive 87Sr by dissolution of the 87Sr-rich siliciclastic sediments when flowing through them, and reacts with the carbonate minerals, leading to an increase in the marine 87Sr/86Sr ratio. 2) The deep formation water affected by silicate minerals provides radioactive 87Sr to carbonate minerals, resulting in an increased 87Sr/86Sr ratio (Zhao and Wang, 2011). Based on the above analyses and the fact that the Qixia Formation dolomites have not been affected by atmospheric fresh water, the upward migration of deep hydrothermal fluids along faults through the underlying clastic rocks of the Qixia Formation results in the enrichment of 87Sr and its consequent higher 87Sr/86Sr ratio than the coeval seawater in some dolomite samples.
6.6 Fluid Inclusions
The comparison shows that homogenization temperature of inclusions is the highest in D2, followed by D3, and is the lowest in D1. The salinity values of D2 and D3 are similar to each other, are higher than that of D1, and are generally 3–5 times higher than that of normal seawater. The salinity of normal seawater is 4.4% (Chen et al., 2012). Jiang et al. (2014) reported the largest buried depth of the Qixia Formation is 4,500 m and the corresponding paleotemperature is 116°C, after a study on the burial history in Well Kuang 2 drilled in the northwestern Sichuan Basin according to the Middle Permian paleo-geothermal gradient. As geomorphologically lower than Well Kuang 2, the Shuangyushi block to its southeast is speculated to have a lower paleotemperature than 116°C in the Qixia Formation. This is similar to the homogenization temperatures of inclusions in D1 and D3, which are lower than that in D2.
Chen et al. (2013) reported that the homogenization temperature of inclusions is 125°C–178°C in the southwestern Sichuan Basin. According to the research result of Jiang et al. (2014) reported that the homogenization temperature of inclusions is 120°C–195°C, and the salinity of 70 percent of inclusions exceeds 16%. Pei et al. (2021) reported that the homogenization temperature of primary inclusions in dolomites of the Middle Permian Qixia Formation, northwestern Sichuan Basin, ranges between 110°C and 120°C. It is concluded by this study that the salinity is 3–5 times higher than that of the coeval seawater, and the homogenization temperature of inclusions exceeds 100°C, which are similar to those measured in previous studies.
6.7 Saddle Dolomite (D2)
The results of thin section observations and SEM analysis show that the fractures and dissolution pores in the Qixia Formation are filled with saddle dolomite, asphalt, fluorite, apatite and other minerals. Gregg and Sibley (1984), Machel (1987) concluded that saddle dolomites are not the only indicator to identify hydrothermal dolomite, but are generally regarded as one of the key indicators of hydrothermal origin. Davies and Smith (2006) suggested that quartz, saddle dolomite, asphalt, fluorite and apatite are typical hydrothermal minerals. Huang et al. (2014) believed the saddle dolomites filling the geodes in the western Sichuan Basin are precipitated in the high-salinity and high-temperature fluid based on a study of carbon, oxygen isotopes and inclusion homogenization temperature. After an analysis of REE and inclusion homogenization temperature, Li et al. (2016) considered that the saddle dolomitization fluid is mainly derived from seawater or marine fluids in formation, and is affected by the thermal events related to the Emeishan large igneous province, but only to a limited degree. It is probably because the heat conduction effect overcame the dynamic barrier formed by of dolomite precipitation. Meng et al. (2017) identified that the saddle dolomites distinctly characterized by the more negative δ18O values, which filled the geodes in the Qixia Formation in the northwestern Sichuan Basin, are the product of late hydrothermal fluid filling. Based on the study conducted by Pei et al. (2021) on the Qixia Formation dolomites in the northwestern Sichuan Basin, a large amount of hydrothermal minerals such as celestite, barite, fluorite, quartz and sphalerite have not been observed, with a small amount of saddle dolomites locally. It is considered that the Qixia Formation dolomites have been affected by small-scale hydrothermal solution, and hydrothermal dolomitization is not its major development mode. In this study, only a small amount of fluorite and saddle dolomites (D2) were observed in the Qixia Formation. The D2 is characterized with low 87Sr/86Sr ratio, high Fe and Mn contents, enrichment of light REE and depletion of heavy REE, weak-medium slightly negative anomaly of Eu and negative anomaly of Ce. Its δ13C values are distributed within the variation range of normal seawater, and δ18O values are more negative. It has higher 87Sr/86Sr ratio than the coeval seawater, and higher homogenization temperature of inclusions than D1. It is indicated that the saddle dolomitization fluid in the Qixia Formation is mainly derived from the seawater or marine fluids in formation, and is affected by high-temperature hydrothermal solution.
Moore (2001) concluded that a buried depth as small as 500 m allows the formation of stylolites in carbonates, especially for micro-stylolites, it could be smaller. When studying the medium-coarse crystalline dolomite of the Qixia Formation in the northwestern Sichuan Basin, Huang et al. (2013) and Meng et al. (2017) found that the stylolites of different stages cut across dolomite crystals, and the smallest formation depth of stylolites generally ranges from less than 600–1,000 m, inferring that the formation of medium-coarse crystalline should not be later than the shallow burial stage. It was proposed by Huang et al. (2013) in a study of the Qixia Formation hydrothermal dolomites in the western Sichuan Basin that the burial depth of the Qixia Formation was shallow less than 500 m, when the Emeishan basalt erupted. The rocks were not fully consolidated and had a high water/rock ratio, the increased temperature led to dolomitization through overcoming the dynamic barrier of dolomite precipitation, and the diagenetic fluid was still seawater. Li et al. (2020) inferred from the petrological and geochemical analyses that the Qixia Formation dolomites in the northwestern Sichuan Basin were formed early, and should have formed a certain scale in the sedimentary - pene-sedimentary period to the initial stage of shallow burial. From the homogenization temperature of inclusions and the single-well burial history of the Qixia Formation dolomites, Jiang et al. (2014) and Pei et al. (2021) concluded that the dolomites were probably formed earlier than the Middle-Late Triassic Period, with the reference to the paleo-geothermal gradient. The age of the Qixia Formation dolomites in the northwestern Sichuan Basin measured by Zeng et al. (2020) is 228–257 Ma using the U-Pb radioisotope dating method, and the formation time of crystalline dolomite was determined as the Middle-Late Triassic Period. Jicha et al. (2019), Wu et al. (2020) and Gregory et al. (2020) believed that the eruption time of the Emeishan basalt is 257–260 Ma. On the basis of the researches referred above as well as the petrological characteristics, the dolomitization process of the Qixia Formation was affected by the Emeishan basalt eruption, and the dolomites were formed in a shallow burial environment and not later than the Middle-Late Triassic Period.
In conclusion, the dolomitization fluids of the Qixia Formation in the Shuangyushi block, northwestern Sichuan Basin, are mainly derived by seawater or marine fluids sealed in pores under shallow-burial environment. The dolomites were alternated by deep high-salinity hydrothermal fluids in the late stage, and were formed before the Middle-Late Triassic Period, which could be explained by the superposition of burial dolomitization and hydrothermal dolomitization models.
7 CONCLUSION
1) The Qixia Formation in the Shuangyushi block, northwestern Sichuan Basin, is mainly deposited in the platform-margin shoal environment, and is dominated by highly crystallized dolomites. The dolomite crystals are mainly medium, coarse, medium-coarse and anisometric crystals, with cloudy centers and clear rims, and include subhedral-euhedral crystals with straight crystal face and anhedral crystal with non-straight crystal face. It is originated from bioclastic limestone. In the cathodoluminescence (CL) images, the dolomites exhibit dark purple luminescent in the centers and generally show bright orange red luminescent in the rims.
2) The Qixia Formation dolomite (D1) is relatively highly ordered. The CaO and MgO contents show a negative correlation with each other. They are characterized by high Mg2+/Ca2+ ratio, high Fe, Mn, Na contents and low Sr content. The REE distribution pattern of dolomites (D1) is similar to that of calcites (C1), which is characterized by LREE enrichment, HREE depletion, obvious Eu positive anomalies, and slightly Ce negative anomalies. The δ13C and δ18O values are distributed within their variation ranges of the coeval seawater, and 87Sr/86Sr values are higher than those of the coeval seawater. The homogenization temperature of inclusions is close to the paleo-geothermal temperature, and the salinity is 3–5 times higher than that of normal seawater.
3) The dolomitization fluids of the Qixia Formation in the Shuangyushi block, northwestern Sichuan Basin, are mainly derived by seawater or marine fluids sealed in pores in shallow-burial environment. The dolomites experienced late alternation by deep high-salinity hydrothermal fluids, and were formed before the Middle-Late Triassic Period.
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Multi-stage hydrocarbon generation and accumulation are very common in petroliferous basins. Also, determination of hydrocarbon accumulation stages and each related diagenetic feature is important for understanding the distribution of current oil and gas resources in one individual basin. However, in the case of conventional sandstone reservoirs, few studies have focused on these resulting reservoir features (e.g., physical property and wettability) that are caused by the first accumulation of hydrocarbons and their geological implications. In this study, taking the reservoir from the Eocene Dongying Depression as an example, we investigated the features of the early hydrocarbon accumulation and its effects on the late accumulation, by analyzing the early accumulation-related paragenesis, fluid inclusions, clay minerals content, reservoir physical property, and wettability in sandstones. Our results show that the early stage accumulation of the overpressured hydrocarbon fluid could support and offset some loads of overburden, weaken the normal compaction, and preserve some original pores. Also, the early hydrocarbon accumulation resulted in an alternated, diagenetic fluid environment from the initial acidic to subsequent alkalic conditions, with the overall dissolution intensity stronger than the cementation, and formed a large number of secondary pores. As a result, the early accumulation was beneficial to reservoir space development and provided more space for the late hydrocarbons. In addition, the early hydrocarbon accumulation could cause the alteration of rock wettability and gradually formed a lipophilic migration pathway from the source rock to the reservoir. Also, the late stage of hydrocarbons would preferentially choose this dominant pathway for their migration (i.e., inheritance of migration pathway).
Keywords: hydrocarbon accumulation, sandstone reservoir, diagenesis, wettability, fluid inclusion
INTRODUCTION
The study of hydrocarbon accumulation in the sandstone reservoir is a core content of oil and gas exploration in petroliferous basins. Generally, due to the complexity of hydrocarbon source rock distributions and their burial and heating history that is related to tectonic evolution, many petroliferous basins involved multiple hydrocarbon generation and accumulation. Also, the determination of hydrocarbon accumulation stages and the comparative study of the features in each stage have important guiding significance for understanding the distribution of current oil and gas resources.
The Dongying Depression located in the Bohai Bay Basin is an important oil-rich depression in east China, including the two early (i.e., before the tectonic uplift at the end of Paleogene) and the late (i.e., after tectonic uplift to present) stages of hydrocarbon generation and accumulation since the Paleogene (Jiang et al., 2003; Guo et al., 2012). According to the traditional exploration guiding direction in this area, the hydrocarbon resources accumulated during the late stage are the main source for the current reserves. Also, this guiding direction played an important role in the previous hydrocarbon exploration, and had an impact on the previous studies on hydrocarbon accumulation that were mainly focused on the late stage. Because the salt-water lacustrine source rocks have been shown to be more abundant in resources during the early generation and expulsion stage, these source rocks show good prospects for the exploration of the early accumulation in the Dongying Depression. Therefore, it is of great theoretical and practical significance to correctly understand the features of the early hydrocarbon accumulation and their enrichment laws. At present, there are relatively few relevant studies on the early hydrocarbon accumulation and its effects on the late stage. Here, we took the conventional sandstone reservoir that was considered the main source of hydrocarbon production in the study area as the research object, and discussed the features of early hydrocarbon accumulation and its geological implications in the Dongying Depression, by analyzing micro-petrography, fluid inclusions, clay minerals contents, reservoir physical property, and wettability. Our results show that the early accumulation was beneficial to reservoir space development, and provided more space and a preferential migration pathway for the late stage of hydrocarbons.
GEOLOGICAL SETTING
The Bohai Bay Basin is located in east China (Figure 1A) and represents a faulted-depressed basin developed in the Paleozoic cratonic basement, filled by Mesozoic–Cenozoic strata. It is a lacustrine basin developed during the tectonic movement in the background of Paleozoic bedrock (Zhang et al., 2009). The Dongying Depression is located in the southeastern Bohai Bay Basin. Under the division effect of the Central Fault Belt and the basal fluctuation structure, the Dongying Depression can be divided into seven secondary tectonic units from north to south: Northern Steep-slope Belt, Central Uplift Belt, Lijin Sag, Minfeng Sag, Niuzhuang Sag, Boxing Sag, and Southern Gentle-slope Belt (Figure 1B).
[image: Figure 1]FIGURE 1 | Regional geological setting of the study area. (A) Location of the Dongying Depression, Bohai Bay Basin, east China. (B) Tectonic framework of the Dongying Depression.
The Cenozoic strata of the Dongying Depression comprise the Eocene Kongdian Formation (Ek), Eocene Shahejie Formation (Es), Eocene Dongying Formation (Ed), Neogene Guantao Formation (Ng), Neogene Minghuazhen Formation (Nm), and the Quaternary Pingyuan Formation (Qp), respectively, from bottom to top (Figure 2). The sandstone reservoirs within the Eocene Shahejie Formation host the most valuable hydrocarbon resources. The aforementioned four sags are not only the sedimentary center of the depression, but also the host areas of the main source rocks. Two main units of source rocks for the petroleum system, including the upper 4th member of the Shahejie Formation (Es4 upper) and the lower 3rd member of the Shahejie Formation (Es3 lower) were developed (Zhang et al., 2009; Chen et al., 2016).
[image: Figure 2]FIGURE 2 | Generalized Cenozoic stratigraphic column and tectonic setting of the study area. Quat., Quaternary; Paleoce., Paleocene; st., stage; conglom., conglomerate; sandst., sandstone; mudst., mudstone; unconf., unconformity.
The tectonic evolution of the basin consists of the syn-rifting stage (65.0–24.6 Ma, during the deposition stage of the Kongdian, Shahejie, and Dongying formations) and post-rifting stage (24.6 Ma to the present, during the deposition stage of Guantao, Minghuazhen, and Pingyuan formations; Qiu et al., 2014). The syn-rifting stage occurred from the Palaeocene to the Oligocene and can be subdivided into 4 episodes: an initial episode (I), an expansion episode (II), an expansion and rapid subsiding episode (III), and a contraction episode (IV) (Chang, 1991; Xie et al., 2001). A subsequent period of uplift and erosion followed the deposition of the Dongying Formation from 24.6 to 14 Ma, and the contact with the overlying Guantao Formation is a regional unconformity in the study area (Guo et al., 2012).
Under controls of the abovementioned tectonic evolution background, there is little difference in hydrocarbon generation history of the two main source rocks from Es4 upper to Es3 lower in 4 sags of the Dongying Depression. In particular, due to burial and reburial that were separated by the uplift and erosion from 24.6 to 14 Ma, the hydrocarbon generation history could be divided into the early and two late stages (Guo et al., 2012). The contribution of the source rocks from the Es4 upper to the early hydrocarbon resource is significantly greater than that of the Es3 lower, because of its deeper burial depth and higher temperature. In the central area of each sag, the early stage of hydrocarbon generation and expulsion of the source rocks from the Es4 upper mainly occurred from 38.2 to 24.6 Ma, and the late stage generally occurred from the Miocene to the present.
METHODS
Fluid Inclusion Petrography and Microthermometry
All the thin sections for fluid inclusion observation were polished on both sides with the thickness of about 90 μM. The petrographic analysis of inclusions was performed using the criteria described by Goldstein and Reynolds (1994). Fluid inclusion petrographic analysis was carried out by using a Leica DM-2700P microscope with transmitted light (TL) and ultra-violet (UV) illumination (365 nm peak of Hg). The wavelength of the excitation filter used for the fluorescence is from 340 to 380 nm, and of the suppression filter is 425 nm. The microthermometric studies of fluid inclusions were carried out using a Linkam THMSG600 heating–cooling stage with temperature calibrated according to the triple point of H2O (0.0°C), the critical point of H2O (374.1°C), and the triple point of CO2 (−56.6°C) using synthetic fluid inclusions The homogenization temperatures of fluid inclusions in each FIA were obtained by thermal cycling using temperature steps of 1°C as described by Goldstein and Reynolds (1994).
X-Ray Diffraction Analysis
The relative abundances of clay minerals were estimated by XRD analysis using a Panalytical X'Pert PRO Diffractometer with Cu–Ka radiation (40 kV, 30 mA). Before analysis, each sample was oven-dried at 40°C for 2 days and ground to powder (80–100 mesh) using an agate mortar and pestle. Subsequently, the powder was smear mounted on glass slides for the XRD analysis of clay minerals. Identities and semiquantitative relative abundances (wt%) of the various mineral phases were deduced by computer diffractogram analysis.
Reservoir Physical Property and Wettability
Porosity, permeability, and rock wettability data were collected from the Research Institute of Petroleum Exploration and Development, Shengli Oilfield Company, SINOPEC. Helium porosity and nitrogen permeability experiments were performed on 25 mm × 25 mm columnar core plugs using ULTRAPORE-200, a porosimeter, and an ULTRA-PER-MTM200 permeameter. The wettability was conducted using the measurement of the contact angle between the liquid (i.e., oil or water) and the rock surface.
RESULTS
Petrography and Paragenetic Sequence
The secondary overgrowth edge of quartz is common in the sandstone reservoir (Figure 3). Most quartz grains generally develop only one overgrowth generation. In rare cases, the quartz particles exhibit two generations, and the degree of the early overgrowth was significantly stronger than that of the late overgrowth (Figure 3B). The acidic alteration of detrital feldspars is a common diagenetic reaction in sandstones, which would generate clay minerals (e.g., authigenic kaolinite and illite) and SiO2 as products (Yuan et al., 2015). This dissolution of feldspar grains is widespread in our study area and usually shows significant dissolution pores within the grains (Figure 3). The quartz overgrowth often coexists with the feldspar dissolution in petrography, showing that the dissolution often occurs on the same side and adjacent to the overgrowth. In some cases, kaolinite dominates the authigenic clay minerals, and generally occurs as vermicular aggregates with many intercrystalline micropores, filling the primary pores and the feldspar dissolution pores. These petrographic observations suggest that the feldspar dissolution was coeval with the quartz and kaolinite precipitation, and provided the silica source of the authigenic quartz overgrowth. Thus, there are two feldspar dissolution stages and associated quartz cementation generations in the study area.
[image: Figure 3]FIGURE 3 | Petrographic features of diagenetic phenomena and sequence in the sandstones in the Dongying Depression. (A) Feldspar dissolution was coeval with the quartz and kaolinite precipitation. (B) two generations of quartz overgrowth. (C) Fe-calcite replaced the primary quartz particle and first overgrowth generation. Qz, quartz; Fs, feldspar; Kao, kaolinite; Carb, carbonate; Qzo, quartz overgrowth; FDP, feldspar dissolution pore; KMP, intercrystalline micropores of kaolinite.
Carbonate precipitation occurred later than the early feldspar dissolution and quartz precipitation, showing the features of Fe–calcite that replaced the primary quartz particle and first overgrowth generation, and filled the dissolution pores of feldspar (Figure 3). The Fe–calcite was replaced by the ankerite, which indicates that the Fe–calcite precipitation was earlier than the ankerite (Wang Y. Z. et al., 2020). Thus, according to these petrographic features, the main paragenetic sequence includes the early feldspar acidic alteration and quartz overgrowth, subsequent Fe–calcite and ankerite precipitation, and the late feldspar dissolution and quartz precipitation.
Fluid Inclusions
Fluid inclusion assemblages (FIAs) in two quartz overgrowth generations and carbonate cements are all comprise primary, two-phase, oil + gas hydrocarbon inclusions, and coexisting aqueous inclusions (Figure 4). The presence of primary hydrocarbon inclusions attests to the two precipitation stages of the quartz, and the middle carbonate cementation was all coeval with the hydrocarbon-bearing fluids accumulation process. In addition, within the overgrowths and cements, the FIAs are also commonly located along the healed microfractures in quartz. Thus, based on the aforementioned sequence, FIAs occurred as healed microfracture trapped during the first quartz generation, would not cut across the carbonate cements and the second quartz overgrowth in petrography. However, the late healed microfracture of FIAs could cut across the early healed microfracture within the same quartz particles, the two overgrowth edges, and the carbonate cements. Based on the microthermometry, the homogenization temperatures (Th) of the coexisting aqueous inclusions formed during the early quartz precipitation stage range from 95 to 125°C, lower than those trapped during the late quartz precipitation stage with the range of 110∼140°C. Combined with the burial and heating history of source rocks, the first stage of the feldspar dissolution and quartz precipitation occurred during the early hydrocarbon accumulation, and the second stage occurred due to the late hydrocarbon accumulation. During the early accumulation, the hydrocarbon-bearing fluids migrated into the pores of the reservoir, and the oil would not adhere to the outer surface of quartz particles due to their hydrophilicity (Chen et al., 2011). Due to the relatively high water saturation and low oil saturation in such silica supplied internally water-wet reservoirs at this time, the oil emplacement would not prevent the quartz cementation completely in sandstones (Worden et al., 1998). Also, the presence of the oil in pores could not inhibit the direct contact between the solution and minerals, and resulted in the preferential entrapment of the oil droplet as the overgrowth of the first quartz generation. Thus, between the primary quartz particle and the first overgrowth edge, the dust lines are mainly composed of hydrocarbon inclusions, which show the same fluorescence color as those on both sides (i.e., hydrocarbon inclusions within the overgrowth and healed microfracture in the particle; Figures 4B,C). The primary, coexisting aqueous inclusions within the Fe–calcite show the Th values range from 123 to 135°C, indicating the deposition of Fe–calcite during the late period of the early accumulation stage (i.e., before tectonic uplift), while the subsequent precipitation of ankerite occurred during the tectonic uplift stage (Wang Y. Z. et al., 2020).
[image: Figure 4]FIGURE 4 | Petrographic features of fluid inclusion assemblages (FIAs) within quartz and carbonate in sandstone reservoirs in the Dongying Depression. (A) FIA occurred as healed microfracture within quartz, details (zoom) of the area shown in the yellow box in Figure 3A. (B–C) Hydrocarbon inclusions within the overgrowth and healed microfracture within the quartz particle show the same fluorescence color, details of the areas shown in the yellow boxes in Figure 3B. (D) Two-phase, oil + gas hydrocarbon inclusions within Fe-calcite, details of the area shown in the yellow box in Figure 3C. V, vapor; L, liquid.
The hydrocarbon accumulation stages and the related diagenetic sequences of the sandstone reservoir in the Dongying Depression are shown in Figure 5. The acidic fluids due to the generation of organic acids as the byproducts of hydrocarbon generation (Heydari and Wade, 2002) in the initial period of the early hydrocarbon accumulation, caused the dissolution of the original feldspar and carbonate minerals (e.g., calcite and dolomite; Wang Y. Z. et al., 2020) in the reservoir. Also, this process was accompanied by the formation of authentic kaolinite and the first overgrowth of quartz. With the continuous consumption of organic acids, Fe–calcite began to precipitate in the late period of early accumulation. After that, the whole region entered the tectonic uplift stage, and the diagenesis was dominated by the cementation of ankerite. During the subsequent late hydrocarbon accumulation, the coeval acidic fluids led to the dissolution of feldspar and carbonate minerals again. Due to the lesser amount of organic acids generated in this stage, the scale of dissolution and quartz overgrowth is lower than that in the early hydrocarbon accumulation stage.
[image: Figure 5]FIGURE 5 | General diagenetic sequence in sandstone reservoir in the Dongying Depression.
Clay Minerals
The results of clay mineral contents of the reservoir show that, in most cases, the average content of illite is higher than that of kaolinite (Figure 6). For the sandstone reservoirs that have experienced the both stages (i.e., the early and late) of hydrocarbon accumulation, kaolinite contents are usually quite lower than those of illite. The average contents of the illite and kaolinite in the 4 sags including the Minfeng, Lijin, Niuzhuang, and Boxing are 60.3% vs. 10.3%, 42.4% vs. 9.1%, 41.2% vs. 17.3% and 44.0% vs. 8.5%, respectively. However, for the reservoirs with the only one late stage of hydrocarbon accumulation, except for the Minfeng Sag showing the average lower content of illite than kaolinite (15.3% vs. 55.4%), there is no significant difference in the average contents of the two clay minerals in the Lijin, Niuzhuang, and Boxing sags (i.e., 37.5% vs. 24.3%, 31.2% vs. 23.5%, and 27.7% vs. 22.2%, respectively).
[image: Figure 6]FIGURE 6 | Comparison of clay minerals contents between reservoir with the two hydrocarbon accumulation stages and the reservoir with the one late stage in the Dongying Depression.
Reservoir Physical Property
The early hydrocarbon accumulation mainly affects reservoir physical properties by changing the diagenesis process in sandstones, including the compaction, cementation, and dissolution. Compaction reduces porosity by decreasing the intergranular volume due to the elevation of overburdens, and cementation fills the pores by the precipitation of authigenic minerals. However, dissolution results in the increase of pores through the dissolution of minerals by fluid–rock interaction, which is beneficial to improve the pore structure and reservoir properties. Under constraints by the abovementioned fluid inclusion studies on the hydrocarbon accumulation stages, we conducted the statistical analysis of the physical properties of the sandstone reservoirs with the same lithology and similar burial depth. The results show that (Figure 7), the porosity and permeability of reservoirs that have experienced the early and late two stages of hydrocarbon accumulation are generally superior to those with only one late stage. This indicates, in response to the early hydrocarbon accumulation, the overall porosity increasing due to the production of the secondary pores caused by dissolution, is significantly higher than the porosity reduction caused by compaction and cementation.
[image: Figure 7]FIGURE 7 | Comparison of physical properties between the reservoir with the two hydrocarbon accumulation stages and the reservoir with the one late stage in the Dongying Dipression.
Reservoir Wettability
Wettability is a tendency of a fluid to stick to the rock surface when other types of fluid are present, which is a physical phenomenon of fluid flowing or expanding on a solid surface under the action of surface molecular forces (Jerauld and Rathmell, 1997). For the statistical analysis of the reservoir wettability (Figure 8), in the samples that have experienced only one late stage of hydrocarbon accumulation, the hydrophilic samples are dominant (87.5%), and the proportion of lipophilic samples is only 2.1%. For the samples that have experienced the early and two late stages of hydrocarbon accumulation, the hydrophilic samples are still dominant, whereas the proportion of lipophilic and neutral-state samples increased to 33.9%. Thus, the inherent wettability (i.e., original hydrophilicity) of reservoir rocks is hard to be altered by the late hydrocarbon accumulation, even though the resource contribution in our study area is considered mainly from the late stage. Alternatively, the early hydrocarbon accumulation is conducive to altering the reservoir wettability. As the increasing of the contact between the early hydrocarbon–bearing fluids and the rock surface, the polar molecules in the non-hydrocarbon and asphaltene would gradually adsorb to the surface, leading to the progressive alteration of reservoir from hydrophilic to the neutral stage, or even lipophilic.
[image: Figure 8]FIGURE 8 | Comparison of rock wettability between reservoir with the two hydrocarbon accumulation stages (A) and the reservoir with the one late stage (B) in the Dongying Depression.
DISCUSSION
The effects of the early hydrocarbon generation and migration into the reservoir mainly include the diageneses (i.e., compaction, cementation, and dissolution) and the resultant alteration of reservoir pore structure and physical properties (porosity and permeability) in sandstones, and the alteration of rock wettability and the resultant formation of dominant pathways during the process of hydrocarbon primary migration. The two effects worked together, and influenced the speed and scale of the late stage of hydrocarbon accumulation.
Mineral Dissolution and Precipitation
In general, the increase in burial depth and overburden would cause the damage to the primary pore structure and reduction of physical properties in sandstones. The early stage of hydrocarbon generation and expulsion from source rocks in the Dongying Depression was accompanied by fluid overpressure, with the values ranging from only modestly in excess of hydrostatic, to approaching and perhaps exceeding lithostatic sporadically (Wang M. et al., 2020). Thus, we consider that the early hydrocarbon accumulation could buffer the compaction of the overlying strata, and the buffer capacity depended on the fluid overpressure during accumulation in the reservoir. Moreover, when the early overpressured fluid replaced the original formation water and emplaced the intergranular space (Figure 9), it could support or offset the part of the overburdens, reduce the effective stress of the formation, and greatly preserve the original pores in the reservoir, which are beneficial for the late accumulation.
[image: Figure 9]FIGURE 9 |  (A–B) Emplacement of the early hydrocarbon (bitumen) in the sandstone in the Dongying Depression.
Acidic and alkalic fluid conditions usually occur at different stages of the diagenetic process (Qiu et al., 2007). Different dissolution and precipitation characteristics of minerals in the reservoir within different fluid conditions will result in a different effect on the reservoir physical properties. In particular, in the alkalic fluids, carbonate and feldspar will precipitate, while dissolution occurs for quartz and its solubility elevates rapidly with the increase of the pH value. This alkalic fluid condition matches the original sedimentary environment (i.e., alkalic lacustrine) of our studied reservoir, which is favorable for the formation of early carbonates and feldspars (Figure 5; Song, 2005). During the subsequent organic matter maturation to yield hydrocarbons, large quantities of CO2 and organic acids could be generated (Surdam et al., 1989). Because the solubility of most minerals is strongly dependent on pore fluid pH, weakly acidic CO2 and organic acids have been implicated in many studies as causative agents for their dissolution, such as carbonate and feldspar (Surdam et al., 1989; Heydari and Wade, 2002). The organic acid anions typically dominate the fluid pH (i.e., organic acid maxima) generally from 80 to 120°C. Thus, during the initial period of early hydrocarbon generation and expulsion from source rocks, a large number of organic acids generated and migrated into the reservoir along with the hydrocarbons, and were partially consumed to neutralize the alkalic formation water. As a result, the fluid condition gradually altered from alkalic to acidic, leading to the dissolution of former carbonate and feldspar, and precipitation of quartz (Figure 5). At temperature greater than 100°C, the organic acids begin to decarboxylate and generate hydrocarbon and CO2, and the rate of this reaction presumably increases with rising temperature. At some point from 120 to 160°C, the organic acid anions will greatly diminish (Surdam et al., 1989). Thus, in the late period of early accumulation, since the fluid altered from acidic to alkalic, deposition of Fe–calcite and ankerite occurred, accompanied by the quartz alkalic dissolution (Figure 5). Therefore, under the influence of the early accumulation, the fluid exhibited an alternated, diagenetic environment from the initial alkalic, subsequent acidic to the final alkalic conditions, which caused the changes of dissolution and precipitation of different minerals. Based on our statistical results (Figure 7), the overall dissolution intensity of the sandstone reservoir was stronger than the cementation during the early stage of hydrocarbon accumulation, resulting in the formation of large numbers of secondary pores, improving the physical properties, and providing more space for the late accumulation.
Both the carbonate acidic dissolution and quartz alkalic dissolution show the high efficiency in producing secondary pores and have great improvement to the reservoir properties. The acidic dissolution of feldspar (i.e., K-feldspar and plagioclase) is considered the main source of the authentic kaolinite and illite in our studied reservoir (Shao et al., 2015; Yuan et al., 2015). Thus, the situation of adding porosity might be different for the feldspar dissolution in a closed fluid system (Yuan et al., 2015). The deposition and stable existence of different clay minerals require different fluid conditions. Acidic fluid is a necessary condition for the stable existence of kaolinite, while illite and chlorite require an alkalic fluid environment that is rich in K+ and Mg2+, respectively. In particular, amid the K+ enriched fluid with high temperature higher than 125°C, illitization of kaolinite could occur (Franks and Zwingmann, 2010). Also, this reaction would cause the consumption of K+ in fluid, further leading to the dissolution of K-feldspars. Based on this, the geological processes that may lead to the current results of clay mineral contents (Figure 6) in the reservoir are as follows. At the initial period of the early hydrocarbon accumulation, acidic fluids dominated by organic acids entered the reservoir and began to preferentially dissolve plagioclases (Huang et al., 2009) in the reservoir, forming the first-stage authigenic kaolinite and releasing the Na+ and Ca2+ into fluids. To the subsequent alkalic fluids in the late period of the early accumulation, due to the low K+ content in the fluid, illitization of kaolinite was inhibited. At this time, the main source of illite is formed by the dehydration of smectite. The dissolution of the K-feldspar and formation of the second-stage authigenic kaolinite occurred, due to the acidic fluids introduction that accompanied the late stage of hydrocarbon accumulation. With the consumption of acidic fluid and increase of pH, kaolinite began to transform into illite in large quantities, thus leading to the reservoirs that have experienced the early and two late stages of hydrocarbon accumulation, showing the characteristics of high illite and low kaolinite content. While for the reservoirs with only one late stage of hydrocarbon accumulation, the acidic fluid was preferred to dissolve in plagioclase rather than K-feldspar to form the kaolinite. The dehydration of smectite occurred to form illite, and the illitization of kaolinite was suppressed due to the lack of K+ in the fluid. Thus, the contents of kaolinite and illite in the current reservoir show little difference, and in some areas, the content of kaolinite is possibly higher than that of illite.
Inheritance of the Migration Pathway
Without any external force, fluid flow in the sandstone reservoir is determined by the capillary force under the influence of pore structure. The wetting fluid could stick to the inner wall of pores and surface of particles, while the non-wetting fluid is generally present as an isolated liquid droplet and hard to be adsorbed on the mineral surface, and the capillary force acts as resistance for its movement. In other words, the wettability of rock affects the fluid flow in pores, and the capillary force is an important driving force for the movement of wetting phase, but a strong resistance for the movement of non-wetting phase.
Before the early hydrocarbon generation and migration from the source rocks to the reservoir, both of these two types of sedimentary rocks were formed in water, and were water-saturated and hydrophilic. Thus, at this time, the capillary force in pores is equal to the resistance of hydrocarbon fluid, which is not conducive to its migration. Only when the external force is greater than the displacement pressure of the wetting phase fluid (i.e., the original sedimentary water in pores), the non-wetting phase (i.e., hydrocarbon fluid) could migrate within the source rocks or reservoir and displaced the original pore water. The early hydrocarbon accumulation could lead to the progressive alteration of reservoir wettability from hydrophilic to the neutral stage, or even the lipophilic stage (Figure 8). Therefore, in these wettability-altered reservoir samples, the early hydrocarbon accumulation would alter the capillary force from the initial resistance to the driving force for hydrocarbon fluid migration in pores. Also, these alterations would further induce preferential migration of the late hydrocarbons in these lipophilic pathway systems. As a result, during the early hydrocarbon fluid generation and expulsion from source rocks to the reservoir, a preferential, lipophilic migration pathway from the source to the reservoir was gradually formed. In addition, the migration of the hydrocarbons generated in the late stage would preferentially inherit this dominant migration pathway.
CONCLUSION
The overpressured hydrocarbon fluid during the early stage could support and offset some loads of overburden, weaken the normal compaction of the overburden, and preserve some original pores. Also, the early hydrocarbon accumulation resulted in an alternated, diagenetic environment from the initial acidic to subsequent alkalic fluid, with the overall dissolution intensity stronger than the cementation, and formed a large number of secondary pores. Therefore, the early accumulation was beneficial to reservoir space development, and provided more space for the late stage.
In addition, the early hydrocarbon accumulation could cause the alteration of rock wettability. During the process of the early accumulation, a lipophilic migration pathway from the source rock to the reservoir formed gradually. Also, the late stage of hydrocarbon fluid would preferentially choose this dominant pathway for migration (i.e., inheritance of the migration pathway).
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Hydrothermal fluid is one of the factors controlling Archean buried hill reservoirs in Bozhong 19-6. However, there are no clear studies focusing on the influence of hydrothermal alteration products and their lithological characteristics on reservoirs. Through characterization of the alteration reservoir and construction of a new subtraction model of the logging-rock mechanical alteration degree, the comprehensive uses of core, thin section, and electrical imaging logging data are considered as the research objects with metamorphic and igneous rocks. Thus, the relationship between lithologies with different alteration degrees and reservoir quality is revealed. The study shows that feldspar chloritization and sericitization are the main factors controlling the hydrothermal alteration of the reservoir; the overall alteration degree of igneous rocks is high, and the overall alteration degree of metamorphic rocks is low; the reservoir with strongly altered igneous facies is prone to forming dissolution pores, with strong reservoir inhomogeneity and poor reservoir performance (alteration degree is greater than 15%); the reservoir with weakly altered metamorphic facies is prone to developing fractures and a high reservoir productivity (alteration degree is 0); The reservoirs with altered metamorphic facies are numerous in the formation, spatially diverse in type, and second in reservoir quality only to those in the weakly altered metamorphic facies (alteration degree of 0–15%). This method is expected to provide a reference for quickly finding advantageous reservoirs in the Bohai Sag.
Keywords: metamorphic rock, igneous rock, hydrothermal alteration, well logging geology, petrophysics, reservoir characteristics
1 INTRODUCTION
When fluids or hydrothermal fluids act on rocks, their substances undergo physicochemical reaction, resulting in the loss of some or all of the rock’s minerals and the creation of new ones. The enrichment of carbon dioxide in the hydrothermal fluid is prone to the formation of carbonate rock metasomatism (Shibuya et al., 2007). Carbonate metamorphism facilitates the improvement of the physical properties of the reservoir (Ding et al., 2019), and dolomitization can theoretically increase the total porosity by 12–13% (Smith and Davies, 2006). Such alterations occurred in the development zone of fractured-vuggy reservoirs and the gas accumulation zone (Chen et al., 2015; Zhan et al., 2021). For closed geochemical systems larger than 2000 m, feldspar is easy to form into authigenic clay (Yuan et al., 2019). Secondary clay minerals generated by clayey alteration of rocks as filling, along with their own structural water and adsorptive water, reduced the reservoir property (Zhu et al., 2013; Jiang et al., 2019). According to the chemical index of alteration (CIA) (Nesbitt and Young, 1982), feldspar and dark minerals were more prone to alteration with an increased alteration degree (Wei et al., 2017). In the process of weathering, leaching, and hydrothermal flow, feldspar and biotite are very prone to alteration in the Bozhong 19-6 Archaean buried hill structural belt (Zhao et al., 2016). Scholars believe that strong hydrothermal alteration has caused complex lithology and dissolution pores (Hou et al., 2019; Xu et al., 2019), but they did not specifically clarify the impact of different altered rocks on the reservoir.
In the current methods for evaluating rock hydrothermal alteration, scholars have carried out the following studies on igneous reservoirs. Through altered cores at different depths, the original structural background of the altered rock samples is inferred (Pandarinath, 2015). X-ray diffraction analysis of volcanic rocks indicates altered clay minerals that have a strong influence on logging response characteristics (Wang et al., 2013). The neutron log was used to identify the neutral igneous alteration formations (Wang et al., 2018). The mixed matrix volume model for clay produced by alteration was established to calculate water saturation (Zhang et al., 2012). The principal component analysis is used to calculate the porosity of altered reservoirs (Shen et al., 2012). Based on logging response characteristics, a clay alteration degree index is established to semi-quantitatively evaluate alteration effects (Gao et al., 2019). In logging rock mechanics, the predicted rock mechanics parameters are usually used to evaluate brittleness and in situ stress (Diao, 2013; Nagano et al., 2015), which play a crucial role in oil and gas stimulation, frack forecasting, and operation parameter design (Ameen et al., 2009; Zhang, 2012; Yin et al., 2016; Li et al., 2017). Due to rock alteration, the mineral composition and internal texture of rocks will inevitably undergo irreversible shifts. The mechanical parameters of the rock can reflect the material composition and structural characteristics of the rock. Therefore, a new way of logging-rock mechanics parameters has been used to quantitatively evaluate altered formations.
The Bozhong 19-6,100 billion-cubic meter large gas field in the Bohai Bay Basin opens a new chapter in deep gas exploration in the Bohai Sea. However, the lithological diversity of the buried hill gas reservoir is due to the rich types of early original rocks and the multi-stage metamorphism in later stages, resulting in mainly metamorphic rocks and some later igneous rocks (Xu et al., 2019). Hydrothermal flow is among the controlling factors of the reservoir (Xue et al., 2021). During its geological history, the buried hill structural belt experienced multiple phases of magmatic activity and long-term exposure to the surface, which subjected the rocks to weathering, denudation, and hydrothermal fluids, causing alteration of feldspar minerals (Xu et al., 2020). The rocks are subjected to hydrothermal alteration by both carbonate metasomatism and clay alteration (Hou et al., 2019), producing a variety of secondary minerals, especially chlorite, sericite, and iron dolomite.
The study area underwent both igneous rock alteration and metamorphic rock alteration, as well as clay alteration and carbonate metasomatism of rocks in formations. Based on an analysis of experimental core data and log response characteristics, it is determined that mica is metasomatized by iron dolomite, and feldspar is subjected to sericitization and chloritization in the buried hill formations; sericite and chlorite are the main clay alteration minerals, and iron dolomite is the main carbonate alteration mineral. Since there is no universal method for the quantitative evaluation of alteration effects, a new type of alteration degree difference model and a quantitative evaluation chart have been established by combining logging curves and rock mechanics parameters to provide a new understanding and guidance for the reservoir identification and evaluation of Archean buried hill 19-6 in Bozhong.
2 GEOLOGICAL SETTING AND ALTERATION CHARACTERISTICS
Figure 1A illustrates that the Bozhong Sag is the largest Cenozoic subsidence sag center in the Bohai Bay Basin (Zhu et al., 2020), which is located in the thinnest position of the crust in the Bohai Bay Basin, showing a high geothermal value (Xu et al., 2020). The Bozhong 19-6 Archean buried hill structure is located in the southwestern part of the Bozhong Sag (Figure 1A). It is composed of a metamorphic rock base, covered with carbonate, igneous, and glutenite, and interspersed with igneous veins. In the period of geological history, it has experienced multi-stage tectonic movement transformation and weathering leaching, thus forming a large-scale fracture system. The deep hydrothermal fluid in the formation then enters the reservoir space through the fractures and faults, causing large-scale alteration of the rocks in the Bozhong 19-6 reservoir.
[image: Figure 1]FIGURE 1 | Geological background of the Bozhong 19-6 area. (A) Bozhong 19-6 structure and the location of sampling wells (Hou et al., 2019); (B) Three-dimensional view of the Archean buried hill structure; (C) Archean buried hill original rock restoration (Simonen et al., 1953).
The Archean buried hill of Bozhong 19-6-A is taken as the research object. The well A area is located in the southern area of the Bozhong 19-6 structure. As a whole, it is an anticline structure complicated by a series of faults, with a large trap area and a reservoir burial depth of more than 3,900 m (Figure 1B). Therefore, well A is generally strongly affected by deep hydrothermal fluids.
According to the original rock restoration (Figure 1C), it can be confirmed that the lithology of well A is derived from neutral magmatic rocks. The rocks are mainly gneiss, neutral intrusive rocks (diorite porphyrite), volcanic rocks (andesite), and other mixed rocks. In terms of mineral composition, plagioclase, potash feldspar, and quartz are the main minerals, and they contain a small amount of dark minerals and other minerals (Xu et al., 2020). Neutral magmatic rocks have a strong degree of alteration, in between acidic magmatic rocks and ultrabasic magmatic rocks (Hu, 1980).
Logging data, physical core samples, and rock thin-section samples of well Bozhong 19-6-A, X-ray diffraction data, and gas tests of Bozhong 19-6-A well, Bozhong 19-6-B well, and Bozhong 19-6-C well are required.
2.1 Characteristics of Rock Alteration
1) Altered metamorphic rocks are typically monzonite gneiss and plagioclase gneiss: monzonite gneiss (Figure 2A) features a gneiss-like texture and are subject to slight alteration; the rock grains are coarse and inlaid with each other. Quartz and siliceous matter are recrystallized, plagioclase is subjected to sericitization, and iron dolomite metasomatism is found in the biotite enrichment areas. The cracks are completely filled with iron dolomite, iron minerals, and felsic, and a few dissolution holes are seen. The plagioclase gneiss (Figure 2B) features a scaly granoblastic and gneiss-like texture, with the mineral grains being coarse and tightly inlaid. The quartz features wavy extinction, sericitization, and chloritization of plagioclase, with the mica dominated by biotite and less of muscovite. The cracks are filled with iron dolomite. 2) Altered igneous rocks are typically andesite and porphyry: altered andesite (Figure 2C) in volcanic rocks is in interleaved structure and cataclastic structure, with strong rock alteration and mudding on the surface. Plagioclase is sericitized and chloritized, and a small amount of potassium feldspar and quartz and more authigenic pyrite are mixed in later stages. Residual intergranular pores can be seen in the fragmentation zone, and the fraction of coverage is less than 1%. The intrusive rocks (Figure 2D) are coarsely faceted and strongly altered, with plagioclase showing mica, chlorite, a small amount of potassium feldspar and a small amount of quartz, with siderite, dolomite, and pyrite visible between the slats, and no effective pore space.
[image: Figure 2]FIGURE 2 | BZ19-6-A well rock chips. (A) Monzonite gneiss, 3,925 m, perpendicular polarized light; (B) Plagioclase gneiss, 4,357 m, perpendicular polarized light; (C) Altered andesite, 3,981.5 m, perpendicular polarized light; (D) Diorite porphyrite, 4,076 m, perpendicular polarized light; (E) Local dissolution joint, 4,254 m, plane polarized light; (F) Filling of iron dolomite and pyrite, 4,005 m, perpendicular polarized light.
It can be observed from the thin section of rocks (Figure 2A–D, ) that hydrothermal alteration can give rise to carbonate metasomatism and clay alteration. In the metamorphic rocks and igneous rocks, the alteration universally occurred such as iron dolomite metasomatism (carbonate metasomatism), sericitization, chloritization (clay alteration), and associated iron minerals. The degree of hydrothermal alteration of igneous rocks is stronger than that of metamorphic rocks.
2.2 Log Characterization
2.2.1 Reservoir Characteristics
The main types of the reservoir space in the Bozhong 19-6 buried hill area are fracture, dissolution pore, and pore fracture (Tong et al., 2012; Xue and Lei, 2018). The porosity of the reservoir intervals ranges from 1.2 to 12.8%, with an average of 4.3%. The permeability ranges from 0.02 mD to 11.80 mD, with an average of 0.97 mD (Hou et al., 2019).
In the long-term weathering and leaching process of the buried hill reservoir, feldspar minerals are altered and dissolved. The altered iron dolomite features the unstable chemical properties of calcium carbonate and can also be dissolved to form dissolved pores (Figure 2E), resulting in a pore space, that can also be used as cement (Zhu et al., 2016; Zhao et al., 2018; You et al., 2018). Sericite and chlorite feature stable chemical properties, good dispersion, and suspension in aqueous media and organic solvents. They contain a large amount of structural water and adsorbent water, which serve as a large amount of clay cementation filling in the pores (Figure 2F) and accelerate the dissolution. Therefore, the log responses of the reservoir will exhibit the marked characteristics of water and clay content (Zhu et al., 2013), relatively high pores, and relatively low permeability.
2.2.2 Reservoir Physical Properties
From the comprehensive logging (Figure 3), it can be seen that the physical properties of the entire reservoir are very irregular from a vertical perspective. It includes 3,968–3,986 m (Figure 2C 3,981.5 m), with the core porosity (CPOR) between 9.3 and 17% and the core permeability (CPERM) between 0.024 mD and 0.03 mD, while granitic gneiss is not significantly altered at 3,900–3,010 m with CPOR of 8.7% and CPERM of 0.26 mD. Through comparison, it is found that the reservoir transformation by hydrothermal alteration has poorer reservoir properties: CPOR (9.3–17%) is higher than the average porosity of the reservoir (1.2–12.8%), but CPERM (0.024–0.03 mD) is lower than the average permeability of the reservoir (0.02–11.80 mD).
[image: Figure 3]FIGURE 3 | Composite log in well Bozhong19-6-A. Characteristics of buried hill reservoirs by logging curves, core physical property data, and electrical imaging.
2.2.3 Log Response Characteristics
According to the characteristics of clay minerals and structural water in the altered reservoir, from the logging response characteristics (Figure 3), the natural gamma ray (GR) tends to increase, and its average lower limit is higher than that of the undisturbed formations (Table 1); its curve spikes occur, as shown at 3,945 m and 3,960–3,980 m. The logging density (DEN) tends to decrease, and its average lower limit is lower than that of the undisturbed formations (Table 1); its curve spikes occur, as shown at 3,940–3,948 m and 3,960–3,980 m. The logging neutron (CNL) tends to increase, and the average lower limit is higher than that of the undisturbed formations (Table 1), and its serrated spikes occur, as shown at 3,925–3,931 m and 3,960–3,990 m. Acoustic slowness (AC) tends to increase, and its average lower limit is higher than that of the undisturbed formations (Table 1), with its curve fluctuation being relatively gentle, as shown at 3,940–3,948 m and 3,960–3,980 m. The dual lateral resistivity (RD, RS) has a decreasing trend, and its average lower limit is lower than that of the undisturbed formations (Table 1), and its curve spikes occur, as shown at 3,940–3,948 m.
TABLE 1 | Average lower limit of logging curves in the buried hill formations of the Bozhong 19-6-A area.
[image: Table 1]2.2.4 Electrical Imaging Features
The electrical imaging porosity spectrum reflects the distribution of pore sizes in the formation wash zone. When a layer belongs to a relatively homogeneous formation, the porosity spectrum mostly features a single spike shape; when a layer is highly heterogeneous, the porosity spectrum shows multiple or irregular peaks. It can be observed from Schlumberger’s formation microscanner image (FMI) and the FMI porosity spectrum in Figure 3 that the dark imaging area of the strongly altered reservoir is dissolution pores, and the porosity spectrum presents an irregular and multi-peak shape, while the unaltered reservoir at 3,902–3,908 m only presents a gentle pattern of a single spike or double spikes. The electrical imaging data also found that the reservoir transformation by hydrothermal alteration has strong heterogeneity and large pores. Electrical imaging and identification of corresponding rock thin slices can briefly obtain formation alteration in well A (Figure 3 FMI alteration division).
3 METHODS
3.1 Logging Model for Determining the Degree of Rock Alteration
The alteration of rock exerts an influence on the mineralogical composition, pore space structure, and flow of the rocks. The log response is an integrated reflection of rock properties. Hence, when the rock is strongly altered, the log response of various curves will show particular characteristics.
Therefore, the ratio method is performed separately for the CNL and DEN curves and the AC and RD curves, which have a strong response to the alteration effect. The ratio method can not only reflect the degree of alteration but also eliminate the influence of different lithologies, and the following model is obtained (Gao et al., 2019):
1) Indicator of CNL–DEN alteration (Ind) is shown as follows:
[image: image]
Due to the degree of alteration, the ratio of CNL–DEN will increase with the degree of alteration, and the increase in the clay content will lead to the increase of CNL and the decrease of DEN. Generally, the decrease in the density ranges from 0 to 10%, and the increase in neutron ranges from 0 to 50%. Therefore, the weight of the density curve should be increased, and the empirical weight a is taken as 2. CNL stands for the compensation neutron log, %; DEN stands for the compensation density, g/cm3.
2) Indicator of AC-RD alteration (Iar) is shown as follows:
[image: image]
Due to the degree of alteration, the ratio of AC–RD will increase with the degree of alteration, and the increase in the clay content will give rise to the increase of AC and the decrease of RD. AC is less affected by lithology, while RD is more affected (the resistivity values of igneous rocks and metamorphic rocks differ greatly). Similarly, the value of empirical weight is taken as 0.5. AC stands for the acoustic slowness, μs/ft; Rt stands for the formation resistivity, Ω·m.
Based on Eqs 1, 2, the factor for logging alteration degree (IA) can be followed:
[image: image]
3.2 Rock Mechanics Model for Determining the Degree of Rock Alteration
The mechanical parameters of the rock reflect the mechanical properties of the rock. The time difference between P-wave and S-wave is taken from the array acoustic logging data, and the Poisson’s ratio, elastic modulus, volume modulus, and shear modulus of the rock are calculated by combining the logging density to determine the integrity, stability, and fracture degree of the rock (He et al., 2008; Liu et al., 2009; Liu et al., 2018). The log rock dynamics parameters have good parameter continuity. Experimental studies show that the dynamic and static parameters of a complete rock are very close and can basically be converted into each other (Liu et al., 2009).
The rock stability factor (Rg) is the product of the rock volume modulus and shear modulus. Since alteration will destroy the morphological structure of the undisturbed rock, the more serious the morphological damage of the rock, the smaller the stability coefficient will be. Its expression is as follows:
[image: image]
where Kb stands for the dynamic volume modulus of elasticity, GPa; G stands for the dynamic shear modulus, GPa; [image: image] is log density, g/cm3; [image: image] stands for the formation P-wave velocity, m/s; and [image: image] stands for the formation S-wave velocity, m/s.
The rock fracture coefficient (Rf) eliminates the influence of rock properties on the elastic modulus. The larger the deformation of rock mass, the smaller the elastic modulus is and the larger the rock fracture coefficient is, which can be as follows:
[image: image]
where [image: image] is the theoretical elastic modulus of the rock matrix, GPa; and E is the dynamic modulus of elasticity, GPa.
Rf–Rg ratio method: the form and structure of the undisturbed rock are changed under the alteration. The stronger the alteration is, the larger the fracture coefficient of rock is and the smaller the stability coefficient of rock is. Since the rock fracture coefficient is affected by alteration to a slightly greater extent than the rock stability coefficient, the order of magnitude difference between the parameters is so great that empirical weights can be applied to the rock stability coefficient to reduce the effect of lithology. The Rf–Rg mechanical alteration degree factor of the rock is as follows:
[image: image]
where the value of experience weight a is the same as Eq. 1.
3.3 Alteration Degree Subtraction Model
To make the evaluation of the undisturbed formation quantitative, the normalized IA curve is differentiated from the normalized IB curve, and a value less than or equal to 0 is considered to be an undisturbed formation. Combined with Eqs 3–6, the mathematical expression of the alteration degree model is defined as follows:
[image: image]
where the conventional logs and the rock mechanics parameters need to be normalized, and the dimension is 1. As shown in Figure 3, the interval of 3,968–3,986 m is regarded as the standard alteration layer, and the interval of 3,902–3,908 m is regarded as the standard undisturbed layer. Taking the standard layer as the reference, the value of a is finally determined to be 0.298 by using the core calibration.
Well Bozhong 19-6-A as the research object (Figure 4), Iar, Ind, and IA obtained from logging curves, and IB obtained from rock mechanics parameters can all be changed by peak values to reflect the degree of formation alteration. Izby has inherited the characteristics of IA and IB well, and the undisturbed formation less than 0 can be seen intuitively through optimization. The degree of alteration of igneous rocks is stronger than that of metamorphic rocks in the figures, which is consistent with the results of rock thin slices and logging response characteristics.
[image: Figure 4]FIGURE 4 | Degree of hydrothermal alteration of buried hill formation. Logging curves and rock mechanics parameters indicate the degree of alteration according to the peak size.
4 RESULTS AND DISCUSSION
4.1 Reservoirs Subjected to Hydrothermal Alteration
The reservoir in the Archean buried hill structural belt of Bozhong 19-6 was subjected to very strong weathering-leaching and hydrothermal fluid control processes (Xue et al., 2021). Through the transformation of hydrothermal alteration, dissolution pores are common in the reservoir. Rock thin sections (Figure 2), electrical imaging, and rock physics (Figure 3) show that the more strongly the rocks were altered by hydrothermal fluids, the larger the dissolution pores that are likely to form. There may be a certain degree of positive correlation between the degree of reservoir alteration and the development of fractures. Undisturbed formation fractures are developed, and strongly altered formation dissolution pores are developed. Therefore, the stronger the degree of alteration, the less developed are the fractures.
Fracture type reservoirs are mainly subject to fracture systems formed by the action of multiple phases of geological tectonic movement and weathering leaching under tectonic uplift. However, structural uplift has caused the buried hill to be exposed to the surface for a long time, and deep thermal fluid enters the metamorphic buried hill reservoir through cracks and faults. In the process of weathering and leaching, the dissolved CO2 in fresh water entered into the metamorphic buried hill through fractures and joints and reacted with the felsic minerals, forming enlarged dissolved pores along the fractures, which greatly improved the reservoir properties. Deeply heated fluids and magmatic-hydrothermal fluids lead to alteration of the feldspar, including dissolution, causing further fracture expansion to form pores, while in closed geochemical systems greater than 2000 m, feldspar dissolution increases the pore space, but its alteration of authigenic clay formation leads to reduced seepage capacity (Yuan et al., 2019). In general, the inhomogeneity of dissolved pore-type reservoirs will be stronger.
Under the action of hydrothermal alteration, the original rock produced new minerals such as iron dolomite, chlorite, sericite, and iron minerals, which caused the lithology to change. This complex lithology makes the heterogeneity of the reservoir stronger, and the secondary minerals reduce the effectiveness of the reservoir, usually resulting in high porosity and low permeability. It is often impossible to accurately evaluate the key physical parameters of the reservoir.
At present, it has been discovered that there are mainly two kinds of alterations: clay alteration (sericitization and chloritization) and carbonate metasomatism (dolomitization). However, based on the current available data, only thin slices have found evidence of carbonate metasomatism. It is speculated that most of the dolomite has been dissolved under the early leaching action, which promoted the formation of dissolved pores.
4.1.1 The Main Controlling Factors of the Degree of Rock Hydrothermal Alteration
Through the characterization of rock alteration of buried hill reservoirs, the primary minerals of metamorphic rocks and igneous rocks have undergone chloritization, sericitization, and iron dolomitization. According to the rock thin sections (Figure 2), the metamorphic rocks and igneous rocks have obvious alteration characteristics of chloritization and sericitization. The rock surface is mudded. Log curve characteristics (Figure 3) show that the strong hydrothermal alteration reservoir has typical clay characteristics (Zhu et al., 2013): the log curve shows the high value of CNL relative to the undisturbed formation, the low value of DEN relative to the undisturbed formation, the high value of AC relative to the undisturbed formation, and the RD is lower than the undisturbed formation.
Thin section and well logging studies show that the clay alteration (chloritization and sericitization) of rocks is the main controlling factor of rock hydrothermal alteration in the Bozhong 19-6 Archean buried hill. It provides a reliable basis for the establishment of alteration in degree models and reservoir evaluations.
4.1.2 Evaluation Results of Hydrothermal Alteration
By analyzing log curves of 61 cores with different lithologies in Bozhong 19-6, the Izby will be connected with CNL (Figure 5A), RD (Figure 5B), AC (Figure 5C), and DEN (Figure 5D), respectively. Since the main controlling factor for the degree of rock alteration is the clay of the rock, the characteristic value of the logging response of the carbonaceous mudstone was used as a threshold to distinguish the strong alteration effect, and finally, the rock alteration degree chart was drawn (Figures 5A–D).
[image: Figure 5]FIGURE 5 | Qualitative evaluation of the alteration degree. (A) Izby and CNL; (B) Izby and RD; (C) Izby and AC; (D) Izby and DEN. (E) Division of altered strata based on the Izby peak. The mudstone zone is a range of mudstone characteristic values.
It can be observed from Figure 5 that CNL and RD have the best quality control of the degree of alteration; AC has the second best quality control of the degree of alteration; DEN has the worst quality control of the degree of alteration. The metamorphic series are the least altered, with gneisses less than 5 and granulite approximately equal to 5. The intrusive rock is the next most altered, with diorite porphyries approximately equal to 5. The volcanic rocks are the most altered, with andesites and basalts greater than 10.
Considering that the weak hydrothermal alteration will still maintain the integrity of the original rock, the logging response has no obvious characteristics. Therefore, this kind of slight alteration is also considered as undisturbed rock hereof. The buried hill altered formation is divided into three classes (Table 2), according to the alteration degree evaluation chart (Figures 5A–D): class I is the undisturbed formation, class II is the altered formation, and class III is the strongly altered formation.
TABLE 2 | Classification criteria for the alteration degree of buried hill formations.
[image: Table 2]The reservoirs in the Bozhong 19-6 Archean buried hill structural zone are gas layers, as can be seen from the gas layer in well A (Figure 5E): the response of IA to the degree of alteration is more intense, but in gas reservoirs with small IA values, the response change is small. IB has the same phenomenon. Therefore, neither IA nor IB can quantitatively classify alteration reservoirs, but the undisturbed reservoirs less than 0 are distinguished by Izby. The strong alteration reservoirs greater than 15 are distinguished by Izby. Using the results of the evaluation (Table 2), the results of the entire formation were classified as I, II, and III (Figure 5E).
Based on the classification of the Izby alteration degree, it can be observed from the relationship between core porosity and Izby (Figure 6A) that the porosity for more than half of the altered rocks is 4.3% greater than the average porosity of the buried hill reservoir. As can be seen from the core permeability and Izby (Figure 6B), most rocks in classes II and III have lower permeability than in class I. Also, from Figure 6A and Figure 6B, it can again be seen that the permeability of class II and III altered rocks (Figure 6 near the data points marked near 8% porosity) is about 0.03 mD lower than the yellow points in the figures.
[image: Figure 6]FIGURE 6 | Correlation between physical properties and the alteration degree Izby. (A) Core porosity (CPOR) and Izby; (B) Core permeability (CPERM) and Izby. The different colored dots represent the class I, II, and III altered rocks, in which the yellow dots stand for the class I altered rocks with the porosity of 8%.
From the alteration degree of the rock (Figure 5A), alteration grade of the reservoir (Table 2), reservoir physical properties (Figure 6A), and electrical imaging logging characteristics, it is recognized that the lithology of the grade III alteration degree reservoir is a common volcanic rock and intrusive rock, and the reservoir space is mostly dissolution pores, with strong heterogeneity and poor reservoir capacity. Gneiss is common in the lithology of the reservoir with grade II alteration degree, and the reservoir space is mostly pore-fracture type, fracture type, and pore type, with strong heterogeneity. Gneiss is common in the lithology of class I undisturbed reservoirs, with relatively good reservoir homogeneity and easy to develop fractures.
4.2 Lithofacies Division Based on Hydrothermal Alteration Characteristics
Rock clay alteration is the main controlling factor of hydrothermal alteration. Therefore, the clay content of the whole rock X-ray diffraction (Figures 7A–C) with the rock named is selected, and it is found that the granitic gneiss is less affected by the alteration; plagioclase gneiss, monzonite gneiss, and cataclastic rock may be subject to alteration; and andesite and diorite porphyry are subject to strong alteration. In general, it can be seen that the alteration degree of gneiss is smaller than that of igneous rocks (Figures 7A–C).
[image: Figure 7]FIGURE 7 | Relationship between clay minerals, physical properties, and the degree of rock alteration. (A) Archean buried hill of well Bozhong 19-6-A; (B) Archean buried hill of well Bozhong 19-6-B; (C) Archean buried hill of well Bozhong 19-6-C.
The reliability of the reservoir identification results was verified using Bozhong 19-6-A, Bozhong 19-6-B, and Bozhong 19-6-C. The variation of clay minerals, physical properties, and gas production in relation to the degree of rock alteration can be seen for well Bozhong 19-6-A (Figure 7A), well Bozhong 19-6-B (Figure 7B), and well Bozhong 19-6-C (Figure 7C). The clay mineral contents of wells A, B, and C have a positive correlation with the degree of alteration. The more intense the degree of alteration, the more obvious is the relationship. In the strongly altered formations, the pore space in each well increased, but the seepage ability did not improve.
According to the relationship between productivity classification (Figures 7A–C) obtained from the reservoir condensate gas test and alteration degree, it can be found that the reservoir productivity under strong alteration is the lowest; the reservoir productivity under alteration is good; the reservoir productivity under undisturbed formation is the highest.
Based on the rock properties, alteration degree, productivity, and clay content, the Bozhong 19-6 Archean buried hill reservoirs are divided into: 1) weakly altered metamorphic facies dominated by granitic gneiss; 2) altered metamorphic facies dominated by plagioclase gneiss; and 3) strongly altered igneous facies dominated by volcanic rocks (andesite) (Figure 8).
[image: Figure 8]FIGURE 8 | Lithofacies division based on the alteration degree grade.
1) The rocks of weakly altered metamorphic rock facies are basically not altered. In rock analysis, it is found that granitic gneiss is the most stable. Generally, a small area of feldspar and mica is sericitized in thin sections. Under the electron microscope, the rock surface is dense and covered with a small amount of clay particles (Figure 8). 2) The rocks of altered metamorphic facies are partially altered. Monzonite gneiss and plagioclase gneiss are common in rock analysis. Generally, feldspar and mica can be seen in thin sections, and some are replaced by sericitization, chloritization, and ankerite. Under the electron microscope, there are few dissolution holes, and some of them are covered by clay particles on the rock surface (Figure 8). 3) Strong alteration—the rock alteration of igneous facies is serious. In the rock analysis, it is found that the thermal fluid alteration of volcanic rocks is the strongest, followed by intrusive rocks. Generally, it can be seen in the thin section that feldspar is basically replaced by mudding and carbonate, and the lithology is basically changed. Under the electron microscope, there are obvious dissolution pores, and they are covered by clay particles on the rock surface (Figure 8).
Based on the division of the formation alteration degrees of the three wells in Figure 7, reservoirs with weakly altered metamorphic facies occur in the undisturbed formation. This type of reservoir has developed fractures and high gas production capacity, which can be regarded as a high-quality reservoir with less distribution in the whole formation. Reservoirs with strongly altered igneous facies occur in strongly altered formations. This type of reservoir generally develops dissolution pores, which improves the reservoir space, but the alteration products fill the pore channels, which reduces the effectiveness of the reservoir. The reservoir productivity is low, and it can be regarded as a poor reservoir. The most distributed reservoir in the formation is the reservoir with alteration metamorphic facies. This results in various types of reservoirs, and the reservoir quality is between that of the aforementioned two reservoirs.
4.3 Quantitative Evaluation of the Effectiveness of Rock Hydrothermal Alteration Methods
Using the sensitivity of CNL, DEN, AC, and RD to the amplitude change of the altered formation, the quality of the curve is controlled by the ratio method, and finally, the degree of formation alteration is evaluated in the form of an index (Gao et al., 2019). IB uses the rock stability coefficient and rock fracture coefficient in dynamic rock mechanics parameters to indicate the degree of formation alteration by the ratio method, although IB can replace the logging response characteristics to indicate the degree of alteration. However, logging curve identification is relatively more sensitive in altered formations, with greater variation in curve amplitude (Figure 4). If the response of the logging curve is very sensitive to the altered formation, it is the opposite of non-altered undisturbed formation. It is combined with the idea that logging curves are more sensitive (greater variation in curve amplitude) than rock mechanics parameter identification in altered formations. Under the condition that the trends of IA and IB are consistent, IB is greater than or equal to IA in places with small alteration degrees, such as 3,900 m–920 m in depth (Figure 4). The final alteration degree subtraction model is based on the subtraction of IA and IB.
The advantage of this new method is that it can quantitatively evaluate the hydrothermal alteration of rocks and formations and has the characteristics of universality and easy realization. The disadvantage is that there are insufficient experimental data to account for alteration minerals to accurately assess the accuracy of the method. However, the accuracy of the method to identify the degree of hydrothermal alteration in reservoirs by capturing the high porosity and low permeability of altered reservoirs is 76% correct, which needs to be improved. In addition, due to the limitation of data, the evaluation system for the rock alteration degree is built on the previous studies, and there is no experimental analysis of the alteration degree under a certain environment, such as the changes under the conditions of being full of gas and the same temperature and pressure environment.
The relevant data to verify the accuracy of the quantitative evaluation of the degree of rock alteration are in the supplementary information of the study (Supplementary Table S1). Iφ represents the difference between the calculated porosity and core porosity, and IK represents the difference between the calculated permeability and core permeability. This method can also be used to verify the correctness of Eqs 6, 7 and to determine the [image: image] value of Eq. 6 based on the identification rate. The expressions used to test the error are as follows:
[image: image]
[image: image]
where φ is the calculated porosity, %; Cφ is the core porosity, %; [image: image] is the calculated permeability, mD; [image: image] is the core permeability, mD; [image: image] is the uncertainty factor of a calculation error, and 0.3 are taken here, %. The error caused by the calculation results needs to be taken into account here, and an error uncertainty factor is added to Iφ.
5 CONCLUSION
In this study, based on rock thin sections, petrophysical properties, electrical imaging, and logging response characteristics, we analyzed the hydrothermal alteration of the Bozhong 19-6 buried hill structural belt in the Bohai Bay Basin, eastern China. It is demonstrated that both the metamorphic rocks and igneous rocks in the buried hill formations were subjected to clay alteration (sericitization and chloritization) and carbonate metasomatism (iron dolomite metasomatism) to varying extents. Rocks are altered by hydrothermal fluids, and there are alteration products such as sericite, chlorite, iron dolomite, and other iron minerals, resulting in very complex lithology and strong heterogeneity of the reservoir. Rock clay alteration is the main factor controlling the degree of rock alteration.
A model for the quantitative evaluation of the degree of formation alteration was established based on neutron logging, density logging, resistivity logging, and acoustic logging with rock stability and rock fracture coefficients. The altered formations of buried hills are classified into class I (undisturbed formations), in which the degree of alteration is ≤0; class II (altered formations), in which the degree of alteration is 0–15; and class III (strongly altered formations), in which the degree of alteration is >15.
The type of altered lithofacies in the study area is further determined according to the degree of formation alteration, which is divided into weakly altered metamorphic lithofacies, altered metamorphic lithofacies, and strongly altered igneous facies. Weakly altered metamorphic facies reservoirs have fractures and high gas productivity and can be regarded as high-quality reservoirs. Strongly altered igneous facies reservoirs have dissolved pores, strong heterogeneity, and low gas productivity and can be regarded as poor reservoirs. Altered metamorphic facies produce various types of reservoirs, which are the most common type of reservoirs in the study area, and the quality of the reservoirs is good.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
BZ designed the project and wrote the main manuscript. RP provided the funding. CZ and ZZ developed the main ideas. WS contributed to revising the manuscript. All coauthors actively contributed to the manuscript with comments, ideas, and suggestions.
FUNDING
This study was partly funded by the National Natural Science Foundation of China (No. 41472123).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2022.807659/full#supplementary-material
REFERENCES
 Ameen, M. S., Smart, B. G. D., Somerville, J. M., Hammilton, S., and Naji, N. A. (2009). Predicting Rock Mechanical Properties of Carbonates from Wireline Logs (A Case Study: Arab-D Reservoir, Ghawar Field, Saudi Arabia). Mar. Pet. Geology . 26 (4), 430–444. doi:10.1016/j.marpetgeo.2009.01.017
 Chen, H., Lu, Z., Cao, Z., Han, J., and Yun, L. (2015). Hydrothermal Alteration of Ordovician Reservoir in Northeastern Slope of Tazhong Uplift, Tarim Basin. Acta Petrol. Sin. 37 (1), 43–63. (in Chinese with English Abstract). doi:10.7623/syxb201601004
 Diao, H. Y. (2013). Rock Mechanical Properties and Brittleness Evaluation of Shale Reservoir. Acta Petrol. Sin. 29 (9), 3300–3306. doi:10.1086/671395
 Ding, Q., Hu, X., Gao, Q., Ye, Y., and Zhang, P. (2019). The Hydrothermal Alteration Types and Zoning Features of Ordovician Carbonate in Tarim Basin. J. Zhejiang Univ. Sci. Edi. 46 (5), 600–609. (in Chinese with English Abstract). doi:10.3785/j.issn.1008-9497.2019.05.013
 Gao, Y., Hu, T., Chen, G., Cheng, L., Yang, F., and Xiao, H. (2019). Porosity Evaluation Method for Clay-Altered Volcanic Rocks in Zhongguai Uplif. Well Logging Technol. 43 (1), 26–34. (in Chinese with English Abstract). doi:10.16489/j.issn.1004-1338.2019.01.005
 He, S., Shi, Y., Xie, N., Zhang, Z., and Li, C. (2008). The Method for Acquirement of Conventional Logging Response-Based Lithomechanical Parameters. Xinjiang Petrol. Geol. 29 (5), 662–664. CNKI:SUN:XJSD.0.2008-05-048 (in Chinese with English Abstract). 
 Hou, M., Cao, H., Li, H., Chen, A., Wei, A., Chen, Y., et al. (2019). Characteristics and Controlling Factors of Deep Buried-Hill Reservoirs in the BZ19-6 Structural Belt, Bohai Sea Area. Nat. Gas Industry B 6 (1), 305–316. (in Chinese with English Abstract). doi:10.1016/j.ngib.2019.01.011
 Hu, S. (1980). Intergenerational Alteration Petrography. Beijing: Geological Press. 
 Jiang, T., Pan, X., Ren, M., Ren, M., Lei, J., and Dong, J. (2019). Analysis of Rock Alteration in A Hydropower Engineering Project, Southeastern China. Arab. J. Geosci. 12 (8), 1–12. doi:10.1007/s12517-019-4428-7
 Li, J., Huang, H., and Wang, M. (2017). A Theoretical Derivation of the Dilatancy Equation for Brittle Rocks Based on Maxwell Model. Acta Geophys. 65 (1), 55–64. doi:10.1007/s11600-017-0006-0
 Liu, K., Ma, Y., Zhang, Z., and Li, H. (2018). Evaluation Method for Fractured Reservoir in Buried Hill. Oil Drilling Prod. Technol 40, 58–61. (in Chinese with English Abstract). doi:10.13639/j.odpt.2018.S0.016
 Liu, Z., Tang, X., Yu, H., and Zhang, B. (2009). Evaluation of Fracture Development in Volcanic Rocks Based on Rock Mechanical Parameters. Nat. Gas Ind. 29 (11), 20–21. (in Chinese with English Abstract). doi:10.3787/j.issn.1000-0976.2009.11.006
 Nagano, Y., Lin, W., and Yamamoto, K. (2015). In-Situ Stress Analysis Using the Anelastic Strain Recovery (ASR) Method at the First Offshore Gas Production Test Site in the Eastern Nankai Trough, Japan. Mar. Pet. Geology . 66, 418–424. doi:10.1016/j.marpetgeo.2015.02.027
 Nesbitt, H. W., and Young, G. M. (1982). Early Proterozoic Climates and Plate Motions Inferred from Major Element Chemistry of Lutites. Nature 299, 715–717. doi:10.1038/299715a0
 Pandarinath, K. (2015). Testing of the Recently Developed Tectonomagmatic Discrimination Diagrams from Hydrothermally Altered Igneous Rocks of 7 Geothermal Fields. Turkish J. Earth Sci. 23 (4), 412–426. doi:10.3906/yer-1401-27
 Shen, B., Mao, Z., Fan, H., and Wang, G. (2012). A New Porosity Calculation Method Based on Principal Component Analytical Technology for Altered Formation. Well Logging Technol. 36 (2), 130–134. (in Chinese with English Abstract). doi:10.3969/j.issn.1004-1338.2012.02.005
 Shibuya, T., Kitajima, K., Komiya, T., Terabayashi, M., and Maruyama, S. (2007). Middle Archean Ocean Ridge Hydrothermal Metamorphism and Alteration Recorded in the Cleaverville Area, Pilbara Craton, Western Australia. J. Metamorph. Geol. 25 (7), 751–767. doi:10.1111/j.1525-1314.2007.00725.x
 Simonen, A. (1953). Stratigraphy and Sedimentation of the Svecofennidic, Early Archean Supracrustal Rocks in Southwestern Finland. B. Geol. Soc. Finland 160, 1–64. 
 Smith, L. B., and Davies, G. R. (2006). Structurally Controlled Hydrothermal Alteration of Carbonate Reservoirs: Introduction. AAPG Bull. 90 (11), 1635–1640. doi:10.1306/intro901106
 Tong, K., Zhao, C., Lv, Z., Zhang, Y., Zhen, H., Xu, S., et al. (2012). Reservoir Evaluation and Fracture Characterization of the Metamorphic Buried Hill Reservoir in Bohai Bay. Petrol. Explor. Dev. 39 (1), 56–63. CNKI:SUN:SKYK.0.2012-01-007 (in Chinese with English Abstract). doi:10.1016/s1876-3804(12)60015-9
 Wang, J., Zhang, L., and Jin, X. (2013). Characteristics and Fluid Identification of Altered Volcanic Reservoir. J. Northeast. Petrol. Univ. 37 (3), 18–23. (in Chinese with English Abstract). doi:10.3969/j.issn.2095-4107.2013.03.003
 Wang, M., Wang, Y., Tian, M., Fu, A., Zhu, J., Zhang, S., et al. (2018). Identification of Effective Reservoir and Quantitative Evaluation of Porosity of Altered Igneous Rock: A Case Study of Igneous Rock in the Upper Fourth Member of Shahejie Formation in Binnan Oilfield. Petrol. Geol. Reco. Effic. 25 (4), 26–31. (in Chinese with English Abstract). doi:10.13673/j.cnki.cn37-1359/te.2018.04.004
 Wei, X., Gao, Y., Wei, Q., Sun, S., Yin, C., Liu, J., et al. (2017). Controlling of Alteration on Intermediate and Basic Volcanic Reservoirs: A Case Study of Lower Cretaceous Yingcheng Formation of Xujiaweizi Fault Depression, Songliao Basin. Glob. Geol. 36 (2), 541–551. (in Chinese with English Abstract). doi:10.3969/j.issn.1004-5589.2017.02.020
 Xu, C., Du, X., Liu, X., Xu, W., and He, Y. (2020). Formation Mechanism of High-Quality Deep Buried-Hill Reservoir of Archaean Metamorphic Rocks and its Significance in Petroleum Exploration in Bohai Sea Area. Oil Gas Geol. 41 (2), 235–249. (in Chinese with English Abstract). doi:10.11743/ogg20200201
 Xu, C., Yu, H., Wang, J., and Liu, X. (2019). Formation Conditions and Accumulation Characteristics of Bozhong 19-6 Large Condensate Gas Field in Offshore Bohai Bay Basin. Pet. Exploration Develop. 46 (1), 27–40. doi:10.1016/S1876-3804(19)30003-5
 Xue, Y. A., Zhao, M., and Liu, X. (2021). Reservoir Characteristics and Controlling Factors of the Metamorphic Buried Hill of Bozhong Sag, Bohai Bay Basin. J. Earth Sci. 32 (4), 919–926. doi:10.1007/s12583-021-1415-1
 Xue, Y., and Lei, H. (2018). Discovery and Geological Significance of Large Condensate Gas Field in Deep Archean Metamorphic Buried Hill in Bohai Sea. China Offshore Oil Gas 30 (3), 1–9. (in Chinese with English Abstract). doi:10.11935/j.issn.1673-1506.2018.03.001
 Yin, S., Ding, W., Shan, Y., Zhou, W., Wang, R., Zhou, X., et al. (2016). A New Method for Assessing Young's Modulus and Poisson's Ratio in Tight Interbedded Clastic Reservoirs without A Shear Wave Time Difference. J. Nat. Gas Sci. Eng. 36, 267–279. doi:10.1016/j.jngse.2016.10.033
 You, X., Jia, W., Xu, F., and Liu, Y. (2018). Mineralogical Characteristics of Ankerite and Mechanisms of Primary an Secondary Origins. Earth Sci. 43 (11), 246–255. doi:10.3799/dqkx.2018.152
 Yuan, G., Cao, Y., Schulz, H.-M., Hao, F., Gluyas, J., Liu, K., et al. (2019). A Review of Feldspar Alteration and its Geological Significance in Sedimentary Basins: From Shallow Aquifers to Deep Hydrocarbon Reservoirs. Earth-Science Rev. 191, 114–140. doi:10.1016/j.earscirev.2019.02.004
 Zhan, H., Dong, W., Chen, S., Hu, D., Zhou, H., and Luo, J. (2021). Improved Test Method for Convection Heat Transfer Characteristics of Carbonate Fractures after Acidizing Etching. Adv. Geo-energy Res. 5 (4), 376–385. doi:10.46690/ager.2021.04.04
 Zhang, L., Pan, B., and Chan, G. (2012). Conduction Mechanism and Saturation Equation of Altered Igneous Reservoir. J. Jilin Univ. 42 (2), 429–435. (in Chinese with English Abstract). doi:10.13278/j.cnki.jjuese.2012.s2.027
 Zhang, Y. Z. (2012). Rock Mechanics Parameters Calculation of the Fractured Rock Based on the Effective Media Theory with Well Logging. Amm 166-169, 2958–2961. doi:10.4028/www.scientific.net/amm.166-169.2958
 Zhao, W., Sheng, A., Qiao, Z., Pan, L., Hu, P., and Zhang, J. (2018). Genetic Types and Distinguished Characteristics of Dolomite and the Origin of Dolomite Reservoirs. Petrol. Explor. Dev. 45 (6), 5–17. doi:10.1016/S1876-3804(18)30103-4
 Zhao, Y., Wu, J., Ling, H., and Wang, H. (2016). Mineral Chemistry of Biotite and Chlorite in Western Part of Fu Cheng Granite, Southern Jiangxi Province: Implications for Uranium Mineralization. Min. Deposits. 35 (1), 153–168. (in Chinese with English Abstract). doi:10.16111/j.0258-7106.2016.01.010
 Zhu, S., Zhu, X., Liu, X., Li, C., Wang, X., Tan, M., et al. (2016). Authigenic Minerals and Diagenetic Evolution in Altered Volcanic Materials and Their Impacts on Hydrocarbon Reservoirs: Evidence from the Lower Permian in the Northwestern Margin of Junggar Basin, China. Arab. J. Geosci. 9 (2), 276–285. doi:10.1007/s12517-015-2201-0
 Zhu, X., Zhang, X., Fan, Y., and Deng, S. (2013). Research on the Effectiveness Analysis and Storage Evaluation of the Melaphyre Reservoir. Geophys. Geochem. Explor. 37 (3), 400–405. doi:10.11720/j.issn.1000-8918.2013.3.05
 Zhu, Y., Liu, S., Zhang, B., Gurnis, M., and Ma, P. (2020). Reconstruction of the Cenozoic Deformation of the Bohai Bay Basin, North China. Basin Res. 33, 364–381. doi:10.1111/bre.12470
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhu, Pan, Zhang, Zhang and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 30 May 2022
doi: 10.3389/feart.2022.894059


[image: image2]
Reservoir Architecture in Tide-Dominated Estuary: A Case Study of McMurray Formation Oil Sand Reservoir in the Athabasca Block, Canada
Weixue Zhang1,2, Jixin Huang3*, Wenjie Feng1,2, Lixin Wang1,2, Haojie Shang1,2 and Yanshu Yin1,2*
1School of Geosciences, Yangtze University, Jingzhou, China
2Key Laboratory of Exploration Technologies for Oil and Gas Resources, Yangtze University, Jingzhou, China
3Research Institute of Petroleum Exploration and Development, Beijing, China
Edited by:
Chen Zhang, Chengdu University of Technology, China
Reviewed by:
Yuming Liu, China University of Petroleum, China
Xiaoming Zhao, Southwest Petroleum University, China
* Correspondence: Jixin Huang, 105217632@qq.com; Yanshu Yin, yys@yangetzeu.edu.cn
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 11 March 2022
Accepted: 10 May 2022
Published: 30 May 2022
Citation: Zhang W, Huang J, Feng W, Wang L, Shang H and Yin Y (2022) Reservoir Architecture in Tide-Dominated Estuary: A Case Study of McMurray Formation Oil Sand Reservoir in the Athabasca Block, Canada. Front. Earth Sci. 10:894059. doi: 10.3389/feart.2022.894059

This paper presents a detailed description of the sedimentary characteristics and architecture model of the tidal-dominated estuary reservoir in the Lower Cretaceous McMurray formation. Based on a thorough study of the core data, 13 lithofacies were recognized. The lithofacies associations were divided into nine types of architecture elements, that is channel, salt marsh, fluvial point bar, tidal point bar, mud flat, mixed flat, sand flat, tidal bar and offshore. Through the combination of high resolution seismic data and well data, the architecture model was established. The boundary surfaces of each architecture elements are depicted and the logging characteristics is concluded. The cross-section is constructed to reveal the superimposition model of different architectural elements with the seismic profiles. The plane and vertical distribution of architectural elements are revealed and the sedimentary model is constructed. In the longitudinal section of estuary, the architecture elements is fluvial deposits (channel, fluvial point bar, and salt marsh), tidal flat (mud flat, mixed flat, and sand flat), tidal bar, tidal flat and offshore from land to sea. In the cross section, tidal bar, sand flat, mixed flat, mud flat, tidal point bar and salt marsh are distributed successively from the center to the sides. Tidal bars and sand flats are the best reservoirs in terms of physical properties. We focus on the analysis of their architecture and summarize their stacking patterns. We propose tidal bars as compounds are lateral accretion. Tidal bar has high-angle continued lateral accretion, with a dip angle of 6–12°. Sand flat also has lateral-migrated characteristics, but their dip angle is 2–6° which is smaller than tidal bars. As a result, the dimension and stack of a single tidal bar and sand flat are quantified. The tidal bar was lateral stacking or vertical stacking with lateral-migrated or forward-migrated sand flat and existed vertical and lateral erosion-filling phenomenon. Tidal bars have width of 100–550 m and length of 800–2,400 m, and sand flats are 300–2,500 m long. Tidal bars and sand flats made up the best reservoirs. The study provides some insights for future research of estuarine sedimentary patterns and reservoir architecture.
Keywords: tide-dominated estuary, McMurray Formation, architecture elements, tidal bar, sand flat, lateral accretion
1 INTRODUCTION
Estuary deposit is one of the most significant coastal products, which is closely associated with human activities and petroleum exploration. This results in extensive attention to estuary deposits here, recently (Crerar and Arnott, 2007; Rahnama et al., 2013; Cheng et al., 2020; Wang L. et al., 2021). The oil sands in the estuary have been a subject of continued research, especially on their formative mechanism and sedimentary characteristics. Boggs (2012) studied the geomorphologic, hydrodynamic and depositional characteristics of the estuarine system and analyzed the depositional characteristics of the tidal flat. The formation of estuary is mainly controlled by rate in sea-level fluctuations, bedrock morphology and sediment supply (Tessier et al., 2012). The frequent fluctuation of sea level leads to incised valley reservoirs in estuaries where tidal bars are developed. Tidal bars are one of the important architecture elements of estuaries. Fenies and Tastet (1998) indicated that sand bars developed in estuaries were composed of different types of S-shaped sand units. Olariu et al. (2012) proposed that tidal bars generated lateral-accretion architecture and their long axis almost parallel both to tide current direction and to the strike of the lateral-accretion master surfaces. Tang et al. (2019) established the spatial distribution of the paleo-estuarine tidal bar for the first time, which can assist future research in analyzing the architecture of stacked fluvial and estuarine deposits. The development of different parts of sand flat varies greatly, and the superposition pattern with tidal bar also affects the petroleum production. They are less well preserved underground, making it difficult to anatomize their architecture. The internal architecture of tidal bars has been studied previously, but the superposition patterns between tidal bars and sand flats need further research.
Reservoir architectural element analysis has been further researched, especially in fluvial-delta environments (Feng et al., 2019; Wang et al., 2020a; Wang et al., 2022a; Wang et al., 2022b). Allen (1983) and Miall (1985), Miall (1988) proposed the analysis method to recognize architectural elements by distinct lithologic characteristics and architecture boundaries, which is widely applied in fluvial-delta field studies (Wang et al., 2020b; Wang X. et al., 2021). However, the estuary reservoir was strongly reworked by the interaction of river and tidal flow. This bi-directional current in an estuary reservoir promote gradually-transited lithologic characteristics among different architecture elements. As a result, it is difficult to identify architectural boundaries of architectural elements in the estuarine reservoir by the typical analysis method. At present, the estuarine architecture remains to be further studied. Sufficient and high-quality data ensure that we can identify the boundary of the architectural element.
In this paper, we integrate lithologic interpretations from core data and high-resolution seismic interpretations to recognize detail characterize the architecture of estuarine reservoir, taking McMurray Formation in Athabasca Block, Albert Basin as a case study. The aims of this paper include that: 1) recognizing architecture elements and their corresponding lithofacies in the estuarine reservoir; 2) revealing lateral and vertical architectural patterns within the tidal bar and sand flat compounds. Finally, we attempt to establish an architectural model of estuarine reservoir. The results of this paper will provide some insights for inter-well prediction during reservoir exploration and development.
2 GEOLOGICAL SETTING
The Alberta Basin is an NW-SE foreland basin between the Canadian Shield and the Rocky Mountains, which covers an area of more than 140,000 km2 (Hein et al., 2008). The study area is located in the Athabasca block of the Alberta Basin in northeastern Alberta (Figure 1A). The enrichment of Athabasca’s oil sands resulted from Rocky Mountain orogeny, which began in the Jurassic when the Eastern Pacific plate pushed under the North American continental plate. Most of the bitumen in the Athabasca oil sands is located in the McMurray Formation of the Lower Cretaceous Mannville Group, which unconformably overlies the Middle to Upper Devonian carbonate of the Beaverhill Lake, Woodbend, Winterburn, and Wabamun Groups (Hauck et al., 2017). The Devonian carbonate is low in the north and high in the south (Figure 1B), which affects the differentiation of the sediments of the McMurray Formation.
[image: Figure 1]FIGURE 1 | (A) Location map of the study area; (B) The study area regional paleozoic structure map. The seismic data is located in dense well pattern area.
According to the lithological characteristics, Carrigy (1959) divided the McMurray Formation into three members: Lower McMurray, Middle McMurray, and Upper McMurray from bottom to top. The Upper and Middle McMurray deposition was stable, and the Lower McMurray was generally absent. The sandstone of the Middle McMurray Formation filled in a super large incised valley on the interface of the second-order sequence. At the same time, affected by the dual action of rivers and oceans, reservoirs had complex internal structures and superposition patterns, which greatly affected the distribution of oil and water and the development of oil sands in steam assisted gravity drainage (SAGD). It is urgent to carry out fine reservoir architecture analysis to provide a geological guarantee for the efficient development of oil sands.
The McMurray Formation is a third-order sequence, and only transgressive system tract and highstand system tract were developed in the study area (Hein and Cotterill, 2006), corresponding to the Middle McMurray Formation and Upper McMurray Formation. Frequent vertical erosion and filling deposition occurred with long-term transgression and multiple short and medium-term transgression-transgression (Westerhold et al., 2005). Four base levels up-and-down cycles occurred in the Middle and Upper McMurray Formation, which resulted in four unconformity surfaces and corresponding incision-filling deposition (Barton and Seibel, 2016). It affected the distribution of deposits, especially tidal bars in Upper McMurray.
According to the lithology and logging data, the McMurray Formation of the target interval was divided into five layers: Middle-McMurray, McMurray-U2, McMurray_U1-2, McMurray_U1-1 and McMurray-TOP from bottom to top. However, affected by differences in physical properties and depositional processes, McMurray-U2, McMurray_U1-2 and McMurray_U1-1 were important reservoirs, so we mainly focused on the three layers in this architecture study.
3 DATA AND METHODS
The study area covers 1,360 km2, with more than 30 km2 of 3D seismic data in the dense well area, including logging data from 281 conventional wells, core data from 168 coring wells, and grain size data from 67 wells. The area with seismic data is the main sedimentary area and the focus of our research. In combination with abundant core data, logging data and high-resolution seismic data, we paid attention to reservoir architecture identification and internal structure analysis of the estuary, established reservoir architecture models of estuary in the study area, analyzed the scale of reservoir architecture, and provided a reference for efficient development of oil sands.
Based on cores data and laboratory data, we analyze core color sedimentary structures, sorting, grain size and bioturbation to identify the boundary of the architectural elements. According to the analysis results, we classify the types of lithofacies, lithofacies association and architecture elements. The lithofacies were identified and the architectural elements were defined.
We used high-quality seismic data to determine the relationship between time and depth through time-depth calibration. Architecture anatomy was performed using calibrated seismic profiles. Three profiles with seismic data in dense well pattern area were selected for architecture analysis. By analyzing seismic reflection characteristics and the combination of layer correlation, lithofacies types and combinations, architecture elements are determined, the internal architecture and contact relationships between tidal bar and sand flat are defined, and the architecture scales are determined. According to the distribution of lithofacies association, the horizontal facies map is analyzed and the horizontal distribution model was determined. The evolution of sedimentary architecture elements was analyzed.
4 FACIES ANALYSIS RESULTS
4.1 Lithofacies Identification
Phillips (2011) identified 18 facies and 5 sedimentary facies associations with a detailed scheme, but it didn’t classify the fluvial deposits in detail. While Tang et al. (2019) identified 13 facies and 4 facies association, the tidal flat was not classified in detail in the scheme. This study classified 14 lithofacies types and 9 lithofacies associations (Table 1) after the above two classification schemes (Figure 2). We classified fluvial deposits into channel, fluvial point bar and salt marsh, and tidal flat into sand, mixed, and mud flat.
TABLE 1 | Lithofacies classification scheme for the interval of interest in the study area of the Athabasca block.
[image: Table 1][image: Figure 2]FIGURE 2 | Lithofacies core data of F1-F13. (A) 120,809,114, depth 183.9 m; (B) 101,508,813, depth 181.8 m; (C) 1,030,088,130, depth 184.5 m; (D) 121,209,014, depth 198 m; (E) 122608814, depth 184.6 m; (F) 151908813, depth 192 m; (G) 071908913, depth 211.5 m; (H) 071908913, depth 213 m; (I) 161109014W400, depth 201.2 m; (J) 121209014, depth 202.7 m; (p) 160109014, depth 188.4 m. (K) 160,109,014, depth 209.9 m. (L) 103,208,913, depth 206.5 m; (M) 071,908,913, depth 199.9 m; (N) 160,109,014, depth 194.2 m; (O) 071,908,913, depth 181 m; (Q) 022,709,014, depth 172.4 m; (R) 071,908,913, depth 193.7 m.
4.1.1 F1: Low Angle Cross-Bedded Fine Sandstone
There are typical phenomena such as herringbone cross-bedding and tabular cross-bedding. It was dominated severe bioturbation; mud interlayers were rarely seen, and clasts and pebbles were occasionally seen at the bottom. The bottom had scoured surface.
4.1.2 F2: Lenticular to Wavy Sandy Mudstone
The interbedded sand-mudstone was typical of lenticular to wavy sand-mudstone. It has wavy and lenticular bedding, uneven lithology distribution, and collapsed mud conglomerate. There were ichnological characteristics.
4.1.3 F3: Ripple to Massive Sandstone
F3 developed wavy and lenticular bedding. It is often associated with F2, but showed varying bioturbation intensity and proportions of sandstone, silt, and mudstone.
4.1.4 F4: Well Bioturbated Heterolithics
The lithofacies ranged in proportions of sand, silt, and mud, but were typically mud-dominated. Successions illustrated decimeter to meter scale fining- and muddier-upward trends. Highly bioturbated heterolithic media characterized it.
4.1.5 F5: Laminated Very Fine-Grained Sand
The lithofacies were dominated by small-angle parallel bedding and wavy bedding, followed by flaser bedding, with sporadic heterogeneous distribution. Bioturbation intensity ranges from weak to moderate. The sandstone was moderately sorted and the bitumen saturation was low. There were ichnological characteristics.
4.1.6 F6: Chaotic, Inter-Bedded Silt- and Mud-Stone
Plant root traces and bioturbation were found. Many bioturbations led to modification and destruction of original sedimentary structures. Light grey silt mud, silt, and light brown fine-grained sandstone were presented in varying proportions. Poor oil saturation.
4.1.7 F7: Rooted White to Light Grey Organic Mudstone
Massive Bedding: One was gray to light gray mudstone (Figure 2I), which had no biological disturbance, and the permeability of sediments was poor at a distance from the river channel; another was the thinly interbedded deposition composed of dark gray organic mud and coal. F7 is a back-marsh deposit reflecting a high water level in the supratidal zone and vertical accretion at the distal end of an active channel.
4.1.8 F8a: Well Burrowed Inter-Bedded Sand, Silt and Mudstone
Wavy bedding was observed, and strong bioturbation destroyed the interbedded structure of mud and sand. There were coal lines, less bioturbation, higher clay content and silty. There were different proportions of bioturbation interbedded sand, silt and mudstone, sporadic distribution of shell fragments, small bivalves, scattered organic debris and coal debris.
4.1.9 F8b: Bioturbated Silt, Fine Sand
There were parallel bedding and wave bedding. High mud content and mud is mainly disturbed by biological vigorous, vertical and high angle drilling developed. Ichnology was more developed and diverse. The distribution of bioturbation was regular, heterogeneous to homogeneous. The development of shale laceration reflected the strong hydrodynamic conditions.
4.1.10 F9: Moderately Bioturbated Fine-Grained Sand
It was black fine-grained sandstone with parallel bedding and herringbone cross-bedding, and inclined muddy interlayer existed. Bioturbation was sporadic and heterogeneous, and it showed an upward trend.
4.1.11 F10: Upper-Fine to Medium-Grained Large Scale Cross-Stratified Sand
The lithofacies was a tidal bar deposit on the edge of the estuary, with large-scale tabular cross-bedding and herringbone cross-bedding, reflecting the high-energy depositional environment. The lithology was very fine sand-medium sand. Bioturbation is sporadically distributed, with little disturbance.
4.1.12 F11: Cryptobioturbated Medium-Grained Sand
The lithology was fine and medium-grained sandstone, trough cross to low angle cross sandstone with low oil saturation. Interpreted as the crest of a shallow sea or the shore surface (Phillips, 2011). More specifically, the lithofacies was interpreted as highly energetic deposition with a mix of wave and tidal processes.
4.1.13 F12: Bioturbated Fine-Grained Siltstone
This lithofacies was interpreted as shallow fully marine proximal lower shoreface deposition during fair-weather conditions. It was characterized by bioturbation, good sorting, fine sandstone to siltstone, and poor oil saturation. It reflected the sediments when seawater deepened during transgression. The mudstone at the top had lenticular bedding and tabular cross-bedding.
4.1.14 F13: Glauconitic Sand
In this lithofacies, apparent glauconitic sand could be seen, which had a high degree of biological transformation and was easy to homogeneous with sandstone. The lithofacies was visible throughout the top of the McMurray Formation.
4.2 Lithofacies Associations
Different periods of lithofacies associations form architecture elements. Lithofacies associations of architecture elements were identified by comparing the core characteristics of the cored wells. There are nine kinds of architecture elements. Then the relationship of logging data and architecture elements (Figure 3) were summarized.
[image: Figure 3]FIGURE 3 | The relationship of logging data and architecture elements.
The Gr is maxium in offshore. Tidal bar and sand flat have low Gr with reverse rhythm, while the Gr of mixed flat and mud flat present weak positive rhythm. The sediment of fluvial facies showed high Gr indicating shale index. It shows that tidal bar and sand flat are high-quality reservoirs.
F1 is a sandy channel filling deposition (FA1). Affected by the tide, the hydrodynamic force was weakened, the deposited fine sand was violently disturbed with low mud content.
F2 and F3 were fluvial point bar deposition (FA2) that were typically characterized by inclined and heterogeneous stratification, and they were formed in an environment with great changes in water flow (Thomas et al., 1987).
F5 and F6 were tidal point bar deposition (FA3), including tideway, tidal creek, which were deposited in contact with salt marsh. Fluvial point bar is river deposits, and tidal point bar is tidal deposits.
F4 and F7 were salt marsh (FA4), which were the sedimentary products of Middle-McMurray. The presence of plant root traces and the lumpy and brittle coal seams suggested that sediments were continuously deposited and vertically accreted in a humid, low-energy salt marsh environment.
F8a was mud flat (FA5), and F8b was mixed flat (FA6). F8a and F8b developed in association and assemblages. The difference lies in the amount of mud content. They were formed in a tidal environment with alternating hydrodynamic strength and weakness, and their formation process was mainly affected by tidal activity.
F9 was sand flat deposition (FA7), mainly parallel bedding. FA7 was a sandy deposit under a high-energy hydrodynamic environment under the action of high-speed tidal currents. They were the lateral-migrated bar deposits at the edge of shallow bays dominated by tides.
F10-F12 were tidal bar (FA8). It was upward-coarsening and was interpreted to be a “tidal bar” (Mutti 1985). Tidal bars should be generated lateral accretion deposits, not the forward-accretion coset, which vertical succession was typically about 5 m thick (Dalrymple and Choi, 2007).
F13 was distal offshore deposition (FA9) in a mixed tide- and wave-influenced setting dominated by fair-weather deposition with remnant distal tempestites above storm wave base. Glauconite deposits are widespread on present-day continental shelves (Odin, 1985). Thus, the presence of glauconite indicates open marine, very slow sedimentation.
Tidal flats (mud flats, mixed flats, and sand flats) and tidal bars were very developed in the reservoir, among which tidal bars and sand flats were high-quality reservoirs, mainly developed in the upper member of the McMurray Formation.
5 ARCHITECTURE ANALYSIS RESULTS
5.1 Profile Characteristics of Architecture Elements
According to Miall’s architecture surface division scheme (1985, 1988), we defined third and fourth order surfaces in seismic profiles (Figure 4A). The third-order surface was the accretion surface of the same lithofacies association, both sides of the surface had the same lithofacies association; The third-order surface represents the deposition of the same facies association in different periods. The fourth-order surface was the top surface and bottom surface of the architecture elements, such as surfaces of tidal bars and point bars.
[image: Figure 4]FIGURE 4 | (A) The left one is 2D seismic profile of the cross-section in the vertical provenance direction, the Gr curve on the right side of the logging curve, and the RESS curve on the left side. The right one is the location of the profile. (B) Architecture element analysis of the connected well profile in the direction of cutting provenance direction.
Seismic reflection characteristics can be a good indicator of the periods or boundaries of architecture elements. Inclined reflections from seismic profiles reflects the inside periods or boundaries of architecture elements. The periods or boundary surfaces can be recognized when combined with lithofacies and logging data.
It can be seen that the Mid-McMurray was severely eroded through the analysis of the cross-section in the direction of vertical provenance (Figure 4). In U2, there was lateral accretion in mixed flat and vertical accretion in mud flat. The mud flat and the mixed flat were in lateral splicing contact, and they were erosion-filling deposits. In U1-2, the inclined reflection structure of the architecture elements can be seen from Well A1 to Well A4 (Figure 4A), it was a tidal bar compound lateral accretion structure. There were architecture elements boundaries between Well A4 and Well A5, it changed from tidal bar to sand flat and then to mud flat. In U1-1, apparent boundaries of architecture elements can be find. Still, it is not apparent about their internal structure. The sand flat covered the bottom of U1-1, and the tidal bar covered the top of U1-1 from Well A1 to Well A4, and it mainly was vertical accretion due to the environment of deep water.
The direction of vertical provenance was closer to the marine, the fluvial incised degree was smaller than the section of A1–A5. So the Middle McMurray Formation survived between wells B1 and B5 (Figure 5). Tidal flat was mainly deposited in U2. In the seismic slice interpretation of U1-2, there was a very obvious lateral-migrated feature inside the architecture elements between wells B2–B7. The logging curve was reverse rhythm, which means it was a compound tidal bar. In U1-1, tidal bars covered the top of sand flats.
[image: Figure 5]FIGURE 5 | (A) The left one is 2D seismic profile of the cross-section in the vertical provenance direction, the Gr curve on the right side of the logging curve, and the RESS curve on the left side. The right one is the location of the profile. (B) Architecture element analysis of the connected well profile in the direction of cutting provenance direction.
In the cross-section along the provenance direction (Figure 6), the Middle McMurray was eroded by fluvial incision, and the sediments remained incomplete. In U2, the sand flat and the mud flat deposited laterally, and we can see the boundary of architecture elements between wells C6 and C7 (Figure 6A). Sand flats were lateral-migrated, and it was lateral splicing with mud flat. The mixed flats would be destroyed by storms or enhanced tidal hydrodynamic. The tidal bar in U1-2 contacted with the sand flat laterally spliced. According to the seismic interpretation, the internal structure of tidal bars was lateral accretion, and the sand flat was the forward accretion. In U1-1, tidal bar and sand flat contact deposition can also be observed.
[image: Figure 6]FIGURE 6 | (A) The left one is 2D seismic profile of the cross-section in the provenance direction, the Gr curve on the right side of the logging curve, and the RESS curve on the left side. The right one is the location of the profile. (B) Architecture element analysis of the connected well profile in the direction of vertical provenance direction.
Middle McMurray deposits are fluvial (channel, salt marsh, and fluvial point bar) and tide way deposits (tidal point bar, salt marsh). U2 is mainly tidal flat deposits, U1-2 and U1-1 mainly occurred tidal flat and tidal bar deposits. The evolution sequence of the study was estuarine coastal plain-inner estuary, inner-middle estuary and outer estuary.
5.2 Horizontal Characteristics of Architecture Elements
The McMurray Formation mainly developed the system of tidal bar and tidal flat (Figure 7). The main tidal bar is disturbed in the main axis of incised valley, with a length of about 14 km and a width of about 4 km, and are composed of multiple lateral accretions of different periods. There are many tidal bars in the north landward, which are smaller and more unstable because the river current here is still relatively strong, coupled with the compound action of the bi-direction tidal current, the transformation is relatively strong, and their distribution direction is related to divergent tide currents’ distribution directions. The sand flats is distributed on the edge of tidal bars and have lateral accrertion with inclined mud interlayers. Due to the limited data conditions, only the dense well pattern area with high resolution data is divided into the sedimentary periods of the architecture elements in the north side. From the land to the sea, the muddy interlayer decreases land then increases, indicating that the hydrodynamic force increases first and then weakens. It mainly because the superposition of tide and river current when occurs ebb tide. Mixed flats deposite on the outside of sand flat, with more mud interlayer and bioturbation. Mud flat has higher mud content and stronger bioturbation.
[image: Figure 7]FIGURE 7 | Map view of the architecture pattern in U1-2 of McMurray Formation. The blue dotted line in tidal bars represented the periods of tidal bars, indicating that the large-scaled tidal bar compounds consisted of lateral accretion.
Architecture elements can be analyzed by combining horizontal map and profile. Architecture elements in section of B1–B7 change from mud flat, mixed flat, to sand flat, tidal bar, and then to sand flat (Figure 7), which is consistent with the interpretation of profile’s architecture elements (Figure 5). The architecture elements are lateral stacking.
The eroded zone in U1-2 of McMurray Formation (Figure 7) is a succession deposit that occurred after the early deposition of the Upper McMurray. Long-term transgression results in the sedimentary system’s landward retrogradation, but residual areas may still remain caused by short-term retrogradation to preserve.
5.3 The Architecture Patterns Between Tidal bar and Sand Flat
The seismic profile summarized the superposition pattern between the lateral-migrated tidal bar and sand flat. There were four superposition patterns (Figure 8) between tidal bar and sand flat. The tidal bar was lateral stacking with lateral-migrated sand flat (NO-T1) or forward-migrated sand flat (NO-T2). These two patterns often occurred in U1-2 normally. The following two patterns often occurred in U1-1. The tidal bar was vertical stacking with lateral- migrated sand flat (NO-T3) or forward-migrated sand flat (NO-L1).
1) NO-T1: Tidal bar is vertical stacking on the lateral-acctrtion sand flat, and its internal structure characteristics are not obvious due to the limitation of seismic data resolution. However, the hydrodynamic force is weak at this time because the sea level has risen to a relatively height, and the edge of tidal bar may be with a small dip angle or a foreset accretion. The sand flat has a lateral accretion architecture and a small lateral dip angle, indicating a strong hydrodynamic environment. As a result, sea level is rising.
2) LO-T2: Tidal bar is also vertical stacking on sand flat, but the sand flat is forward-accretion. At the bottom, the sand flat deposited incised valleys with lateral accretion. The sand flat at the top is in vertical stacking with tidal bar, and its bottom shape is flat with vertical accretion. It suggests weakened hydrodynamic forces and rising sea levels.
3) LO-T3: Tidal bar and sand flat are in lateral stacking, which are lateral accretion. The dip angle of tidal bar is larger than sand flat. The shape of the tidal bar is like a channel influenced by an incised valley, reflecting a short-term of regression. The incised valley was filled by the tidal bar subsequently indicates the occurrence of transgression. The clay content is less than sand flat. Erosion and filling may exist in tidal bar and sand flat, indicating a strong hydrodynamic environment.
4) LO-L1: Lateral stacking between lateral accretion tidal bar and forward accretion sand flat. The lateral structure of tidal bars caused by high energy hydrodynamics, which is the superposition of tidal energy and river energy. Forward accretion sand flats are generally affected by one kind of current energy or weak superimposed current energy.
[image: Figure 8]FIGURE 8 | The superposition patterns between tidal bar and sand flat. The superposition patterns are based on profiles of seismic interpretations.
5.4 The Scale of Architecture Elements
Through the analysis of seismic slices and architecture elements (Figure 6), the Middle McMurray had residual thickness between Well B1 and Well B5 and the distance was approximately 2,600 m. The residual thickness between Well B2 and Well B4 was relatively large, and the width is about 1,000 m; the internal stratum was flat and developed, mainly vertical accretion, and point bars with small incision and filling. The U2 sublayer is incised and filled, with a lateral sand flat in the east and a tidal flat in the west; the U1-2 layer had noticeable incision filling characteristics, mainly mixed flat outside the river valley, and tidal bar in the river valley. The strong seismic reflection structure (Figure 6) can be seen from Well B2 to Well B7 as a lateral accumulation structure. The scales of lateral accretion bodies vary greatly, ranging from 160 m to more than 360 m in width, and dip angles range from 9 to 12°. U1-1 is dominated by tidal bars that became thicker from the south to the north, showing an obvious facies transition along the source; the lateral deposition angle is 6–8°. Corresponding to dip angles of lateral accretion, the mud interlayers into tidal bars and sand flat also has high dip angles that should be noticed because they can negatively influence reservoir quality. Using the same method, the seismic slices of four sections and the elements scale of connected well facies were analyzed, and the scale data of sand flats (Table 2) and the scale data of tidal bars (Table 3) were obtained.
TABLE 2 | The table of sand flat scale data.
[image: Table 2]TABLE 3 | The table of tidal bar scale data.
[image: Table 3]According to Table 1, the lateral angle of sand flats is 1.8–5.9°, the length is about 314.8–2,492.1 m, and the width is about 69.2–498.8 m. The lateral angle of the tidal bar is 1.7–12.3° from Table 2, the length is about 834.7–2,426.7 m, and the width is about 99.6–549.3 m. Compared to the modern estuary tidal bar (Figure 11A), the scale is reasonable. Sand flats generally have a smaller lateral angle than tidal bars.
6 CHARACTERISTICS OF ARCHITECTURE ELEMENTS EVOLUTION
It is common to analyze the sedimentary evolution of transverse and longitudinal sections and plane maps. This paper analyzes the sedimentary evolution of architecture elements through the fence diagram of transverse and longitudinal sections.
From the 3D fence diagram (Figure 9), the McMurray formation was deposited in the Devonian carbonate basement. There were regional unconformities in the carbonate basement, and the ancient geomorphology is rugged. Paleo-valleys developed where the early deposition of the Middle McMurray Formation took place. In Middle McMurray, mainly salt marsh and point bar deposited, channel deposits can also found accidentally. In Upper McMurray, tidal flats and tidal bars deposited and the distribution range of tidal flat and tidal bar system became more extensive and moved to the southeast direction during the evolution process, indicating that the marine area expanded during this period. The superposition pattern of tidal bar and sand flat changes from lateral stacking to vertical stacking. The lateral-migrated tidal bar and sand flat direction is consistent with the direction of ebb tide in the longitudinal profile, indicating that the ebb tide mainly controls the formation of tidal bar. The tidal flat system filled in U1-2; the tidal flat and tidal bar existed in U1-2 and U1-1. Two periods of large composited tidal bars appeared in the seaward northwest, and in U1-1 moved seaward compared with the earlier one in U1-2. The small tidal bars spread landward and divergent flows controlled the spread direction. The spread area of the later layer in U1-1 was wider than the early layer in U1-2, which means the marine area expanded during this period. It can confirmed the deposits developed all over the study area in U1-1. So the sedimentary system evolved landward in total. At the top of McMurray, offshore deposited all over the area, indicating open marine. It was an evolution from estuarine coastal plain to inner-middle estuary, and last to outer estuary. The sedimentary evolution of architecture elements was mainly retrogradation with rising sea levels. The sedimentary system moved to the landward.
[image: Figure 9]FIGURE 9 | 3D fence diagram of architectural elements. A large lateral-migrated tidal bar was deposited in the northwest seaward; occasional erosion and filling in the southeast landward existed. The Middle McMurray wasn’t our main study layer, we simplified its architecture elements: points bar including tidal point bar and fluvial point bar, salt marsh including salt marsh and channel.
7 DISCUSSION
An estuary is a transgressive coastal environment at the mouth of a river that receives sediment from both fluvial and oceanic sources. Tidal bar is one of the important parts of the estuary. Lateral accretion seems to be a key process of sediment accretion (Billy et al., 2012). We believe that sand flat also has the characteristics of lateral-migrated deposition. Modern estuarine sediments can provide evidence for lateral-migrated tidal bars.
The middle and late Holocene Columbia River was described as an estuary (Jay and Smith, 1990; Baker et al., 2010), and it was a marine transition that is located in North America. Columbia River Estuary is dominated by flood-tidal function, and its sedimentary system is affected by plate tectonics and sea level. Columbia River Estuary is deposited in the bedrock valley, and the valley has been filled with Pleistocene and Holocene fluvial and estuarine sediments (Sherwood and Creager, 1990). The Columbia River estuarine sedimentary environment is very similar to our study area, which is essential for interpreting the subsurface architecture of the McMurray Formation. A satellite image of the modern deposition of the Columbia Estuary (Figure 10A) shows the development of multiple tidal bars at the mouth of the estuary and a large lateral-migrated tidal bar at the outer estuary. As shown in Figure 10B, the large tidal bar is elongated and consists of multiple lateral accretion bodies in different directions that agree with our opinion. But it is difficult for sand flats to prove for sand flat generally locate underwater, and theoretically, we think there is lateral accretion inside sand flats.
[image: Figure 10]FIGURE 10 | (A) Google Earth satellite image of a modern tide-controlled estuarine sedimentary system (Columbia River Estuary); (B) The low tide level at the Columbia River mouth is a large composited tidal bar.
According to the horizontal distribution characteristics and the patterns of modern deposition, the horizontal distribution model of the architecture elements was presented (Figure 11). The channel and point bar was upstream of the estuary, and salt marsh deposited on the sides of the fluvial. There was also salt marsh on the sides of tidal flat. Tidal currents came into being tideway and encircled with salt marsh. Near the mouth of the estuary, influenced by hydrodynamic force from fluvial and tidal, the sediments were reformed strongly, and only small tidal bars were left. The hydrodynamic force became weak in the seaward and tidal currents transported marine sands into there, for which the sediments more easily remained and a large tidal bar deposited. In this situation, high angle continuous lateral accretions in different directions formed together as a giant tidal bar. It is a tidal-dominated estuary system around tidal bars, and deposited in a sand flat, mixed flat and mud flat sequence from tidal bar and coastal plain.
[image: Figure 11]FIGURE 11 | The horizontal distribution pattern of the architecture.
The formative process of the tidal bars is fascinating and worthy to study. Inside the estuary, it is mainly controlled by the ebb tide, allowing the river to superimpose itself on the tide. But how do tidal flows affect the buildup still needs to make a deep study. Also, the sea level fluctuated frequently, and it considerably affected the stratigraphic framework; starting with the sea level cycle can be a good method to study the evolution of the estuary.
8 CONCLUSION
This paper provides a detailed description of the McMurray Formation in the study area using the core data, logging data and seismic characteristics. We demonstrate that 14 kinds of lithofacies and 9 kinds of architecture elements. The nine types of architecture elements are channel, salt marsh, fluvial point bar, tidal point bar, mud flat, mixed flat, sand flat, tidal bar, and offshore deposits. In vertical view, fluvial point bar, tidal point bar, salt marsh and channel were in the Middle McMurray Formation; tidal bar and tidal flat (sand flat, mixed flat, and mud flat) deposited in Upper McMurray Formation, and their distribution range widened from bottom to top; later, the offshore covered the top of McMurray. It was a process from estuarine coastal plain to inner-middle estuary, then to outer estuary. The sedimentary system moved in the landward, corresponding to increased sea level. In map view, fluvial point bars and salt marsh are developed on sides of the channel. And tidal flat, tidal bar, tidal flat and offshore are developed in the seward of the channel. Salt marshes are distributed along estuarine coastal plain connecting with tidal point bar, which spreads outside the tidal flat.
Tidal bar and sand flat have low Gr with reverse rhythm shows that tidal bar and sand flat are high-quality reservoirs. Sand flats and tidal bars have four types of superposition patterns. The tidal bar in dense well pattern was lateral stacking or vertical stacking with lateral-migrated or forward-migrated sand flat. Lateral stacking often occurred in U1-2 and vertical stacking often occurred in U1-1. The tidal bars of the main sedimentary area were wide-band with typical high-angle continuous lateral accretion located in the incised valley of the main tide. Fluvial currents hardly influence it. It is a large complex with a lateral angle of 6–12°, a width of 100–550 m, and a length of 800–2,400 m. The landward tidal bars reformed by powerful bi-directional currents, resulting in smaller scale than compounds seaward. Sand flats often superimposed with mixed flats. Erosion and filling occasionally occured inside sand flat. The lateral angle of sand flat is 2–6°, and the length is about 300–2,500 m.
The McMurray formation deposited in unconformities of Devonian carbonate basement. Its sediments gradually transitioned from fluvial to tidal sediments. In Upper McMurray, tidal flats and tidal bars became more extensive and moved to the northwest direction in the process of evolution, indicating that the marine area expanded.
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Thermal contact clastic rocks provide a new potential type of hydrocarbon reservoirs for expanding exploration targets. However, the development mechanism of this type of reservoir remains enigmatic. Authigenic hydrothermal carbonates associated with magmatism exert significant controls over physical properties of the contact reservoirs. Therefore, the origin and trace of hydrothermal carbonates are key issues for reservoir development elucidation of thermal contact reservoirs and need to be further investigated. The current study takes the typical hydrocarbon area of thermal contact metasandstone reservoirs from the Funing Formation, northern Slope of Gaoyou sag, as a case study, aiming to unravel the origin and trace of authigenic hydrothermal calcites developed in thermal contact reservoirs, mainly using strontium and oxygen isotopic geochemistry proxies combined with petrological and mineralogical analyses. Authigenic hydrothermal calcites are distinguished, and their distribution characteristics are examined in thermal contact rocks. Subsequently, the origin and migration trace of the hydrothermal-related calcites are clarified. This study has significant implications for intensive understanding of reservoir development mechanism and reservoir evaluation and prediction of thermal contact clastic rocks.
Keywords: thermal contact rocks, hydrothermal calcites, contact diagenesis, Gaoyou sag, Funing Formation
INTRODUCTION
In recent decades, numerous hydrocarbon reservoirs at the contact zones of magmatic intrusions were continuously explored in many sedimentary basins worldwide. Furthermore, the contact metamorphic zone and intrusive edge can act as an integrated reservoir (Zhang, 2000; Wu et al., 2006; Liu et al., 2019). This finding has challenged the conventional perspective, which concluded that hydrocarbon should not occur at the vicinity to magmatic zone. In eastern China, massive thermal contact metamorphic reservoirs were explored in the Mesozoic–Cenozoic rifted basins, which were characterized by wide occurrence of frequent and wide-range magmatic activities. In particular, mudstones can be altered to be potential hydrocarbon reservoirs after the thermal contact metamorphism caused by magmatic intrusion. For instance, metamudstone reservoirs in the Dongying sag and slate reservoirs in the Jizhong sag are becoming critical hydrocarbon reserves in the Bohai Bay basin (e.g., Wu et al. and Liu et al., 2016).
Previous studies have documented that multiple authigenic minerals (e.g., carbonates, quartz, and clay-related metamorphic minerals) were formed in contact zones of intrusive magma during contact diagenesis (Ros, 1998). These authigenic minerals have influences on reservoir petrophysics at different degrees, thus being important subject for developing mechanism of hydrocarbon reservoirs (Rateau et al., 2013; Liu et al., 2016). In particular, the authigenic carbonate had critical controls on reservoir because it was very sensitive to fluid environment (i.e., it could precipitate or be dissolved in fluids of different temperatures or metal concentrations; Therkelsen, 2016; Liu et al., 2019). However, the origin and migration pathways are still enigmatic due to chemical property instability and complicated fluid environment of hydrothermal carbonates, which confined our further understanding of developing mechanism of the contact metamorphic reservoirs.
Taking the Funing Formation of Gaoyou sag, Subei Basin, as a case study in the current research, we mainly adopted strontium and oxygen isotopic analysis, coupled with petrophysical measurement and lithology and mineralogy study, to elucidate and decipher the origin and trace of hydrothermal carbonates in the hydrocarbon reservoir intruded by diabase. This study provides mechanism understanding for reservoir diagenesis associated to magmatic intrusion, thus having great significance for reservoir assessment and prediction.
GEOLOGICAL SETTING
The Subei Basin, located in eastern China (Figure 1A), is a rifted basin developed from the Mesozoic and Paleozoic basement. The Subei Basin comprises the Dongtai and Yanfu depressions and the Jianhu uplift, covering a total area of ∼ 3.5 km2 × 104 km2. The Gaoyou sag was formed at the center of the Dongtai depression due to uneven uplifting caused by late Cretaceous Yizheng movement and Cenozoic Wubao movement (Yang and Chen, 2003; Liu et al., 2016). The northern slope, covering an area of 1,300 km2, is a major hydrocarbon zone of the Gaoyou sag (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) General location of the Gaoyou sag. (B) Structural map showing the distribution of intrusive diabase and well locations at the studied interval (modified after Liu et al., 2019).
Diabase dikes and sills are widely distributed in the Gaoyou sag, particularly in the northern slope (Figure 1B). Previous studies revealed that two stages of magmatic activities occurring during the period of Sanduo movement were related to diabase intrusion in the Funing Formation of the Gaoyou sag (Mao, 2000; Hu, 2010). Well-logging and seismic interpretations reveal that diabase intruded dominantly as hypabyssal or concordant sills and multiphase intrusive diabase were superimposed complexes with thicknesses ranging from several meters to more than 200 m (Wang et al., 2007; Figures 2A,B). The diabases and contacting metamorphic zones (metamudstones and metasandstones), characterized by low porosity and permeability and high heterogeneity, are important hydrocarbon reserves in the northern slope of the Gaoyou sag. Thus far, nearly eighty production wells have been drilled, and commercial oil and gas flow have been found in 20 wells in the Matouzhuang, Huazhuang, Facaizhaunge, Xiejiazhuang, Shanian, and Chenbao regions (Figure 1). To date, 2.4 t × 104 t of crude oil has been produced in diabase and their contact metamorphic complex reservoirs (Liu et al., 2019).
[image: Figure 2]FIGURE 2 | Well-logging data (A) and seismic profile (B) showing spatial distribution of intrusive diabase and contact sandstones in the Gaoyou sag.
SAMPLES AND METHODS
Core samples with a total length of 82.50 m were obtained from exploration wells (see Figure 1). Full-length core specimens were analyzed preliminarily at fieldwork to avoid weathering surfaces or veins for further experimental measurements.
Multiple microscopic observations were conducted on impregnated, casting, and CL thin sections. The detailed observation procedures are referred to Liu et al. (2016). The mineral contents and porosities were determined by image analysis, using the point counting method (i.e., counting 300 points on a single piece of thin sections). The result is given in the Table 1.
TABLE 1 | Petrophysical features measured from the cored wells (note that 1) Por-c refers to porosity values obtained by using the point counting method in the current study; 2) Por-m refers to porosity values obtained by laboratory measurements; and 3) Por-m and permeability are provided by report from the Jiangsu Oilfield).
[image: Table 1]Strontium and oxygen isotopes (87Sr/86Sr and δ18O) were analyzed using micro-area and in situ methods by applying the laser ablation method. The marked thin sections were sent for LA-ICP-MS (an LSX-200 UV laser ablation system equipped with an NdYAG laser emitter and a helium carrier). Detailed parameter settings were carried out following Liu et al. (2017). The detection error was better than ±0.000002 and ±0.1‰ for 87Sr/86Sr and δ18O, respectively. All δ18O data were documented as V-SMOW standard. All the measured isotopic data are given in Table 2.
TABLE 2 | Strontium and oxygen isotopes measured from cored wells in the studied area.
[image: Table 2]The analyses mentioned previously were exclusively conducted at the State Key Laboratory of Petroleum Resources and Prospecting in China University of Petroleum, Beijing.
RESULTS
Lithology and Mineralogy
The intrusive rock is mainly composed of basic plagioclase and augite of ∼ 50 and ∼ 40%, respectively. It displays a typical diabasic texture which is characterized by similar grain sizes of plagioclase and augite grains and the frame spaces of plagioclase grains filled with augite, chlorite, and hematite grains (Figure 3A). Some other minor minerals, including olivine, biotite, and apatite, are developed. Chloritization widely occurs at the diabase edges. In the closely contacting metasandstones, three types of authigenic carbonates can be classified according to morphologies, sizes, and cathodoluminescences: 1) coarse-sized calcites—they are usually developed as pore-filling cements among quartz grains characterized by coarse sizes ranging from 200 to 500 μM; for example, dolomite coating is commonly developed as rinds in the contact metasandstones (Figure 3B); 2) fine-sized calcites—this type of calcites, with sizes ranging from 50 to 200 μM, commonly occur as authigenic mineral fillings in micropores of the metasandstones and are often distributed in array (Figure 3C); and 3) micritic calcites—this type of calcites is characterized by sizes usually less than 50 μM and distributed in fractures or microfissures of the contact metasandstones (Figure 3D). The fine-sized and micritic calcites often display blue to purple CL features (Figures 3E,F). On the contrary, the coarse-sized calcites usually exhibit orange to red CL features (Figures 3G,H).
[image: Figure 3]FIGURE 3 | Photomicrographs showing the lithology of intrusive and contact metamorphic zone from the studied interval. (A) Columnar plagioclase grains are randomly distributed with frame spaces being filled with augite grains, composing typical diabasic texture. Z-1 well, 1,615.55 m, cross-polarized light (XPL). (B) Coarse-sized calcites (c-Cal) are developed as cements of quartz or feldspar grains in the contact sandstones, coated by dolomite rinds. C-6 well, 2011.68 m, XPL. (C) Fine-sized calcites (f-Cal) are linearly distributed along micropores developed in the contact sandstones. S-7 well, 2,683.88 m, plane-polarized light (PPL). (D) Micritic calcites (m-Cal) are developed in fractures in contact sandstones. C-6 well, 2015.44 m, XPL. (E) f-Cal-type dominated sandstones (PPL) commonly show (F) blue to purple cathodoluminescence feature (CL). S-7 well, 2,866.15 m. (G) c-Cal-type dominated sandstones (PPL) usually display (H) orange to red CL characteristics. C-6 well, 2035.18 m.
Strontium and Oxygen Isotopes
Strontium isotope (87Sr/86Sr): Strontium isotopes from three different zones, namely, the diabase intrusion, the contact metasandstones, and the overlying unaltered sandstones (Figure 2), showed significant variations. The 87Sr/86Sr ratios of the unaltered sandstones ranged from 0.708135 to 0.708489, with a mean value of 0.708293. On the contrary, the altered metasandstones influenced by diabase intrusion exhibited low 87Sr/86Sr ratios, with the values ranging from 0.706991 to 0.707936 and the mean value of 0.707393. The diabase edge exhibited extremely low 87Sr/86Sr values compared with metasandstones, with 87Sr/86Sr ratios ranging from 0.706112 to 0.707000 and a mean value of 0.706490 (Table 2).
Oxygen isotope (δ18O): Similar to strontium isotopes, oxygen isotopes from the three different zones exhibited pronouncedly variable ratios, with their values ranging from 25.98 to 27.53‰ (mean value of 26.73‰), from 9.26 to 20.11‰ (mean value of 13.76‰), and from 9.05 to 10.25‰ (mean value of 9.43‰) of unaltered sandstones, contact metasandstones, and intrusive diabase, respectively (Table 2).
Porosity and Permeability
The porosities from the point counting method and experimental measurement exhibited similar values of unaltered sandstones, contact metasandstones, and intrusive diabase, with their values ranging from 14.89 to 32.80% (mean value of 24.17%), from 11.36 to 30.52% (mean value of 19.08%), and from 3.87 to 11.55% (mean value of 6.57%), respectively (Table 1). The permeability of the three zones, namely, the overlying unaltered sandstones, the contact metasandstones, and the diabase intrusion, exhibited different ratios, with values ranging from 22.69 mD to 251.12 mD (mean value of 116.12 mD), from 15.69 mD to 298.81 (mean value of 95.80 mD), and from 9.89 mD to 21.89 mD (mean value of 14.59 mD), respectively (Table 1).
DISCUSSION
Calcite Origins
Except for autochthonous calcites being precipitated during the syndepositional period, the allochthonous carbonates formed at the diagenetic stage is another major source of calcite. The latter source of carbonates fills reservoir pores as authigenic minerals, thus controlling the reservoir property significantly (Huang, 1990; Vahrenkamp and Swart, 1990; Machel and Burton, 1994; Warren, 2000; Machel, 2004; Liu et al., 2022). In the studied interval, the calcite samples are accumulated into two clusters according to their mineral sizes, morphologies, CL lights, and strontium and oxygen isotopes (Figure 4). The strontium isotope composition (87Sr/86Sr) of the diagenetic carbonates is mainly composed of two contrasting sources, namely, high radiogenic “continental Sr” derived from terrestrial flow and low radiogenic “mantle Sr” of magmatic origin with values of 0.712 ± 0.001 and 0.703000, respectively (McArthur et al., 2001; Korte et al., 2003; Huang et al., 2008). The variation of two sources determined the 87Sr/86Sr composition of authigenic carbonates. Obviously, the studied fine-/micritic-sized calcites should originate from the hydrothermal components produced by diabase intrusion because the 87Sr/86Sr composition of these calcite samples is close to mantle Sr. This inference is consistent with other features. First, the temperature of the hydrothermal fluids introduced by magmatism was often much higher than that of diagenetic fluids, thus displaying pronouncedly depleted oxygen isotopes (Figure 5). Second, cathodoluminescences are different in calcites of different origins, with terrestrial-origin calcite displaying orange to red color CL, marine-origin calcite exhibiting no CL feature, and magmatic-origin calcite showing blue to purple CL light (Huang, 1990; Veizer et al., 1999). The CL feature of the studied fine-/micritic-sized calcites indicated their magmatic source. Moreover, the temperature decreases rapidly when hydrothermal fluids intrude into contact sandstones, thus resulting in rapid crystallization of authigenic minerals and forming fine-sized calcites (Heald and Rention, 1966; Robert et al., 2005; Liu et al., 2015). On the contrary, the calcites characterized by orange to red CL lights exhibit typical terrestrial-origin features with respect to coarse mineral sizes and high 87Sr/86Sr ratios. Hence, the fine- and micritic-sized calcites originated from hydrothermal fluids are related to diabase intrusion in the studied area, while the coarse-sized calcite cements were derived from diagenetic fluids occurring before this magmatism.
[image: Figure 4]FIGURE 4 | Integrated scatter diagram showing calcite sample clustering of different sizes, CL, and strontium and oxygen isotopes. Detailed description is given in the text.
[image: Figure 5]FIGURE 5 | Lithology-based correlation of wells S-2 and S-14 showing the evolution of strontium and oxygen isotopes and sericite contents. Detailed interpretation is provided in the text.
Trace of Hydrothermal Calcites
High-temperature magma can heat formation water, thus driving water convection in connected porosities of the reservoir sandstones when diabase is intruding into overlying formation (Enrique et al., 1997; Liu et al., 2015). It is believed that hydrothermal fluids circulate for many times and water–rock reactions repeatedly occur in the rock frame until the temperature difference disappears between the hydrothermal fluids and formation water (Etheridge et al., 1983; Wood and Walther, 1986). However, the hydrothermal convection may not occur under a complex situation, especially when the rock framework collapsed to maintain pressure balance and the porosity system was not connected (Haszeldine et al., 1984; Knut et al., 1988). In this scenario, upward unidirectional flow occurs (Wood and Walther). In the studied interval of the Gaoyou sag, strontium and oxygen isotopes increased constantly at an upward direction (Figure 5), revealing that the proportion of hydrothermal fluid was constantly decreasing. Hence, unidirectional flow, instead of the hydrothermal convection, occurred during the intrusion of diabase in the studied area. Otherwise, it should exhibit homogeneous isotopic features due to multiple circulation of flows. This inference is consistent with the fact that contents of hydrothermal calcites decreased constantly (Figures 6A,B). It is noteworthy that the range of metasandstone influenced by diabase intrusion is closely associated with porosity but is weakly linked with permeability (Figures 6C,D). This correlation in the studied interval reveals that the intrusion of diabase brought massive energy, thereby causing indiscriminate breakthrough of hydrothermal fluids in the contact sandstones. However, large pores could accommodate more high-energy hydrothermal fluids, thus forming a relatively thick range of metasandstone.
[image: Figure 6]FIGURE 6 | Crossplots (A) and (B) showing the correlations of the content of hydrothermal-origin calcites (h-calcite) versus distance from diabase and hydrothermal-origin calcite size, respectively. Crossplots (C) and (D) showing the correlations of thickness of metasandstone versus average porosity and permeability of contact metasandstones, respectively. Detailed explanation is given in the text.
CONCLUSION
The following conclusions can be drawn from our study:
1) The fine-/micritic-sized calcites filling in metasandstone porosities originated from hydrothermal fluids introduced by diabase intrusion in the Funing Formation of the Gaoyou sag, while the coarse-sized calcites occurring as cements were derived from diagenetic fluids before this magmatism.
2) The flowing of hydrothermal-origin calcites was upwardly unidirectional, thus constantly forming positive drifting of strontium and oxygen isotopes. Meanwhile, this flowing was an indiscriminative breakthrough of the hydrothermal fluids in contact sandstones, regardless of permeability variations of the contact sandstones. However, the metasandstones of large pores could form a thick range of potential reservoir because of more high-energy hydrothermal fluids being accommodated.
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Deep fluid activity is closely related to carbonate reservoir transformation as well as oil and gas accumulation. The large-scale deep fluid activity caused by Emeishan large igneous province (ELIP) brought a lot of deep material and energy to Sichuan Basin and changed the paleogeothermal and geochemical field of the region they flowed through, which had an important impact on the formation of the Middle Permian dolomite reservoir in Western Sichuan. Through comprehensive analyses of petrographic, geochemical, and fluid inclusion data from two drill cores and three outcrop sections of the Middle Permian Formation in the Western Sichuan Basin, the dolomitizing fluid, dolomite genesis, and effect of deep fluid were discussed. The dolomite was divided into four types which are matrix dolomites (Md1, Md2, and Md3) and cement dolomites (Cd). Among them, the Md1 was formed in penecontemporaneous seawater by seepage reflux dolomitization, while Md2 was formed in heated Permian seawater through thermal convection. In the northwest of the study area, the Md3 and Cd were formed by higher-temperature thermal convection without hydrothermal. In the southwest of the study area, the lower δ13C value and Sr contents, higher Mn contents and 87Sr/86Sr ratios, and positive Eu anomalies as well as much higher Th and salinity values of inclusions show that hydrothermal participated in the dolomitization, forming the Md3 and Cd through structure-hydrothermal dolomitization and the thermal convection of seawater mixed with hydrothermal. The deep fluid activities of ELIP provided both the material source (Mg2+) for the dolomitization process and the migration motive power for the dolomitization fluid. From the southwest to northwest, with the deep fluid activity decreasing, the abundance of Md3 and Cd, which are closely related to the hydrothermal solution, reduced.
Keywords: deep fluids, hydrocarbon accumulations, dolomite reservoirs, Sichuan Basin, dolomitization
1 INTRODUCTION
In recent years, the significance of oil and gas accumulation of deep fluid is an important research topic in the field of oil and gas geology. Large-scale deep fluid activities bring a large amount of deep material and energy to the basin, change the paleogeothermal field and geochemical field of the region they flow through, and significantly change the composition and properties of sedimentary rocks directly (such as contact metamorphism) or indirectly (such as regional magmatic heating and compression fracture) and then further affect all stages of oil and gas formation and evolution in the basin (Liu et al., 2010; Zhang et al., 2021). Deep fluids mostly refer to all fluids from below the basement of sedimentary basins (Jin et al., 2002; Liu et al., 2005; Hu, 2016), including deep rigid crustal- and mantle-derived fluids. Some scholars also classify hydrocarbon source thermal fluids related to hydrocarbon generation under deep burial conditions as deep fluids (Dai et al., 1995). Crust-derived fluids often come from deep ancient strata and crystalline basement and are often related to volcanic magmatic events (Hu, 2016). Mantle fluid is dominated by the C-H-O-S system, with alkaline elements, rare gases, and a small amount of trace components (Zhang et al., 2000). Deep source thermal fluid has obvious distinguishing signs in terms of rock mineralogy, fluid inclusions, and geochemical anomalies (Hu, 2016). In addition, heavy metal elements, magmatism, deep structure, and paleogeothermal anomalies (Zeng, 2000; Jin et al., 2002) can be used as evidence of deep fluid transformation or activity.
In Southwest China, Emeishan large igneous province (ELIP) is the first recognized large igneous province in China by international academic circles (Xu et al., 2004, 2008; Sun et al., 2010). The deep fluid activity brought by large-scale basalt eruption made the deep material and energy migrate to the surface, affected the shallow surface system, magmatic and hydrothermal metallogenic system (Du et al., 2020), and controlled the sedimentary characteristics and lithofacies paleogeographic environment of its influence range (He et al., 2003; Xu et al., 2004; Song et al., 2008). Among them, the Middle Permian dolomite reservoir in Sichuan Basin, as a high-yield horizon that plays an important role in natural gas exploration in Sichuan Basin, is particularly affected by the deep fluid related to ELIP. The explaining models of dolomitization of Middle Permian dolomite are varied, such as mixed water (Badiozamani, 1973; Zhang et al., 2018), basalt leaching (Jin and Feng, 1999), seepage reflux (Adams and Rhodes, 1960), burial (Mattes and Mountjoy, 1980; Jiang et al., 2009), hydrothermal (Jiang et al., 2014; Xia et al., 2020), and thermal convection (Simms, 1984; Machel, 2004), and superposition of multistage (Tian et al., 2014). Among them, the hydrothermal dolomitization related to the ELIP is generally accepted (Huang et al., 2011; Chen et al., 2013; Ramkumar et al., 2019; Zheng et al., 2019).
While the hydrothermal dolomitization may be persuasive in explaining the genesis of dolomite near ELIP and fault zones, the dolomites in distal zones may not be convincing as the latter lack typical hydrothermal features in geochemistry and petrology, such as high homogenization temperatures (Th) and typical hydrothermal minerals like fluorites and siderites (Chen et al., 2013; Zheng et al., 2019), providing evidence for nonhydrothermal dolomitization which may be drawn as thermal convection (Dong et al., 2020). Thus, it can be seen that the material and energy brought by deep fluid activities change with distance and accordingly have different effects on the formation of dolomite under different mechanisms.
Previous studies mainly focused on the influence of sedimentation, structure, and diagenesis on dolomitization, while less on deep fluid. Through petrological, fluid inclusion, and geochemical analysis, we studied the dolomitization fluid types, thermal conditions, and formation mechanism of the Middle Permian dolomite reservoir in the Western Sichuan Basin. We expounded on the influence of the changes of paleogeothermal and paleochemical fields caused by the deep fluid activity related to the Emeishan large igneous province (ELIP) on dolomitization, which provided an important reference significance for further understanding the role of deep fluid activity in the reconstruction of carbonate reservoirs in sedimentary basins.
2 GEOLOGICAL SETTING
The Sichuan Basin, a composite superimposed craton basin with multiple tectonic cycles, is part of the Upper Yangtze Block of southern China (Figure 1A), located at low latitudes near the equator on the eastern side of the Paleo-Tethys Ocean in the Permian (Scotese and Schettino, 2017). It is bound by the Emeishan–Liangshan fold belt in the southwest, the Longmenshan fold belt in the northwest, and the Songpan-Ganzi, Qinling, and Dabashan fold belts in the north (Mei et al., 2014; Mei et al., 2016; Zheng et al., 2019). The study region is located in the Western Sichuan Basin, spans the regions of Emei, Yaan, Leshan, Jiangyou, Guangyuan, and Wangcang (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Simplified location map of the Sichuan Basin in China. (B) Distribution of tectonic zones, ELIP zones, and basalts in the Sichuan Basin (modified after Huang et al., 2016; Dong et al., 2020). (C) Sedimentary map of the Middle Permian in the Western Sichuan Basin with the location of study outcrops and wells. (D) Generalized stratigraphic column of the Middle Permian (Guadalupian) succession in the Western Sichuan Basin (Zhou et al., 2016; Feng et al., 2021).
The Middle Permian in the Sichuan Basin consists of the Qixia Formation and the Maokou Formation, which conformably overlies the Liangshan Formation and unconformably underlies the Wujiaping (Longtan) Formation. The sedimentary facies of Middle Permian in Western Sichuan are generally shallow-water carbonate platforms with normal to high salinity and abundant marine organisms (Figure 1C) (Wei et al., 2010; Zhou et al., 2016). After the long hiatus from the Late Carboniferous to Early Permian, there occurred a large-scale transgression in the Upper Yangtze region during the Kungurian, followed by a steady sea level decrease, and there was a transition from the coal-bearing clastic shore facies of the Liangshan Formation to carbonate platform facies of the Qixia Formation (Zhao et al., 2012). Subsequently, in the late Kungurian, the decrease in the sea level became steady. The rifting and extension was the dominant tectonic movement during this period due to the subduction of the Paleo-Tethys oceanic crusting toward the Yangtze plate (Zhao et al., 2012; Xiao et al., 2018; Zhu et al., 2019). The Qixia Formation mainly consists of gray dolomite, dark-gray thin-bedded limestone, and medium-to-thin-bedded bioclastic limestone. With the activity of Longmenshan fault, the west side of the Longmenshan fault resides on the lower terrain, deepening the water of the basin (Figure 1C) (Chen, 2009; Wei et al., 2010; Huang et al., 2017). During the early Guadalupian, large-scale and long-term transgression occurred (Hu et al., 2012; Saitoh et al., 2013). The Maokou Formation was in the deep-water depositional environment. Thus, the sediments of the Maokou Formation are mainly deposited as thick layers of dark-gray bioclastic limestone, black muddy limestone, shale, and a few gray dolomites (Chen et al., 2013) (Figure 1D).
The study area was buried rapidly after deposition according to the reconstructed burial history model of the Middle Permian strata of Well Hanshen1 (Figure 2) in the southwestern part of our study area. Then, there was a small structural uplift due to the Variscan orogeny (Dongwu Movement), with the erosion of varying degrees to the Maokou Formation owing to the uplift related to the magmatic upwelling before the eruption of the Emeishan basalt (He et al., 2003; Zheng et al., 2019). Subsequently, the Permian strata increasingly subsided during the Triassic. It was not until the latest Triassic that an uplift (without exposure and erosion) due to the Indosinian Movement appeared. Followed by the continuous increase in burial depth from Jurassic to Paleogene, the strata were not uplifted again until the Neogene because of the constant Himalayan Orogeny (Richardson et al., 2008).
[image: Figure 2]FIGURE 2 | Schematic map of burial history, paleotemperature, and paleoheat flow distribution of the Middle Permian (the blue part) in Well HS1 of the Western Sichuan Basin (Cai et al., 2004; Zhu et al., 2010; Wei et al., 2016; Zheng et al., 2019).
From the end of the Guadalupian to the beginning of the Lopingian, the Variscan orogeny (Dongwu Movement) occurred. Emeishan basalts erupted on a large scale in pace with the activity of the Emeishan mantle plume, forming a large igneous province (Mahoney and Coffin, 1997; Courtillot et al., 1999). The general understanding of the eruption time is considered to be about 260 Ma lasting for less than 3 M.y. (He et al., 2007; Shellnutt et al., 2012; Dong et al., 2020). Evidence confirmed that the Emeishan large igneous province (ELIP) caused faulting which raised the regional geothermal temperature. There experienced a heat flow which commenced at ca. 290 Ma. The heat flow increase gradually during the Permian period and peaked when the ELIP erupted at ca. 259 Ma. In the study area, the paleoheat flow was relatively high in the southwestern (50–120 mW/m2) while relatively low in the northwestern (50–75 mW/m2) (Zhu et al., 2010; Dong et al., 2020).
3 SAMPLES AND METHODS
In this study, a total of 7 samples of the Xinjigu (XJG) section, 11 samples of the Zhangcun (ZC) section, 5 samples from the drill cores of Well HS1, 18 samples of the Hejialiang (HJL) section, and 7 samples from the drill cores of Well K2 in Western Sichuan Basin were collected for geochemical and fluid inclusion analyses. The lithologies of the samples are dominated by dolomite (41 samples) and limestone (7 samples) (Figure 3; Tables 1–4). We attempted to select samples without impurities, and thus the samples were taken from fresh sections of drilling cores by micro-drilling; all samples were identified under a microscope (including alizarin red and potassium ferricyanide staining and casting slice analysis). At the same time, the samples used for geochemical analysis were carefully sorted under binoculars to avoid calcite veins and bright calcite cement as far as possible to ensure the reliability of the classified samples. The samples were ground in an agate mortar at a slow speed and pulverized into a 200-mesh sieve (<75 μm).
[image: Figure 3]FIGURE 3 | Stratigraphic correlation of Middle Permian in the study area, showing the distribution of dolomites and samples.
TABLE 1 | Stable isotope data for Middle Permian carbonates of the Western Sichuan Basin.
[image: Table 1]TABLE 2 | Major and trace elements data for Middle Permian carbonates of the northwestern (NW) study area (10−6 mg/g).
[image: Table 2]TABLE 3 | Major and trace elements data for Middle Permian carbonates of the southwestern (SW) study area (10−6 mg/g).
[image: Table 3]TABLE 4 | Fluid inclusion data of Middle Permian dolomites from the Western Sichuan Basin. (Th—homogenization temperature; Tm—ice melting temperature).
[image: Table 4]The C, O isotopic assays were processed and analyzed at the Key Laboratory of Orogenic Belts and Crustal Evolution, Peking University, China. Samples were measured using the IsoPrime 100 instrument after 16 h of soaking in 99% phosphoric acid at 70–80°C with an analytical accuracy of ±0.1‰. All results were conducted under the Vienna Peedee Belemnite standard (VPDB). Sr isotopes were also analyzed in the same place. The samples were dissolved in HCl, and measurement was performed using a Triton™ mass spectrometer with a standard deviation of ±1.0 × 10−5.
Trace elements and rare Earth elements (REEs) analyses were implemented at the Sichuan Metallurgical Geological Rock and Mineral Testing Center, China, using the ICP-MS, with an analytical precision of ±5‰. Mn and Sr were tested by atomic absorption spectrophotometry, of which the detection limits were 5 and 42 ppm, respectively, and the errors were 13% and 14%, respectively. The measured REE concentrations were normalized to the Post-Archean Australian Shale composite (PAAS) (Pourmand et al., 2012), with results marked by the subscript, SN, after normalization.
Owing to the general anomaly of La in marine carbonate rocks, it was inappropriate to use δCe = Ce/Ce* = CeSN/(0.5LaSN + 0.5PrSN) to calculate the Ce anomaly (Bau and Dulski, 1996; Zhou et al., 2008; Liu et al., 2017). It was more accurate to use δCe = Ce/Ce* = CeSN/(Pr2SN/NdSN) instead. Since there was a lack of the abnormally enriched Gd, the formula Eu/Eu* = EuSN/(0.5SmSN + 0.5TbSN) was used to calculate the Eu anomalies (Bau and Dulski, 1996). The (Nd/Yb)SN ratio was used to reflect the relative enrichment of light REE (LREE) and heavy REE (HREE) in fractionation.
Fluid inclusion microthermometry was conducted at the Microscopic Hydrocarbon Detection Laboratory of China University of Geosciences (Wuhan). The homogenization temperatures (Th) and final melting temperatures (Tm) were measured by a Linkam THMGS600 heating-freezing stage for two-phase aqueous inclusions. The accuracy of Th and Tm are ±1°C and ±0.1°C, respectively. Salinities were calculated by Tm using the formula according to Steele–MacInnis et al. (2011).
4 RESULTS
4.1 Petrological Characteristics
The carbonate rocks in the Western Sichuan Basin were mainly composed of limestones, dolomites, and transitional rocks such as dolomitic limestones and limy dolomites. The dolomite samples of the study area can be divided into matrix dolomite (Md) and cement dolomite (Cd, dominated by saddle dolomite), of which the Md samples can be further divided into three types, which are Md1 with very finely to finely crystalline, Md2 with medium to finely crystalline and Md3 with coarsely to medium crystalline (Bissell and Chilingar, 1967; Dong et al., 2020). The characteristics of these four types of dolomites mentioned previously are described as follows:
(1) Md1 usually appears gray–dark-gray in the hand specimen. It has a very finely to finely crystalline size (<0.25 mm) and is mostly xenomorphic with indistinct crystal rims with relatively dense and low porosity (Figure 4A). It partly preserves sedimentary fabrics from the precursor limestones and occasionally develops terrestrial quartz grains. Generally, Md1 is found at the bottom of the Qixia Formation and the middle-bottom of the Maokou Formation.
(2) Md2 consists of planar-e to planar-s dolomite crystals with unhomogeneous sizes of 50–450 μm. The crystals are commonly with cloudy-core and clear-rim textures (Figure 4B). It preserves no original fabrics and merely retains a few ghost outlines of the precursor particles. There exist abundant intercrystalline pores filled with bitumen (Figure 4C). It presents special dark patches associated with light limestone as partially dolomitized at the top of the Qixia Formation mostly in the northwestern Sichuan Basin, while completely dolomitized in the other parts.
(3) The Md3 appears brown-gray in the hand specimen. It consists of larger and more homogeneous crystals (350–800 μm), which are generally nonplanar-a and few planar-s. It differs from the Md2 as the crystals of Md3 are turbid without clear rims, showing sharp undulatory extinction under cross-polarized light (Figure 4G). Moreover, the Md3 is abundant in dissolution pores and fractures, which are partly infilled with bitumen or cement of quartz, dolomite, and calcite (Figures 4E, F, H). What is similar to Md2 is that their fabric structure is destroyed, which led the initial fabric and/or early diagenetic features which are hard to be remained.
(4) Cd is filled along the dissolution pores and fractures appearing white-gray–white. The crystal size is larger than that of Md (>400 μm). The crystals are nonplanar-a to saddle textures showing undulatory extinction under cross-polarized light (Figures 4C, D, I). The abundance of Cd is relatively lower in the northwestern Sichuan Basin compared to the southwestern Sichuan Basin (Liu et al., 2017; Zheng et al., 2019).
[image: Figure 4]FIGURE 4 | Photos showing petrographical characteristics of different dolomites. (A) Very finely to finely crystalline Md1 with residual bioclastic structure and early-stage dissolution vugs and microfracture preserved (Sample ZC-5); (B) Idiomorphic-hypidiomorphic crystalline Md2 with cloudy-core and clear-rim (Sample K2-2406.5); (C) Cd filling in the dissolved pores close to the Md2 and Md3 (Sample XJG-3-2); (D) cross-polarized photomicrograph of (C), Cd showing sharp undulatory extinction; (E) massive vugs and microfracture of Md3 are filled with calcite cements and bitumen (Sample HS1-4996); (F) Md3 with dissolved pores filled by authigenic quartz and calcite cements (Sample HS1-4977.9); (G) Md3 of coarsely to medium crystalline, nonplanar-a texture, and turbid crystals without clear rims, and the right half shows a sharp undulatory extinction under cross-polarized light (Sample HJL-10); (H) stylolites filled with bitumen-cut Md3 crystals and were later cut by microfracture filled with calcite cements (Sample HJL-13); (I) different-stage Cd filling in the hydraulic fracture close to the Md2 (Sample ZC-16).
4.2 Geochemical Characteristics
4.2.1 Stable Carbon and Oxygen Isotope Characteristics
In the northwestern Sichuan Basin, the δ13C values of the limestone range from 2.6‰ to 3.6‰ (avg. 2.9‰) and the δ18O values from −6.2‰ to −3.9‰ (avg. −5.4‰). The δ13C values of Md1 span from 1.5‰ to 2.7‰ (avg. 2.3‰) and δ18O values from −6.3‰ to −4.0‰ (avg. −5.4‰). For Md2, δ13C values are in the range of 1.0–3.5‰ (avg. 2.0‰) and the δ18O values are in the range of −6.6‰ to −4.3‰ (avg.−5.6‰). Obviously, the δ13C and δ18O values of both Md1 and Md2 overlap those of limestone as well as the δ13C (3.1‰–5.5‰) and δ18O values (−4.3‰–0.1‰) of calcites precipitated from Permian seawater (Korte et al., 2005; Mii et al., 2012; Buggisch et al., 2015). As for Md3, δ13C values are in the range of 2.0–3.0‰ (avg. 2.4‰) and δ18O values are in the range of −7.4‰ to −6.5‰ (avg. −7.0‰), lower than those of Md1 and Md2. (Table 1; Figure 9A). Moreover, the Cd are with δ13C values of 2.3‰–2.9‰ (avg. 2.7‰) and δ18O values of −7.4‰ to −6.9‰ (avg. −7.1‰), which apparently overlap that of Md3 (Table 1; Figure 5A).
[image: Figure 5]FIGURE 5 | Cross-plot of δ13C versus δ18O values of limestones and four types of dolomites in the Middle Permian compared to the Permian seawater (Buggisch et al., 2015). (A) Northwestern (NW) study area; (B) southwestern (SW) study area.
As for the southwestern Sichuan Basin, the δ13C values of the limestone range from 3.4‰ to 4.6‰ (avg. 4.2‰) and the δ18O values from −8.4‰ to −7.4‰ (avg. −7.8‰). The δ13C values of Md1 range from 3.8‰ to 4.3‰ (avg. 4.1‰) and the δ18O values from −8.6‰ to −5.2‰ (avg. −6.6‰). For Md2, δ13C values are in the range of 3.4‰–4.7‰ (avg. 4.0‰) and the δ18O values are in the range of −10.7‰ to −5.2‰ (avg. −7.3‰). Same as the northwestern Sichuan Basin, the δ13C values of Md1 and Md2 are also of a similar range to that of limestone and Permian seawater. As for Md3, δ13C values are 3.3‰–3.7‰ (avg. 3.5‰) and δ18O values of −11.6‰ to −11‰ (avg. −11.3‰), of which the δ18O values are much lower than that of Md1 and Md2. (Table 1; Figure 9A). In addition, Cd are with δ13C values of 2.1‰–3.4‰ (avg. 2.9‰). And the δ18O values of Cd range from −11.7‰ to −11.4‰ (avg. −11.6‰), which are the lowest all over the study area. Compared with the northwestern Sichuan Basin, the Md3 and CD of the southwestern Sichuan Basin possess the lower δ18O values at almost 4‰ (Figure 5B; Table 1).
4.2.2 Radiogenic Sr Isotope Characteristics
In the northwestern Sichuan Basin, The 87Sr/86Sr ratios of the limestone range from 0.70707 to 0.70771 (avg. 0.70735), fitting with the approximate 87Sr/86Sr ratio range for Permian seawater (0.70680–0.70807; Veizer et al., 1999; Korte et al., 2006; Wang et al., 2019; Dong et al., 2020). The 87Sr/86Sr ratios of Md1 are from 0.70737 to 0.70785 (avg. 0.70763), which are similar to those of Md2 that range from 0.70727–0.70769 (avg. 0.70750). As for Md3, the 87Sr/86Sr ratios are 0.70738–0.70760 (avg. 0.70746). In addition, the 87Sr/86Sr ratios of Cd are from 0.70764–0.70779 (avg. 0.70771). In general, all the 87Sr/86Sr ratios of the four types of dolomites largely coincide with the range of coeval marine limestone (Figure 6A; Table 1).
[image: Figure 6]FIGURE 6 | 87Sr/86Sr ratios of limestones and four types of dolomites compared to the Permian seawater (0.70680–0.70807) (Veizer et al., 1999; Korte et al., 2006; Wang et al., 2019; Dong et al., 2020). (A) Northwestern (NW) study area; (B) southwestern (SW) study area.
In the southwestern Sichuan Basin, limestone had the same 87Sr/86Sr ratio (0.70682–0.70753, avg. 0.70715) as that of the Md1 (0.70732–0.070774, avg. 0.70753) and Md2 (0.70709–0.70801, avg. 0.70759), fitted with the 87Sr/86Sr ratio range for Permian seawater as well. However, the other dolomite types palpably possess a much higher 87Sr/86Sr ratio, which are Md3 (0.70870–0.71065, avg. 0.70972) and Cd (0.70958–0.71018, avg. 0.70988) (Figure 6B; Table 1).
4.2.3 Major and Trace Elements
In the northwestern Sichuan Basin, limestones are characterized by the lowest Mn concentrations (11–38 ppm and avg. 29 ppm) and highest Sr concentrations (289–313 ppm and avg. 303 ppm), with an average Mn/Sr ratio of 0.09. The Mn contents of Md1 are 49–62 ppm, with an average of 57 ppm, which are higher than those of limestone. On the contrary, the Sr contents of Md1 (76–105 ppm, avg. 86 ppm) are much lower than that of the limestones. The average Mn/Sr ratio of Md1 is 0.68. The Mn and Sr contents of Md2 are 43–80 ppm (avg. 59 ppm) and 65–117 ppm (avg. 85 ppm), respectively, with an average Mn/Sr ratio of 0.71, which are all similar to those of Md1. Md3 is slightly enriched in Mn (56–72 ppm, avg. 66 ppm) but reduced in Sr (40–66 ppm, avg. 53 ppm), with an average Mn/Sr ratio of 1.29. The Mn and Sr contents of Cd are 48–58 ppm (avg. 52 ppm) and 52–86 ppm (avg. 71 ppm), respectively, with the average Mn/Sr ratio of 0.77. In general, the average Mn concentration of Md1, Md2, and Md3 are relatively constant, while that of Cd are slightly lower. Compared with Md1 and Md2, the Md3 and Cd hold the lower Sr concentrations (Figure 7A; Table 2).
[image: Figure 7]FIGURE 7 | Cross-plot of Sr versus Mn contents in limestones and four types of dolomites. (A) Northwestern (NW) study area; (B) southwestern (SW) study area.
In the southwestern Sichuan Basin, Limestones also owns the lowest Mn concentrations (30–50 ppm, avg. 44 ppm) and highest Sr concentrations (56–730 ppm, avg. 454 ppm), with an average Mn/Sr ratio of 0.27. The Mn contents of Md1 (62–264 ppm, avg. 77 ppm) are higher than that of limestone while the Sr contents of Md1 (63–71 ppm, avg. 67 ppm) are apparently much lower. The average Mn/Sr ratio of Md1 is 2. The Mn and Sr contents of Md2 are 89–152 ppm (avg. 114 ppm) and 48–115 ppm (avg. 65 ppm), respectively, with an average Mn/Sr ratio of 1.92, which are similar to those of Md1. Md3 is obviously enriched in Mn (112–315 ppm, avg. 202 ppm) but reduced in Sr (19–45 ppm, avg. 31 ppm), with an average Mn/Sr ratio of 7.9. The Cd possess the highest Mn concentrations (182–328 ppm, avg. 245 ppm) and lowest Sr (22–35 ppm, avg. 28 ppm), with the average Mn/Sr ratio of 9.39. In general, the average Mn concentration of Md1 and Md2 are relatively constant, while that of Md3 and Cd are much higher. Compared with Md1 and Md2, the Md3 and Cd hold the low Sr concentrations (Figure 7B; Table 2).
In the northwestern Sichuan Basin, the total contents of REEs (ΣREE) in most dolomites and limestones do not vary substantially, with mostly low values of 1.41–4.92 ppm (avg. 2.55 ppm), except for a few limestone samples (K2-2456.5) and Md1 samples (HJL-1, HJL-2, and HJL-3), with higher values of 10.46–15.38 (avg. 12.64 ppm). The PAAS-normalized REE of limestone and all types of dolomites consistently show flat REE patterns with negative Ce and Eu anomalies (Figure 8A). The Ce/Ce* values of all samples have small variations between 0.76 and 0.95 (avg. 0.85). However, the Eu/Eu* values of the different lithologies differ: those of limestone, Md1, and Md2 fall within a similar range from 0.69 to 0.87 (avg. 0.79), while those of Md3 and Cd are slightly higher (0.88–1.00, avg. 0.92, and 0.93–0.97, avg. 0.96, respectively) (Figure 9A; Table 2). The (Nd/Yb)SN ratios of Md1 and Md2 have a large range of 0.65–1.18 (avg. 0.85) while the Md3 and Cd have a narrower (Nd/Yb)SN range of 0.74–1.18 (avg. 0.91). In addition, the Y/Ho ratios of all samples are 42.81–78.64, with an average of 65.60 (Table 2).
[image: Figure 8]FIGURE 8 | Post-Archean Australian Shale (PAAS; Pourmand et al., 2012) normalized mean rare Earth element (REE) patterns of limestones and four types of dolomites. (A) Northwestern (NW) study area; (B) southwestern (SW) study area.
[image: Figure 9]FIGURE 9 | Cross-plot of Eu/Eu* versus Ce/Ce* ratios in limestones and four types of dolomites. (A) Northwestern (NW) study area; (B) southwestern (SW) study area.
In the southwestern Sichuan Basin, the ΣREE of Md1 is the highest (20.9–129.76 ppm, avg. 64.81 ppm), showing completely different mean REE patterns compared with that of limestone(3.49–17.86 ppm, avg. 8.79 ppm). The mean REE pattern of Md2 dolomite is similar to the limestone (Figure 8B), both showing relatively flat curves. The ΣREE of Md3 (1.19–6.58 ppm, avg. 2.72 ppm) and Cd (0.61–1.68 ppm, avg. 1.04 ppm) are both low, showing the similar mean REE patterns with positive Eu. The Ce/Ce* values of all samples also have small variations between 0.75 and 0.93 (avg. 0.85). The Eu/Eu* values of limestone, Md1, and Md2 fall within a similar range from 0.57 to 1.06 (avg. 0.89), while those of Md3 and Cd are higher (0.94–2.22, avg. 1.30, and 1.24–2.17, avg. 1.57, respectively) (Figure 9B; Table 3). The (Nd/Yb)SN of limestone (0.84–1.77, avg. 1.28) was higher than those of the other dolomites. The (Nd/Yb)SN of Md1 (0.95–1.12, avg. 1.06) and Md2 (0.66–1.33, avg. 1.05) are approximately the same, while the Md3 (0.55–1.34, avg. 0.84) and Cd (0.38–0.79, avg. 0.52) are lower. In addition, the Y/Ho ratios of all samples are 37.94–84.23, with an average of 57.89 (Table 3).
4.2.4 Fluid Inclusion Characteristics
A total of 36 fluid-inclusion samples in the northwestern Sichuan Basin were selected for measurement some of them were shown in the Figure 10. Fluid inclusions were not observed in the Md1. In the Md2, the fluid inclusion Th values range from 89°C to 125°C (avg. 107°C), and the Tm values range from −6.2°C to −2.6°C (avg. −3.9°C), with calculated salinities ranging from 4.2 wt% to 9.5 wt% (avg. 6.3 wt%). As for the Md3, the Th values range from 107°C to 144°C (avg. 128°C), with corresponding salinities of 5.1 wt% to 11.2 wt% (avg. 8.1 wt%). The fluid inclusion Th values of Cd are 125–143°C (avg. 132°C), with calculated salinities ranging from 8.1 wt% to 9.7 wt% (avg. 8.85 wt%) (Figure 11A; Table 4).
[image: Figure 10]FIGURE 10 | Photomicrographs showing fluid inclusion petrography. (A) Liquid-dominated fluid inclusions were distributed along the edge of the crystal (Sample HS1-4966); (B) liquid-dominated fluid inclusions in random populations were distributed evenly in a crystal without special orientation (Sample K2-2432.4); (C) liquid-dominated fluid inclusions outlined the growth zone of Cd (Sample ZC-22b); (D) isolated fluid inclusions in the limpid Cd crystal (Sample HJL-6C).
[image: Figure 11]FIGURE 11 | Cross-plot of homogenization temperatures (Th) versus salinity (calculated from final melting temperatures (Tm)) from fluid inclusions of Md2, Md3, and Cd. (A) Northwestern (NW) study area; (B) southwestern (SW) study area.
There are 26 fluid-inclusion samples selected in the southwestern Sichuan Basin. First in the Md2, the fluid inclusion Th values and corresponding salinities are 88–121°C (avg. 101°C) and 6.9–10.0 wt% (avg. 8.3 wt%), respectively. Second, the fluid inclusion Th values and calculated salinities of Md3 are 203–246°C (avg. 222°C) and 14.8–19.7 wt% (avg. 17.1 wt%), respectively. Lastly in the Cd, the Th values range from 187 to 243°C (avg. 209°C), with the salinities of 12.2–21.6 wt% (avg. 16.5 wt%). In general, the Th values and calculated salinities of Md3 and Cd are notably higher than that of the Md2, which are also far beyond that of samples in the northwestern Sichuan Basin (Figure 11B; Table 4).
5 DISCCUSSION
5.1 Estimation of the Fidelity of Geochemistry Data
The degrees of contamination of the samples by terrigenous clastic and diagenetic alteration were estimated to ensure the fidelity of the data before the result discussion. Terrigenous clastic contamination was assessed first. Trace elements of marine carbonate rocks are mainly affected by Fe and Mn oxides as well as terrigenous debris (such as shale) (Nothdurft et al., 2004). The Y/Ho ratios of global terrigenous sediments are relatively stabilized at a narrow range of 26–28, while that of marine sediments possess a larger range of 44–74 (Bau and Dulski, 1996; Webb and Kamber, 2000). The vast majority Y/Ho ratios of all samples in the northwest (42.81–78.64, avg. 65.60) and southwest (37.94–84.23, avg. 57.89) are within the range of marine sediments at the relatively high values, suggesting the minor influence of terrigenous input. Furthermore, the ΣREE of most samples in the study area is very low, which is also consistent with the low ΣREE feature of marine carbonates.
Second, the degree of diagenetic contamination was evaluated by the alteration of Sr concentrations and Mn/Sr values, for that the Sr is preferentially removed during the recrystallization of metastable carbonate rocks while the Mn is enriched in the formation of late Fe calcite cement (Kaufman, 1994; Korte et al., 2006). Generally, carbonates are considered to be without significant diagenetic alteration when Mn/Sr < 1.5 and δ18O > −10‰ (Fölling and Frimmel, 2002). The Mn/Sr ratios of all limestone samples in this study are <0.86, and the δ18O values are > −8.6‰, which fell into the scope mentioned earlier indicating that there is no significant diagenetic alteration in the limestone samples of our study area, which can reflect ancient seawater composition. Meanwhile, the Mn/Sr ratios of majority of dolomite samples in the northwest are lower than 1.5, suggesting that they experienced minor diagenetic alteration (Table 2).
5.2 Deep Fluid Together With Seawater as Dolomitizing Fluid
5.2.1 Formation of Md1
In both northwest (NW) and southwest (SW) Sichuan Basin, the Md1 are characterized by very finely to finely crystalline and original structure preserved. The δ13C values and 87Sr/86Sr ratio of Md1 are indistinguishable from that of the surrounding limestone and the Permian seawater (Korte et al., 2005; Mii et al., 2012; Buggisch et al., 2015; Wang et al., 2019; Dong et al., 2020), with the flat REE patterns almost in equilibrium with the surrounding limestone, indicating that the dolomitizing fluid was mainly coeval seawater. Moreover, the δ18O values of Md1 are comparable to that of limestone, confirming that the penecontemporaneous seawater may be dominated in the dolomitization. However, affected by the abnormal heat carried by the deep fluid related to ELIP, the δ18O values of Md1 are lower than those expected of normal Permian seawater dolomitizing fluids (Korte et al., 2005; Zhu et al., 2010). Furthermore, the δ18O values in the SW are evidently lower than that in the NW, which may be caused by the decline of the impact of deep heat fluid of ELIP from SW to NW (Figure 5). In addition, whether in the SW or NW, the δ18O values are evidently more negative than that of the typical evaporitic Permian dolomite (+0.2 to +7.4‰ VPDB) (Peryt and Magaritz, 1990; Melim and Scholle, 2002) and it barely developed evaporative deposits, which suggest that the dolomitizing fluids are not from the evaporating process. In conclusion, the dolomitization fluid of Md1 is considered to be penecontemporaneous seawater without strong evaporation.
5.2.2 Formation of Md2
The stylolites are relatively developed in Md2, which clearly cut through the dolomite crystal (Figure 4H). Previous studies showed that the burial depth of the fully formed stylolites in the carbonate rock is about 500 m (Buxton and Sibley, 1981; Fabricius and Borre, 2007), so the formation environment of Md2 dolomite is considered a shallow burial condition (<500 m). Similar to Md1, the range of δ13C values and 87Sr/86Sr ratios of Md2 overlap that of ambient limestone and the Permian seawater (Figures 5, 6), which indicates that the dolomitizing fluids of Md2 are also derived from the Permian seawater. Moreover, Md1 and Md2 possess similar concentrations of Mn and Sr, which shows that Md2 was formed just a little bit later than Md1 (Budd, 1997). At the same time, the sign of the strong water-rock alteration by other fluids (e.g. hydrothermal fluids) that would have changed the REE composition (Qing and Mountjoy, 1994) is hard to be found in the study area. And it is obvious that the REE patterns, Ce anomalies, as well as Eu anomalies of Md2, are similitude to those of the limestones (Figures 8, 9), which can be inferred that dolomitizing fluids were minimally affected by the external fluids. The δ18O values of most samples in the Western Sichuan Basin are lower than host limestones and the Permian seawater, reflecting a higher formation temperature. The fluid inclusions in the Md2 support the heated seawater dolomitizing fluids as well. The Th values measured in the fluid inclusion in the clear rims of Md2 (avg. 107.5°C in the NW and 101°C in the SW) are much higher than the maximum temperature of the shallow-burial 500 m strata (54°C, Dong et al., 2020). Meanwhile, the salinity calculated from Tm (avg. 6.3 wt% in the NW and 8.3 wt% in theSW) is higher than that of the Permian seawater (4.4 wt%), which may be related to the increased evaporation strength of seawater participating in thermal convection circulation due to the high temperature. Moreover, the evaporation in SW is stronger than in NW, thus showing slightly higher fluid inclusion salinity. Therefore, the dolomitization fluid of Md2 is considered to be originated from the Permian seawater in shallow burial strata, characterized by slightly higher temperature and salinity which may be caused by deep fluid related to ELIP.
5.2.3 Formation of Md3 and Cd
The genesis of dolomitization fluid of Md3 and Cd in the southwest (SW) differs from that of the northwest (NW) of the study area due to the different degrees of influence of deep fluids related to ELIP.
In the NW, the REE patterns, and ranges of δ13C values of Md3 and Cd are basically consistent with those of other matrix dolomites and limestone, together with the uniform petrologic features of matrix dolomites, supporting that the Permian seawater donated in dolomitization. The Sr contents of Md3 and Cd are slightly lower than that of Md2, while the Mn contents are slightly higher (Figure 7A), implying that Md3 were formed later than Md2. The Mn contents are lower than that of the deep buried or hydrothermal dolomitizing fluid (Widodo and Laya, 2017; Zhao et al., 2018), which indicates there is no massive Mn injected by external fluids under the relatively closed and weakly oxidized shallow burial environment ((Budd, 1997; Veizer, 1978; Hou et al., 2016). Owing to the absorption of the radiogenic 87Sr isotope, the hydrothermal dolomites are with high 87Sr/86Sr ratios (Montanez and Read, 1992; Davies and Smith, 2006; Wang et al., 2019; Dong et al., 2020). Apparently, the 87Sr/86Sr ratios of Md3 in the NW of our study area are much lower than those of hydrothermal dolomites, overlapping the range of 87Sr/86Sr ratios of Permian seawater (Figure 6A), excluding the hydrothermal origin of dolomitization fluid. However, the high-temperature deep fluid of ELIP still made an impact on the Md3 and Cd in NW. First of all, the crystals of Md 3 and Cd are characterized by nonplanar-a to saddle textures with more curved faces and wavy extinction, reflecting a disordered overgrowth of crystals rapidly at the relatively high temperature. Second, the δ18O, Eu/Eu*, Th values and salinities calculated based on Tm of Md3 and Cd are obviously higher than those of Md2. However, the δ18O values of Md3 and Cd in NW (avg. −6.99‰) are also much higher than that in SW (avg. −11.4‰) while the Th values in NW (avg. 129°C) are much lower than that in SW (avg. 214°C), and the salinities are lower than that of the hydrothermal dolomite fluids as well (Davies and Smith, 2006). Thus, the low Mn contents, and similarity of 87Sr/86Sr ratios to the Permian seawater values, together with what was mentioned earlier, exclude the possibility of the large scale of hydrothermal dolomitizing fluids. There may be deep fluids of high temperatures and salinities associated with ELIP mixed with the dolomitizing fluids in some degrees. Generally, the Md3 and Cd in NW were formed at the period of shallow burial by seawater of relatively high-temperature mixed with deep fluids associated with ELIP to some degrees, and the crystals which were overgrown and recrystallized in the rapid circulation and diffusion of the dolomitizing fluids.
In the SW, the δ13C values of Md3 and Cd dolomite cements are centralized and slightly lower than those of other types of dolomite (Figure 5B), indicating that other fluids may have provided an additional carbon source which reduced the δ13C value. Mantle source carbon is usually light (−7‰ to −5‰), if discharged into diagenetic fluid and involved in the diagenesis of carbonate rocks, and the δ13C value of primary rock will be reduced (Renne et al., 1995), but the reduction is less than that of the organic matter dilution (Liu et al., 2018). Thus, the slightly lower δ13C value of some Md3 and Cd may be related to the mixing of deep fluid (magmatic hydrothermal) with mantle source characteristics provided by ELIP. The Sr contents of Md3 and Cd are slightly lower than that of Md2, also implying that Md3 were formed later than Md2. The Mn contents are evidently higher than that of the Md2 (Figure 7B), which shows the intensification of diagenesis and evolution of carbonate rocks and the input of Mn from external fluids. Additionally, the 87Sr/86Sr ratios of Md3 in the SW are much higher than that of Md3, Cd, and Permian seawater (Figure 5B). There are three following explanations: first, the diagenetic fluid was highly evaporated seawater and the evaporation caused the increase of 87Sr in the fluid (Mountjoy et al., 1999; Nasir et al., 2008); second, a large amount of freshwater with high 87Sr/86Sr ratio was mixed in the diagenetic fluid (Compton et al., 2001; Meyers et al., 1997); third, the dolomitization fluid is the hydrothermal fluid or deep brine passing through the rich 87Sr formation (Davies and Smith Jr, 2006; Jones and Jenkyns, 2001). However, in the sedimentary environment of the open carbonate platform, there barely developed evaporitic rock, and the δ18O value of carbonate rocks was generally negative, excluding the existence of strong evaporation; meanwhile, there was no apparently covariant relationship between δ13C and δ18O, so the mixed water as dolomitization fluid can also be excluded (Melim and Scholle, 2002). Therefore, the high 87Sr/86Sr ratio is considered to be related to the deep hydrothermal fluid associated with ELIP. Although the mantle source fluid has a very low 87Sr/86Sr ratio (<0.7045) (Hou et al., 2006), the 87Sr/86Sr ratio of dolomite formed or reconstructed by it could still be greatly increased when the hydrothermal fluid upwelled through the fault and passed through the underlying clastic rock stratum rich in 87Sr due to tectonism (Davies and Smith Jr, 2006). Thus, it is inferred that the diagenetic fluid of Md3 and Cd was mixed with massive deep hydrothermal fluid. Moreover, the crystals of Md3 and Cd have apparently nonplanar-a to saddle textures with more curved faces and wavy extinction, reflecting a rapid formation under high temperature. The lower δ18O values of Md3 and Cd in SW than other types of dolomites also support the high temperature. That the diagenetic fluid is acidic, high temperature hydrothermal fluid is also confirmed by positive Eu anomalies of Md3 and Cd dolomite (Figures 8B, 9B) (Frimmel, 2009). What is more, the fluid inclusions provide more intuitive evidence of high temperature, with the Th of inclusions in Md3 and Cd dolomite crystals from 176°C to 246°C (avg. 213°C), which are higher than that of Md2 (Figure 11B; Table 4). The salinity values of inclusions within Md3 and Cd are also much higher than that of Md2 and are comparable to the salinity of hydrothermal dolomite fluids calculated by Davies and Smith (2006). In conclusion, Md3 and Cd in SW are characterized by slightly lower δ13C, negative δ18O, low Sr content, high Mn content, high 87Sr/86Sr ratio, and high homogenization temperature and salinity, indicating a large amount of deep hydrothermal fluid taken part in the dolomitization.
5.3 Dolomitization Mechanism
Based on the aforementioned dolomitizing fluids, combined with the depositional settings, tectonic evolution, and burial history of the study area, we conclude different dolomitization mechanisms in SW and NW of the Middle Permian dolomite in Western Sichuan. The formation processes are as follows: (Figure 12).
[image: Figure 12]FIGURE 12 | Dolomitization pattern of the Middle Permian Formation in Western Sichuan Basin. (A) Seepage reflux dolomitization in the penecontemporaneous stage (Md1); (B) thermal convection dolomitization in the shallow burial stage (Md2); (C) high-temperature thermal convection dolomitization in shallow burial stage in NW (Md3 and Cd); (D) deep fluid participated in top and lateral open thermal convection at high temperature and structure-hydrothermal dolomitization in the shallow burial stage in SW (Md3 and Cd).
In both SW and NW of the study area, the diagenetic fluids of Md1 were all dominated by Permian seawater. The Md1 were in the relatively low energy and restricted environments (for example Lagoon, shoal edge, etc.), which could have a certain evaporation effect on the Permian seawater. However, the salinity levels of the Permian seawater might suggest to be insufficient which might be mesosaline or penesaline as evaporitic deposits have barely been found in the study area. Under the penecontemporaneous period, with the modification by BSR, the brackish and saturated seawater created conditions for the nucleation of dolomite, promoting the formation of “crystal seed” (crystal core), which laid a good foundation for the subsequent formation of Md2 (Warren, 2000; Choquette and Hiatt, 2008). It was followed by the process of extremely shallow burial. Affected by seawater density fluctuations and/or eustatic sea-level changes (Kaufman, 1994; Jones et al., 2003), the concentrated seawater continuously seeped and refluxed along the pores of the unconsolidated carbonate rocks of the high-energy shoal, leading to the overgrowth of the original dolomite seeds which further aggregated in Md1 (Figure 12A). Therefore, Md1 is considered to be seepage reflux dolomitization of slightly adjusted seawater at the peripheral of high energy shoals near the platform margin (Dong et al., 2020). Influenced by the geothermal warming effect brought by the deep fluid of ELIP, the evaporation was more developed in the SW, and the seawater density fluctuation is accordingly more apparent, resulting in the more widely distributed Md1 in the SW than in the NW.
The dolomitization fluid of Md2 are still considered to be originated from the Permian seawater in shallow burial strata, characterized by slightly higher temperature and salinity which may be caused by the geothermal warming effect brought by deep fluid related to ELIP. The ELIP initiated at ∼290 Ma and ended at ∼240 Ma (Zhu et al., 2010). Just before and after the ELIP active period, under the “baking” of the abnormal heat from the deep fluid, a temperature difference between the warm pore water in the Middle Permian Formation of the heated platform and the cold deep ocean water was produced, which further brought about a density gradient, leading to a convection that upwards did the warm pore water flow while being drawn into the platform was the cold deep ocean water. Subsequently, the cold deep ocean water into the platform was heated, moved upwards or laterally afterward, discharging from under the confined layers, and finally, the forced thermal convection occurred (Kaufman, 1994; Sanford et al., 1998) (Figure 12B). The previous dolomite seeds in Md1 provide the basics for the dolomitization of Md2. In addition, the Mg2+ for the dolomitization was supplied constantly when the cold deep ocean water was ceaselessly poured into the platform. Moreover, as the kinetic rate constant and mineral saturation state were temperature-depended (Arvidson and Mackenzie, 1999; Wilson et al., 2001), the convective system would be strengthened while the geothermal temperature increased, leading to the dolomitization being intensified. Thus, the dolomitizing fluids of Md2 were mainly the heated seawater preserved in the porous infiltration system of strata, mixed with the cold seawater from the deep open ocean, and the Md2 were formed by thermal convection dolomitization. Furthermore, the SW was located in the middle zone of ELIP, of which the heat flow values reached 70∼130 mW/m2 at about 280∼240 Ma, which was higher than that of NW in the outer zone of ELIP. Therefore, it was more conducive to the water-rock reaction of diagenetic fluid in the thermal convection system.
As for Md3 and Cd, there are some differences between the NW and SW. In the NW, seawater of relatively high-temperature dominated in the dolomitization process. The hot deep fluid might have intruded through the deep fractures with the activities of ELIP, providing a massive heat source below the Middle Permian Formation, further enhancing the convective flux (Wood and Hewett, 1982; Machel, 2004). With the accordingly promoted rate and degree of dolomitization, the Md3 of high temperature was thus formed. Similarly, as the high temperature promoted the dolomitization fluids recirculating in the highly permeable convection cell, the Cd was enabled to precipitate in pores, vugs, and fractures. In general, the Md3 and Cd of NW were mainly formed by high-temperature seawater-dominated thermal convection dolomitization (Figure 12C), while the deep fluid just provided the high temperature instead of the material source. Owing to the short eruption process of ELIP and the location of the outer zone of ELIP which is relatively far away, the abundance of Md3 and Cd are much less than that of Md2 in the NW; in the SW, a large amount of deep hydrothermal fluid mixed in the seawater and together participated in the dolomitization, instead of simply heated seawater. During the active period of ELIP, a large amount of deep fluid (magma and hydrothermal) surged along the basement fault zone and the associated syngenetic faults, passed through the medium-basic crystalline basement of the leaching basin, and many sets of underlying strata rich in clastic rocks, thus enriching a large number of Mg2+. Thanks to the Md1 and Md2 formed by early dolomitization, the porosity and permeability of relevant formations were increased, so that the mixed dolomitizing fluid could continue to migrate laterally along with these high permeability formations and thus occurred structure-hydrothermal dolomitization at a high rate and degree (Figure 12D). Additionally, within the restricted platform, basement faults were active and relatively developed, with a high mixing degree of hydrothermal and seawater near the fault (Yapparova et al., 2017; Benjakul et al., 2020), which can form a fault-controlled top open thermal convection system in the intraplatform shoal and thus form a thermal convection dolomite with hydrothermal fluid properties. While in the platform margin zone, due to the upwelling of deep fluid through the faults, the temperature in the platform is further increased, and the dolomitized fluid mixed with hydrothermal and seawater can also form a higher temperature lateral open thermal convection cycle in the high permeability formation, so as to form dolomites with hydrothermal fluid properties. The early formed Md1 and Md2 were recrystallized through hydrothermal transformation to form Md3. Moreover, in the early formed karst caves, fractures, and hydraulic fracture structures caused by the hydrothermal intrusion, the hydrothermal fluid precipitated to form saddle Cd, and then the hydrothermal siliceous and other hydrothermal minerals were further filled in the pores and fractures. As the distance from the fault increased, the degree of deep hydrothermal fluid mixing into seawater was reduced, the temperature of the dolomitizing fluid gradually decreased, with Mg2+ gradually consumed, so that fewer Md1 and Md2 were recrystallized into Md3. Thus, the Md3 and Cd of SW were considered to be formed by structure-hydrothermal dolomitization and high-temperature thermal convection dolomitization of seawater mixed with hydrothermal.
5.4 The Effect of Deep Fluid on the Formation and Distribution of Dolomite
The distribution and volume of the dolomite body depend on the fluid composition, flow duration, and flow velocity of dolomitization. The fluid composition of dolomitization in the Middle Permian Formation in Western Sichuan is mainly seawater and a mixed fluid of seawater and deep fluid (hydrothermal). Therefore, when the dolomitization fluid is composed of deep fluid, the deep fluid activities related to ELIP can provide a sufficient material source (Mg2+ flux) for dolomitization. The final dolomitization may be the sum of multiple dolomitization events, and the duration is regarded as the sum of multiple activity cycles.
The motive power of fluid flow is driven by fluid potential difference, of which the triggering factors mainly consist of terrain difference, fluid overpressure, rock deformation caused by tectonic action, and fluid density change caused by temperature or density difference. In the hydrothermal system, first, when the deep fluid (magma) invades, magma release occurs, which increases the fluid volume and forms overpressure (Chi and Xue, 2011). Second, strong tectonic movement activates a large number of basement faults, and the pressure is released intensively at the faults, which makes the hydrothermal fluid migrate upward along with the fault system (Oliver, 1986; Whitaker et al., 2004). In addition, the abnormal geothermal and the high temperature brought by the deep fluid lead to the decrease of fluid density, and the accompanying fluid density difference further leads to the significant fluid potential difference, which provides the strong migration power for the fluid. Therefore, in the ELIP, the overpressure, structural faults, and high temperature caused by deep fluid activities provided motive power for the migration of dolomitized fluid. Among them, the heating “baking” effect of deep fluid leads to the decrease of fluid density and faster flow rate in the formation pores inside the platform, and the difference of density is caused by the temperature difference between the heated pore fluid and the cold seawater outside the platform forms the thermal convection cycle of fluid. According to different geological conditions and backgrounds, under the comprehensive control of high permeability beach and basement faults, a lateral or top open thermal convection circulation system is formed in the Middle Permian Formation in Western Sichuan (Dong et al., 2020). Before and after the active period of ELIP, the permeable beach and basement fault zone are conducive to the transmission of heat and fluid, forming a seawater-dominated thermal convection unit; during the active period of ELIP, the deep fluid intruded along the basement fault zone on a large scale and provided higher heat, forming structure-hydrothermal dolomitization and the thermal convection unit of mixed fluid by seawater and hydrothermal.
In general, the deep fluid activities of ELIP provide not only the material source (Mg2+) for the dolomitization process but also the migration motive power for the dolomitization fluid via overpressure, and tectonism, and high temperature. From the SW study area at the middle zone of ELIP to NW at the outer zone, the deep fluid activity decreases, the hydrothermal signal gradually weakens, the formation temperature of dolomite gradually decreases, and the distribution of dolomite is mostly controlled by high-permeability beach and basement faults, which further confirms that the Middle Permian dolomite in Western Sichuan is closely related to the deep fluid activity of ELIP.
6 CONCLUSION

(1) The petrological characteristics show that they are generally divided into four types of dolomite in the study area, which are matrix dolomite Md1 with very finely to finely crystalline size, Md2 with medium to finely crystalline size, and Md3 as well as cement dolomite (Cd) with coarsely to medium crystalline size.
(2) The dolomitizing fluids of Md1 and Md2 are mainly Permian seawater, which can be proved by similar δ13C values, ranges of 87Sr/86Sr ratios, REE patterns, and Ce anomalies of dolomites compared to those of the ambient limestones. Among them, the Md1 is considered to be formed by seepage reflux dolomitization of slightly adjusted penecontemporaneous seawater at the peripheral of high energy shoals near the platform margin. What differs is that the dolomitizing fluid of Md2 performed to be with slightly higher Th values and salinity caused by deep fluid activities of ELIP, which led to the thermal convection dolomitization when the heated seawater preserved in the porous infiltration system of strata contacted and circled with the cold seawater from the deep open ocean.
(3) Compared with Md2, the lower δ18O and higher Th values infer that Md3 and Cd were formed at a higher temperature influenced by the heat releasing of deep fluid from the ELIP. During the active eruption of the ELIP, the locally elevated temperature may have intensified the convective flux to form the higher-temperature thermal convective Md3 and Cd. In the NW of the study area, the dolomitizing fluid is dominated by heated seawater, while in the SW it was mixed with a large amount of deep fluid which was proved by lower δ13C value and Sr contents, higher Mn contents, and 87Sr/86Sr ratios, positive Eu anomalies as well as much higher Th and salinity values of inclusions, so that there was a superposition of structure-hydrothermal dolomitization compounded with the thermal convection dolomitization of seawater mixed with hydrothermal in SW.
(4) The deep fluid activities of ELIP provided not only the material source (Mg2+) for the dolomitization process but also the migration motive power for the dolomitization fluid via overpressure, tectonism, and high temperature. From SW to NW, the deep fluid activity decreased, leading to the abundance reduction of Md3 and Cd, which were closely related to the hydrothermal solution. The deep fluid activities related to ELIP promoted the formation of dolomite, played a positive role in reservoir reconstruction, and provided more spaces for oil and gas accumulation.
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The Cambrian source rock is a key indicator that will guide future hydrocarbon explorations in ultra-deep strata. Despite its importance, the characteristics of paleotopography on the Precambrian basement and the distribution of source rocks above it remain unclear. The seismic and borehole data, isopach data, and the unconformity analysis are used to study the relations of the Cambrian source rock distribution to the paleotopography. The consistency of the strata thickness distribution maps of the Nanhua–Cambrian sequences show that the extensive thermal subsidence lasted the whole Sinian period, and makes the paleotopography of the Precambrian basement inherited from the landform after the Nanhua continental rifting. A major transgression caused by rapid subsidence of the Tarim Basin took place during the Cambrian. Shales were deposited offshore along the slopes of a paleo-uplift on the inherited paleotopography and formed the onlap in seismic profiles. The onlap on the inherited paleotopography reflects the distribution range of Yuertusi source rocks in the Cambrian.
Keywords: tarim basin, neoproterozoic, cambrian, onlap unconformity, rifting, thermal subsidence, source rock
INTRODUCTION
The Tarim Basin is located in northwestern China (Figure 1A) and is the third-largest petroliferous basin in China (He et al., 1998). It has undergone numerous episodes of complex and multi-stage tectonic movements (Yu et al., 2016; Jin et al., 2017). The Sinian–Cambrian system includes important petroleum plays. However, because this system is deeply buried, the distribution of source rocks and reservoirs remains controversial (Xu et al., 2013; Zhu et al., 2018; Yang et al., 2020). The palaeomorphology has a great geological significance because it is controlled by the Neoproterozoic tectonic evolution and it has considerably influenced the distribution of the Lower Cambrian source rock in the Tarim Basin. Furthermore, the Cambrian source rock is a key indicator that will guide future hydrocarbon explorations in ultra-deep strata (Zhu et al., 2016; Zhu et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Location of the Tarim Basin; (B) Simplified tectonic map of Western China showing the major plate tectonic setting (modified from Yu et al., 2016); (C) Tectonic units of the Tarim Basin. 1. Plate sutures; 2. Uplift; 3. Thrust fault belt; 4. Major fault; 5. Strike slip fault; 6. Tectonic unit boundary; and 7. Reverse fault.
Whether or not the Cambrian source rock distribution is possibly due to the effect of inherited structures is a current debate (Zhu et al., 2018; Yang et al., 2020). Whether the formation of inherited paleotopography on the Precambrian basement has been continuously deposited, eroded, or bypassed is a subject of debate. Some studies have found that the deposition occurred in an extensional tectonic setting in the Tarim Basin (Jia, 1997; He et al., 1998; Zhou et al., 2012). However, observations of the stratal truncations in seismic data (see below) suggest that an unconformity exists between the Sinian and the Cambrian intervals, implying that erosion existed from the Sinian to the Cambrian intervals (Wu et al., 2012; Yan et al., 2018). In order to address these issues, it is important to understand the tectonic evolution of the Nanhua–Cambrian system and the relations of onlap on the inherited paleotopography to the Cambrian source rock.
With these in mind, we used the seismic and well data, lithology and stratigraphy data to study the formation and properties of the paleotopography. The contact relations between the Sinian and Cambrian were determined by analyzing structures of the Neoproterozoic basin and by comparing the thickness of the lower Cambrian Yuertusi Formation with those of the Neoproterozoic strata. And we developed the onlap type on the paleotopography to study the distribution of the source rocks in the lower Cambrian.
GEOLOGICAL SETTING
The Tarim Basin is located in the Xinjiang Uygur Autonomous Region, China (Figure 1). The basin covers an area of 5.6 × 105 km2 and is bounded by the Tianshan fold belt, Kunlun fold belt, and Altyn fault zone. Four sets of source rocks have been identified in the basin: lower Cambrian, upper–middle Ordovician, Carboniferous–Permian, and Triassic–Jurassic rocks (e.g., He et al., 1998; Jin and Wang, 2004; Lu et al., 2020; Tang et al., 2006; Cai, 2007; Gao and Fan, 2015; Wu et al., 2016). Among these, the black shales of the Yuertusi Formation at the base of the lower Cambrian (Figure 2) have attracted interest as potential sources of petroleum for the deep Neoproterozoic, Cambrian, and possibly Ordovician reservoirs (Gao and Fan, 2015; Zhu et al., 2016).
[image: Figure 2]FIGURE 2 | Nanhua–Cambrian sequences and reservoir–seal assemblages in the Tarim Basin and its adjacent areas (modified from Xinjiang BGMR, 1993).
Tectonic Setting of the Tarim Basin
The Tarim Basin is composed of Pre-Neoproterozoic metamorphic basement rocks overlain by sedimentary rocks of the Neoproterozoic–Cenozoic age (He et al., 2006; Feng et al., 2015; Jiang et al., 2016). The Kazakhstan and Siberian plates are located to the north, the Chaidamu Plate to the southeast, and the Qiangtang Plate to the south (Figure 1B). The inner Tarim Basin is divided into the Southwest Depression, Tangguzibasi Depression, Bachu Uplift, Tazhong Uplift, Awati Depression, Manjiaer Depression, Tabei Uplift, Southeast Uplift, and Southeast Depression (He et al., 2006; Zhang et al., 2013; Yu et al., 2016; Figure 1C).
The collision of the northern margin of the Tarim Plate with the Kazakhstan Plate formed the Tianshan fold belt during the late Paleozoic. The Kunlun fold belt is located at the southwestern margin of the Tarim Plate, and the Kangxiwar fault belt is adjacent to the northern margin of Kunlun. The Kangxiwar suture zone forms the southwestern boundary of the Tarim Plate (Yu et al., 2016; Figure 1B), while the Altyn fault belt, a large strike-slip fault active during the Mesozoic and Cenozoic ages, forms the boundary between the Tarim Basin and the Qaidam Plate (Ren et al., 1999; Figure 1B).
The Tarim Basin developed on the pre-Nanhua continental metamorphic basement (Ge et al., 2016), and has subsequently undergone three primary extension–convergence cycles during its tectonic evolution. These cycles have lasted from the Neoproterozoic (Nanhua) to the Middle Devonian, from the Late Devonian to the Permian, and from the Mesozoic to the Cenozoic (He et al., 2016). Particularly in the Cenozoic, the collision between the Indian and Eurasian Plates caused thrusting, strike–slip, and compression in the Tarim Basin and adjacent regions (Li et al., 2010; Xu et al., 2013; Xu et al., 2013; Zhang et al., 2013; Yu et al., 2016).
Nanhua-Cambrian Stratigraphy
The Nanhua and Sinian sequences are exposed in the Tiekelike, Keping, and Kuruktag areas along the southwestern, northwestern, and northeastern margins of the Tarim Basin, respectively (Xu et al., 2009; Turner, 2010; Figure 2). The Nanhua strata primarily consist of clastic rocks of littoral-neritic facies, tillite rocks of glacial facies, and volcanic rocks. In the Kuruktag area, the volcanic rocks of the Nanhua intervals consist of tuff, basalt, and rhyolite. Moreover, mafic dykes exist in the Nanhua strata in Well YL1 (Figure 3), all of which are indicative of continental rifting (Zhang et al., 2013; Yu et al., 2016). In the southwest zone, the Nanhua Formation includes the Yutang, Kelixi, Bolong, Yalaguzi formations, which have a combined thickness of 2,500 m.
[image: Figure 3]FIGURE 3 | Wells, seismic lines, and outcrops used in this study.
The lower Sinian strata in the northern Tarim Basin consist of sandstones and mudstones deposited on the continental shelf. The lower Sinian in the southern Tarim Basin consists of deltaic facies rocks and carbonaceous detrital rocks. The differences in the sedimentary environments between the southern and northern parts of the Tarim Basin of the Upper Sinian gradually decrease with decreasing age. A carbonate-rich continental shelf facies is present in the northern Tarim Basin, whereas a dolomite tidal flat facies is present in the southern Tarim Basin (Feng et al., 2015; Shi et al., 2016; Wu et al., 2016; Zhang et al., 2019). Previous scholars have used the U–Pb zircon age to determine the ages of the Nanhua–Sinian strata in the wells of the Tarim Basin. In Well T1, Neoproterozoic pyroclastic rocks have a U–Pb zircon age of 716 ± 9.3 Ma, which is the age of the Dongqiaoenbulak Formation in the Nanhua Formation (Xu et al., 2013). Similarly, the volcanic rocks of the Nanhua Formation from Well YD1 have a U–Pb zircon age of 722 ± 3 Ma (Wu et al., 2012), very similar to those in Well T1 in the northwestern Tarim Basin. In the central Tarim Basin, the Lower Cambrian rocks in wells MB1, YL6, TC1, and ZS2 overlie the pre-Nanhua metamorphic basement, and the granitic gneiss in Well TC1 has a U–Pb zircon age of 757 ± 6 Ma (Guo et al., 2003). In the northern Tarim Basin, Nanhua Formation rocks are missing in Well XH1, while the gneiss below the Sinian strata has a U–Pb zircon age of 832 ± 4 Ma (Han et al., 2016).
Drilling data show that the Sinian sedimentary areas are overlain by the Cambrian Yuertusi Formation (Figure 3). The lower Yuertusi strata are composed of black mudstones and littoral–shallow marine siliceous rocks. After the Sinian, a major transgression occurred (possibly due to rising sea levels), and the Cambrian succession in the eastern Tarim Basin exhibits an open platform facies and is mainly composed of marine carbonate rocks, sandstones, and mudstones (Luo, 1998; Shi et al., 2018; Zhang et al., 2019). There was no significant igneous activity during the Sinian–Cambrian, and in the southwest, the Cambrian strata are eroded.
The oil and gas reservoirs related to the lower Cambrian are designated as the lower hydrocarbon-bearing assemblage. These source rocks occur in the Nanhua–Sinian Formation and the Yuertusi Formation (Wu et al., 2016; Zhu et al., 2016). This lower hydrocarbon-bearing assemblage consists of two sets of regional reservoir and seal combinations. The Shayilik–Wusongeer Formation dolomite is sealed by evaporites (gypsum and halites) of the middle Cambrian Awatage Formation (Figure 2), and the upper Sinian Qigebulak Formation dolomite is sealed by the shale of the lower Cambrian Yuertusi Formation (Gao and Fan, 2015; Yang et al., 2020). The mudstone in the Yuertusi Formation is the highest-quality marine source rock, with a thickness of 15–40 m and a total organic carbon (TOC) content of 2–16% (Zhu et al., 2016). The mudstone in the Yuertusi Formation is a high-quality source rock for the upper reservoir and a seal rock for the lower reservoir (Luo et al., 2014; Zhu et al., 2016; Cui et al., 2017; Figure 2). Consequently, the distribution of the Yuertusi Formation is crucial for exploration in both the upper and lower hydrocarbon-bearing assemblages.
DATA AND METHODS
The Exploration and Production Research Institute, SINOPEC, provided the 2D seismic reflection data. The seismic data covered the entire Tarim Basin (area of 1.4 × 104 km; Figure 3). These data were reprocessed using 2D pre-stack depth migration in 2017 by SINOPEC. Fifteen wells drilled into or through the Sinian or Nanhua strata (Figures 3,4) were used to calibrate the interpretation of the seismic data from the Nanhua–Sinian–Cambrian sedimentary sequences and the Middle–Late Proterozoic metamorphic crystalline basement (Table 1). In addition, the thickness maps of the Nanhua, Sinian, and Cambrian strata were produced by petrel software after the seismic interpretation.
[image: Figure 4]FIGURE 4 | Interpreted seismic profiles with the synthetic seismograms of wells YL1, T1, and XH1.
TABLE 1 | U-Pb zircon age data from the Tarim Basin.
[image: Table 1]The seismic reflection terminations can be used to delineate unconformities and distinguish seismic facies units (Veeken, 2006). The seismo-stratigraphic data within the Neoproterozoic–Cambrian succession provides insight into the paleo-geomorphic and tectonic evolution of the Tarim Basin. Combined with well data (lithology, U–Pb zircon ages of rock cores, and logging curves), such as those from wells T1, YL1, and XH1 (Figure 4), the characteristics of the seismic reflectors can be determined.
RESULT
Seismic Stratigraphic Interpretation
The lower Cambrian Yuertusi Formation is composed of mudstones and siltstones, and typically displays parallel and continuous, high-frequency, and high-amplitude seismic reflections (Figure 4C). The upper Sinian Qigebulak Formation consists of dolomite and is characterized by mid-parallel and lower-continuous, low-frequency, and medium-amplitude reflections (Figure 4A). The lower Sinian Sugaitebulak Formation consists of sandstones, mudstones, tillites, and volcanic rocks and displays discontinuous, high-frequency, and medium-amplitude seismic reflections (Figure 4B). In the seismic data, the Cambrian–Sinian sequence boundary is seen as a very high-amplitude and continuous reflector, and the Cambrian sequence is seen as low-amplitude reflectors (Figure 4C). The Nanhua strata are predominantly composed of sandstones, mudstones, tillites, and clastic rocks, whose seismic facies units are similar to those of the lower Sinian strata. However, some areas exhibit layered seismic reflections. Both the Sinian and Nanhua Formations are easily distinguished from the Late Proterozoic metamorphic crystalline basement, displaying discontinuous and low-amplitude seismic reflections and chaotic seismic reflection units in some areas (i.e., profile A-A’; Figure 4A).
Types of Unconformities on the Inherited Paleotopography
Types of unconformities reflect both the tectonic movements and the paleo-geomorphology in a region (McKenzie, 1978; Christie-Blick, 1991). Thinning and truncations in the seismic profiles of the base of the Cambrian intervals indicate unconformities in the basin. Three types of unconformities are observed on the inherited paleotopography of the base of the Cambrian intervals: onlap (unconformities), angular unconformities, and disconformities.
In most areas of the Tarim Basin, lower Cambrian siliceous shales overlie Sinian dolomites (Figure 3). Using the seismic reflection characteristics of the Nanhua–Cambrian Formations, onlaps were identified in the seismic profiles (Figure 5). These seismic reflections show the lower Cambrian sequences onlaping the paleotopography on the Precambrian basement along profiles E-E’, F-F’, and G-G’ (Figure 5). This phenomenon illustrates that the younger sediments are progressively overstepping onto the older strata. The Qigebulak Formation dolomite rocks were onlapped by the lower Cambrian mudrocks, which were in turn onlapped by the lower–middle Cambrian dolomites. Onlap is most prominently developed in two areas, the inner platform of the basin and the basin margin (Figures 5E,F). The onlap is typically characterized by the gradual overstepping of younger sediments on each other along the paleoslope. The onlap of the inner platform mainly appears on the substratum of the lower Cambrian, and it occurs primarily along both sides of the Bachu and Tazhong uplifts. The onlap of the margin of the basin mainly appears on the lower Cambrian. It occurs along the northern and southwestern margins of the basin (Figure 6).
[image: Figure 5]FIGURE 5 | Onlap unconformities on seismic profiles in the Tarim Basin (see Figure 3 for locations). O–P: Ordovician to Permian sequence.
[image: Figure 6]FIGURE 6 | Distribution of unconformity types on the paleotopography in the Tarim Basin.
Progradational reflection geometries and onlaps are widely distributed in the Tarim Basin. The thickness of the lower Cambrian strata increases from the point of the onlap toward the northwest on the right side of the profile D-D’ (Figure 5D), which is a characteristic of the onlap on the inner platform. The outer margin of the basin is identified on the NE–SW-trending profile E-E’, which runs nearly parallel to the seismic profile F-F’ and across the largest sag in the basin. The depositional extent of sedimentation in the Sinian sequences is greater than that in the Nanhua sequences, and the lower parts of the Cambrian strata gradually thicken from the point of onlap to the center of the graben (profile E-E’; Figure 5E). In the northern part of the basin, the progradational reflections in the lower part of the Cambrian strata (profile G-G’; Figure 5G) can be seen to gradually thicken from the point of onlap toward the southern Tarim Basin.
Paleo-uplifts are observed between the grabens and half-grabens of the Nanhua interval (profile E-E’; Figure 5E). The shapes of some paleo-uplifts indicate that they continued into the Cambrian strata. Three major paleo-uplifts (referred to as the Tabei Uplift, Bachu-Tazhong Uplift, and Maigaiti Low Uplift) are observed in the Cambrian strata in the Tarim Basin (Figure 6), and all of them played an important role in the sedimentary and tectonic evolution of the Cambrian interval. The occurrence of the onlap was found on the slop paleotopography of the paleo-uplift. And the outer margin onlap occurs primarily along both sides of the Maigaiti Low Uplift and the southern part of the Tabei Uplift (Figure 6). Along both sides of the Maigaiti Uplift, the onlap unconformities are NW–SE-trending, while they trend more easterly in the eastern part. The maximum distance between the onlap points is about 100 km, and the minimum distance is about 70 km; the paleo-uplift lies between these points. Along the Tabei Uplift, the onlap unconformity is E–W trending, and the northern onlap point marks the northern ancient margin of the Tarim Basin (Figure 6). Moreover, the inner onlap unconformity connects with the ancient platform. Based on these observations, the Bachu and Tazhong uplifts formed the ancient platform during the Sinian interval. The onlap onto the inner platform occurs primarily along both sides of the Bachu and Tazhong uplifts, both of which are E–W-trending. The middle part of the inner platform onlap includes the Bachu Uplift, Tazhong Uplift, and Awati Depression at present. The onlap unconformity shows two nearly E–W-trending grabens and an inner basin platform on the paleotopography.
Angular unconformities can be seen along the SW–NE-trending seismic profile H-H’ (Figure 7) along the southeastern margin of the Tarim Basin (Figure 6). This phenomenon is related to thermal subsidence, which limited exposure and erosion along the margin of the Tarim Plate and led to a high contact angle on the base of the Cambrian strata on the seismic profile, resulting in the formation of “tilting–truncating” unconformities. However, in most of the basin, especially the interior regions of the Tarim Plate, the Cambrian strata are generally conformable with the Sinian and Nanhua strata.
[image: Figure 7]FIGURE 7 | Interpreted seismic profile of the angular unconformity (see Figure 3 for locations).
The Sinian Sugaitebulak Formation and the Aksu Group are angularly unconformable in the Aksu area (Figure 8A). Lower Cambrian reflectors in the basin (e.g., Figures 4,5, and 7) generally appear to be widely distributed and possess good continuity. Seismic data and field observations show that the contacts between Cambrian strata and the dolomites of the Sinian strata appear to be disconformities in many places (Figure 8). The outcrops of paleo-weathering crusts at the northwestern margin of the Tarim Basin in the Aksu area (He et al., 2010a; Shang et al., 2020; Figures 8B,C) indicate the sub-aerial exposure of the upper surfaces of the exposed Sinian sediments in the Aksu region. Other indicators include mud cracks, color, and lithology changes at the SCB (Figure 8C), karst breccias, dolomites, and thin soil layers with weathered crusts (Figure 8D). Weathered crusts are also observed between the Cambrian and Sinian sequences in the Kuruktag area (Shang et al., 2020). Such weathered crusts are closely related to the process of angular unconformities forming.
[image: Figure 8]FIGURE 8 | Field photographs of the Sinian–Cambrian boundary (the SCB) in the Aksu region (Figure 3 for locations). (A) Aksu and Sugaitebulak formations; (B) Yuertusi Formation; (C) Yuertusi and Qigebulak formations; (D) Yuertusi and Qigebulak formations.
Sedimentary Thicknesses of the Nanhua and Sinian Successions
The distribution of the Sinian interval and lower Cambrian strata appears to be correlated with the range of distribution of different types of unconformities (Figures 6,9). The Nanhua–Sinian depositional sequence appears to behave as a typical rift-to-post-rift (thermal subsidence) succession. The rift basin in the Nanhua sequence contains two sub-basins. The first is the Awati-Manjiaer Graben, whose depocenter is defined by an approximately E–W trending, 600–800 km, long ribbon-shaped, sub-basin developed within the Nanhua graben in the northern Tarim Basin, while a second depocenter occurs in the Kunlun Half-Graben in the south (Figure 9A). In addition, the Maigaiti Graben and Tanggu Half-Graben occur as a ca.350 m thick sequence in a sub-elliptical and rhombic depocenter. The isopach map of the Sinian sequence also suggests the occurrence of two sub-basins (Figure 9B). The Awati–Manjiaer Graben contains a ca.650 m interval of Sinian sediments in an approximately E–W trending depocenter, which is similar to the structures observed in the isopach map of the Nanhua sequence (Figure 9A). The maximum thickness in this area reaches ca.1,600 m in the southwest part of the Kuluketage Uplift. The second sub-basin is the Kunlun Half-Graben, which is defined by the NW–SE trending, 300–400 km long, ribbon-shaped depocenter developed along the Teklic fault block.
[image: Figure 9]FIGURE 9 | Isopachs of the strata in the Tarim Basin. (A) Thickness variations within the Nanhua interval; (B) Thickness variations within the Sinian interval; (C) Thickness variations within the Yuertusi Formation of the Lower Cambrian.
The depositional extent of the Sinian is greater than that of the Nanhua succession and gradually decreases from west to east (Figure 9B). The NW–SE-trending Maigaiti Low Uplift is located between the Kunlun Half-Graben and the Maigaiti Graben (at the location of the marginal fault to the north of the Kunlun Half-Graben in Figure 9A), where Sinian strata were not deposited. More importantly, the sedimentary thickness of the Lower Cambrian Yuertusi Formation gradually decreases along the Teklic fault block to the north (Figure 9C), which indicates that the Maigaiti Low Uplift also occurs in the Lower Cambrian interval in the southern Tarim Basin. This is consistent with the distribution of onlap unconformities (Figure 6). As for the interior of the Tarim Basin, the NW–SE trend of the Bachu-Tazhong Uplift continues into the Early Cambrian (Figures 9B,C). Seismic profiles (Figure 5) show that the onlap unconformity of the Lower Cambrian sediments covers the Sinian strata along the margin of the Maigaiti Low Uplift and the Bachu–Tazhong Uplift. These structures and the stratigraphic thicknesses suggest that sedimentation occurred over an expanded area after the Nanhua continental rifting. Widespread deposition of post-rift Sinian sediments occurred in this area and caused the burial of the Nanhua grabens or half-grabens. As previously stated, the Maigaiti Low Uplift and Bachu–Tazhong Uplift strongly controlled the sedimentary distribution and the migration of the depocenter in the Tarim Basin during the Nanhua–Early Cambrian intervals.
DISCUSSION
Tectonic Evolution of the Sinian-Cambrian Successions and the Inherited Paleotopography
Based on the aforementioned study, the Nanhua sequence is a rift basin. Seismic profiles demonstrate that the structure and sedimentation in the Nanhua system were controlled primarily by normal faults (Figures 5,10). And the rift period was characterized by rapid tectonic subsidence and the infilling of large amounts of sediments (e.g., Allen and Allen, 2013) (Figure 10). The overlying Sinian sequence is a post-rift basin, and the lateral extent of Sinian deposition over the Nanhua sedimentary sequences has increased (Figure 10). Moreover, the similarities between the relative thicknesses of the Cambrian and Sinian strata suggest that the paleotopography of the Cambrian was similar to that of the underlying Sinian sediment. The similarity of stratum thickness indicates that the paleotopography on the Precambrian basement inherited the surface morphology after the active tectonic subsidence during the rifting period.
[image: Figure 10]FIGURE 10 | Seismic profile across the Tarim Basin showing the structural framework (Figure 3 for locations).
The initial continental rifting of the Rodinia supercontinent is thought to have occurred at ca. 800 Ma (Xu et al., 2005; Tang et al., 2006; Lu et al., 2008; Zhang et al., 2009; Xu et al., 2011; Tang et al., 2016), and to have led to the sedimentation of the Nanhua sequence. The occurrences of the continental rifting events are consistent with the ages of the volcanic rocks (722 ± 3 Ma; Wu et al., 2012), which are intercalated with coeval sedimentary rock units in the Tarim Basin (Xu et al., 2009; Wang et al., 2010; Xu et al., 2013; Ren et al., 2018; Zhang et al., 2019). There was one rift system including two rift axes in the Tarim Basin during the Nanhua period, the Awati–Manjiaer Graben, and the Kunlun Half-Graben (Figure 9A). In seismic profiles, the Nanhua sequence demonstrates an angular unconformable relation with the pre-Neoproterozoic basement (Wu et al., 2016; Ren et al., 2018; Figures 5, 10). The two rift axes in the Nanhua period are fault-controlled; they are characterized by the accumulation of magmatic and clastic rocks and multi-episodic magmatism. This multi-episodic magmatism is consistent with the multi-phase rifting at 740–760 Ma, 660–681 Ma, and 635–650 Ma (Xu et al., 2005; Lu et al., 2008; Zhang et al., 2009). Zhu et al. (2008) and Wen et al. (2017) identified a rifting extension in the northern Kuruktag area occurring from ca. 650 to 630 Ma. These tectonic movements resulted in extensive rifting in the Tarim Basin during the early Nanhua period, which led to the development of the rift grabens in the Nanhua strata (Figure 10).
After intense extension and rapid subsidence during the rifting stage, the basin entered the post-rifting stage, i.e., the thermal subsidence stage (Figure 11). Compared with the tectonic subsidence during the rifting, the most important feature of the thermal subsidence is the slow subsidence rate (Figure 11). The thermal subsidence is generally fairly long-lived (Jarvis and McKenzie, 1980; Meng et al., 2011). And this thermal subsidence lasted the whole Sinian in the Tarim Basin. With the exception of wells MB1-YL6-TC1-ZS1 on the Tazhong Uplift, most wells in the Tarim Basin penetrated at least some Sinian sediments (Figure 3), which shows that the Sinian sediments were deposited over a wide area. The broad geographic extent of the deposition can also be observed in the seismic profiles (Figures 5,7,10). This increase in the geographic extent of Sinian deposition due to extensive thermal subsidence is a principal feature of sedimentation during the Sinian (Figure 12B). The average rates of subsidence for the Awati–Manjiaer Graben and Maigaiti Graben are similar (12.9 and 13.5 m/my, respectively). The Kunlun Half-Graben, which has a higher subsidence rate (16.31 m/my), is located at the margin of the Tarim block. The subsidence rates for the Awati–Manjiaer Graben and Maigaiti Graben during the Sinian are nearly half those during the Nanhua period (8.4 and 8.0 m/my, respectively). During this thermal subsidence process, the original paleo-uplift morphology was retained, and the Sinian strata were eroded there (Figures 5,12). The distribution of angular unconformities mainly along the southeastern margin of the Tarim Basin illustrated that the thermal subsidence was the dominant phenomenon, and it caused the down-warping of the lithosphere and affected much broader areas (e.g., Royden and Dövényi, 1988; Corver et al., 2009).
[image: Figure 11]FIGURE 11 | Simplified subsidence curves and the average rate of subsidence for three locations in the Tarim Basin. Locations of the grabens and half-grabens are shown in Figure 6.
[image: Figure 12]FIGURE 12 | Sequential tectonic diagrams depicting the geological evolution of the Tarim Basin (Figure 3 for locations).
Since the Early Cambrian, carbonate rocks grew rapidly upward owing to the rapid transgression and sufficient sediment supply (e.g. Wolstencroft et al., 2014; He et al., 2017). A major transgression caused by rapid subsidence of the Tarim Basin took place during the Cambrian, which gave rise to extensive shallow epicontinental seas defined as platforms (Figure 6). And the Awati–Manjiaer Graben had the highest subsidence rate of 51.97 m/my (Figure 11).
The Tarim Basin was located on a stable craton during the late Sinian to the Early Cambrian, and it is characterized by stable sedimentary structures (Meert and Van Der Voo, 1997; Kröner and Stern, 2005; Zhang et al., 2019). Consequently, the strata thickness distribution maps of the Nanhua–Cambrian sequences (Figures 9A,B) are very consistent and show that the depocenters and sedimentation patterns of the Sinian and Nanhua sequences are closely related. And the Tarim Basin did not experience a change in its tectonic and sedimentary frameworks during this period. The Bachu–Tazhong Uplift was denuded, after which sedimentation occurred on the platform due to the relative sea level rise. The seismic profiles (Figure 5) indicate that the paleotopography of the early Cambrian was inherited from the late Sinian, after which the strata underwent rapid subsidence during the early Cambrian (Figure 12C). In addition, the lower Cambrian strata thickened from the onlap point in the direction of the inner graben (Figure 5).
Relations of Onlap and Yuertusi Source Rock
It was found that the total organic carbon (TOC) of marine argillaceous source rocks could be high, and Yuertusi source rock also have similar characteristics (Zhu et al., 2016; Cui et al., 2017). We found that the TOC content of Yuertusi source rocks on the intra-platform slop is high. For example, the TOC values of the Yuertusi source rocks are in the range of 2–16% in the Aksu outcrops; in the Shiairike outcrops, TOC values can be as high as 4–16% (He et al., 2010b; Zhu et al., 2016). TOC values of the samples from Well XH1, LT-1, and TS-1 were in the range of 4–16% (Wu et al., 2016; Zhu et al., 2016; Yang et al., 2020). In addition, the black shale of the Yuertusi source rock was formed in a weakly alkaline environment during a widespread transgression (Wu et al., 2021). The intra-platform slop is an ideal place for shale deposition (Ngozi. 2017). So, the high TOC values of the Yuertusi source rock is related to the intra-platform slop in a relatively shallow marine environment (Ofuebe, 2015).
The time of rapid subsidence in the Tarim Basin corresponds to the highest paleoheat flow and the rapid rise of paleogeotemperature during the Cambrian (He et al., 2017). The significant increases in the thickness of the mudstones and siltstones in the lower Cambrian in the vicinity of Well XH1 in the northern part of the basin indicate that the water depth was increasing at this time (Shi et al., 2017; Wen et al., 2017; Figure 4). During this period, the widespread transgressions formed the continental deposits along the slope of the paleotopography. And the sediment onlap patterns were recorded by the onlap unconformities (Figures 6,9C). The organic-rich mudstones and siliceous rocks of the Yuertusi Formation were deposited in the inner Tarim Basin and at the southwestern margin of the Tarim Basin as a result of the transgressive events associated with tectonic stability, gentle slope, and post-glacial sea level rise (Figure 12C). The basin was tectonically stable during these transgressional events; this stability lasted until at least the early Ordovician (He et al., 2007; Zhao et al., 2011; Zhang et al., 2019), during which time extensive marine carbonates were deposited.
The bottom of the Cambrian Formation in wells YL1 and XH1 (Figure 4), located in the southern portion of the onlap unconformity, is mainly composed of siliceous rocks and shales. The petrological characteristics of the rocks indicate that the Yuertusi shales were deposited on a gently sloping carbonate platform with coastal upwelling (Zhao et al., 2011; Zhu et al., 2016; Zhu et al., 2018; Zhang et al., 2020). Transgression is represented by the increase in the water depth at a constant rate, and in this case, the Tarim Basin margin is maintained as two segments, a horizontal shelf with eustatic fluctuations and a gentle slope with a fixed angle (e.g., Christie-Blick, 1991; Figure 9). Under the transgressive system during the Early Cambrian, the position of the onlap unconformity is marked by the zone of transition between the gentle slope of the Awati–Manjiaer Graben and the Tabei Uplift (Figure 6). This suggests that the gentle slope of the Awati–Manjiaer Graben in the southern part of the onlap unconformity is conducive to the deposition of shales, which can be high-quality source rocks (Figure 13). In the central uplift, the Yuertusi Formation is absent in wells BT5-MB1-TC1-ZS1 (Figure 3). When combined with the stratigraphic framework, it appears that inherited paleotopography controlled the distribution of the Yuertusi source rocks. Yuertusi source rocks in the southwestern part of the basin will be located in the southwest onlap unconformity (Figures 6,13), while the W–E margin of the southern uplift is consistent with the inner platform onlap unconformity zone. In summary, the gentle slope of the fixed-gradient region is conducive to the deposition of shales, which are good source rocks with a suitable deep-water environment and stable sediment supply. The Yuertusi source rocks are interpreted to onlap the inner platform of the inherited paleotopography. And we accurately determined the distribution range of the Yuertusi source rockss in the Awati–Manjiaer Graben according to the distribution range of onlap on the paleotopography (Figure 13).
[image: Figure 13]FIGURE 13 | Distribution of the Yuertusi source rocks at the Sinian–Cambrian boundary (modified from Jin et al., 2017; Shi et al., 2018).
CONCLUSION

1) There was a one rift system including two rift axes in the Tarim Basin during the Nanhua period, the Awati–Manjiaer Graben, and the Kunlun Half-Graben. The extensive thermal subsidence lasted the whole Sinian period, and makes the paleotopography on the Precambrian basement inherited the landform after the Nanhua continental rifting.
2) The source rock deposits forming the inner platform onlap and outer margin onlap on the inherited paleotopography. And the onlap reflects the distribution range of the Yuertusi source rocks in the Cambrian.
3) A major transgression caused by the rapid subsidence of the Tarim Basin took place during the Cambrian, which has formed the Yuertusi source rocks on the inherited paleotopography.
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Deep burial of sedimentary basins results in the development of complex diagenetic environments influenced by pressure, temperature, and metasomatic chemical processes. Fracture systems resulting from deep tectonic-related burial can provide archives of physio-chemical characteristics during burial helping unravel diagenetic events such as hydrocarbon migration and paleobarometry. The Early Triassic Montney Formation in the Western Canadian Sedimentary Basin is a highly productive unconventional hydrocarbon reservoir that has undergone multiple phases of tectonic-related burial and uplift resulting in the formation of a series of calcite-filled fracture systems. These fracture systems occur as vertical to sub-vertical fractures, brecciated zones, and horizontal bedding-plane parallel fractures that are rich in co-occurring, but not co-genetic aqueous and petroleum fluid inclusion assemblages. Fluid inclusion microthermometry, Raman spectroscopy, and stable isotope analysis of these fracture systems and host rock reveals paleobarometric and temperature conditions during fracture formation. Vertical fractures formed at temperatures exceeding 142°C during peak burial associated with the Laramide orogeny ∼50 Ma. Similarities in modeled oxygen isotope values of calcite parent fluids and pore water implicate locally sourced carbonate in fracture calcite. Therefore, low permeability and closed system-like conditions were prevalent throughout initial fracture formation and cementation. Petrographic analysis of brecciated and horizontal fractures show evidence of hydrocarbon generation and migration into fracture-filling calcite. Modeling of petroleum inclusion paleobarometry indicates entrapment pressures approaching or even exceeding lithostatic pressure consistent with the development of overpressure associated with the thermal maturation of organic matter following peak burial. Combined use of aqueous and petroleum fluid inclusions in this deeply buried sedimentary system offers a powerful tool for better understanding diagenetic fluid flow, the timing of hydrocarbon migration/maturation, and helps constrain the pressure-temperature history important for characterizing economically important geologic formations.
Keywords: fluid inclusion, diagenesis, overpressure, hydrocarbon migration, stable isotope
1 INTRODUCTION
Unravelling the diagenetic history within deeply buried sedimentary systems is an essential component to understanding how processes such as tectonic activity, fluid migration, and hydrocarbon maturation evolved in the basin. These processes can result in the formation of fractures providing records of the physio-chemical conditions during their formation. Fractures in sedimentary rocks form as a result of stress and strain, related to the response of a rock undergoing lithostatic, tectonic, thermal stress, or high-pressure fluids (e.g., Hubbert and Willis, 1957; Cosgrove, 1995; National Research Council, 1996; Lai et al., 2021). Due to the intrinsic relationship between fractures and economically important petroleum and mineral systems, assessing their composition and characterizing parent fluids within these systems is essential for understanding their role in subsurface fluid flow.
Fluid inclusions can play a vital role as they provide pressure-temperature and geochemical snapshots of these vein forming fluids, including primary vein forming fluids, but also subsequent fluids that migrate through these fractures (Roedder, 1984). Parent fluids captured within inclusions provide direct evidence of fluid composition, while microthermometric analysis can provide evidence of pressure-temperature conditions during entrapment (e.g. Roedder, 1984; Goldstein, 2001; Dubessy et al., 2001; Goldstein et al., 2003; Burruss, 2003; Bakker, 2018). This evidence, coupled with burial history models, can also help elucidate the timing of entrapment (Gao et al., 2017; Gasparrini et al., 2021). Therefore, detailed analysis of fluid inclusion assemblages can unravel complex diagenetic histories within structurally complex systems. In addition, petroleum fluid inclusions provide valuable archives of the properties, distribution, and evolution of hydrocarbons in the subsurface and when used in conjunction with aqueous fluid inclusions can provide pressure-temperature history of their host reservoir (Pironon and Bourdet, 2008; Volk and George, 2019).
The lower Triassic Montney Formation is one of the most productive unconventional reservoirs in Canada (National Energy Board, 2013). As a consequence, it has been cored and studied extensively, providing a large collection of material for analysis. However, owing to its complex diagenetic history (Liseroudi et al., 2020, 2021; Vaisblat et al., 2021), regional inconsistencies, and variable tectonic history (Wozniakowska et al., 2021), more work is needed to better characterize this economically important resource. Unconventional systems associated with low-permeability conditions exhibit closed system-like behaviour (Cesar et al., 2020) and often can be overpressured. Fluid inclusions provide a history of formation pressure and temperature and are therefore instrumental in understanding past diagenetic phases in unconventional petroleum reservoirs (Pironon and Bourdet, 2008; Gao et al., 2017). To date only one study has evaluated fluid inclusions in fractures within the Montney Formation (Gasparrini et al., 2021), however extensive work has been conducted on fluid inclusions within the Devonian and Mississippian strata of the Western Canadian Sedimentary Basin (e.g. Al-Aasm and Clarke, 2004; Al-Aasm et al., 2019 and references within; Davies and Smith, 2006; Yang et al., 2001). Devonian strata exhibit widespread evidence of hydrothermal alteration via the occurrence of saddle dolomite and high temperature alteration of organic matter (Davies and Smith, 2006), distinguishing characteristics that are not observed in the Montney Formation in British Columbia. Therefore, more work is needed to better constrain this diagenetically active system. Lastly, deciphering diagenetic history aids in distinguishing diagenetic from primary geochemical signatures, which is essential in the evaluation of paleoenvironmental versus post-depositional alteration geochemistry including primary versus migrated hydrocarbons (e.g., Ardakani et al., 2020b).
In this study, we use a combination of fluid inclusion microthermometry, stable isotope geochemistry, and Raman spectroscopy to evaluate the fluid sources and pressure-temperature conditions in which calcite-filled fractures formed in the Montney Formation. Modeling of the aqueous and petroleum inclusions reveals the physio-chemical characteristics of the system including the sources of parent fluids and development of overpressure. Finally we assess the implications for the evolution of hydrocarbon maturation and migration in the Montney Formation.
2 GEOLOGICAL SETTING
Sample material for this study was collected from a core of the Montney Formation within the Western Canadian Sedimentary Basin (WCSB) (Figure 1). Development of the abundant mineralized fractures within this core may be associated with one of several post-depositional events between the mid-Triassic and Eocene such that a brief overview of the history of the WCSB is provided for context.
[image: Figure 1]FIGURE 1 | Study Site and well stratigraphy. Study site shown as red star at approximately 122°W and 56.75°N. Montney facies distribution adapted from Western Canadian Sedimentary Basin Atlas (Edwards et al., 1994); Facies 1: shale with siltstone; Facies 2: siltstone slightly sandy; Facies 3: interbedded sandstone and siltstone. Core stratigraphy adapted from Laycock et al. (2021). Depth of fluid inclusion samples shown by arrows.
The WCSB is a westward-thickening sedimentary wedge that is up to 6 km thick adjacent to the fold-and-thrust belt of the present-day Canadian Rocky Mountains in the west; and which thins to an erosional edge in the east on the Canadian Shield (Price, 1994; Wright et al., 1994; Tufano and Pietras, 2017). The fold-and-thrust belt of the Rocky Mountains of the Canadian Cordillera was shaped over four tectonic pulses from Late Jurassic to Late Cretaceous, each corresponding to a depositional pattern in the nearby foreland basin (Pană and van der Pluijm, 2014). Paleogeographically, the Montney Formation of the WCSB was deposited on a clastic ramp along the northwestern margin of the Pangea Supercontinent (Golonka, 2007) in the Peace River Embayment (PRE) (Barclay et al., 1990) in a collisional retro-foreland basin (Rohais et al., 2018).
The Montney Formation unconformably overlies the Late Permian Belloy Formation and is unconformably overlain by organic-rich shales of the Middle Triassic Doig Formation, or the Lower Jurassic Gordondale Member of the Fernie Formation in British Columbia and Alberta, respectively (Davies et al., 2018; Zonneveld and Moslow, 2018). In the distal western part of the basin, the Montney Formation entails offshore transition and offshore organic-rich siltstones as well as turbidite deposits where the Montney Formation is overlain by the Lower Doig organic-rich phosphatic zone Davies et al., 2018).
The Montney Formation is divided into three informal submembers: the Lower Montney, Middle Montney, and Upper Montney Members separated by the Dienerian-Smithian and Smithian-Spathian stage boundaries (Davies, 1997; Davies et al., 2018; Zonneveld and Moslow, 2018). The Lower Montney Formation occurs throughout the WCSB and primarily consists of fine-to medium-grained, laminated bituminous dolomitic siltstone. The Middle Montney Formation represents a thick succession of bituminous dolomitic siltstone and minor fine-grained sandstone with a low abundance of bioturbation. The Upper Montney consists of a thick succession of fine-to coarse-grained, bituminous, dolomitic siltstone, and it is completely removed due to erosion throughout much of the Alberta portion of the basin (Zonneveld and Moslow, 2018).
Deposition of the Montney Formation was significantly influenced by paleostructural elements in the Peace River area including: the underlying Upper Devonian Leduc reefs, the Hines Creek-Fort St. John Graben, and northwest-southeast-trending faults such as the Dunvegan and Tangent faults (Davies et al., 1997). Normal faults, including the Carboniferous to Permian Dawson Creek Graben Complex and precursor Precambrian basement normal and strike-slip faults, are abundant in the Peace River Embayment (PRE) (Barclay et al., 1990; Davies et al., 1997; Hope et al., 1999; Berger et al., 2008).
It has been seismically and structurally demonstrated that extensional normal faulting was episodically reactivated from the Devonian until the Cretaceous (Hope et al., 1999; Mei, 2009), particularly by loading of compressional thrust faults associated with the Jurassic Colombian and Cretaceous Laramide orogenies (O'Connell et al., 1990).
Diagenetic evolution and compositional modifications in the mineral assemblages of the Montney Formation occurred significantly from Early Triassic (early stage corresponding to shallow burial) to Late Cretaceous (Late stage corresponding to deep burial; Liseroudi et al., 2021; Vaisblat et al., 2017, 2021) and prior to maximum burial (80–60 Ma, Ness, 2001; Davies, et al., 1997; Ducros et al., 2017; Rohais et al., 2018). The Montney Formation has undergone uplift and erosion from the end of Paleocene to the present time (Ness, 2001; Ducros et al., 2017; Rohais et al., 2018). The Montney Formation entered the hydrocarbon generation window at approximately 90 Ma (Ness, 2001). The timing of maximum burial of the Montney Formation in British Columbia is estimated to be between 50–60 Ma (during the Laramide Orogeny) with a maximum burial temperature of approximately 160–170°C, adequate for thermogenic gas generation (Ness, 2001). This is evident from the increasing Montney thermal maturity trend to the west and southwest (Wood and Sanei, 2016; Gibbs and Rakhit, 2019; Euzen et al., 2021).
3 METHODS
3.1 Sample Material
Sixteen calcite-filled fracture samples were collected from a single core near the western margin of the Montney Formation in WCSB (Figure 1). Four doubly-polished thick section slides (100 µm thick) were prepared from the largest calcite fractures (Figure 2). This included two samples from the Lower Montney, one sample from the Middle Montney and one sample from the boundary of the Upper Montney and overlying Doig Formation (Figure 1). Vertical fractures were selected as opposed to horizontal fibrous “beef” calcite due to the small size of fluid inclusions in horizontal fracture calcite. Samples were prepared using a liquid cooled rotary saw to prevent modification of fluid inclusions.
[image: Figure 2]FIGURE 2 | Images of core samples and associated thick section used for fluid inclusion analysis. Red boxes indicated region sampled for thick section.
3.2 Petrology and Fluid Inclusion Microthermometry
Fluid inclusion petrology followed the fluid inclusion assemblage (FIA) concept (Goldstein and Reynolds, 1994) to divide fluid inclusions into groups that were trapped contemporaneously. Detailed petrology was conducted on a Zeiss Axio Scope A1 Microscope fitted with a Linkam THMSG 600 Temperature control stage to heat to over 200°C and cool below –100°C. Petrographic images were captured with a Zeiss AxioCam ICc 5 camera using both white and ultraviolet light. Petrographic work was carried out at the Organic Petrology Laboratory, Geological Survey of Canada, Calgary. Calibration of this system was conducted using synthetic H2O and CO2 fluid inclusion standards for a precision of ± 1°C at 375°C and ± 0.2°C at –56.6°C. Homogenization temperatures were measured first to prevent stretching or decrepitation of fluid inclusions due to ice formation. Salinity was calculated from final ice melting temperatures (Tm) using the salinity-ice melt relationship of Bodnar (1993):
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Qualitative determination of the electrolyte composition in aqueous fluid inclusions was assessed by measuring the eutectic temperature (Te) when fluid inclusions devitrified following heating of frozen inclusion (Bodnar, 2003).
Isochore and bubble point curve calculations of aqueous fluid inclusions were modeled via the AqSo_NaCl program (Bakker, 2018) using measured homogenization and last ice melting temperatures. Petroleum phase envelopes and vapor fraction curves were calculated using the PVT simulation package PVTsim (Calsep Co.) using a recombined hydrocarbon composition derived from locally produced fluids (data from field operators). Isochore calculations for petroleum fluid inclusions were modeled using PVTsim software using petroleum fluid inclusion homogenization temperatures, petroleum vapour fraction (described in section 4.2), and the recombined hydrocarbon composition (method outlined in Aplin et al., 1999).
Fluorescence properties (i.e., λmax and red/green quotient) were measured on a Zeiss Axio Imager A2M microscope equipped with an ultraviolet (UV) light source and the Diskus-Fossil system. 20 samples from various depths were measured using Hilgers fluorescence spectroscopy, measuring the full spectrum in the visible light range (400–700 nm); this method uses two filter cubes to measure intensity of fluorescence at 600 nm (red cube) and 520–570 nm (green cube).
3.3 Raman Spectroscopy
Gas and liquid fluid inclusions were analyzed using a Renishaw inVia Raman microscope equipped with a 1,200 line/mm grating, Leica ×100 objective (N.A. = 0.85), and a motorized stage. All spectra were collected in high confocality mode to restrict Raman analysis to the smallest possible volumes with a minimum spot size of 0.76 µm and focal length of 2 µm. Acquisition times varied between 5 and 60 s per accumulation and five accumulations were collected for each measurement. The system was aligned and calibrated daily using an internal silicon reference material. Excitation via a 532 nm green laser provided ∼20 mW of power. Depth series analysis across fluid inclusions with a 1 µm step size (z-direction) was used to obtain the strongest Raman signal for fluid inclusion spectra. Renishaw Intelligent Background removal tool employing high order polynomial fitting was used to remove effects of fluorescence from calcite host and/or hydrocarbons within the fluid inclusions. Raman spectra were collected at relative wavenumbers of between 100 and 3,100 cm−1. All measurements were performed at room temperature (23°C).
The Raman peak position of methane varies as a function of pressure (Fabre and Couty, 1986; Hansen et al., 2001; Lin et al., 2007; Lu et al., 2007; Zhang et al., 2015). Therefore the pressure of methane inclusions can be calculated from the shift in the C–H stretching band, v1, by measuring the difference between v1 peak position in near ambient methane inclusions vs. high pressure inclusions using established relationships outlined in Lu et al. (2007) and Zhang et al. (2016). We created synthetic fluid inclusions at atmospheric pressure using fused silica capillary tubing similar to the method described by Chou et al. (2008). Briefly, a short length of deactivated fused silica tubing (0.32 mm OD) was cut and then the outer polymer coating removed before pure methane was loaded into the capillary, which was then capped using a small pieces of septa. The synthetic methane inclusions were used to calibrate the relationship between vapor pressure and methane C–H stretching Raman band position as detailed in Lu et al. (2007). A suite of three synthetic methane inclusions were analyzed giving an ambient pressure methane v1 peak position of 2,917 cm−1.
3.4 Stable Isotope Analysis of Carbonates
Samples for carbonate isotope analysis were milled from calcite veins and host rock using a Sherline model 4,000 lathe equipped using either a 1 mm or 0.5 mm dental drill bit. All stable isotope analyses were conducted by the Isotope Science Lab at the University of Calgary. Carbonate isotope analysis was performed via CF-IRMS on a Thermo Finnigan GasBench coupled to a Delta V isotope ratio mass spectrometer. Samples are weighed into Labco Exetainers capped and flushed with helium and then heated to 25°C at which point they were reacted with anhydrous phosphoric acid for >5hrs. CO2 in the headspace is then sampled and analyzed six times per sample. Samples are corrected for instrumental effects using a suite of internal lab standards and normalized to VPDB using NBS-19. Values are reported in standard delta (δ) notation in ‰ VPDB, with oxygen isotope values converted to VSMOW scale (for water modeling) using the equation (Brand et al., 2014):
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Dolomite samples (host rock) were δ18O-corrected using the dolomite fractionation factor calculated after Rosenbaum and Sheppard (1986).
4 RESULTS
4.1 Fractures
Four types of fractures were observed in the core: 1) vertical to sub-vertical calcite-filled fractures with blocky calcite textures (Figure 3A, Figure 4A); 2) highly fractured brecciated zones with a combination of vertical and horizontal fractures with a mostly blocky calcite texture (Figure 3B); 3) horizontal bedding plane parallel fractures (beefs) composed of calcite with complex fibrous and blocky textures (Figure 3C); and 4) sediment-filled fractures rich in organic matter (Figure 3D). Vertical to sub-vertical fractures are generally ≤10 mm wide, greater than 10 cm in length, but exhibit minimal vertical displacement (<10 mm) and are likely tensile fractures related to hydraulic fracturing. Bedding-plane parallel fractures are ≤10 mm thick and thought to extend over significant horizontal distances (D. Laycock, pers. comm.). Horizontal and brecciated fractures display more complex textures with evidence of multiple crack-seal episodes similar to that reported by Gasparrini et al. (2021). Vertical fractures have secondary fluid inclusions in healed fractures (see below), which when combined with complex textures in the horizontal and brecciated fractures indicates fractures have experienced multiple fluid flow and precipitation events.
[image: Figure 3]FIGURE 3 | Fracture types. (A) Vertical fractures. (B) Brecciated zone. (C) Bedding-plane parallel fracture. (D) sediment-filled fractures rich in organic matter.
[image: Figure 4]FIGURE 4 | Fluid inclusion photomicrographs. (A) Blocky calcite texture typical of calcite veins used in this study. (B) Aqueous fluid inclusions with negative crystal shape (2,165 m). (C) Primary aqueous fluid inclusions and secondary petroleum inclusion assemblage (1949 m). (D) Same as (C) but UV illumination showing fluorescing petroleum and non-fluorescing aqueous inclusions.
4.2 Fluid Inclusions
Fluid inclusions are abundant within the calcite-filled fractures of all four samples and consist of a complex mixture of aqueous, petroleum, and gas-rich inclusions. Aqueous fluid inclusions were observed in all samples, although were rare (n = 3) in the brecciated sample (2055 m) despite the presence of abundant petroleum inclusions. Petroleum fluid inclusions were also observed in all samples, however, were rare (n = 3) in the deepest sample (2,165 m).
Primary two-phase, liquid-vapour (LV), aqueous fluid inclusions typically occur as groups of large negative-crystal shaped inclusions oriented along the axis of crystal growth (Figure 4B). These inclusions are generally isolated, do not occur in assemblages along fracture planes, and do not occur within the same fluid inclusion assemblages as petroleum inclusions (Figures 4C,D). In addition, the absence of mixed inclusions (aqueous inclusions that contain an immiscible petroleum phase) indicates that aqueous and petroleum inclusions are not coeval. Aqueous fluid inclusions are also typically larger than petroleum inclusions, have lower vapor fractions (detailed below), and do not exhibit fluorescence under UV illumination.
Two-phase liquid-rich petroleum fluid inclusions in the vertically oriented fracture samples (i.e., 1949 m, 2158 m, and 2,165 m) are generally irregular or ellipsoidal-shaped, and dominantly occur as secondary inclusion assemblages along cleavage planes (Figures 5A,B) or along sinuous paths (Figures 5C,D). The brecciated fracture sample (2055 m) is dominated by abundant petroleum inclusions. This includes evidence for inclusions derived from the maturation of organic matter in the host rock (Figures 5E,F) and as clouds of inclusions within the cores of calcite crystals (Figures 5G,H) suggesting a primary origin. Primary petroleum inclusions are only observed in the brecciated sample, whereas in all other samples petroleum inclusions are classified as secondary.
[image: Figure 5]FIGURE 5 | Petroleum fluid inclusion photomicrographs. (A) Secondary bi-phase petroleum inclusions forming along cleavage planes. (B) Same as field of view (FOV) as previous under UV illumination showing fluorescing petroleum inclusions. (C) Healed fractures in calcite vein with sinous paths of secondary bi-phase petroleum inclusions (2055 m). (D) Same FOV as previous under UV illumination. (E) Primary bi-phase petroleum inclusions from brecciated zone (2055 m) displaying maturation of organic matter from host rock and exsolving petroleum fluids. (F) Same FOV as previous under UV illumination. (G) Blocky calcite from brecciated zone (2055 m) with clouds of primary bi-phase petroleum inclusions within the cores of vein calcite crystals. (H) Same FOV as previous under UV illumination.
Single-phase gas inclusions are generally ellipsoidal in shape, non-fluorescing, often occur within petroleum fluid inclusion assemblages, and are composed of methane with minor contribution of other light hydrocarbons (see section 4.3). In addition, solid bitumen inclusions occur in the form of irregular shaped masses either along petroleum fluid inclusion assemblages or isolated with crystals centers. All petroleum fluid inclusions exhibited a consistent blue-white fluorescence color (maximal intensity wavelength of 452 nm ±1 nm) under UV illumination (Figure 4D; Figures 5B,D,F,H)
Microthermometric measurements were made on aqueous inclusions and petroleum-bearing inclusion, which includes homogenization temperatures (Th) from both aqueous and petroleum inclusions and ice melting temperatures (Tm) from aqueous inclusions as petroleum inclusions did not freeze at temperatures as low as –100°C. Eutectic temperatures (Te) were measured on several aqueous fluid inclusions to assess fluid electrolyte composition. All microthermometry results are presented in Table 1 and Figure 6. Homogenization temperatures for aqueous fluid inclusions ranged from 93°C to 149°C with a mean value of 124 ± 12°C (n = 70), and a median value of 124°C. The Th of petroleum-bearing fluid inclusions ranged from 36°C to 87°C with a mean value of 48 ± 9°C (n = 67), median value of 46°C. However, 80% of the petroleum-bearing inclusions have Th values between 40 and 50°C. There is no significant difference in Th values as a function of depth for either aqueous or petroleum-bearing fluid inclusions. The observed homogenization temperatures for both aqueous and petroleum fluid inclusions are slightly higher than the mean values reported by Gasparrini et al. (2021) for another Montney well (aqueous = 100°C; petroleum = 31°C), but both datasets have a consistent difference between measured Th in aqueous and petroleum fluid inclusions.
TABLE 1 | Fluid inclusion microthermometry results.
[image: Table 1][image: Figure 6]FIGURE 6 | Histogram of homogenization temperature measurements for aqueous (blue) and hydrocarbon-bearing (red) fluid inclusions. Illustrates large difference in the homogenization temperature between aqueous and hydrocarbon-bearing fluid inclusions and bimodal distribution of aqueous fluid inclusions.
Ice-melting temperatures (Tm) for aqueous fluid inclusions ranged from –20.0°C to –13.5°C with a mean value of –16.5 ± 2.1°C (n = 11) and exhibit minimal variability with depth (Figure 6). These ice-melting temperatures correspond to fluid salinities of between 17.3 and 22.4 wt% equivalent NaCl, with an average salinity of 19.6 wt% NaCl equivalent. These values are nearly identical to those reported by Gasparrini et al. (2021), suggesting similar fluids were responsible for the calcite cementation at both locations. Eutectic temperatures for aqueous inclusions ranged from –53°C to –50°C (n = 7). These low eutectic temperatures are consistent with the presence of Ca2+ or other divalent cations along with NaCl and suggests a NaCl-CaCl2 brine composition (Bodnar, 2003).
Measurements of the vapor fraction in fluid inclusions were made using the Zeiss Zen® Software area calculations. These are 2D measurements that are unable to account for depth and therefore have a higher degree of uncertainty. Measurement of a suite of 54 fluid inclusions indicates the average vapor fraction in aqueous inclusions is 0.045 (σ = 0.009) compared to petroleum inclusions that averaged 0.21 (σ = 0.073) vapor. Isochore-based calculations for the average aqueous inclusion molar volume (19.23 cm3mol−1) yields a fraction of vapor equal to 0.051 at 25°C, lending confidence to the accuracy of 2D vapor fraction measurements. The average petroleum inclusion vapor fraction measurement (0.21) is used in isochore modeling.
4.3 Raman Spectroscopy
All Raman spectra from fluid inclusions had significant fluorescence from the calcite host and from hydrocarbons within inclusions. Fluorescence effects were removed from Raman spectra by subtracting a polynomial curve fit to the baseline. The Raman spectra of the different fluid inclusion types are shown in Figure 7. Two phase aqueous LV fluid inclusions (Figure 7A) have strong calcite bands from the host and no evidence of other gases such as methane or other hydrocarbons. This suggests hydrocarbons were either not present during the formation of aqueous inclusions, or immiscible; in either case the lack of CH4 in the aqueous inclusions indicates the H2O+ NaCl (or the H2O+ NaCl + CaCl2) system can be used to model aqueous inclusion trapping conditions (e.g., Chen at al., 2016). Single-phase petroleum gas inclusions (Figure 7B) are non-fluorescing and exhibit strong methane C–H stretching bands (v1) at 2,905 cm−1, smaller peaks at 2,954 and 2,890 cm−1 surround the C–H stretching peak and are interpreted as ethane or other light hydrocarbons (cf. Frezzotti et al., 2012), and strong calcite signals from the host mineral. Similar to gas-rich inclusions, vapor in two-phase petroleum inclusions (Figure 7C) display strong Raman signals in the light-hydrocarbon gas region (2,300–3,000 cm−1) as well as calcite bands (712 and 1,085 cm−1) and two broad bands from organic matter in the disordered (D) and graphite (G) band regions located at c. 1,350 cm−1 and c. 1,580 cm−1, respectively (c.f. Henry et al., 2019). Two-phase petroleum liquids (Figure 7D) have strong Raman signals in the organic matter D- and G-bands and reduced light hydrocarbon gas signals. Finally, solid bitumen inclusions (Figure 8E) in calcite have very strong (and narrower) D- and G-bands, and light hydrocarbons gas are absent. No other typical non-hydrocarbon gases (e.g., CO2 and H2S) were detected in either the aqueous or petroleum inclusions.
[image: Figure 7]FIGURE 7 | Raman spectra of fluid inclusions, note that fluorescence background has been subtracted from all spectra. (A). Two-phase aqueous fluid inclusions showing strong calcite peaks associated with host material and an absence of hydrocarbons. (B). Single-phase petroleum gas fluid inclusion showing strong methane band and associated hydrocarbon gases (e.g., ethane, propane, etc.). (C). Two-phase petroleum vapour from vapour bubble showing large methane band and organic matter D- and G-bands. (D). Two-phase petroleum liquid fluid inclusions with strong D- and G-bands and weak methane band. (E). Solid bitumen inclusions showing typical D- and G-band organic matter peaks.
[image: Figure 8]FIGURE 8 | Crossplot of δ13C and δ18O from stable isotope analysis of different carbonate phases. Fracture calcite data from this study and Gasparrini et al., (2021). Biogenic carbonate (shell fragment) plots close to predicted Triassic seawater δ18O values. Vertical and horizontal (bedding-plane parallel) fracture calcite and host rock dolomite exhibit δ18O values 6–10‰ lower then predicted if derived from Triassic seawater.
4.4 Stable Isotope Geochemistry (δ13C and δ18O)
Stable isotope values from vertical and horizontal fracture calcite are shown alongside similar data from Gasparrini et al. (2021) (Figure 8). The carbon isotope composition of fracture-filling calcite ranges from –7.3‰ to +3.8‰ (mean of –2.6‰) and the oxygen isotope composition varies from –10.2‰ to –6.1‰ (mean of –9.0‰). One sample of a shell fragment has a δ13C value of –5.1‰ and δ18O value of –0.4‰, which is within the bounds of equilibrium with Early Triassic seawater (Veizer et al., 1999). The large difference in δ18O values between the shell fragment and fracture filling calcite combined with an agreement with Triassic seawater indicates there was not wholesale re-equilibrium of carbonates. Also, there is an apparent lack of exchange between host rock carbonates (both dolomite and fracture filling calcite) and bioclastic carbonate material.
The δ18O values of vertical fracture calcite is similar to bulk-rock dolomite δ18O values for a given depth (see red vs. yellow datapoints in Figure 9) ranging from –9.9‰ to –6.6‰. The δ13C values of calcite from vertical fractures vary from –7.3‰ in the Upper Montney/Doig Formation to –1.2‰ in the Lower Montney. This +6.1‰ shift in δ13C values with depth is associated with a +5.2‰ shift in mud-gas methane values from –49.2‰ to –44.0‰ (Figure 9). The δ18O values of calcite from bedding plane parallel fractures have a narrow range in values (blue in Figure 8). The δ18OH2O values of pore water are also plotted, alongside fracture calcite δ18Ocarb values (Figure 9).
[image: Figure 9]FIGURE 9 | Downhole variability in δ13C values of vertical fracture calcite (red circles), horizontal bedding-plane parallel fracture calcite (blue circles), host rock dolomite (yellow circles), and methane derived from mud-gas during drilling (green diamonds). All carbonate values (vertical and horizontal bedding-plane parallel calcite) are plotted along bottom scale, and mud-gas CH4 is plotted along top scale. Note the magnitude of δ13C scales for methane and carbonates are equivalent, but different values. δ18O values of fracture calcite (red and green boxes) plotted alongside δ18O of pore water (grey diamonds). Stratigraphy adapted from Laycock et al. (2021).
5 DISCUSSION
5.1 Fluid Inclusions Isochore Modeling and Timing of Fracture Formation
Characterization of aqueous and petroleum fluid inclusions helps elucidate the physical and chemical conditions during trapping and provides a record of hydrocarbon maturation and migration within the Montney Formation. The 56°C range in homogenization temperatures from aqueous inclusions may indicate multiple generations of fluid flow, however the discrimination of these events is not readily discernable from the studied samples, and therefore they are categorized as a single generation. Petroleum inclusions occur as both primary inclusions (e.g., in the brecciated sample, 2055 m, Figures 5E–H) and as secondary assemblages within the vertical calcite-filled fractures that host the primary aqueous fluid inclusions (Figures 5A–D). Despite occurring as primary and secondary assemblages, petroleum inclusions exhibit a narrow range in physio-chemical characteristics (e.g., homogenization temperatures, vapor fractions, fluorescence color, Raman band shifts) implying similar pressure-temperature conditions and fluid composition during entrapment. Limited range in fluorescence color may indicate either a single generation of hydrocarbons (Munz, 2001) or post-depositional alteration via phase separation or gas/water washing (Bourdet et al., 2014), however there is no evidence of gas/water washing. Low variance in the vapour-liquid ratio of petroleum fluid inclusions indicates homogeneous entrapment (Rongxi et al., 2011). This evidence strongly suggests a single generation of petroleum inclusions within these samples.
Aqueous and petroleum inclusions were not observed in the same fluid inclusion assemblages. Raman spectroscopy analysis reveals hydrocarbons are absent from aqueous inclusions, which would be expected as the presence of methane or other water-soluble organic compounds (e.g., benzene and toluene) typically occur due to interactions between water and oil in the basin (cf. Ruble et al., 1998; Gao et al., 2017). Finally, the intersection of the modeled petroleum and aqueous inclusion isochores is in excess of the pressure-temperature conditions expected for this system. Therefore, we conclude that aqueous and petroleum inclusions are not co-genetic and require separate PVT modelling.
5.1.1 Aqueous System
Aqueous fluid inclusion isochore and bubble point data is plotted alongside hydrostatic and lithostatic gradients based on modern geothermal gradients (35°C/km, Weides and Majorowicz, 2014) and a depth-pressure gradient of 10.18 kPa/m (Figure 10). Modern measured reservoir pressure is between the hydrostatic and lithostatic gradient, indicating overpressure conditions currently exist within the reservoir. Also plotted are burial-history based lithostatic and hydrostatic conditions for the well, which generally agree with those calculated from the modern conditions described above. The aqueous isochore intersects with the modern formation pressure at 140°C, however this is below the hydrostatic gradient and would indicate underpressure conditions, which is unlikely. The intersection of the aqueous isochore with the hydrostatic gradient indicates a minimum trapping temperature of ∼142°C (i.e., ≥18°C pressure correction).
[image: Figure 10]FIGURE 10 | Pressure-temperature modeling for aqueous fluid inclusions. Aqueous bubblepoint curve calculated based on a measured salinity of 19.6% NaCl equiv. using the Aq_NaCl program (Bakker, 2018). Average aqueous isochore shown as dark blue line with minimum and maximum measured Th + Tm values defining light blue envelope, all values calculated using Aq_NaCl program. Green and orange lines are lithostatic and hydrostatic gradients respectively, derived from a burial history model for this well (Figure 11). Grey lithostatic and hydrostatic gradients calculated using a depth-pressure gradient of 10.18 kPa/m and a local geothermal gradient of 35°C/km (Weides and Majorowicz, 2014) based on modern conditions. Maximum burial pressure from two different burial history models are shown as grey dashed in, see text for details.
Burial history for this well was derived from depositional age models and vitrinite reflectance measurements (Figure 11) and indicates that maximum burial depths and temperatures occurred during the Laramide orogeny at ∼50 Ma (Watt et al., 2022; this study). Modeled trapping temperatures of ∼142°C indicate fracture-filling calcite formation during peak burial, as formation temperatures greater than 140°C only developed during this period. Therefore, we suggest that the vertical fractures must have formed during peak burial, associated with the Laramide orogeny, and are therefore a late-diagenetic feature. Burial history models for other Montney wells, including those of Ness (2001) and Ducross et al. (2017), show deeper burial during the Laramide orogeny, potentially up to 5 km. This extends the timeframe during which formation temperatures >140°C were present, however all models indicate that the Laramide is the only event resulting in burial in excess of the 2 km that is required to produce the trapping temperatures measured in aqueous fluid inclusions. Timing of entrapment reported by Gasparrini et al. (2021) occurs prior to peak Laramide burial because their measured Th values and pressure corrections to aqueous inclusions were lower than peak burial temperatures predicted by the burial model. However, owing to the higher trapping temperatures measured in this core, initial fracture formation and calcite precipitation is suggested to occur during peak burial at approximately 50 Ma.
[image: Figure 11]FIGURE 11 | Burial and thermal history for this well. Data derived from the British Columbia Oil and Gas Commission data archives. Estimated timing for entrapment of aqueous and petroleum inclusions shown occurring during the Laramide Orogeny ∼50 Ma.
Eutectic and last ice melting temperatures indicate fluids with a 19 wt% NaCl-CaCl2 brine composition, similar to those measured in aqueous fluid inclusions from Devonian and Mississippian calcite and dolomite cements (Adam, 2000; Al-Aasm and Clarke, 2004; Rivas, 2004; Davies and Smith, 2006; Al-Aasm et al., 2019). Devonian formation waters are generally composed of high-salinity calcium chloride brines, which may be the result of brine interactions with Precambrian basement rocks (Spencer, 1987). This may imply previous connectivity between these systems, however, the fluids must have been in place prior to the development of the low-permeability conditions that were present during the formation of these fractures, discussed further below.
5.1.2 Petroleum System
Pressure-temperature modelling of petroleum inclusions is plotted alongside the calculated phase envelope for petroleum fluids (Figure 12). It should be noted that the phase envelope and petroleum isochore was calculated using recombined petroleum fluid compositions derived from modern produced fluids (data from operator). Therefore, it is possible that the composition of modern produced fluids is different from that within the studied petroleum fluid inclusions. However, due to the low permeability of the Montney Formation (Ghanizadeh et al., 2015), current state of overpressure conditions, and the lack direct measurement of fluid inclusion composition, we assume that the modern recombined fluid composition is reflective of the fluids within the petroleum inclusions. In addition, the PVTsim (Calsep Co.) software has been shown to produce reliable models provided the petroleum composition is at least genetically related (i.e., from the same region) to the inclusion composition (Aplin et al., 1999).
[image: Figure 12]FIGURE 12 | Pressure-temperature modeling for petroleum fluid inclusions shown alongside aqueous isochore. Note that aqueous and hydrocarbon inclusions are not coeval. Phase envelope calculated using PVTsim (Calsep Co.) from locally derived recombined hydrocarbon fluid composition (red dashed line). Current formation pressure shown as purple diamond. Petroleum inclusion isochores (red solid line) calculated using an average homogenization temperature of 45°C and petroleum fluid compositions from recombined Montney fluids.
The most striking feature of this modeling is the proximity of the petroleum isochore to the lithostatic gradient. Entrapment of petroleum inclusions near the lithostatic gradient indicates fluids sourced from a high-pressure system. We infer that the development of overpressure caused by hydrocarbon degradation and thermal cracking during peak burial resulted in the formation of brecciated horizons and the reactivation of previous (vertical) fracture systems. As evidenced by primary petroleum inclusions within the brecciated horizon exsolving from the host rock (Figures 5E–H) and secondary petroleum inclusions trapped in healed fractures within the vertical fractures (Figures 5A–D).
Furthermore, the formation of bedding-plane parallel fractures (beefs) has been shown to be associated with overpressure conditions (Rodrigues et al., 2009; Cobbold et al., 2013; Zanella et al., 2021). Beefs in shale-siltstones beds form via the development of overpressure, when pore fluid pressure exceeds lithostatic pressure at a specific depth (Cobbold et al., 2013), related to mechanical compaction (e.g., crustal shortening) and/or hydrocarbon generation/degradation (Zanella et al., 2021). The abundance of beefs in this core supports the interpretation that overpressure developed near or in excess of the lithostatic pressure and implies near synchronous formation of beef and brecciated horizons.
5.1.3 Raman Spectroscopy
Similarities in the Raman methane v1 peak position between all petroleum inclusions (Figures 7B–D) indicates these inclusions were trapped under similar pressure-temperature conditions. Indeed, the similarities in vapor fractions in petroleum fluid inclusions, the monochromatic fluorescence of these inclusions, and low variance in homogenization temperatures all suggest near synchronous formation of all petroleum inclusions independent of any depth related changes in thermal maturity.
Raman spectroscopy of petroleum inclusions reveals bathochromic downshifts to the methane C–H stretching band, v1, in both single-phase gas and two-phase petroleum inclusions, which indicates high pressure or high methane densities (Lin et al., 2007; Burruss et al., 2012). According to Hansen et al. (2001) who measured shifts in the methane v1 Raman band in methane-ethane mixtures at different pressures, there is a weakening of the C-H bond, which is intensified in methane-ethane mixtures with increasing ethane contents (and would be presumably also enhanced by the presence of other hydrocarbons). This weakening of the bond caused in part by enhanced van der Waals interactions leads to charge redistribution resulting in a stronger pressure dependence on the methane v1 band position peak (Hansen et al., 2001). The observed methane band position in this study at 2,905 cm−1 is consistent between all measured gas and petroleum inclusions and thus independent of the relative proportions of liquid and vapor (e.g., single-phase gas and two-phase) in the inclusion. This suggests that either vapor composition is the same in all fluid inclusions, or that this enhanced charge redistribution has a limit, similar to the lower limits of the pressure-methane v1 band position relationship shown for pure methane (Fabre and Couty, 1986; Lin et al., 2005; Lu et al., 2007; Zhang et al., 2016). Notably, the methane v1 band position of 2,905 cm−1 is consistent with methane band positions for gas hydrates (large cavity CH4), and indeed we also observe the smaller 2,914 cm−1 band (small cavity CH4) typically observed in methane hydrates (e.g., Sum et al., 1997). The origin of this gas hydrate-like signature is unknown.
5.2 Stable Isotopes and the Composition and Origin of Fracture Calcite
Stable isotope analysis of fracture calcite, host-rock dolomite and mud gases reveals information on the source of the fracture-filling fluids and the diagenetic processes at play. δ13C values of fracture calcite (vertical and horizontal) increase down core, however host rock dolomite does not (Figure 9). Dolomite formation was an early-stage diagenetic phase (Vaisblat et al., 2017; Liseroudi et al., 2020; Gasparrini et al., 2021) that formed prior to maximum burial and the onset of fracture formation. Therefore, carbon sources for the dolomitizing fluids may have been distinct from those for fracture calcite, however we only have two δ13C values for host rock and more work is needed to fully address this. δ13C values of vertical fracture calcite increases with depth concomitant, and with a similar magnitude to δ13C values of CH4 in mud gas (δ13C values of C2 and C3 also display similar increases down hole, data not shown for clarity). Horizontal-fracture calcite δ13C values also increase with depth, but with a greater deviation, indicating different carbon sources for cements in these two fracture types. The observed isotopic depth profile for hydrocarbon gases is representative for gradually increasing maturation of thermogenic gases (James, 1983; Schoell, 1983; Chung et al., 1988; Tilley and Muehlenbachs, 2006). Ethane-propane δ13C relationships are consistent with primary cracking of type II kerogen, as measured in mud gases within the WCSB (Tilley and Muehlenbach, 2006). Tandem increases in the δ13C values of fracture calcite suggests depth-related processes also affected fracture calcite δ13C composition. δ13C values in both vertical- and horizontal-fracture calcite increase with depth, however the magnitude of increase is greater in horizontal fracture calcite owing to the timing of calcite precipitation and associated physio-chemical conditions. From fluid-inclusion analysis, as discussed above, we know that vertical and horizontal fractures developed at different times, however, both at elevated temperatures. The negative δ13C values of vertical fracture calcite, in combination with negative δ18O values, is consistent with thermocatalytic decarboxylation and precipitation of carbonates at elevated temperatures in a diagenetic environment (Irwin et al., 1977; Klein et al., 1999; Dale et al., 2014). Increases in the δ13C values of mud-gas CH4 caused by depth-related thermal maturity trends supports the depth-temperature interpretation of fracture calcite δ13C values.
Enhanced down-core enrichments in δ13C values of horizontal fracture calcite (compared with vertical fracture calcite) is likely produced by methanogenesis related to thermochemical production of CH4 associated with hydrocarbon degradation (e.g., Hudson, 1977). CO2 within natural gas systems that is in equilibrium with methane becomes enriched in 13C, which is then incorporated into the carbonate pool (Hudson, 1977), and ultimately into horizontal fracture calcite reflected by increasing δ13C values. Hydrocarbon cracking, gas formation, and the development of overpressure at peak burial combined to enhance the incorporation of methanogenesis-equilibrated carbon in horizontal calcite producing down core enrichments in δ13C values compared with vertical fracture calcite.
δ18O values of vertical and horizontal fracture calcite are similar to host-rock dolomite values, indicating that the oxygen in fracture calcite was likely sourced from host-rock pore fluids (Figure 9). At the boundary with the Doig Formation (<1950 m), δ18O values of host rock and fracture calcite are elevated compared with Montney samples (Figure 9). Below this depth, δ18O values of both vertical- and horizontal-fracture calcite do not change significantly with depth (except one sample) indicating a similar source of oxygen for all fracture-filling carbonate. The δ18O of pore water (data from operator) is plotted alongside fracture calcite δ18O and displays an increase in δ18O values at the Doig boundary, concomitant with δ18O values in fracture calcite. Further evidence that locally sourced (not migrated) fluids are responsible for precipitation of calcite in fractures. Gasparrini et al. (2021) also noted the similarities in geochemical and petrographic (e.g., cathodoluminescence) characteristics of the fracture calcite and suggested locally sourced parent fluids. To further investigate the source and relationship between fracture calcite and pore water we have modeled the oxygen isotope composition of the parent fluids to compare with the measured pore water composition.
5.2.1 Modelling the δ18O Composition of Fracture Calcite Parent Fluids
Combining aqueous inclusion trapping temperatures derived from the measured homogenization temperatures (Th) with measured calcite δ18Ocarb values, the δ18OH2O value of the parent fluid can be calculated (e.g., Blyth et al., 2000; Morad et al., 2010; Ardakani et al., 2013). Homogenization temperatures range from 110 to 149°C, with an average value of 123.9 ± 12.1°C; and δ18Ocarb values of vein calcite range from –9.9‰ to –6.6‰ VPDB, with an average value of –8.3 ± 1.5‰ VPDB. Using the high-temperature equilibrium fractionation equation for oxygen isotopes in carbonates (Kim and O’Neil, 1997), the oxygen isotope composition of the parent fluid is calculated to range from +5.7‰ to +12.5‰ VSMOW, with an average value of 8.6‰ VSMOW (Figure 13). This range in modeled δ18OH2O values derived from aqueous inclusions agrees well with measured δ18OH2O values from pore waters (Figure 13). Therefore compositionally, water within aqueous fluid inclusions appear to be in equilibrium with formation pore waters, but have clearly evolved significantly from original Triassic seawater (Veizer et al., 1999). This suggests that carbonate for calcite precipitation was likely derived locally, from pore water, and not from migrated fluids, indicating closed system behavior. This is in agreement with the evidence from the host-rock dolomite-fracture calcite δ18O relationship described above including previous interpretations (Gasparrini et al., 2021) and with carbon isotope records of hydrocarbon gases within the Montney (Cesar et al., 2020).
[image: Figure 13]FIGURE 13 | Modelling the δ18O value of water from which the calcite in the vertical fractures precipitated using fluid inclusion microthermometry and carbonate oxygen isotopes values. Limits of Montney water model δ18O envelope shown in grey are: +5.7‰ to +12.5‰, with an average value of +8.6‰, dashed line. Temperature limits are 110°C–149.4°C with an average homogenization temperature (123.9°C) and calcite δ18O value (-8.3‰) shown as diamond.
The 18O-enriched parent fluids modeled from aqueous fluid inclusions and those measured for pore waters are similar to δ18O values measured in other Montney formation waters (Osselin et al., 2018; Owen et al., 2020). The NaCl-CaCl2 brine composition (19% NaCl equiv.) and elevated δ18O values (compared with seawater) are similar to those observed in Devonian formation waters of the WCSB (Figure 14; Simpson, 1999). Ca-Cl brines are thought to reflect interactions of brines with Precambrian basement rocks, which provided important sources of Ca2+ and Mg2+ and which were potentially involved in the precipitation of dolomite cements (Spencer, 1987). However, vertical migration of fluids seems unlikely due to pervasive bedding-plane parallel permeability barriers and a lack of evidence for vertical homogenization of hydrocarbons (Watt et al., 2022). Clearly, Montney Formation pore fluids evolved from a Triassic seawater composition into Devonian-like brines prior to the development the low permeability conditions that currently exist. However, as vertical migration of fluids is unlikely we speculate that pore water brines formed via evaporative processes within the WCSB similar to those responsible for the evolution of Devonian pore waters (Connolly et al., 1990).
[image: Figure 14]FIGURE 14 | Stable isotope values from Western Canadian Sedimentary Basin (WCSB) formation waters and modeled water from Montney vertical fracture calcite. Isotope analysis from this well (yellow) and another Montney well (grey) are from pore waters extracted from cores. Montney waters from Owen et al. (2020) were derived from flowback waters. WCSB Fm. waters (Connolly et al., 1990) include Devonian, Mississippian, Jurassic, and Cretaceous formation waters, but dominantly Mesozoic formation waters.
Fluid inclusion analysis and stable isotope geochemistry of fracture calcite and dolomite cements provide evidence that low permeability conditions existed during peak burial associated with the Laramide orogeny. The timing of when low permeability conditions developed is beyond the scope of this study, but likely occurred very early following deposition (Watt et al., 2022). Perhaps future studies on the evolution of dolomite cementation in the Montney will shed light on this intriguing question.
5.3 Implications of Closed System Behaviour
Understanding whether hydrocarbons are dominantly primary and the reservoir is self-sourced (e.g. Ardakani et al., 2020; Becerra et al., 2020; Ardakani et al., 2021; Euzen et al., 2021), or if hydrocarbons migrated into this system prior to the development of low permeability conditions (e.g., Sanei et al., 2015; Wood et al., 2018; Watt et al., 2022) is of high importance for reservoir evaluation. Similarities in the oxygen isotope analysis of pore waters and the modeled oxygen isotope value of calcite parent fluids implicate closed-system like behavior during the cementation of vertical fractures. Similar findings by a previous fluid inclusion study (Gasparrini et al., 2021) corroborate this interpretation, which may have significant implications for the emplacement of hydrocarbons within the reservoir. Bed-parallel permeability barriers potentially implicate eastward migration of hydrocarbons from a downdip source (Laycock et al., 2021; Watt et al., 2022). However, hydrocarbon migration must predate burial during the Laramide orogeny as these hydrocarbons would need to be in place prior to thermal degradation associated with this burial event. Alternatively, the Montney Formation could represent a hybrid reservoir with a combination of self-sourced and migrated organic matter (Euzen et al., 2021; Ardakani et al., 2020).
Nonetheless, the closed system behavior and subsequent development of overpressure associated with thermal degradation of hydrocarbons resulted in the formation of bedding-plane parallel fractures and the brecciated horizons, potentially in concert with local tectonic activity. Therefore formation of these fractures is directly related to the generation of light hydrocarbon-rich (condensate) fluids found in the petroleum inclusions (shown in this study) and currently produced from this well. In addition, the persistence of overpressure is indicative that the fracture system has done little to promote substantial fluid flow or enhance permeability in the reservoir.
Interest in the characteristics of fluid migration within fine grain siltstone reservoirs is pertinent as these types of formations are increasingly exploited for hydrocarbon production. Fluid inclusion studies of fractures within these systems play an important part in evaluating the potential role fractures play in fluid migration and enhancing permeability in these low permeability systems. The combined use of fluid inclusion microthermometry, stable isotope geochemistry, and Raman spectroscopy will be essential in the accurate evaluation of fluid flow within low permeability reservoirs and ultimately understanding their complex diagenetic history.
6 CONCLUSION
In this study we used fluid inclusion and geochemical techniques to better constrain the origin, timing and evolution of fluids in a complex diagenetic system. The Montney Formation has undergone multiple periods of burial and uplift related to regional tectonic activity. Associated with tectonism was the development of calcite-filled fractures resulting in an archive of fluid flow events. Differences between the characteristics of co-occurring, but not cogenetic, aqueous and petroleum fluid inclusions provide a record of these events and help elucidate the timing of hydrocarbon maturation and migration within the basin. The main conclusions of this study are:
• The formation of vertical, bedding-plane parallel and brecciated fractures occurred over a short interval during and immediately proceeding the timing of maximum burial. The lack of hydrocarbons in aqueous fluid inclusions indicates hydrocarbons were absent or in low abundance within the earliest fluids, which formed the vertical fracture system. Bedding-plane parallel and brecciated fractures postdate vertical fractures and secondary petroleum inclusions within vertical fractions represent a reactivation of this existing fracture network.
• Aqueous fluid inclusions formed at elevated temperatures and pressure likely close to the period of maximum burial associated with the Laramide orogeny based on modeled trapping temperatures ∼142°C and burial history models.
• Pressure-temperature modeling of petroleum inclusions indicates formation pressures approaching or exceeding lithostatic pressure, which is consistent with the development overpressure and the formation of bedding-plane parallel fractures. Petroleum inclusions record lower and more consistent homogenization temperatures (∼45°C), have a small range in vapor fractions, and monochromatic fluorescence color under UV illumination. These similarities suggest synchronous and homogeneous formation despite occurring over a depth range of 216 m.
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The South Junggar foreland basin (SJFB) is characterized by fold-and-thrust deformation caused by the Cenozoic India–Tibet collision and uplift of the Tianshan Mountains. The tectonic deformation and hydrocarbon accumulation in this region show east-west, north-south, and vertical zoning. Four sets of source rocks are present in the basin, which are middle Permian, Middle–Early Jurassic, Early Cretaceous, and Paleogene in age. The various source rocks are vertically stacked and thus form a composite petroleum system. Due to differences in source rock distribution, hydrocarbon generation, and structural trap formation, the accumulation and distribution of oil and gas is spatially variable. In this study, we presented a detailed analysis of hydrocarbon generation and accumulation in the SJFB based on a combined basin modeling work both in 1D, 2D, and 3D single-well 1D modeling with measured temperature, and Ro data provide the suggested parameters, especially heat flow and erosion thickness, and then a simple 3D model was established based on the thickness maps of each formation and previous work on heat flow distribution. After 3D modeling, the results are rechecked with measured data and finally the source rock maturity map is obtained. By using the advanced “Block” function, the 2D modeling of complicated compressional structural sections has been successfully carried out. Four types of burial and thermal evolution history have been classified, which correspond to the different hydrocarbon phase and maturity. The heterogeneous distribution of oil and gas reflects the variable source rock distribution and maturity evolution, relative timing of hydrocarbon generation, and formation of structural traps. The timing of structural trap formation in the second and third row of anticlines was later than the main phase of hydrocarbon generation, which may explain the poor exploration outcomes in the SJFB. The result indicates that Jurassic and Cretaceous formations in the middle segment of the fold-and-thrust belt in the SJFB are the most favorable combination for hydrocarbon accumulations and have high potential for gas exploration.
Keywords: petroleum system, reservoir-forming conditions, hydrocarbon generation, reservoir-forming combinations, South Junggar foreland basin
1 INTRODUCTION
The South Junggar foreland basin (SJFB), also known as the North Tianshan piedmont thrust belt, is a superimposed, rejuvenated foreland basin controlled by the Himalayan orogeny (Kang, 2003; Jia et al., 2005; Song et al., 2005; Guo et al., 2006). The long history of petroleum exploration in the SJFB began in the 1930s, and several oil fields (Dushanzi, Qigu, Ganhezi, Santai, Hutubi, Kayindike, and Mahe) and oil-bearing structures (Anjihai, Tulugu, Huoerguosi, and Xihu) have been discovered. As such, the SJFB is an important area for oil and gas exploration in the Junggar Basin (Kang, 2003; Kuang and Jia, 2005; Da et al., 2006, 2007; Kuang and Qi, 2006) (Figure 1). Previous studies have identified several combinations of source rocks, reservoirs, and cap rocks in the basin. Multistage tectonic events and complex structures have affected the hydrocarbon accumulation processes and characteristics of the foreland basin (Kuang and Qi, 2006; Guo et al., 2007, 2011; Li et al., 2009), which has limited the success of exploration in the basin.
[image: Figure 1]FIGURE 1 | Map showing the structural units and oil–gas fields in the South Junggar foreland basin. The thrust belt is divided into a western segment (I; west to Kuitun), a middle segment (II; between Kuitun and Urumqi), and an eastern segment (III; east to Urumqi). In the middle segment, three en-echelon anticlinal belts strike broadly E–W, that is, the first row of anticlines (II1), the middle row of anticlines (II2), and the third row of anticlines (II3).
A comparison of the Mesozoic–Cenozoic sedimentary systems and Cenozoic structures in the North and South Tianshan suggested that the SJFB (North Tianshan) and Kuqa foreland basin (South Tianshan) have comparable source–reservoir–cap rock assemblages and structural traps (Kuang and Liu, 2001; Kang, 2003; Jia et al., 2005; Guo et al., 2007; Li et al., 2010). However, the exploration results in the two foreland basins are quite different. Multiple large gas fields have been successively found in the Kuqa foreland basin, which contains over 1 × 1012 m3 of gas reserves (Jia et al., 2005; Du et al., 2012; Zhao et al., 2015). However, in the SJFB, much smaller oil and gas reserves have been found, despite the presence of large traps. As such, it remains uncertain as to whether there are any large oil and gas reservoirs in the SJFB and, if present, where such reservoirs might be found.
In this study, we presented a detailed analysis of hydrocarbon generation and accumulation in the SJFB based on a combined basin modeling work both in 1D, 2D, and 3D, including the different burial and hydrocarbon generation histories in different regions, the effective distribution, and the contribution of the four sets of source rock to oil and gas reservoirs. The significant control of source rock maturity and hydrocarbon generation center on hydrocarbon accumulation is revealed. The result indicated that Jurassic and Cretaceous formations in the middle segment of the fold-and-thrust belt in the SJFB are the most favorable combination for hydrocarbon accumulations and have high potential for gas exploration.
2 GEOLOGICAL SETTING
The Cenozoic collision of India and Asia generated compressive stress that has shaped the tectonic framework of the Tianshan Mountains. A series of E–W-trending fold-and-thrust belts have formed in the North and South Tianshan (Molnar and Tapponnier, 1975; Tapponnier and Monlar, 1979; Avouac et al., 1993; Yin et al., 1998; Bullen et al., 2001), which further evolved into a rejuvenated foreland basin (Lu et al., 1994; Lu et al., 2000). In the late Cenozoic, the Tianshan Orogen was rejuvenated, and the fold-and-thrust belts extended farther into the center of the basin, forming structural traps favorable for oil and gas accumulation (Wang et al., 2007; Fang et al., 2007; Jia, 2007, Jia et al., 2008, Jia, 2009; Li B. L. et al., 2011; Xiao et al., 2013). The SJFB is located in the southern Junggar Basin in northwest China and can be divided into a fold-and-thrust belt, a foredeep depression, a northern slope zone, and an uplift zone (from south to north; Figure 1). In this study, we mainly consider the fold-and-thrust belt.
2.1 Tectonic Units
The fold-and-thrust belt in the SJFB is located south of the Tianshan and Bogeda mountains, north of the Changji depression, east of the Jimusaer depression, and west of the Sikeshu depression. The fold-and-thrust belt is 400 km long and 80 km wide. The tectonic deformation and hydrocarbon accumulation in the belt show obvious east–west, north–south, and vertical changes. In general, the thrust belt is divided into a western segment (I; west to Kuitun), a middle segment (II; between Kuitun and Urumqi), and an eastern segment (III; east to Urumqi) (Figure 1). Between the middle and eastern segments, a transverse accommodation zone has been found between Miquan and Changji, which has caused the fold-and-thrust belt to move from west to east and the trend of anticline fold axes to change from WNW–ESE to NE–SW and then back to WNW–ESE.
Three belts of E–W-trending anticlines are presented in the middle segment of the fold-and-thrust belt (Figure 1), which comprises fault-related folds such as northward-thrusting, fault-related folds, fault propagation folds, and duplex structures (Burchfiel et al., 1999; Deng et al., 2000; Chen et al., 2010). The first row of anticlines (II1) includes the Qigu, Kalazha, and Tuositai anticlines. The second row of anticlines (II2) includes the Dunan, Huoerguosi, Manasi, and Tugulu anticlines. The third row of anticlines (II3) includes the Xihu, Dushanzi, Anjihai, and Hutubi anticlines. The fold axes of the anticlines are at a 10°–15° angle to the axis of the North Tianshan thrust faults. The northern limbs of the anticlines are generally steeper than the southern limbs and, from South to North, the lengths of the anticlines decrease. The younger formations are less deformed than the older formations, reflecting continued sedimentation during deformation. All these characteristics suggested that the primary stress is related to the Tianshan Orogen and involves dextral transpressional deformation (Liu et al., 1994; Yu et al., 2009).
2.2 Stratigraphy and Sedimentation
Sedimentation in the SJFB began in the late Paleozoic and formed a complete suite of Permian–Quaternary terrestrial deposits (Figure 2). The Permian strata comprised the Jijicao series (P1j), and the lower Cangfanggou Formation (P2ch). P1j is mainly found between Urumqi and Jimusar and is a marine–terrestrial deposit, comprising sandstones, siltstones, and shales–mudstones, interbedded with tuffs, oil shales, and dolomites. P2ch is widespread in the northern Tianshan and is in unconformable contact with P1j or Carboniferous rocks. The main lithology of the P2ch is variegated to purplish-red terrestrial clastic rocks. The Triassic strata include the upper Cangfanggou (T1ch) and Xiaoquangou formations (T2–3xq), which comprise mainly gray mudstones, muddy siltstones, lithic sandstones, and sandy mudstones. T1ch is a typical braided alluvial–deltaic conglomeratic deposit. The Jurassic strata have the widest and thickest (>4,000 m) distribution in the SJFB. From the base to top, Jurassic rocks include the Badaowan (J1b), Sangonghe (J1s), Xishanyao (J2x), Toutunhe (J2t), Qigu (J3q), and Kalazha (J3k) formations. The lower J1b consists of gray mudstones interbedded with sandstones, and the upper J1b consists sandy mudstones interbedded with sandstones, along with thin coal beds and lenses. J1b is a braided river–shallow lake facies deposit that records a lake transgression. J1s comprise grayish-green mudstones and sandstones interbedded with thin coal lenses, which were deposited in braided alluvial–deltaic facies. J2x is the thickest Jurassic formation with local thicknesses of >1,000 m. J2x consists of grayish-green sandstones and mudstones, interbedded with coal beds or lenses, deposited in a typical swamp facies environment. J2t comprises variegated mudstones, sandy mudstones, and sandstones that were deposited in braided river facies. In the upper part of J2t, the formation is red, which shows that the climate was during deposition. J3q consists of red and purple mudstones interbedded with sandstones. J3k typically comprises brown and red conglomerates and is often referred to as the Kalazha Dike due to its steep geomorphology. Cretaceous strata include the Tugulu (K1tg) and Donggou formations (K2d), which comprise grayish-green mudstones interbedded with sandstones and lower conglomeratic sandstones. A lake regression occurred from the Early to Late Cretaceous. Paleogene strata include the Ziniquanzi (E1–2z) and Anjihaihe formations (E2–3a). E1–2z comprises mainly purple mudstones and sandstones, and E2–3a consists of variegated mudstones and sandy mudstones interbedded with sandstones. Neogene rocks comprise the Shawan (N1s), Taxihe (N1t), and Dushanzi formations (N2d). N1s consists of brown muddy siltstones and mudstones with conglomerate interbeds. N1t comprises brown sandy conglomerates and muddy sandstones. N2d consists of lower yellow sandy mudstones and upper conglomerates interbedded with sandstones. Quaternary strata are dominated by the Xiyu Formation, which consists of conglomerates with lithic sandstone and sandy mudstone lenses. This entire Permian–Quaternary sedimentary sequence is the foundation of the petroleum system in the SJFB.
[image: Figure 2]FIGURE 2 | Stratigraphy, hydrocarbon accumulations, and typical cross-sections of oil fields in the South Junggar foreland basin.
2.3 Geological Structure and Tectonic Deformation
The SJFB can be divided into three structural layers controlled by two regional detachments (mudstones in E2–3a and K1tg) (Guo et al., 2011; Guan et al., 2016): 1) a Miocene–Quaternary structural layer above E2–3a; 2) a Paleogene–Cretaceous structural layer between E2–3a and K1tg; and 3) a pre-Cretaceous structural layer beneath K1tg. An N–S cross-section in the middle segment of the SJFB both with the seismic section and explained structure and petrography mode shows the vertical stratified structural deformation and the three rows of anticlines (Figure 3); from South to North, the anticline are the Qigu anticline and Huoerguosi antilcine, respectively.
[image: Figure 3]FIGURE 3 | N–S cross-section in the middle segment of the SJFB shows the seismic and structural and stratigraphy characteristics. The location of this section is shown in Figure 1. The three sets of combinations can be divided vertically by the regional detachment layer and caprock.
The growth strata that developed in fold-and-thrust belts provide the most reliable basis for determining the timing of structural events (Suppe et al., 1992; Shaw and Suppe, 1994). Many studies have used growth strata to determine the timing and rate of tectonic deformation (Wang et al., 2002; Guo et al., 2006; Li et al., 2011b) in the northern and southern Tianshan thrust belt. It has generally been concluded that the first row of anticlines formed in the late Mesozoic acquired its present geometry during the Himalayan orogeny and ceased developing during the Pleistocene (Deng et al., 2000). The second row of anticlines are formed between the Pliocene and early Pleistocene (Deng et al., 2000; Charreau et al., 2008, 2009). Given that the conglomerate in the Xiyu Formation is 2.58 or 3.10 Ma in age (Sun et al., 2004; Charreau et al., 2005), the second row of anticlines must have formed after 3 Ma (Guo et al., 2006; Fang et al., 2007). The third row of anticlines formed after the middle Pleistocene at ca. 0.73 Ma (Zhang et al., 1996; Deng et al., 2000). From east to west and from south to north, the strata and timing of anticline formation become younger, the folding amplitude becomes smaller, and the intensity of deformation decreases (Lu et al., 2010).
2.4 Source Rocks and Petroleum Systems
Based on oil–source correlations and geochemical characteristics, four sets of source rocks have been identified: the middle Permian Lucaogou Formation (P2l), the Lower–Middle Jurassic (J1–2), K1tg, and E2–3a (Chen et al., 2015a).
P2l is widely distributed in the middle and eastern SJFB (Figure 3). The average thickness of the Permian source rocks is 250 m, with the depocenter in the Changji–Fukang area. P2l comprises mudstones deposited in a lacustrine facies, with high total organic carbon (TOC) and type I and II1 organic matter contents. The exposed and drilled rocks of the P2l are located mainly in the piedmont region of the middle segment (II). In the Yaomoshan outcrop, P2l is at the low-maturity stage. In the Xiaoquzi area, the Ro values of P2l drilled by the Xiao 1 and Xiao 3 wells are 0.50–0.75%. In the foredeep depression, no Permian source rocks have been drilled, but these should be present at depths of ≥10,000 m and are anticipated to be in the high- to the post-mature stage.
Jurassic source rocks are widely distributed in the SJFB, with an average thickness of 160 m (locally >500 m). These rocks are black carbonaceous mudstones with coal interbeds that formed in a lacustrine–swamp facies. The source rocks are found mainly in J1b, J1s, and J2x. The organic matter type is III and II2 and mainly generates gas. The Jurassic source rocks are mostly at the low- to the mid-mature stage. However, at the center of the depression, the Jurassic source rocks would be in the high- to the over-mature stage.
Cretaceous source rocks are found mainly in K1q in the middle (II) and western (III) segments in the Huoerguosi–Manasi–Tugulu areas. The lithology is a deep-water, lacustrine, dark mudstone, with TOC contents of 0.06–1.81%. The organic matter is mainly type I and II (Chen et al., 2015a).
Paleogene source rocks are mainly present in E2–3a in the western Sikeshu depression. These source rocks are shallow to semi-deep, lacustrine facies, and dark gray mudstones, with TOC contents of 0.06–7.55% (average of 1.03%). The organic matter is mainly type II1 and II2. The Paleogene source rocks are generally found at shallow depths and are in the immature to the early-mature stage (Chen et al., 2015a).
From the Permian to the Quaternary, the center of deposition and subsidence moved progressively to the west. The four sets of source rocks are vertically stacked and overlap, forming a composite petroleum system. As such, there are four petroleum systems, which are derived from middle Permian, Middle–Lower Jurassic, Lower Cretaceous, and Paleogene source rocks (Figure 4). Numerous faults connect the source rocks in the SJFB (Figures 2, 3), resulting in the mixing of hydrocarbons from these different sources (Li et al., 2003; Da et al., 2006, 2007; Li et al., 2007). In the vertical direction, the hydrocarbon reservoirs mostly have mixed sources. In plain view, middle Permian petroleum systems are present in the middle and eastern segment and the Middle–Lower Jurassic petroleum system is distributed broadly in the whole basin. The Lower Cretaceous petroleum system distributes locally in the middle segment. Locally, the Paleogene petroleum system is present in the deeply buried parts of the Sikeshu depression. The existence of four sets of source rocks and different times of hydrocarbon generation and expulsion has formed these complex hydrocarbon accumulations (Figure 4).
[image: Figure 4]FIGURE 4 | Map showing the distribution of the four sets of effective source rock and four types of oil in the South Junggar foreland basin.
Oil and source rock geochemistry correlation shows that the oil in the SJFB can be divided into four types (Chen et al., 2015b, 2016), as follows (Figure 5).
1) Type I: This oil has δ13C < −29‰, Pr/Ph = 1–2, and contains abundant β-carotene, mainly regular sterane with C28 and C29, and low abundances of rearranged sterane. This is typicalof Permian source rocks and, as such, it was concluded that Type I oil was sourced from such rocks. Type I oil is found mainly in the eastern segment of the thrust belt, such as in the Qi 8 well and the Xiaoquzi oil field. The oil in the Dushan 1 and Dafeng 1 wells in the middle segment might also be sourced from Permian source rocks, as indicated by carbon isotope and Pr/Ph data (Figure 5).
2) Type II: This oil has δ13C = −28 to −26‰, Pr/Ph > 2.0, and contains abundant regular sterane and rearranged sterane with C29, which are characteristics of Jurassic source rocks. Type II oil is found mainly in the Xihu and Kayindike oil fields and the Tuositai and Jiangjungou oil seeps in the western segment and in the Gumudi and Santai oil fields in the eastern segment. The Jurassic oil in the Qigu oil field is similar to Type II oil in terms of biomarkers, but the carbon isotopes are heavier, and thus it is concluded that this oil was mixed with oil from Permian source rocks (Figure 5).
3) Type III: This oil has δ13C = −32 to −29‰, Pr/Ph < 1.0, and contains regular steranes that are mainly C27 and C29 and isocholestane and abundant rearranged sterane and gammacerane, which are typical of Cretaceous source rocks. The type III oil is present mainly in the second and third rows of anticlinal belts, such as oils in the Neogene and Cretaceous in the Tugulu, Manasi, Huoerguosi, Anjihai, South Anjihai, and Hutubi anticlines.
4) Type IV: This oil has δ13C = −28 to −25‰ and contains C27 and C29 steranes with a “V” shape and abundant 4-methyl-24-ethyl triaromatic cholestane, which is typical of Paleogene source rocks. Type IV oil is found mainly in E2–3a in the Kayindike anticline, N1t in the Xihu anticline, and N1t and N1s in the Dushanzi oil field. A controversy still exists about the origin of Type IV oil. Chen et al. (2016) concluded that it was sourced from E2–3a source rocks, whereas other studies considered that the low-mature E2–3a source rocks could not have provided such large volumes of oil and that the oil was sourced from Jurassic source rocks and mixed with Paleogene oil (Li et al., 2003; Guo et al., 2005).
[image: Figure 5]FIGURE 5 | Oil source discrimination diagram based on stable carbon isotope data and Pr/Ph values.
The natural gas has a dry coefficient (C1/C1–5) of 0.72–0.99, δ13C = −46.46 to −25.59‰ (generally < −29.29‰), and δ13C2 = −30.03 to −20.60‰ (generally > −28‰) (Figure 6). The methylcyclohexane coefficient of the light hydrocarbon is >50, which reflects a coal-type origin, possibly from Jurassic coal measures. Compared with the oils, the origin of natural gas is relatively simple. Natural gas accumulation is widespread in the basin, such as in the Manasi, Hutubi, Huoerguosi, and Qigu anticlines. The carbon isotope data indicate that the maturity of the natural gas in the SJFB is not high and is mainly in the low-mature to mature stage, (Figure 6).
[image: Figure 6]FIGURE 6 | Plot of δ13C1 versus δ13C2 for natural gas from the South Junggar foreland basin, showing gas derived from different maturity.
3 BASIN MODELING METHODOLOGY AND PARAMETERS
Basin modeling is a powerful tool for the evaluation of temperature, source rock maturity, and petroleum generation and migration in sedimentary basins (Tissot et al., 1987; Welte and Yalçin, 1988; Ungerer et al., 1990). We used the PetroMod® software package of IES, Germany, to undertake such modeling. This model is based on physical and chemical parameters that control the formation of commercial hydrocarbon accumulations in a sedimentary basin, which are deposition, compaction, heat transfer, hydrocarbon generation, and multiphase fluid flow (Ungerer et al., 1990; Thomas and Kauerauf, 2009).
For modeling, the input data were obtained from stratigraphic data (Table 1). Stratigraphic thicknesses and lithologies were extracted from well reports, and the petrophysical properties of the various lithologies were provided by the modeling package (Table 1). The paleo-surface temperature was estimated following the method of Wygrala (1989), based on the relationship between paleo-surface temperature and geological time and latitude. The transient heat flow method was used in the thermal modeling, and the Easy%Ro method was used in the source rock modeling. The basement heat flow data were taken from Rao et al. (2013) and adjusted by single-well 1D modeling with measured temperature and Ro data.
TABLE 1 | Input data and parameters used in the basin modeling.
[image: Table 1]For the reason that the minor measured source rock Ro data are only distributed in the piedmont zone and the west slope of the Sikeshu depression (Figure 7), we combined multiple-well 1D modeling and 3D basin modeling to get a source rock maturity map. The single-well 1D modeling with measured temperature and Ro data provides the suggested modeling parameters, especially heat flow and erosion thickness. Then, a simple 3D model was established based on the thickness maps of each formation and the heat flow map is referred according to the previous work on heat flow distribution in the Junggar basin (Rao et al., 2013) but adjusted a little according to single-well modeling parameters. After 3D modeling, the results are rechecked with measured data. By using the advanced “Block” function, the 2D modeling of complicated compressional structural sections has been successfully carried out.
[image: Figure 7]FIGURE 7 | Measured temperature and source rock Ro in different wells in the South Junggar Basin. (A) Measured temperature in different wells and structures in the south Junggar Basin. (B) Measured source rock Ro in different wells and structures in the south Junggar Basin.
According to field measurements, the heat flow in the Junggar Basin is 23.4–56.1 mW/m2, with an average of 42.5 ± 7.4 mW/m2. This shows that the Junggar Basin is a typical cold basin. The heat flow is lower in the SJFB, with an average of 34.4 ± 8.3 mW/m2. The geothermal gradient in the SJFB is as low as 1.5–2.2°C/100 m and is generally <1.8°C/100 m (Figure 7). This may be related to the rapid subsidence and burial history since the Cretaceous. Based on single-well modeling, the paleo-heat flow in the SJFB has declined since the Triassic, with the decrease being the largest in the Triassic–Jurassic (rifting and depression formation stage) and Neogene (rapid foreland deposition stage). Presently, the average heat flow is 40 mW/m2 and varies from 35 to 42 mW/m2 (Table 1).
Eight-well 1D modeling with measured temperature and Ro data was taken such as Xihu 1, Ka 6, Gaoquan 1, Dafeng 1, Qi 8, Qing 1, and Pencan 2 wells. The consistency between modeled and measured temperature and source Ro data in Xihu 1 and Qi 8 well is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Consistency between modeled and measured temperature and Ro in Xihu1 and Qi8 well. (A) Consistency between modeled and measured temperature and Ro data in Xihu1 well. (B) Consistency between modeled and measured temperature and Ro data in Qi8 well.
4 MODELING RESULTS AND DISCUSSION
4.1 Burial and Evolution of Maturity in Different Regions
The burial and evolution of maturity are variable throughout the SJFB. A comparative analysis of the Wukui anticline zone, Sikeshu depression, Qigu fault–fold zone, and northern slope zone shows that the burial history of the SJFB can be classified into four types.
4.1.1 Type I: Late-Stage Uplift and Erosion
This burial history affected the piedmont belt of the SJFB. Type I involved relatively little subsidence and three periods of structural uplift in the end-Jurassic (145 Ma), Cretaceous (65 Ma), and Miocene (17 Ma). The later period of uplift has largely shaped the region and has resulted in 2,000–3,000 m of uplift and further erosion (Figure 9A). The modeling of the Qi 8 well shows that the Ro values of the Permian source rocks reached 0.7% in the Late Jurassic and 0.9–1.0% in the Late Cretaceous, which then resulted in large amounts of oil generation. However, the end-Cretaceous uplift and erosion caused hydrocarbon generation to stop, and even the deposition of Cenozoic strata did not change the maturity of the Permian source rocks. The Ro values of Jurassic source rocks reached 0.5–0.6% in the Late Cretaceous but did not increase after end-Cretaceous uplift and erosion, thereby limiting oil generation.
[image: Figure 9]FIGURE 9 | Burial and thermal history of different regions in the South Junggar foreland basin. (A) Burial and thermal history of Qi8 well in the southern belt of anticlines showing late-stage uplift and erosion. (B) Burial and thermal history of Dafeng1 well in the northern belt of anticlines showing continued and stable burial. (C) Burial and thermal history of Xihu1 well in the Sikeshu depression, showing early shallow burial and late rapid burial. (D) Burial and thermal history of Pencan 2 well in the northern slope, showing continuous slow burial.
4.1.2 Type II: Continued and Stable Burial
This burial history characterizes the second and third anticlinal belts in the middle segment of the SJFB. The burial was continuous and stable and has resulted in source rocks being buried to great depths and reaching high maturity (Figure 9B). The modeling of the Dafeng 1 well shows that multiple source rocks experienced a similar evolution and successive phases of hydrocarbon generation. The Permian source rocks entered the oil window during the Late Jurassic, and the oil generation peak was observed in the Cretaceous when Ro values reached 2.6%. Jurassic source rocks entered the oil window during the Early Cretaceous, later than the Permian source rocks, and were in the peak oil generation stage in the Late Cretaceous and gas generation stage since the Neogene. The Ro values are 2.3–2.6% and in the high- to over-mature stage. The Cretaceous source rocks entered the oil window during the Late Cretaceous, and peak oil generation has occurred since 10 Ma. Ro values reached 1.1%. The Ro values of the Paleogene source rocks are now 0.5%, and these rocks have not yet entered the oil window.
4.1.3 Type III: Early Shallow Burial and Late Rapid Burial
This burial history characterizes the Sikeshu depression and is involved in early shallow burial and later rapid burial. Although the rocks are currently deeply buried, the maturity is low. The modeling of the XH 1 well (Figure 9C) shows that in the Sikeshu depression, the burial depth of Jurassic source rocks was always <2,500 m prior to the Paleogene. Since the Paleogene, rapid burial has occurred, but the low geothermal gradient means that Ro values of only 0.85–1.00% have been attained (i.e., oil generation stage). The Ro values of Cretaceous source rocks are <0.70% and are still not sufficient to generate large quantities of oil. The Ro values of the Paleogene source rocks are <<0.5%, outside of the oil generation stage.
4.1.4 Type IV: Continuous Slow Burial
This burial history is typical of the northern slope zone and is characterized by continuous slow burial. During the Cretaceous, the burial depth was <3,500 m, but this has increased since the Neogene, although it is still generally <5,000 m. The modeling of the Pencan 2 well (Figure 9D) demonstrates that the Jurassic source rocks in this area entered the oil window at the end-Early Cretaceous and, with the increase in burial depth since the Neogene, the Ro value has increased to 0.71%, which lies in the early oil generation stage. The in situ source rock maturity is low and has not yet generated a large amount of oil. The oil reservoirs in this area may be sourced from the adjacent depression or the SJFB.
4.2 Matching Between Trap Formation and HC Generation
Before the Cretaceous, the top structure of J2x is a nearly EW-trending depression, shallow west, and deep east with steep south and gentle north. The first row of structures such as Changji and Qigu anticlines have formed, located in the southern steep slope edge area, and the western Tuositai area was also a large ancient trap. At the end of the Cretaceous, the west area of Shawan was a regional paleo-uplift, and the first row of the structural belt was also located in the southern margin, which was the direction area of oil and gas migration. Therefore, most of the structures in the SJFB did not form or only have prototypes in the Yanshan period, and the Himalayan period is the main formation period of structural traps. For the first row of anticlines, the trap is mainly formed in the Yanshan period, and it is reformed and finalized in the Himalayan period, which is well-matched with the hydrocarbon expulsion period of the source rock of the Middle and Lower Jurassic and is beneficial to the primary reservoir formation. The traps in the second and third row of anticlines are mainly formed in the Himalayan period, and the formation of traps is late, which does not match the hydrocarbon generation and expulsion period of main source rocks and is not conducive to the formation of primary reservoirs. According to the growth strata of anticlines, the formation or the stereotype time of the first row of anticlines is about 6–7 Ma, the second row of anticlines (Huo-Ma-Tu fold belt) is later than 2 Ma, and the third row of anticlines (Dushanzi-Anjihai fold belt) is not earlier than 1 Ma, which makes the formation time of structural traps generally prolonged than the main hydrocarbon generation period of oil and gas and may cause low oil and gas filling intensity, which may be one of the important reasons for the poor exploration effect of the southern Junggar thrust belt (Guo et al., 2011).
The study on the hydrocarbon generation history shows that the oil generation peak of the Middle–Lower Jurassic in the eastern part of the middle segment (take Dafeng 1 well as a representative) reached the peak of oil generation in the Cretaceous. The main hydrocarbon expulsion period should be at the end of the Cretaceous, and a large number of gas generation periods have entered since the Paleogene. The gas generation peak has reached around 20 Ma, but the hydrocarbon generation rate has decreased to around 10 Ma (Figure 10C). As for the late structure trap formation, it is not so favorable for oil and gas reservoir accumulation.
[image: Figure 10]FIGURE 10 | Hydrocarbon generation history of representative wells in different regions in the Southern Junggar basin. (A) HC generation history of Xihu1 well in the west segment of south Junggar Basin. (B) HC generation history of a pseudo well in the west part of of middle segment. (C) HC generation history of Dafeng1 well in the east part of middle segment.
The eastern part of Sikeshu sag (take Xihu 1 well as a representative) has a burial history of early shallow burial and late fast deep burial. The Jurassic source rocks began to produce a large amount of oil since 10 Ma and are still involved in a large number of oil generation stages (Figure 10A), which is well-matched with the trap formation period and has the basic conditions for the formation of oil and gas fields. Early discovery has been found in the Caindike and Dushanzi oilfields, and the Xihu 1 well also had low-yield oil flow. In January 2019, the Gaotan 1 well had high-yield oil and gas flow in the K1q reservoir, with a daily yield of crude oil of 1,213 m3 and of natural gas 3,217,000 m3.
As for the west part of the middle segment (take a pseudo well for modeling), due to the relatively shallow burial in the early stage, the hydrocarbon generation time is relatively lagging, and the Jurassic source rocks are still generating a lot of gas since 10 Ma (Figure 10B). The main gas generation period is better-matched with the late trap formation period. The area of Ro between 1.0 and 2.0% in the J1b source rock can be considered the main gas-generating area and is mostly distributed in the western and middle part of the middle segment of the fold-and-thrust belt, which has a good matching relationship with the formation period of structural traps and is a favorable exploration area for natural gas (Figure 11).
[image: Figure 11]FIGURE 11 | Map showing the Jurassic source rock maturity and distribution of oil and gas in the South Junggar foreland basin. The measured Ro of some wells is shown in the map.
4.3 Source Rock Controls on the Hydrocarbon Phase and Distribution
Four sets of source rocks are present in the SJFB. Given that the Ro values of Paleogene source rocks are generally <0.6%, these rocks have made a negligible contribution to oil and gas generation and accumulation. The Cretaceous source rock in the middle segment has just gone into the middle mature stage, with an Ro of 0.8–1.1% (Figure 12), which will generate less oil, which has proven to be the source of oils in the Neogene and Cretaceous in Huoerguosi, Manasi, Tugulu, and Hutubi anticlines; however, it is limited both in area and quantity. The Permian source rocks generated hydrocarbons early, prior to the formation of Cenozoic thrusting structures. The Jurassic source rocks are thick, widely distributed, moderately mature, and are therefore the main source rocks in the SJFB. This study now focuses on the Jurassic source rocks and their control on oil and gas distribution.
[image: Figure 12]FIGURE 12 | Map showing the Cretaceous source rock maturity and thickness in the South Junggar Basin. The measured Ro of some wells is shown in the map.
The Jurassic source rocks have the highest maturity in the Dafeng 1 well area (Ro = 2.2%) and lower maturity away from this region (Figure 11). In the eastern area of the middle segment, the Ro values are also high (≥1.8%). The source rocks in these areas are high to over-mature and mainly generate dry gas, which has accumulated in the Hutubi anticline, forming the Hutubi gas field. In the western area of the middle segment, the maturity is relatively low and Ro = 1.0–1.6%; the source rocks here have mainly generated oil and condensate gas. Mature gas from Jurassic source rocks has been found in the Huoerguosi, Manasi, Tugulu, and Anjihai oil fields, in the second and third anticlinal belts. In the western segment, Ro = 0.6–1.0%, which is at the low-mature to mature stage. This has generated oil that accumulated in the Dushanzi, Xihu, and Kayindike anticlines. Oil has been found in Jurassic reservoirs in the Xihu and Kayindike anticlines. In the eastern segment, the source rock Ro values are relatively low (0.5–0.8%) and mainly generate oil. The Santai and Ganhezi oil fields have been found in the east piedmont belt.
The gas composition and carbon isotope and reservoir phase type in each discovered oil and gas field or well are listed in Table 2. The gas maturity is computed based on the linear relationship between methane carbon isotope and source rock Ro according to the type III source rock. The calculation formula is referred from the two-stage fitting mode of coal-derived gas after Liu and Xu (1999).
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TABLE 2 | Gas composition and carbon isotope in the South Junggar Basin.
[image: Table 2]The Jurassic source rocks in the second and third anticlinal belts have the highest maturity, which has led to gas accumulation in the Huoerguosi–Manasi–Tugulu and Hutubi anticlines. These gases have heavy carbon isotopes and source rock Ro = 1.09–1.34%. The carbon isotopes of gas in the Qigu oil field and Qing 1 well are also heavy, and source rock maturity has reached Ro = 1.32–1.39% (Figure 13). The source rocks in the Sikeshu depression have low maturity because of the rapid subsidence, and Ro values are 0.6–0.8%, mainly resulting in oil and associated gas generation. The carbon isotopes of gas in the Kayindike, Xihu, and Dushanzi oil fields are light, and the source rocks have Ro = 0.61–0.82%. The source rock maturity is lowest in the eastern segment (Ro = 0.6%), and the source rocks have mainly generated oil. The carbon isotopes of reservoir-associated gas in the Gumudi and Fudong areas are the lightest in the SJFB, and the source rocks have Ro = 0.55–0.68%. From west to east, the source rock maturity first increases and then decreases, and the gas maturity changes in a similar fashion (Figure 13). This shows that source rock maturity largely controlled the oil and gas composition and phase. In general, oil and gas from Jurassic source rocks have resulted in gas accumulation in the middle segment, oil and gas accumulation in the western segment, and oil accumulation in the eastern segment. This spatial variability is controlled by source rock maturity.
[image: Figure 13]FIGURE 13 | East to west changes in carbon isotope data and natural gas maturity in the South Junggar foreland basin.
4.4 Petroleum System Evolution
The composite petroleum systems of the SJFB have superimposed multiple sources, multiple phases of hydrocarbon generation, and multiple phases of (mixed) accumulation (Zhang and Liu, 2002; Zhao et al., 2009; Song et al., 2012) (Figure 14). The two N–S section 2D modeling results show the evolution of structure, source rock maturity, and hydrocarbon accumulation process, one in the middle segment (Figure 15) and one in the west segment (Figure 16), reflecting the difference between the west and middle segment and the first row and second-third row of anticlines.
[image: Figure 14]FIGURE 14 | Schematic diagram of hydrocarbon accumulation events in the South Junggar foreland basin. The four sets of source rock have different time for oil and gas generation and the different trap formation and hydrocarbon accumulation time between the first and second-third row of anticlines.
[image: Figure 15]FIGURE 15 | Schematic diagram of tectonic deformation, source rock maturation, and hydrocarbon accumulation history in the middle segement of the South Junggar foreland basin. The structural and stratigraphy model is simplified from Figure 3. (A) The structure, source rock maturation and HC accumulation situation at the end of Jurassic at 145 Ma. (B) The structure, source rock maturation and HC accumulation situation at the end of Cretaceous at 65 Ma. (C) The structure, source rock maturation and HC accumulation situation at the end of N1t sedimentation at 5 Ma. (D) The structure, source rock maturation and HC accumulation situation at the end of N2d sedimentation at 1.65 Ma. (E) The structure, source rock maturation and HC accumulation situation at present day.
[image: Figure 16]FIGURE 16 | Schematic diagram of tectonic deformation, source rock maturation, and hydrocarbon accumulation history in the west segment of the South Junggar foreland basin. The location of this section is shown in Figure 1. (A) The structure, source rock maturation and HC accumulation situation at the end of Cretaceous at 65 Ma. (B) The structure, source rock maturation and HC accumulation situation at the end of N1s sedimentation at 16 Ma. (C) The structure, source rock maturation and HC accumulation situation at the end of N1t sedimentation at 5 Ma. (D) The structure, source rock maturation and HC accumulation situation at present day.
In the Permian petroleum system, the main time of oil and gas generation was the Late Jurassic to Early Cretaceous, and hydrocarbon migration and accumulation occurred at the end-Jurassic. The favorable areas for accumulation are located in the Changji and Qigu anticlines in the piedmont belt because the paleo-structures in these areas had formed in the Late Jurassic. However, in the majority of the northern areas, Permian oil has migrated into uplifted areas of the northern slope zone along the tops of reservoirs.
In the Jurassic petroleum system, the source rocks in the middle segment began to generate oil in the Late Cretaceous and gas since the Neogene; the key times for hydrocarbon migration and accumulation were the end-Cretaceous and late Miocene–Pliocene (Figures 14, 15). The primary oil reservoirs that are formed at the end of the Cretaceous are located in the first rows of anticlines. Given that the second and third row of anticlines had not yet formed in the Miocene–Pliocene, most of the Jurassic oil migrated toward the uplifted northern slope zone along the tops of reservoirs. As such, only lithological and structural–lithological reservoirs are formed in these zones. The second and third row of anticlines began to form in the late Miocene–Pliocene, and gas from the Jurassic source rocks migrated into the K2d and E1–2z reservoirs along faults, forming late gas accumulations. The deep structural traps in the second and third rows of anticlines formed late, are not cut by faults, have good preservation conditions, and are ideal sites for hydrocarbon reservoirs. The Jurassic source rocks in the Sikeshu depression have generated the majority of their oil since the Neogene, with the key time of oil accumulation being in the late Miocene–Pliocene (Figure 16). Even though oil generation and accumulation are very late, the oil accumulations were adjusted a lot by the late Cenozoic tectonism, for example, the Xihu1 anticline was once a paleo oil reservoir, while producing less oil but much water at present.
In the Cretaceous petroleum system, the Cretaceous source rocks began to generate oil in the Neogene, and the key time for hydrocarbon migration and accumulation was during the deposition of N2d (Figures 14, 15). The Cretaceous oil migrated into the K2d and E1–2z reservoirs along the faults and charged the same traps with gas from the deeper Jurassic source rocks, forming condensate gas reservoirs by gas flushing. The favorable zones for these accumulations are in the Dushanzi, Huoerguosi, Manasi, and Tugulu anticlines.
Late Cenozoic tectonism has clearly controlled hydrocarbon accumulation in the SJFB. In the first row of anticlines, the hydrocarbons have multiple sources, a multistage accumulation history, and late overprints. Oil accumulation in the Qigu anticline began in the Late Jurassic (Song et al., 2005; Zhao et al., 2005; Fang et al., 2007; Wei et al., 2010), and high-mature gas accumulation occurred in the late Neogene (Zhao et al., 2005; Lu et al., 2019). In the second and third row of anticlines, hydrocarbon accumulation was delayed and has occurred since the Neogene (Hu et al., 2017). The Cretaceous source rocks have mainly generated oil, and the Jurassic source rocks have mainly generated gas. In the middle and upper structural layers, the faults have enabled the formation of mixed-source oil and gas reservoirs.
4.5 Petroleum Preferential Accumulation Sites
From our comprehensive analysis, it is evident that the distribution of source rocks in the petroleum systems has controlled the distribution of oil and gas reservoirs. Mixed accumulations were facilitated by fault connectivity. In the eastern segment, oil and gas reservoirs are found in Permian, Triassic, and Jurassic reservoirs sourced from P2 and J1–2. In the middle segment, oil and gas are mainly sourced from J1–2 and P2 in lower reservoirs, such as in the Qigu oil field and the Nanan 1 well. However, oil is sourced mainly from K1tg and gas from J1–2 via fault pathways in the middle–upper reservoir combinations, such as in the Hutubi gas and Manasi oil–gas fields. In the western segment, Cretaceous and Permian source rocks are not present, and oil and gas accumulated in Paleogene and Jurassic reservoirs, sourced mainly from J1–2 in lower reservoirs. However, oil and gas in the upper reservoirs are partly sourced from E2–3a source rocks, such as in the Dushanzi oil field and the Kayindike E1–2z oil reservoir.
Structural traps have good preservation conditions in the lower structural layer and have mainly accumulated gas. The times of oil and gas charging in the second row of anticlines were 14–9 and <3 Ma, respectively (Fang et al., 2007; Hu et al., 2017), corresponding to late Cenozoic tectonic activity. The northern slope zone is an area of long-term uplift and a favorable direction for oil and gas migration and subsequent accumulation, particularly for oil derived from Permian and Jurassic source rocks prior to the Neogene. The types of reservoirs in the northern slope zone are mainly lithological and structural–lithological.
5 CONCLUSION

1) There are four sets of source rocks in the SJFB, which are middle Permian, Middle–Early Jurassic, Early Cretaceous, and Paleogene in age. Middle–Lower Jurassic rocks are the main source rocks. These source rocks are vertically stacked and overlapped, forming a composite petroleum system, but the Jurassic petroleum system is dominant. The heterogeneous distribution of oil and gas reflects the variable source rock distribution and maturity, stratigraphy, relative timing of hydrocarbon generation, and formation of structural traps.
2) Multiple sources and multistage hydrocarbon charging have influenced the petroleum systems in the SJFB. Late Cenozoic structural deformation was also an important control on oil and gas accumulation. The timing of structural trap formation in the second and third row of anticlines was later than the main phase of hydrocarbon generation, which may explain the poor exploration outcomes in the SJFB.
3) According to our analysis of source rocks, reservoir–cap rock assemblages, and relative timing of hydrocarbon generation and trap formation, the lower reservoir-forming combination in the middle segment may contain large gas reservoirs with significant exploration potential. The conditions for hydrocarbon accumulation are most favorable in the second and third row of anticlines in the middle SJFB.
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The evaluation of reservoirs is of great importance in exploration practices, and reservoir distribution is dependent on multiple geological factors. The carbonate platform of the fourth member (Z2dn4) of the Dengying Formation (Z2dn) in the Gaoshiti-Moxi area (GMA) was uplifted above sea level during episode II of the Tongwan movement and underwent prolonged karstification by meteoric freshwater in the terminal Sinian, leading to a strong heterogeneity in reservoirs. Paleogeomorphology reflects hydraulic gradients that can affect the intensities of surface karstification and may be approximated by terrain slope gradients. Karst products (especially solution vugs and caverns) exist prevailingly in the Z2dn4; their development mirrors the extents of internal dissolution. Based on paleogeomorphological reconstruction using the elevation method, the slope angles of single boreholes were calculated through the digital elevation model (DEM). In accordance with single-borewell Fullbore Formation MicroImager (FMI) logging data, four electrofacies (host rock, vug, fracture, and cave) were identified in boreholes possessing FMI data. The identified electrofacies were matched with corresponding conventional logging curves to obtain the training data. A model generalized for other boreholes without FMI data was established with the random forest algorithm and the thicknesses of the four electrofacies in each borehole were determined to characterize the extent of karstification. Slope gradients and electrofacies thicknesses, together with multiple physical parameters of reservoirs in boreholes, were utilized for factor analysis. Four factors were obtained and fused into one comprehensive score based on their ratios of variance proportions. The favorability of reservoirs was described by the comprehensive scores of each borehole. These analyses showed that the most advantageous reservoirs are distributed in the vicinity of the platform margin in the west of the GMA, where they enjoy several benefits. Deposition of porous mound-shoal complexes occurs predominantly in the platform margin where large-scale caves are more developed in the mixing karst zone of seawater and freshwater. Meanwhile, the transmeridional lateral migration of hydrocarbons from the regional hydrocarbon-generating center abutting the west of the GMA contributes to earlier entrapment and accumulation in the mound-shoal complexes in the platform margin.
Keywords: reservoir evaluation, paleogeomorphological reconstruction, random forest algorithm, factor analysis, Deng member, Gaoshiti-Moxi area
1 INTRODUCTION
In the most important reservoirs of petroliferous basins around the world, carbonate rocks have consistently been a major research focus for petroleum exploration in both academia and industry (Calner et al., 2010). Carbonate reservoirs account for approximately 50% of total reserves and represent 60% of total hydrocarbon production in the world (Gomez-Rivas et al., 2014; Su et al., 2021; Chen et al., 2022), with large-scale marine carbonate reservoirs discovered in petroliferous basins worldwide (Dyman et al., 2002; Halbouty, 2003; Biteau et al., 2006). Increasing demand and continuous consumption of fossil fuels have prompted petroleum exploration to expand from medium-shallow to deep and even ultra-deep domains of carbonate reservoirs. Deep and ultra-deep carbonate strata with depths exceeding 4,500 m are hotspots for oil and gas exploration and exploitation (Yang et al., 2021) and represent reserves of around 35% of global hydrocarbons (Ma et al., 2020).
However, the compaction of deep carbonate reservoirs using burial results in low interconnectivity and porosity (Morad et al., 2018; Perrin et al., 2020). High-quality reservoirs with low permeability and porosity that produce commercial hydrocarbon flow may be subject to the development of secondary porosity and fractures. These may be caused by constructive diageneses such as karstification and recrystallization and tectonic movement (Abarca et al., 2019; Dai et al., 2020; Dong et al., 2020). Karstification has been shown to play a significant role in enhancing the integrated reservoir quality, e.g., porosity and permeability, throughout the duration of diagenesis (James and Choquette, 1988; Ronchi et al., 2010; Sayago et al., 2012; Chen et al., 2022). Meteoric freshwater percolates and diffuses downward into inner carbonate strata and dissolves the soluble calcium minerals, resulting in considerable porosity due to secondary dissolution, caverns, and dissolution fractures that augment extra storage spaces (Loucks and Anderson, 1985; Moore and Wade, 2013). Prolonged karstification following integral platform exposure can cause disconformity, i.e., general weathering crust in carbonate reservoirs. Thus, karstification is associated with disconformity, and paleokarst reservoirs are also related to disconformity (Fritz et al., 1993; Zhu et al., 2019; Chen et al., 2022). This is highly prevalent, as 20%–30% of global oil and gas resources are subject to unconformities (Fritz et al., 1993; Burchette, 1996). Relief of disconformity may be implicitly related to and reflect the karst intensity, which is influenced by karst hydraulic gradients and chemical denudation rate. Prediction of karst reservoirs through reconstruction of paleogeomorphology, therefore, should be feasible and valid (Tang et al., 2013). Additionally, different methods have been employed to reconstruct paleogeomorphology, and interpretations of the outcomes demonstrate that hydrocarbons are apt to accumulate in one or more paleogeomorphological units, e.g., monadnock and karst slope (Tang et al., 2013; Jin et al., 2017; Yu et al., 2021). This type of result demonstrates the utility and feasibility of paleogeomorphological reconstruction.
The evaluation and prediction of paleokarst carbonate reservoirs are an important but challenging aspect of hydrocarbon exploration due to the extreme complexity and heterogeneity of karst systems, which are controlled by subaerial karstification and burial alteration after tens to hundreds of millions of years (Li R. et al., 2021; Zhang et al., 2022). Previous studies on paleokarst reservoir evaluation and prediction based on conventional paleogeomorphological reconstruction methods are commonly qualitative or semi-quantitative, which can only indirectly reflect karst fluid hydrodynamics and cannot depict internal karst systems in line with the degree of karstification. Conventional well logging curves and Fullbore Formation MicroImager (FMI) are high-resolution means for identifying electrofacies such as host rocks, fractures, vugs, and paleocaves of paleokarst reservoirs (Tian et al., 2019; Zheng W. et al., 2021). These identified electrofacies also reflect karst system development. Porosity, permeability, and other parameters that characterize pore system geometry is only used to authenticate the validity of reconstructed paleogeomorphology, yet key parameters would be missed in reservoir evaluation and prediction.
For responsible paleokarst reservoir evaluation and prediction, it is essential to consider and integrate multiple features that affect reservoir development, i.e., lithofacies, diagenetic alteration and tectonics, and corresponding characteristic parameters. The core idea of multi-feature or multi-parameter analysis in reservoir evaluation and prediction is that a comprehensive dimensionless parameter can effectively substitute and represent other characteristic attributes and reserve most of the data (Li Y. et al., 2021). Factor analysis (FA), principal component analysis (PCA), and linear discrimination analysis (LDA) are commonly used in multi-feature dimensional reduction, where FA and PCA are unsupervised analysis approaches, but LDA is supervised (Wang and Lu, 2021). In addition, the integrated single parameter can be obtained also by other weighting analyses, e.g., analytical hierarchy process (AHP) (Kayastha et al., 2013), greyness related analysis (GRA) (Jia et al., 2016), ReliefF algorithm (RFA) (Reyes et al., 2015), entropy weight method (EWM) (Li Y. et al., 2021), and critic weight method (CWM), etc. Moreover, FA, PCA, and LDA are also weighting analytical methods.
The Sinian Z2dn of the Gaoshiti-Moxi area in the Central Sichuan Basin has been discovered in recent years to be a giant gas field, which was a major breakthrough (Liu et al., 2015; Luo et al., 2017; Xie et al., 2019; Zhou et al., 2020). The proven total reserves of natural gas were as high as 1 × 1012 m3, and the cumulative gas production had reached 4.19 × 1010 m3 by the end of 2018 (Li et al., 2020). The interface between the Z2dn4 and the overlying Maidiping Formation (Є1m) or Qiongzhusi Formation (Є1q) is a disconformity. It is widely understood that the disconformity is a consequence of meteoric freshwater leaching and eroding after the regional tectonic uplift of the Tongwan Movement episode II (Luo et al., 2015; Yang et al., 2016; Wei et al., 2016; Zhou et al., 2016; Luo et al., 2017; Hao et al., 2017), though a debate co-exists on which karstification type (eogenetic, hypogenetic, or epigenetic) dominates the formation of numerous karst products in the Z2dn4 (Tang et al., 2013; Luo et al., 2015; Zhou et al., 2016; Jin et al., 2017; Che et al., 2019; Li et al., 2019; Jin et al., 2020; Zhou et al., 2020). Karstification is regarded as the vital diagenetic alteration in the formation of Z2dn4 reservoirs in the Gaoshiti-Moxi area (Luo et al., 2017; Shan et al., 2017; Duan et al., 2019; Zhou et al., 2020). However, it is difficult to quantitatively and precisely evaluate and predict paleokarst reservoirs via a single approach such as through paleogeomorphological reconstruction, paleokarst development characterization, or some other petrophysical parameters.
This study is aimed at integrating targets of paleogeomorphological reconstruction, paleokarst development characterization, and reservoir physical properties to quantitatively evaluate and predict potentially favorable areas of reservoirs for Z2dn4 using machine learning. The elevation method of paleogeomorphological reconstruction was employed, and slope gradient data were obtained through slope analysis to approximate hydraulic gradients. The principles of random forest (RF) and FA were discussed. Constrained by high-resolution core analysis, conventional well logging data, and FMI, paleokarst electrofacies of boreholes were identified and their thicknesses were calculated to characterize paleokarst development. Combined with porosity and permeability, FA was used to reduce data dimensions and fuse multi-features into four factors that describe the development of paleokarst reservoirs. Weight coefficients were derived from the variance contribution rate of each factor multiplied by the factor value to obtain final reservoir evaluation values. The results can essentially quantify the favorability of each paleokarst reservoir and illustrate the principles of Z2dn4 reservoir development and regulation.
2 GEOLOGICAL SETTINGS AND STRATIGRAPHY
The Sichuan Basin is a constituent part of the Upper Yangtze Block located in Southwest China with an area of about 26 × 104 km2. Since its formation, the basin has undergone multiple tectonic movements in geological history. Its current structural pattern is the consequence of the integrative action of all tectonic movements since the Precambrian. The whole Sichuan Basin can be subdivided into six structural domains based on structural characteristics: the western high-steep structural belt (①), the northern low and gentle structural belt (②), the eastern high-steep structural belt (③), the southern low-steep structural belt (④), the southwest low-steep structural belt (⑤), and the central gentle structural belt (⑥) (Figure 1A). The Gaoshiti-Moxi Area (GMA), situated in the gentle structural belt of the Central Sichuan Basin, is close to the low-steep structural belt to the south. Crossing the Mianyang-Changning intracratonic sag, the low-steep and high-steep structural belts lie in the west (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) structural map of the Sichuan Basin and the position of the study area. (B) comprehensive stratigraphic section of the Z2dn4 in the GMA.
The Z2dn4 of the GMA is the uppermost section of the Z2dn, mainly consisting of microbial and micritic dolomites of platform carbonates, the thickness of which ranges from 200 to 380 m. A disconformity on top of the Z2dn separates the overlying Є1m and Є1q and the underlying Z2dn4, and a subjacent third member of the Z2dn (i.e., Z2dn3) composed mainly of siltstone, silty mudstone, mudstone, and sandy dolomite vertically connects with the Z2dn4 (Figure 1B). Tectonic uplift in the late Sinian resulted in extensive exposure of the Sichuan Basin, and the warm paleoclimate caused abundant and frequent atmospheric precipitation (Zhang et al., 2014; Wang J. et al., 2020), producing prolonged leaching and infiltration of soluble carbonates that cultivated the complex karst system. Large quantities of organic matter from the basin floor in the Yangtze block oxidized due to the regional uplift, and the CO2 produced increased the partial pressure of CO2 in the atmosphere and elevated the acidity of meteoric precipitation. This further facilitated karstification, especially the chemical denudation in the platform part (Li et al., 2017). Karst phenomena and products are pervasive in Z2dn4, and reservoir characteristics are intrinsically related to karstification.
3 METHODS
The distribution of reservoirs is generally considered a consequence of multiple factors and their interactions. It is, therefore, appropriate to apply mathematical tools to estimate reservoir distributions through multifactor analysis (Li Y. et al., 2021). Paleogeomorphological reconstruction using a quantitative digital elevation model (DEM) was performed to obtain the slope gradients of karst paleogeomorphology, which approximate the karst hydraulic gradients that characterize hydraulic potentials. The DEM is modeled from elevation values that are obtained from the reconstructed paleogeomorphology utilizing the elevation method, and the slope gradient data are acquired from slope calculation in the ArcGIS software. The RF algorithm was employed to identify the electrofacies of the host rock, fracture, vug, and cave in boreholes according to core analysis, thin sections, conventional logging data (i.e., GR, AC, DEN, CNL, RT, RXO, and RESD (resistivity difference between RT and RXO)), and FMI. The thicknesses of the electrofacies of each borehole served as features characterizing paleokarst development. A single estimating parameter (factor score) was calculated based on a quantitative evaluation approach (i.e., FA) combined with the integration of slope gradients, the thicknesses of the various electrofacies, and certain reservoir physical properties. This factor score was then used to plot a map of favorable reservoir distribution.
3.1 Elevation Method for Paleogeomorphological Reconstruction
Certain attempts of paleogeomorphological reconstruction performed in the Sinian/Cambrian boundary in the Gaoshiti-Moxi area have obtained some good achievements in recent years on the basis of the impression method and residual thickness-impression combination method (Wang et al., 2014; Liu et al., 2015; Jin et al., 2017). The most commonly used methods for paleogeomorphological reconstruction are the “residual thickness” method and the “impression” method (Yan et al., 2020). The residual thickness method is unsuitable for the Central Sichuan Basin for paleogeomorphological reconstruction, attributing to irrational onlaps that appeared on the reconstructed and interpreted karst highlands and depressions (Jin et al., 2017). Also, interpretations of reconstructed paleogeomorphology resulting from the impression method are opposite to the impression thickness. In other words, the thinner the impression thickness, the higher the geomorphology is. This might not be a big problem under normal circumstances; however, it could go badly wrong when applying the impression thickness to subsequently calculate the slope gradients. Therefore, we use the elevation method introduced by Yan et al. (2016) and Zhao et al. (2018) to reconstruct the paleogeomorphology of the Sinian/Cambrian interface. Compared to the impression method, the elevation method introduces a second base level (the lower base level) to convert the impression thickness into a quantitative elevation value. Also, the elevation value directly represents the reconstructed geomorphological height; thus, we can apply the elevation values to calculate the corresponding slope gradients. The overlying lower Cambrian sequences of Є1q- Є1c are a complete transgressive-regressive sedimentary cycle, which basically fills up the underlying Sinian/Cambrian karst geomorphology (Jin et al., 2017; Yan et al., 2020). The high-quality 2D and 3D seismic data are generally covered in the research area, and more than 40 boreholes have been drilled through the Z2dn4. Based on these data, it is feasible to perform paleogeomorphological reconstruction within the GMA.
3.1.1 Principles of Paleogeomorphological Reconstruction
The elevation method is similar to the impression method, especially in principle. The core idea for the two methods is to select an upper base level that corresponds to the transgressive surface or maximum flooding surface. The interval between the selected base level and the disconformity needs to fill up the disconformable interface, thus the morphological relief can be characterized by the thickness of the interval. The additional lower base level introduced by the elevation method is the nearest stratigraphic interface beneath the disconformity. The interface represents the underlying structural surface (in the context of leveling off the upper base level), and the relief of which affects the geomorphology of the overlying disconformity. The lowest point of this structural surface within the research area is regarded as the initial point of the elevation value which is equal to 0. A reference level horizontally extended from this point refers to a datum where the elevation value is 0. Also, the elevation values are calculated based on this horizontal reference level. Thus, the interval thickness between the disconformity and the upper base level is inversely converted to the interval thickness between the disconformity and the lower base level (i.e., the elevation value). The specific steps of the elevation method are as follows:
I) Selection of the upper base level that fills and levels the karst disconformity to characterize the ups and downs of the paleogeomorphology is the key to the paleogeomorphological reconstruction. The four criteria for selecting the upper base level are isochroneity, full covering within the scope of the research area, minimum distance away from the disconformity, and traceability in the seismic interface (Yan et al., 2016).
II) Once the upper base level is selected and flattened, the bottom boundary of one underlying stratum beneath the disconformity is requisite as the lower base level. The selection of the lower base level should meet the same requirements as those for selecting the upper base level. Then, the maximum thickness between the upper and lower base levels within the research area was identified and measured. From this point, a level surface was extended as the horizontal reference plane with an elevation of 0 m.
III) The elevations (HE) of other data points were equal to the maximum thickness (HTM) minus the impression thickness (HM). The equation can be given as follows:
[image: image]
where HE is the elevation, HTM is the maximum thickness between the upper base level and lower base level, and HM is the impression thickness.
The calculation model for the elevation is displayed in Figure 2A.
[image: Figure 2]FIGURE 2 | (A) principle of paleogeomorphological reconstruction via the elevation method (modified from Yan et al. (2016) and Zhao et al. (2018)); (B) seismic reflection profile of the upper and lower base levels. The bottom of the Є1l and the top of the Z2dn2 are optimal as the upper and lower base levels, respectively.
In addition, depth/thickness data points were obtained through time-depth conversion using drilling data and 2D and 3D seismic strata interpretations.
3.1.2 Selection of Base Levels
With regard to the reconstruction of the karst paleogeomorphology on the top of the Z2dn4 in the GMA, two base levels were selected: the upper base level—the bottom boundary of the Longwangmiao Formation (Є1l)—and the lower base level—the top of the Deng II member (Figure 2B).
The lower Cambrian successions consisted of the Є1m, Є1q, the Canglangpu Formation (Є1c), and Є1l, stacked upon the Z2dn. There were relatively small variations in the thickness of the Є1l in the GMA, implying that it was completely filled by deposits of the Є1c (Yang et al., 2016). Furthermore, the interface between the Є1l and Є1c is a transitional lithologic interface with preferable seismic traceability (Figure 2B), and an isochronous red bed is uniformly spread immediately close to the interface. Thus, the interface was optimal at the upper base level.
The interface between the Z2dn3 and the Z2dn2 is broadly distributed in the entire basin. This interface is a zonally isochronous disconformity. Moreover, the Z2dn3 is one of the marker layers in the region and exhibits an abrupt lithologic transition toward the Z2dn2. The interface between them is distinguishable and traceable (Figure 2B). For this reason, it was considered optimal at the lower base level.
3.2 Random Forest Algorithm
Random forest (RF) is a supervised ensemble algorithm containing multiple decision trees under a bagging framework (Breiman, 2001). The bagging framework performs random bootstrap resampling of the original data to generate input data for the RF that is equivalent to the original data in sample quantity. A number of decision trees are built through the selection of optimal features in differentiated random feature subspaces at splitting nodes, and the leaf nodes of each tree are established and labeled. The predictions of input sample categories are obtained via majority votes from all trees in the RF.
The decision tree is the foundation of the RF, the generation of which greatly affects the RF’s performance. The generation of a decision tree begins with a root node receiving input data. The root node then splits recursively in accordance with the optimal features in the random feature subspace until the total generated leaf nodes satisfy the stop-generating conditions. Each path from the root node to the leaf node represents a mode of regulation for classification, and the labels of the majority of samples in a leaf node would be taken as the output (Zhu et al., 2021). Multiple methods have been proposed for the feature-selecting criteria, including the ID3, C4.5, and the CART (Classification and Regression Tree) (Breimen et al., 1984; Olshen and Quinlan, 1986; Quinlan, 1992). The ID3 and C4.5 methods are both based on Shannon information entropy, except that the ID3 method seeks to maximize information gain while the C4.5 method focuses on maximizing information gain ratio. Meanwhile, the CART method aims to minimize the Gini index. The standard RF is built by decision trees based on CART splitting (Bai et al., 2022). The CART is the default option for the Python RF classifier and is the most commonly used method that works well in classification tasks. The CART method uses the Gini index minimization criterion, where the probability distributed Gini index is defined as follows:
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For a given dataset S, its Gini index is calculated as follows:
[image: image]
If the dataset S is split into subsets S1 and S2 in accordance with one value of feature N, under the conditions of subsets S1 and S2 subdivided on the basis of feature N, the Gini index of dataset S is defined as
[image: image]
where K refers to categories of the data and pk is the probability of the category k, [image: image]. [image: image], [image: image], and [image: image] denote the sample quantities of category k in dataset S, subset S1, and subset S2, respectively.
A smaller Gini index indicates a lower uncertainty and higher accuracy of prediction. A CART constructed by the Gini index generates understandable rules, notwithstanding the possible rapid increase in classified error. The RF algorithm may resolve the problem reasonably effectively by constructing multiple decision trees. Each tree in the RF is generated by choosing optimal features from varied random feature subspaces at every non-leaf node; thus, all the trees are different from each other and characterize distinguished aspects of the feature space. As the majority votes determine the output category of the RF, uncertainty and classified error are greatly reduced, hence, enhancing the accuracy of the result compared to a single decision tree classifier.
3.3 Factor Analysis
Factor analysis (FA) is a statistical technique for extracting common factors from a multivariate. This technique can find hidden representative factors existing in multiple variables. By grouping variables that are intrinsically related into a single factor, the number of variables and the dimensions of the data are reduced, and the correlations among original variables are delineated. In general, the variables can be represented as a linear combination of common factors:
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where vi (i = 1, 2, …, n) is the ith standardized variable, Fj (j = 1, 2, …, p) denotes the jth common factors, Ui (i = 1, 2, …, n) is the ith specific factor that only correlates to vi, and the coefficients aij and ci denote factor loading. The value of aij indicates the contribution of the ith original variable to the jth common factor.
The above equation can be expressed in the form of a matrix as
[image: image]
This is the factor analysis model, where v is the m-by-n data matrix, F is the m-by-p matrix of common factors, A is the n-by-p component matrix grouped by aij, T is the transpose symbol, and R is the m-by-n residual matrix.
The contributions of common factors to the variance of the ith original variable, i.e., the interpretation validity of factors, are denoted as follows:
[image: image]
where hi2 is the communality.
Estimation of the factor loading in FA is a basic problem. The most used approach is principal component analysis (PCA) based on a correlation matrix. The correlation matrix of original variables v can be obtained as follows:
[image: image]
where ψ is the diagonal matrix of specific variances of U and the factor loading matrix [image: image] in which λ and η are the eigenvalues and eigenvectors of the correlation matrix C, respectively.
Because the factors obtained are usually elusive and hard to interpret, the orthogonal transformation of factor loadings is applied so that the factors become easier to interpret (Lawley and Maxwell, 1962; Szabó, 2011). Generally, the transformation is achieved by factor rotation based on the varimax criterion (Kaiser, 1958). The rotated factor analysis model is calculated as follows:
[image: image]
where v* is the rotated data matrix, [image: image] is the orthogonal transformation matrix, [image: image] is the rotated component matrix, and bij refers to the rotated factor loadings.
The variance of the rotated factor loadings bij is calculated as follows:
[image: image]
Under the condition of [image: image], the maximum Var(bij) is reached and the rotated component matrix is acquired.
4 RESULTS
4.1 Paleogeomorphology and Slope Gradients
The karst paleogeomorphology on top of the Sinian (Figure 3A) was plotted based on the difference between the maximum thickness and moulage thickness of the GMA. The paleogeomorphology of the study area is roughly composed of two parts: the low-lying part and the raised part, which are separated by a slope. The raised part is the main body of the Z2dn4 platform, and the low-lying part is a trough called the Mianyang-Changning intracratonic sag, which is the cumulative result of various geological processes, such as rifting, erosion, and dissolution (Li et al., 2015; Liu et al., 2016). Following the reconstruction of paleogeomorphology on top of the Z2dn4 in the GMA, a slope map was plotted according to the digital elevation model (DEM) (Figure 3B) to characterize its gradient distribution, which reflects the karst hydraulic gradient. Moreover, the slope gradient data of each borehole were obtained.
[image: Figure 3]FIGURE 3 | (A) reconstructed paleogeomorphology on top of the Z2dn4 in the GMA. (B) slope map corresponding to (A) based on DEM.
4.2 Electrofacies Identification in Boreholes
4.2.1 Selection of Conventional Logging Data
The gasfield in the GMA is a typical low-porosity and low-permeability reservoir. Its main storage spaces, vugs, and caves can be identified visually through high-resolution imaging. However, due to economic constraints, the technique was not applied to all boreholes (Zheng W. et al., 2021). Based on core-calibrated FMI images, the electrofacies of paleokarst reservoirs of Z2dn4 were divided into four types: host rock, fracture, vug, and cave.
The four types of electrofacies differ obviously in conventional logging data such as GR, AC, CNL, DEN, RT, and RXO (Figure 4). Thus, it is possible to identify the four electrofacies using basal conventional logging data. In addition to the aforementioned six types of logging data, the resistivity difference between RT and RXO (RESD) is also used in electrofacies identification. Therefore, the logging curves of GR, AC, CNL, DEN, RT, RXO, and RESD were selected as the seven dimensions of the input data for the RF.
[image: Figure 4]FIGURE 4 | Conventional logging response and FMI characteristics of the four types of electrofacies.
4.2.2 Cleaning of Logging Data
Due to missing data in some characteristic dimensions, the data of the corresponding borehole interval were deleted. Furthermore, due to mismatches between conventional logging data and FMI images, non-matched data were also deleted. In addition, the popular boxplot technique was used to identify and remove irrational outliers in the logging data that can impair the fitting and prediction accuracy of the training model. Values were considered discrete outliers if they existed outside of the scope of normal values, defined by the range of the left and right boundaries, which relate to the lower and upper quartiles, respectively. The right boundary was determined by the upper quartile plus 1.5 times the interquartile range (IQR, the difference between the lower and upper quartiles), while the left boundary is determined by the lower quartile minus 1.5 times the IQR. Moreover, borehole interval data of inferior image quality were eliminated. Thus, the cleaned logging data were ready for the training classification model through the RF algorithm.
4.2.3 Accuracy of Classification by the Model
Prior to applying the supervised RF algorithm, the electrofacies in the conventional logging data of 16 boreholes were labeled via core-calibrated FMI. The 7-dimension logging data of the 16 boreholes served as input data and were split into 75% training dataset and 25% testing dataset for the hold-out cross-validation of the RF algorithm. The training dataset did not require further splitting due to the small size of both the training and validation datasets. This is because ∼36.8% of the out-of-bag data were not picked up by the single decision tree in the bootstrap process, that is, the out-of-bag data of the training dataset acted as the validation dataset. Due to the incompleteness of the training dataset, the whole input dataset was used as the training dataset to establish a more accurate model, and its accuracy was obtained by out-of-bag scoring. A 5-fold repeated stratified cross-validation was used to estimate the generalization capability of the trained RF model. Dummy classifiers using “stratified” and “most-frequent” strategies were applied as the benchmark classification model for comparison to the RF model. The results are shown in Table 1. The mean accuracies of the 5-split hold-out cross-validation were very close to the mean accuracy of the 5-fold repeated stratified cross-validation, all of which were slightly greater than 88% and much greater than 49.11% and 39.84% of dummy classifiers, respectively, showing a relatively good effect of classification. Based on the electrofacies prediction model constructed using the input data of 16 boreholes, the logging data of other boreholes without FMI images were used to predict the four types of electrofacies. The development thicknesses of the electrofacies in each borehole of the GMA were calculated.
TABLE 1 | Model scoring of electrofacies recognition based on RF algorithm.
[image: Table 1]4.3 Comprehensive Evaluation of Favorable Reservoirs
The calculated thickness of vuggy interval (TOVI), thickness of cave interval (TOCI), and slope gradients (SG) obtained earlier, together with the physical parameters of mean stratum porosity (MSPOR), mean stratum permeability (MSPER), mean reservoir porosity (MRPOR), mean reservoir permeability (MRPER), reservoir thicknesses (RT), reservoir/stratum ratio (RSR), reservoir quality index (RQI), and energy-storage coefficient (ESC) of the Z2dn4 of each borehole (Table 2) were applied to carry out factor analysis. As vugs and caves play a dominant role in reservoir spaces, their thicknesses describe reservoir space development. Therefore, the thicknesses of vuggy and cave intervals were taken into account for factor analysis. Also, the slope gradient implies the karst hydraulic gradient and was considered a characteristic parameter. The reservoir quality index, which indicates the hydraulic flow unit of the porous media, is also very useful. The two most important petrophysical properties, porosity and permeability, were integrated into one parameter (the RQI) (Al-Rbeawi and Kadhim, 2017), which reflects the microscopic pore structure and petrophysical properties of different reservoirs (Jiang et al., 2021). The RQI was calculated as
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where k is permeability and φe denotes effective porosity.
TABLE 2 | Characteristic parameters selected for factor analysis of a part of boreholes.
[image: Table 2]The energy-storage coefficient indicates reservoir capacity and was calculated as follows:
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where H denotes the effective thickness of the reservoirs.
The 11 characteristic parameters of each borehole were applied for factor analysis, producing four principal components that accounted for more than 85% of the variance obtained. Thus, the 11 parameters can be ascribed to four factors via factor rotation of the principal components. These four factors may be interpreted based on the rotated component matrix (Table 3). The first factor F1 primarily governed the mean stratum permeability, reservoir quality index, and mean reservoir permeability, reflecting the interconnectivity of the rock pore structure. The second factor F2 is mostly related to the reservoir/stratum ratio, reservoir thickness, and energy-storage coefficient, indicating reservoir development. The third factor F3 contributed mainly to slope gradient, thickness of cave intervals, and thickness of vuggy intervals, demonstrating karst impact. Finally, the last factor F4 primarily controlled the mean reservoir porosity, mean stratum porosity, and thickness of vuggy intervals, implying reservoir storage capacity.
TABLE 3 | Rotated component matrix. The bold values refer to large factor loadings, which indicates great impacts of different factors on various parameters.
[image: Table 3]After acquiring the rotated component matrix, the component score coefficient matrix was also obtained, in which the four factors were represented linearly by the 11 characteristic parameters/original variables as follows:
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The comprehensive score of the factors of each borehole was calculated through the ratio of variance proportions of the four factors to the total cumulative variance proportion, i.e., the weight coefficient of each factor. The calculation formula is as follows:
[image: image]
The factor scores and comprehensive scores of each borehole are shown in Table 4. The comprehensive score is an integrated evaluation of the reservoirs using the aforementioned 11 original variables that characterize reservoir development. The distribution and evaluation of the reservoirs could be implemented by Kriging interpolation of single-well comprehensive scores, which is equivalent to map overlays of single-well factor scores considering corresponding weight coefficients (Figure 5).
TABLE 4 | Factor scores, comprehensive score, and tested gas productivity (TGP) of each borehole.
[image: Table 4][image: Figure 5]FIGURE 5 | Comprehensive evaluation of reservoirs of Z2dn4 via factor analysis for the 11 characteristic parameters. Note the right panel, in which the tested gas productivities are superimposed on the comprehensive evaluation map and show a well-coupled matching with the comprehensive scores. CS-comprehensive score, dimensionless.
5 DISCUSSION
Based on the comprehensive evaluation of favorable reservoirs, the tested gas productivity of each borehole was used to validate reservoir favorability (Figure 5, right panel). Gas testing data of boreholes corresponded well with their comprehensive scores. Reservoirs were more developed in the vicinity of the thin-out line, illustrating the heterogeneity in reservoir distribution. This heterogeneity may be related to several factors that affect reservoir development.
5.1 Distribution of Sedimentary Facies
The carbonate platform of Z2dn4 can be horizontally divided into the platform margin and platform interior based on their geometric anatomy. In the platform margin, the subtidal zone is normally dominated by thrombolites with intermittent laminae and fewer grains and transits upward to the high-wave energy lower intertidal zone. This region features combinations of granular rocks and corrugated stromatolites, which are characterized by their higher content of bonded grains. In the shallower upper part of the intertidal zone, the grain size reduces with decreasing wave energy, and the lithologies are primarily thin laminites with fine grains (Wen et al., 2017). Moreover, in the area only affected by storm waves, the supratidal zone, micrites containing dead microbial materials feature in mud cracks, bird-eye, and fenestral structures (Li A. P. et al., 2021). These imply evaporation- and degasification-controlled sedimentary environment that lies in the uppermost part of a shallowing-upward cycle.
Microbial frameworks are constructed and protrude around soft sediments. The microbial build-ups start with only a tiny convex structure, then accrete vertically and migrate laterally in response to sea-level eustacy. The frameworks may be broken by the agitation of the water column and shed redundant production sidewise after growing into a wave-acting zone. The broken clasts deposit in the flank of microbial mounds as grain shoals or aprons that are combined into mound-shoal complexes together with the encircled microbial mounds, and the complexes are separated by inter-mound depressions or lagoons. The longitudinal aggradation and lateral displacement of multi-stage complexes erect a protective platform margin in the west of the Z2dn4 in the GMA (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) converted residual thickness of Deng Ⅳ and Z2dn3s based on seismic data. Note the banded convex structure along the pinch-out line, which refers to the greater thickness in the platform margin. Due to the inferior traceability of the interface between the two members and the very thin thickness of the Z2dn3, the combined thickness is an acceptable approximation for the thickness distribution of the Z2dn4. (B) sedimentary facies of the Z2dn4 in the GMA superimposed with the reservoir evaluating line. The sedimentary base map is modified from Zhou et al. (2017) and Li A. P. et al. (2021).
The differences in primary porosities and pore structures, which closely correlate to microorganic activities, account for the differences among the porosities of the various sedimentary facies. The sedimentary framework with abundant microbial build-ups at the edge and scarce build-ups in the interior thus significantly affects the diageneses, particularly karstification. The primary pores of microbial mounds and grain shoals in the platform margin are bigger in size and, hence, are the preferential conduits for karst fluids. In addition, rigid microbial frameworks and coarse-grain sediments are more able to resist compaction, resulting in greater preservation of efficient reservoir spaces.
There is a possible “edge effect of dissolution” where dissolution is more intensive in the center than at the edge. This is because the lower flow velocity and longer dissolution time in a homogeneous model led to an elevated margin and a lower interior of the platform (Purdy and Winterer, 2001). The differences in sedimentary facies almost exist and the stratum of the Z2dn4 is actually heterogeneous. The thicker platform margin is more likely the result of differentiation in sedimentation, and the reconstructed paleogeomorphology on top of the Z2dn4 in the GMA (Figure 3A) also illustrates a flat terrain caused by prolonged deplanation. The platform margin is mainly occupied by shoal-water mound-shoal complexes, and the platform interior is a restricted platform that is a predominantly tidal flat and restricted lagoon with scattered patch mounds and shoals. Bioherms in the seismic sense are essentially complexes that are difficult to distinguish in seismic data due to limited horizontal resolution (Schlager, 2005). Therefore, the distribution of sedimentary facies plotted by chaotic seismic reflection configuration directing to mound-shoal complexes can indicate the distribution of complexes. By overlapping the favorable map with the planar distribution of sedimentary facies (Figure 6B), it was observed that the favorable reservoir area corresponds well with the mound-shoal area in the platform margin, indicating that high-quality reservoirs are distributed mainly in the mound-shoal complexes of the platform margin in the west of the GMA.
Statistically, the porosity distribution of the microbial mound, shoal, tidal flat, and lagoon of the Z2dn shows apparent variance. All samples from the tidal flat and lagoon were below 4% while considerable parts of those from the mound and shoal were above 4% (Hou et al., 2021) (Figure 7A). In addition, lithofacies demonstrated the highest porosity in dolarenite, followed by crystal-powder dolomite, stromatolite, thrombolite, and laminite, all of which may be underlying reservoirs (Figure 7B). In contrast, the micritic dolomite had the lowest porosity and has adverse effects on the reservoirs (Figure 7B).
[image: Figure 7]FIGURE 7 | (A) porosity distribution histogram of various sedimentary facies (data derived from Hou et al. (2021)); (B) violin plot (left panel) of diverse lithofacies and corresponding proportion of different porosity ranges in the lithofacies (right panel).
To sum up, favorable sedimentary facies, i.e., mounds and shoals in the platform margin, are material foundations for high-quality reservoirs.
5.2 Paleogeomorphology and Karstification
The differences in material foundations and hydraulic gradients in various geomorphologic shapes result in diverse dissolution mechanisms and patterns. These result in differences in karst intensities, products, and donations for reservoir development.
There is a noticeable difference in the slope gradient (Figure 3B) of the top of Sinian in the GMA. The banded highlighted area referring to slope terrain exceeds the deep-blue part representing flat topography. Topographical relief of paleogeomorphology determines karst hydrodynamics to a great extent (Han et al., 2019). The recharge, runoff, and discharge of karst hydrodynamic systems also differ depending on the morphology and hydraulic gradient (White, 1988; White, 2002; Ford and Williams, 2007). In the areas with higher slope angles, including slopes and side slopes of convex and concave terrains, the hydraulic head, flow velocity, and potential energy are all higher and exert drastic mechanical erosion on the surface. Such rapid and frequent exchange of fluids caused by high hydraulic gradients guarantees less etching time for surface corrosion. Hence, there is greater internal dissolution resulting from calcium carbonate unsaturation in karst fluids that percolate through matrix pores and fractures. This produces honeycomb-like caves (Figure 8A), large grikes (Figure 8B), and caves developing from laminae in microbial dolomites (Figure 8C), ultimately causing solution collapse in dolomite breccias. The dissolution is so strong in slope terrains that the first-stage fibrous cement that precipitates from seawater is rarely well preserved. Moreover, the framework vugs of microbial rocks and other dissolution pores are cemented with bladed dolomites in the shallow burial stage and further filled by solid bitumen residue in the subsequent hydrocarbon charging process (Figure 8D, E) although there also exist “clean” dissolution voids without bitumen (Figure 8F).
[image: Figure 8]FIGURE 8 | Macro and microscopic karst features of slope terrain and flat topography. (A) honeycomb-like vugs, borewell M109, 5,110.17 m; (B) vadose grike hatched by breccias, mud, and dolomites, borewell GK1, 5,028.35 m; (C) stromatolithic dolomite, horizontally elongated vugs distributed along laminae, borewell GK1, 5,150.58 m; (D) stromatolite, framework vugs half-filled by bladed dolomite and solid bitumen, borewell GK1, 5,149.58 m, plane-polarized light; (E) microbial micritic boundstone, solution pore half-hatched by bladed dolomite and solid bitumen, borewell GK1, 5,145.1 m, plane-polarized light; (F) granular dolostone, solution pore nearly unfilled, borewell M109, 5,107.43 m, plane-polarised light; (G) locally concentrated honeycomb-like vugs and pores, borewell M9, 5,034.66–5,034.83 m; (H) solution pinholes distributed along laminae, borewell G2, 5,012.8–5,012.86 m; (I) laminated dolomite, solution pinholes arranged along laminae, borewell G18, 5,134.2 m; (J) stromatolite, laminated framework vugs filled by silica, borewell AP1, 5062 m, cross-polarized light; (K) coarse-powder crystalline dolostone, horizontally distributed solution pinholes filled by fine crystalline dolomite and solid bitumen, borewell AP1, 5,053 m, plane-polarized light; (L) stromatolite, inter-laminae solution pores filled by fine-crystalline dolomite and solid bitumen, borewell G2, 5,013.99 m, plane-polarized light; (M) vertical alternation of aquiclude and permeator, manifesting control of sedimentary facies on karstification, borewell M105, 5,347.27–5,349.74 m (this photograph is cited from a Sinopec PPT).
The flat topography is the result of the terminal stage of the last erosional cycle. In the cycles, land raised above sea level would be eroded to the erosion base level (generally, sea level) and show less-undulated relief (Ford and Williams, 2007). On flat topography, runoff moves horizontally and laterally, and the relatively low average hydraulic gradients lead to a low hydraulic head difference, weak potential, slow velocity, and inadequate water incision. Hence, flat areas show inferior karstification compared to slope terrains. In the “inland” area, far from the west main discharge area (Figure 3A), part of the recharge that does not include runoff percolates and infiltrates downward via less-developed, smaller matrix pores and fractures as groundwater, forming locally concentrated vugs (Figure 8G) and pint-sized solution pores (Figure 8H). Laminae-arranged and bedding-parallel dissolution voids (Figure 8I) are rather common in microbial laminae of the platform interior due to modest downward erosion. The first-stage isopachous cement in prime intergranular pores are almost absent after prolonged karstification and other alterations, and voids that are sufficiently interconnected to hatch by silica (Figure 8J) and solid bitumen (Figures 8K,L).
The Z2dn4 in the GMA is mainly modified by eogenetic karstification prior to a complete deep burial stage. The Z2dn4 in the GMA had never been uplifted to subaerial conditions to undergo epigenetic karstification following the deep burial stage, and episode Ⅱ of the Tongwan Movement came up immediately followed by a shallow burial stage (Zhou et al., 2020). Large-scale exposure of the Z2dn4 occurred only in the eogenetic stage. Thus, the difference in materials affected the karst result greatly (Loucks, 1999; Vacher and Mylroie, 2002; Tan et al., 2015). Namely, microbial framestones and coarse-grain rocks like granular rocks possess stronger abilities to resist shallow burial compaction compared to fine-grain ones, resulting in lithofacies-controlled karstification (Jin et al., 2020). Therefore, the platform margin was occupied by a larger proportion of microbial build-ups and sand shoals that retained far more pore spaces than the platform interior. This provided preferential conduits for karst fluids and, hence, displayed more developed karst porosities, vugs, and cavities.
Furthermore, frequent sea-level eustacy brought about multi-stage exposures and synsedimentary karst from atmospheric freshwater occurred in local highs of the platform margin. During dramatic regression, i.e., episode Ⅱ of the Tongwan Movement, extensive exposure occurred and strata were eroded to even the upper Z2dn2 in the Mianyang-Changning intracratonic sag (Liu et al., 2016). Eogenetic karstification of the Z2dn4 in the GMA exhibits the peculiarities of coastal karstification (Jin et al., 2017; Jin et al., 2020). Due to the dissolution of seawater and meteoric freshwater, massive caverns tended to flank marginal caves and a mass of vugs appeared in the seawater-affected belt (Moore and Wade, 2013; Tan et al., 2015). The seawater-affected belt overlapping with favorable microbial and granular lithofacies led to the horizontal difference in reservoir development between the platform margin and interior. Additionally, due to the impact of constant sea-level eustacy, reservoirs derived from mixing karstification in the platform margin were distributed evenly in the whole member and were vertically separated by tight aquicludes (Figure 8M). This demonstrates peculiarities of sedimentary control (Figure 8M) that outmatch those in the platform interior in both quantity and quality, mostly scattered in the vadose and phreatic freshwater zones of the upper and middle Z2dn4 (Figure 9A). Statistical analysis of the vugs in the platform margin prominently surpassed those in the platform interior in both number and diameter (Tian et al., 2020) (Figure 9B).
[image: Figure 9]FIGURE 9 | (A) multi-borewell correlation of reservoirs of Z2dn4. The reservoirs and non-reservoirs are compartmentalized by 2% porosity and 0.002 mD permeability. Note that the platform margin with more protected lithofacies greatly influenced karstification. Vertical differences in the distribution and development of reservoirs may relate to karst differentiation in pattern and depth. The violet-blue polyline implies the possible lower bound of karstification. For section location, see Figure 6A. (B) statistic differences in number and diameter of vugs between the platform margin and interior (data cited from Tian et al. (2020)).
5.3 Hydrocarbon Charging
Notwithstanding the advantageous conditions for hydrocarbon accumulation, exploration practices illustrate notable differences between the platform margin and interior, that is, reservoirs are more developed in scale and quality in the platform margin than the platform interior, and the tested gas productions also vary vastly (Tian et al., 2020). This is a further reminder of the strong heterogeneity in reservoir distribution that may be the result of multi-factor functions. Aside from the differences in sedimentary facies, paleogeomorphology, and karst alteration expounded earlier, the hydrocarbon charging process may be another vital function for reservoir differences between the platform margin and intraplatform regions.
The natural gas in the Z2dn in the GMA is derived from multiple sources (Wei et al., 2015; Zheng D. et al., 2021). Analyses for hydrocarbon inclusions formed during hydrocarbon expulsion of the Z2dn in the GMA suggested a U-Pb isotopic age of 416 ± 23 Ma and a clumped isotopic temperature of 84–120°C. As the burial depth of the Є1q was 1 km shallower than that of the Z2dn, the calibrated hydrocarbon expulsion temperature may have been constrained by the burial depth of the Є1q and ranged from 70 to 100°C, exceeding the hydrocarbon-generating threshold (Shen et al., 2021). Adjacent to the GMA, the Ziyang-Weiyuan area (ZWA) went through two major hydrocarbon charging processes. Re–Os hydrocarbon dating showed two isochron ages for bitumen and 78 ± 37 Ma for pyrobitumen, which indicate the generating and thermal cracking timings of liquid hydrocarbons, respectively (Shi et al., 2020a). The hydrocarbon expulsion time of the source rocks was 414 ± 44 Ma, denoting the late Silurian which is consistent with the results for the Є1q. Furthermore, the Mn/Fe ratios of bitumen in the Z2dn and Є1q are most related (Shi et al., 2020b). Biomarker chromatograms for the reservoir bitumen and the source rocks from Є1q and Z2dn revealed comparable sterane distributions, implying that the reservoir bitumen of the Z2dn is composed of mixed sources derived from the Є1q and the Z2dn (Zheng D. et al., 2021).
With respect to the Z2dn4, source rocks from the lower Sinian Doushantuo Formation, the Є1q of the lower Cambrian, and the Z2dn3 supply most of the hydrocarbon, with the small remainder being produced by the muddy dolomites of Z2dn4 itself (Yang et al., 2020). The major source of hydrocarbon for Z2dn4 is mud-shale in the Є1q, which is distinguished by a high TOC content ranging from 0.83% to 4.28% (Wei et al., 2017), high maturity with Ro values between 1.5% and 5.7% (Zou et al., 2010), and a large thickness that is favorable for large-scale hydrocarbon generation and effective sealing (Li et al., 2018; Yang et al., 2020). Moreover, due to the Mianyang-Changning intracratonic sag lying to the west of the GMA, the deposited thickness of the Є1q was much thicker compared to the crystallizing regional hydrocarbon-generating center right above the GMA (Figure 9B).
The GMA displays excellent spatial dispositions amongst source rocks and reservoirs. The Є1q source rock, together with very thin Є1m, clings to the flank and top of the Z2dn4, ideating patterns of lateral migration and downward charging for hydrocarbons. The two spatial disposition patterns display direct contact between source rocks and convex mound-shoal reservoirs from two sides, which is beneficial to hydrocarbon accumulation in mound-shoal complexes of the platform margin (Yang et al., 2020). In addition, source rocks from the underlying Z2dn3 and Doushantuo Formation present another pattern of upward charging (Figure 10). Thus, the Z2dn4 in the GMA is surrounded by source rocks from three sides: the west flank, top, and bottom and exhibits vast exploration potential.
[image: Figure 10]FIGURE 10 | Sketched map of hydrocarbon migration of the Z2dn4 in the GMA. For the section location, see Figure 11. Note that the inferior and superior reservoirs are compartmentalized by 5% porosity and 0.25 mD permeability.
The three charging patterns mentioned earlier intrinsically lead to different degrees of reservoir accumulation. First, the potential for hydrocarbon generation of source rocks differs tremendously; the lower Cambrian Є1q is the major donor for natural gas of the Z2dn (Zheng D. et al., 2021). Second, the thickest part of the Є1q (also called the hydrocarbon-generating center) lies in the Mianyang-Changning intracratonic sag that is adjacent to the GMA on the west and constitutes a lateral migrating assemblage with reservoirs of Z2dn4. It is intuitively plausible that hydrocarbons expulsed in the regional generation center tend to laterally transfer and preferentially accumulate in mound-shoal complexes of the platform margin that are nearest to the intracratonic sag. Moreover, this postulated insight is confirmed by the solid bitumen distribution.
Solid bitumen exists prevailingly in reservoir spaces in the Z2dn in the GMA (Gao et al., 2018). Its occurrence in the matrix porosities demonstrates direct evidence for the existence of paleo-reservoirs (Wang Z. Y. et al., 2020; Liu et al., 2022), while its content and distribution can indicate the dominant migration path of hydrocarbons (Mastalerz et al., 2018). The contents of solid bitumen in single boreholes of Z2dn4 in the GMA were evaluated quantitatively by Song et al. (2021) via a multi-mineral volumetric inversion pattern established by five conventional logging curves (viz. AC, CNL, DEN, RT, and RXO) and data from cores and thin sections. The plane distribution of bitumen contents in boreholes reveals a high bitumen content in the platform margin that tends to gradually decrease from west to east (Figure 11). This implies a predominant role of lateral migration and the charging of hydrocarbons from west to east (with a non-negligible contribution from the nearly transmeridional fault system). This may be because the capacity for lateral migration reduces with increasing distance away from the regional hydrocarbon-generating center, i.e., the intracratonic sag. Lower matrix porosity in intraplatform might also block the pathway of hydrocarbon transfer. This thus accounts for the differences in hydrocarbon entrapment between the platform margin and intraplatform region.
[image: Figure 11]FIGURE 11 | Combined source rock thickness of the lower Cambrian Є1m and Є1q. Single-borewell volume content of solid bitumen and faults, of the Z2dn4, are added to the thickness map. The volume contents of bitumen in the boreholes within the speculative platform margin intuitively exceed those in the intraplatform region. The fault system plays an important role in lateral hydrocarbon migration. The volume content of solid bitumen is cited from Song et al. (2021).
With regard to the upward hydrocarbon-charging pattern, the gas sources were derived majorly from mudstones from the underlying Z2dn3 and the lower Sinian Doushantuo Formation. The TOC content of the Z2dn3 ranged from 0.5% to 4.73% and that of the Doushantuo Formation was in the range of 0.56%–14.17% (Wei et al., 2015). These are, therefore, seemingly adequate source rocks. However, both strata are too thin compared to the Є1q as their mean thickness was less than 30 m, thus limiting their potential as source rocks. Hydrocarbons from the two strata have limited effect on the transmeridionally differentiated accumulation framework of the Z2dn4, let alone the prior reception and entrapment of the Z2dn2 for hydrocarbon from the Doushantuo Formation.
Regarding the downward charging process, the key is that the formation pressure in overlying source rocks exceeds the sum of the underlying formation pressure, hydrocarbon buoyancy, and migrating resistance along the faults (Cong et al., 2016; Fu et al., 2017). The trends in the formation pressure of the Є1q showed that the overpressure started with hydrocarbon expulsion in the late Permian and culminated in the middle Jurassic with a maximum pressure coefficient of 2.4, before eventually stabilizing with a pressure coefficient of 2.2 (Liu et al., 2018). The pressure coefficients of the Є1q after hydrocarbon generation clearly exceeded those (1.11–1.59) of the Z2dn4 (Liu et al., 2022). This may be evidence supporting a downward charging pattern; however, the capillary pressure and hydrocarbon buoyancy are not quantitively constrained, and further investigation is required concerning the superimposed effect of the hydrocarbon expelling zone, source rock overpressure area, and hydrocarbon conducting faults in the GMA. In the intraplatform region, hydrocarbons from superjacent Є1q can be entrapped and reserved by local geomorphic highs and form a considerable number of reservoirs. Furthermore, the hydrocarbon potential is higher in the intracratonic sag than right above the GMA due to larger depositional thickness (Yang et al., 2020), which is one of the reasons responsible for the heterogeneous distribution of reservoirs in the GMA.
6 CONCLUSION
The distribution of carbonate reservoirs is generally known as a comprehensive consequence of multiple factors. Based on paleogeomorphological reconstruction using the elevation method, the slope angles of each borehole were calculated, showing a slope belt surrounding the platform. In the light of FMI data in boreholes, four electrofacies (host rock, vug, fracture, and cave) were identified. The random forest algorithm was employed to identify the four electrofacies in borewells that lacked FMI data, and the result suggested that the vuggy and cave sections of boreholes are thicker in the platform margin than in the platform interior, which is consistent with the postulated greater erosion and karstification in the platform margin. The slope gradients, thicknesses of the four electrofacies in every borehole, and multiple physical property parameters of reservoirs were used for factor analysis. Four rotated factors with a total variance contribution greater than 80% were obtained, and the comprehensive score of each borehole was calculated via the cumulative sum of the four factors according to their respective ratios of variance proportions. This score depicts the favorability and development of reservoirs and shows that the most advantageous reservoirs are distributed in the mound-shoal complexes of the platform margin that is adjacent to the Mianyang-Changning intracratonic sag in the west of the GMA. The development and distribution of reservoirs are predominantly subjected to the following three factors:
(1) Favorable sedimentary facies are the material foundations for high-quality reservoirs. Both the quantity and quality of vugs in mound-shoal complexes of the platform margin are notably superior to those in the intraplatform region of the Z2dn4. Furthermore, the porosities of various sedimentary facies are apparently biased. In the platform margin where the mound-shoal complexes dominate, porosities are higher than in the tidal flats and lagoons that were most common in the inner platform. This indicates differences in the primary deposition that provide substantial bases for later karst alteration and hydrocarbon charging.
(2) In episode Ⅱ of the Tongwan Movement, the Sichuan Basin including the GMA was uplifted above sea level. Massive exposure of the Z2dn4 platform led to extensive karstification. The prolonged karstification differs in the platform margin compared to the intraplatform region due to differences in depositional bases and karst fluids. The mixing karst zone, which involved both seawater and freshwater, is superimposed with the platform margin and slope terrain with higher hydraulic gradients. This resulted in more intensive karstification and more developed vugs and caverns that are conductive to hydrocarbon storage in the platform margin.
(3) Source rocks of the Z2dn4 in the GMA incorporate the lower Cambrian Є1q, the underlying Z2dn3, and the lower Sinian Doushantuo Formation, forming three types of charging processes: the lateral migration pattern and the downward and upward charging patterns. The Є1q together with the very thin Є1m in the Mianyang-Changning intracratonic sag abutting the platform margin of the GMA is the regional hydrocarbon-generating center. This area constitutes a lateral migrating and accumulating assemblage with mound-shoal complexes in the platform margin. The concentrations of bitumen in restored single-borehole solid bitumen contents were gradually decreased with increasing distance from the sag, implying that lateral migration played a dominant role. Moreover, the bulk lateral migrating hydrocarbons are entrapped in the platform margin, accounting for the heterogeneous distribution of the reservoirs.
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The northwestern margin of the Junggar Basin has a complex tectonic history, which is challenging for hydrocarbon exploration. This study highlights the structural patterns, tectonic evolution, and controlling factors of the Karamay–Baikouquan Fault Zone (KBFZ) in the northwestern margin of the Junggar Basin based on well-log and 3D seismic data. The main findings of this study include the following: spatially, we have divided the structural patterns of KBFZ into three zones on the plane, namely, northern, central, and southern zones; temporarily, the tectonic evolution has been divided into five stages from Late Carboniferous to Cretaceous, namely, Early-Middle Carboniferous, Late Carboniferous-Early Permian, Middle-Late Permian, Triassic-Middle Jurassic, and Late Jurassic-Cretaceous. During the Hercynian and Indochina orogeny, the compressional stress from the movement of the Dalabute strike-slip fault and the Genghis–Junggar strike-slip fault produced various degrees of deformation in different locations in the KBFZ. The general structural style is a mixture of strike-slip and thrust-nappe. The main controlling factors include stress period, stress direction, and stratigraphic-lithologic associations. This study has implications for hydrocarbon exploration and development in the northwestern margin of the Junggar Basin.
Keywords: Junggar Basin, Karamay–Baikouquan Fault Zone, structural pattern, tectonic evolution, carboniferous
INTRODUCTION
The Junggar Basin is situated in the western part of the Central Asian Orogenic Belt (CAOB), the largest accretionary orogenic belt in the world (Şengör et al., 1993; Hu et al., 2000; Jahn et al., 2004; Xiao and Kusky, 2009). As an important part of the Central Asian Mountain Belt, the Junggar Basin has also experienced complex structural evolution, such as the subduction of oceanic plates, accretion of epicontinental crust, and intracontinental transformation (Windley et al., 2007; Xiao et al., 2019). Specifically, the particularity of the northwestern margin of the Junggar Basin lies in that it has been subjected to the superimposed component force generated by the Dalabute strike-slip fault zone and the Genghis–Junggar fault zone since the Late Paleozoic, which had an important impact on the tectonic patterns and evolution of the study area. Thirteen oil and gas fields have been discovered in the multi-phased Karamay–Baikouquan Fault Zone (KBFZ) on the northwestern margin of the Junggar Basin (Sui, 2015). However, the complex structural patterns and tectonic history of the KBFZ imposed challenges on further breakthroughs in oil and gas exploration in the Carboniferous.
Recognizing the structural patterns of the fault zone is essential to oil and gas exploration in the northwestern margin of the Junggar Basin. The previous understanding of the structural patterns in the study area can be summarized in three categories as follows:
a) Thrust-nappe as the predominant structural style: this pattern is based on the overthrust zone developed from the Late Paleozoic to Early Mesozoic (He et al., 2004; Kuang and Qi, 2006) and basement-involved high-angle thrust fault zone (Yang et al., 2011) as indicated by seismic and geologic data.
b) Strike-slip as the predominant structural style: this pattern is based on the strike-slip fault system around the Junggar Basin, including the Wu–Xia Fault Zone, KBFZ, and Hong–Che Fault Zone, based on seismic, magnetotelluric, and outcrop data (Zhu et al., 2021). The mechanism of the origin is still in debate. One interpretation is that the strike-slip system is a converging right-lateral system controlled by the Dalabute Fault and formed under right-lateral transpression (Shao et al., 2011; Zhang et al., 2011). Another interpretation of the origin of the strike-slip system is that it was the result of compression and inversion rather than the orogeny or Dalabute Fault (Chen S. et al., 2016).
c) Mixture characteristics of overthrust and transpression: this pattern is based on overthrusting of the Lower Paleozoic strata onto the Permian strata in the early stage of the basin under E-W compression, whereas the overthrust evolved into flower structures due to right-lateral strike-slip movement under the control of the Dalabute Fault in the late stage. Overall, the structural pattern is not a typical overthrust nor a typical converging strike-slip fault but a mixture of both (Zhang et al., 2011; Li et al., 2018).
The northwestern margin of the Junggar Basin exhibits both strike-slip and overthrust systems. The strike-slip system converges with the Dalabute Fault and shows right-lateral movement associated with an en-echelon array of folds. The overthrusting of Lower Paleozoic strata onto Permian strata is supported by drilling, well-log, seismic, and time-frequency electric data (Guo et al., 2015). In addition, physical modeling suggests that high-angle reverse fault can form in compressional stress (Xiong et al., 2017).
The Junggar Basin has evolved into a superposed basin since the Permian. The fundamental difference between the shallow and deep petroleum systems is the structural superposition and evolution in the deep part of the basin (Pang, 2010). The focus of this study is the detailed structural patterns of the KBFZ in the northwestern margin using the latest 2D and 3D seismic data. This study aims to summarize the structural patterns, evolution, and main controlling factors of the KBFZ. This study has implications for the structural geology of the northwestern margin of the Junggar Basin and hydrocarbon exploration and development in the deep basin.
GEOLOGIC SETTING
The study area is the Karamay–Baikouquan Fault Zone (KBFZ), located in the northern part of Xinjiang Uygur Autonomous Region in northwestern China. The KBFZ is situated in the middle section of the northwestern margin of the Junggar Basin and trends NE-SW. It bounds the Hong–Che Fault Zone to the south, Wu–Xia Fault Zone to the north, Mahu Depression to the east, and Zaire Mountain–Hala'alate Mountain to the west, adjacent to the Dalatube Fault to the northwest (Figure 1).
[image: Figure 1]FIGURE 1 | The geological sketch map of the Karamay–Baikouquan Fault Zone and adjacent area (modified after Zhao and Guo, 2012; Chen X. et al., 2016).
The study area has developed sedimentary strata from the Late Paleozoic, and the drilling on the footwall has encountered Carboniferous, Permian, Triassic, Jurassic, and Cretaceous strata in ascending order. The focus of this study is the Carboniferous. The Carboniferous in the footwall must have great burial depth because the deepest well in the study area only encountered the Permian Jiamuhe Formation at a maximum depth of 5,300 m, as indicated by Baiyang-1 Well. The overthrusting Permian strata include the Jiamuhe Formation, Fengcheng Formation, Xiazijie Formation, Lower Wuerhe Formation, and Upper Wuerhe Formation. The Jiamuhe Formation and Fengcheng Formation are two source rocks for potential gas fields in the study area (Li et al., 2018). The Carboniferous strata in the hanging wall mainly consist of volcanic and pyroclastic rocks, as well as some sedimentary and metamorphic rocks (Jin et al., 2018).
The West Junggar Area is a tectonic unit adjacent to the northwestern margin of the Junggar Basin. Its tectonic evolution has a profound impact on the northwestern margin of the Junggar Basin. The West Junggar Area is separated from the Balkhash by the Genghis–Junggar Fault, which is a Mesozoic right-lateral strike-slip fault (Chen et al., 2015). There are many large-scale left-lateral strike-slip faults in the West Junggar Area, exposing Carboniferous strata, multiple granitic plutons, and ophiolite (Chen and Jahn, 2004; Chen and Arakawa, 2005; Windley et al., 2007; Zhou et al., 2008; Geng et al., 2009; Chen et al., 2015). Among these faults, the Dalabute strike-slip fault is the major fault in the northwestern margin of Junggar Basin (Fan et al., 2014), and the general trend is NE-SW. The Dalabute Fault connects with the Karamaili Fault in the northeast and Zhaluleshan-Laba Fault in the southwest, the three of which form an arc of 360 km in length (Chen et al., 2015). The Dalabute Fault can be divided into three zones along the strike based on structural patterns: southern, central, and northern zones. The southern zone extends from north of Suyek to Burkestai and is characterized by strike-slip with transpression. The central zone extends from Burkestai to Baiyanghe and is characterized by reverse faults on the south and normal faults on the north. The northern zone is the north side of the Hala Alat Mountain and is characterized by thrusting and folding (Sun et al., 2008). These characteristics suggest a multi-phase tectonic history. The Dalabute Fault was initiated in the Late Carboniferous (Zhang et al., 1989); the left-lateral strike-slip began in Permian; the thrusting and folding began in the Triassic along with the orogeny; the left-lateral transpression began in the Jurassic (Sun et al., 2008); and the normal faults and down-thrown of the northwestern block began in the Cenozoic (Feng et al., 1990; Sun et al., 2008; Chen et al., 2015).
Geophysical explorations, including gravity, magnetic, and electrical, began in the early 1950s in the Junggar Basin. Since the 1990s, 3D seismic data have covered most of the northwestern margin of the basin. Many oil fields have been discovered since 1955, including the Karamay and Baikouquan oil fields. The Carboniferous overthrust and the Permian underthrust are the prospecting targets for future exploration (Chen et al., 2020).
The dataset of this study comprises well-log data and 2D and 3D seismic data. The data source used in this study was acquired by the Xinjiang Oilfield Company. The total length of 2D seismic lines is 230 km, and the total area of the six 3D seismic datasets used exceeds 5,000 km2. The quality of the seismic data has been improved through reprocessing. The seismic horizons were calibrated using synthetic seismic. The regional stratigraphic framework was established by combining seismic and well-log datasets. Collectively, the stratigraphic and lithological characteristics and structural relationships were analyzed.
STRUCTURAL PATTERNS
The KBFZ exhibits combined characteristics of thrust-nappe and strike-slip systems on cross-sections. Specifically, the derived faults of the Dalabute Fault are mainly imbricate thrust-nappe, and deep strike-slip faults are developed in the deep Carboniferous. Structural patterns vary from south to north due to different local controlling factors. The KBFZ is divided into three zones based on fault characteristics, degree of deformation, and lithology, namely, northern, central, and southern zones, respectively (Figure 1). The nearest well near the boundary of the zone is selected as the zone boundary.
The northern zone extends from Well A to the northern boundary of the KBZB. There are two mid-high angle thrust faults trending NW-SE at a depth of 2,500 m, and the Carboniferous strata were overthrust onto the Permian strata and became a nappe (Figure 2). The hanging wall nappe has a higher degree of deformation and lower volcanic content. The underthrust consists of primarily Permian strata that show some brittle deformation. The strata at the footwall span from Carboniferous to Cretaceous with a lower degree of deformation and greater thickness. The competence of the strata appears to decrease downward. Overall, the strata dip toward the basin center with the influence of the KBFZ.
[image: Figure 2]FIGURE 2 | Seismic profile of the northern zone of the Karamay–Baikouquan Fault Zone.
The central zone extends from Well B to Well A. In the upper part, the thrust faults form an imbricated structure. These faults partially cut through the Jurassic, but rarely the Cretaceous and the dips of the faults increase upward (Figure 3). In the lower part, there are multiple deep strike-slip faults, the growth of which might have been influenced by the overthrust. The combinations of some of the deep faults appear to be flower structures. The faults and associated faults within the Carboniferous strata are densely packed. Compared to the northern zone, there is a higher volcanic content and lower degree of folding in the hanging wall and a lower thickness in the Permian in the footwall.
[image: Figure 3]FIGURE 3 | Seismic profile of the central zone of the Karamay–Baikouquan Fault Zone.
The southern zone extends from Well B to the southern boundary of the KBFZ. The structural style is similar to that of the central zone, with thrust faults in the hanging wall and deep strike-slip faults in the footwall (Figure 4). The seismic facies is more chaotic and less continuous. In the hanging wall, the Permian is mostly missing and the Triassic is localized and much thinner than that in the footwall. These are characteristics of growth faults (Xiong et al., 2017). In the footwall, the Carboniferous strata are primarily volcanic rocks, and the Permian is overthrust above Triassic. As a result, the Permian is often missing in the southern zone. In the footwall, there is an increase in the thickness of the Triassic and younger strata.
[image: Figure 4]FIGURE 4 | Seismic profile of the southern zone of the Karamay–Baikouquan Fault Zone.
DISCUSSION
Tectonic Evolution
To improve the understanding of the tectonic history of the KBFZ, we have divided it into five stages since the Carboniferous (Figures 5, 6):
[image: Figure 5]FIGURE 5 | Comparison of tectonic evolution processes in different areas of the Karamay–Baikouquan Fault Zone from Late Carboniferous to Cretaceous.
[image: Figure 6]FIGURE 6 | Three-dimensional tectonic evolution of the Karamay–Baikouquan Fault Zone from Late Carboniferous to Cretaceous. (A) Stage 1: Early to Middle Carboniferous; (B), Stage 2: Late Carboniferous to Early Permian; (C), Stage 3: Middle to Late Permian; (D), Stage 4: Triassic to Middle Jurassic; (E), Stage 5: Late Jurassic to Cretaceous.
Stage 1: Early to Middle Carboniferous. Many original strike-slip faults developed in the West Junggar Oceanic Basin. These faults played an important role in tectonic evolution. The tectonic history of the northwestern margin is influenced by plate movements during the Paleozoic. In the Late Paleozoic, the Paleo-Asian Ocean had mainly disappeared, and only residual oceanic basins developed in the Balkhash Lake-West Junggar area (Xu et al., 2010). During Carboniferous, synchronously with the Hercynian orogeny, subduction-accretion occurred between the western Junggar oceanic crust and the Kazakhstan plate (Tang et al., 2010).
Stage 2: Late Carboniferous to Early Permian. This is a transitional stage. The study area transitioned into intracontinental evolution, and the entire Junggar Basin began to develop. The West Junggar oceanic basin had closed, and the Kazakhstan-Junggar Plate had merged with the Siberian Plate and the Tarim Plate. This area had completed the ocean-continent transition (Shi et al., 2017) from oceanic plate subduction (possibly mid-ocean ridge subduction) to the intracontinental environment and entered a new stage of basin evolution (Yang et al., 1992; Cheng and Wang, 1998; Shi et al., 2017). Then, the study area began to uplift and developed landforms (Zhang et al., 2021). During the Early Permian, the study area experienced intracratonic extension and crustal thinning (Sui, 2015), resulting in intensive magmatic intrusion (Chen S. et al., 2016). It is likely that the magma followed the faults and formed some positive volcanic landscapes, which may have modified the depositional environments. At the same time, the Dalubute Fault was formed and exhibited left-lateral strike-slip movement.
Stage 3: Middle to Late Permian. During this stage, the compressive stress had increased significantly, and the activation of the Dalabute Fault had imposed different structural styles in the upper and lower parts of the basin. In the upper part, under the compressive stress from the northwest, the Carboniferous and some Permian strata overthrust upon Permian strata along the detachment surface, forming a compressional structural domain. In the lower part, the original strike-slip faults were reactivated, showing different degrees of growth at different locations. At the same time, the thrust–nappe resulted in the deformation of the underthrusting of the footwall. In addition, there was a regional uplift of the northwestern margin of the Junggar Basin, which resulted in significant erosion of the Permian strata and formed a major unconformity between the Permian and Triassic (Cai et al., 2000).
Stage 4: Triassic to Middle Jurassic. During this stage, the thrust-nappe had a further modification on the structural pattern of the KBFZ. The Indochina collision had increased the compressional stress to maximum (Guo et al., 2012) and resulted in a second phase of thrusting. On the one hand, this caused further deformation of the first phase of thrusting and further modification of the faults within the Carboniferous strata. On the other hand, this caused further modification of the previous fold and fault structures in the underthrust and induced localized strike-slip movement.
Stage 5: Late Jurassic to Cretaceous. During this stage, there was a decrease in tectonic activity except for regional subsidence, resulting in a thick accumulation of the Jurassic-Cretaceous strata.
Two Vertically Stacked Structural-Sedimentary Systems
Despite the complex spatiotemporal evolution of the KBFZ since the Late Paleozoic, the study area can be divided into two vertically stacked structural-sedimentary systems based on the phases of faulting, directions of stress, stratigraphy, and lithologic associations. One is a Late Paleozoic structural-sedimentary system consisting of Carboniferous-Early Permian volcanic and sedimentary rocks. The other is a Mesozoic structural-sedimentary system consisting of hanging wall thrust-nappe and Mesozoic sedimentary strata. The strike-parallel cross-section of the KBFZ shows the coexistence of strike-slip and thrust structures. The strike-slip dominates in the south, whereas the thrusting dominates in the north.
1) Late Paleozoic structural-depositional system: there were multiple phases of volcanic intrusion, eruption, and deposition of volcanic clasts in the southern part of the KBFZ, resulting in positive topographic relief. After the Mesozoic thrust–nappe, the volcanic landscape was eroded and superposed with the thrust–nappe. In the central zone of the KBFZ, the Carboniferous shows good continuity in seismic reflections. Strike-slip faults are common and show inherited growth. On the right side of the cross-section near the Dazhuluogou Fault, the upwelling of magma caused vertical compression and lateral extension locally and may have caused some metamorphism in the Carboniferous strata. The strike-slip near the edge of the nappe was likely influenced by the gravity of the nappe and the variable competence of the strata and showed a growth-promoting pattern.
2) Mesozoic structural-depositional system: this system shows various combinations of nappe and strike-slip structures. Since the Permian-Triassic, there had been multiple phases of thrusting along the regional detachment surface, which brought the Carboniferous strata over the Permian-Triassic strata (Xu et al., 2008). The first phase of thrusting in the Middle Permian mainly consists of Carboniferous strata with original strike-slip faults. The second phase since the Triassic followed the strike-slip fault from the first phase but with modifications. On the basin side, there was syndeposition. There was less volcanic material in the nappe in the northern zone, likely due to the involvement of other sedimentary rocks. On the Mahu Depression side, the stratification is clearer in the seismic data. Overall, the strike-slip movement was inhibited by the thrust-nappe.
Controlling Factors of the Structural Pattern and Evolution
The Junggar Basin is one of the most proliferous oil and gas basins in western China. In the past few years, there have been consecutive discoveries, and there are potential prospects in the deep basin. Understanding the structural patterns and the mechanism is essential for future hydrocarbon exploration. The main controlling factors of the variation of the structural patterns in the KBFZ can be summarized as stress periods, stress directions, and stratigraphic and lithologic associations.
First, the combined influence from different stages of the Dalabute strike-slip fault and the Genghis–Junggar strike-slip fault had led to different tectonic patterns. The Dalabute Fault started in the Late Paleozoic, and the Genghis–Junggar fault developed right-lateral strike-slip in the Mesozoic (Chen et al., 2015). These two major faults combined had resulted in thrust-nappe in the upper part and strike-slip in the lower part during the same stage of the stress field. When a geological body is affected by two coeval stress fields with different directions, stress concentration will occur in the structural weak zone, and lateral structures that intersect with the regional shortening direction at a high angle will be generated in the thrust fault zone (Wang et al., 2007), such as the Dazhuluogou Fault and its associated strike-slip faults in the study area. Second, the northwestern margin of Junggar Basin was under strong NE-SW compressive stress during the Hercynian and Indochina orogeny (Xu et al., 2009). The result was that the Carboniferous strata at the KBFZ overthrust above the Permian and developed a combination of thrust-nappe and strike-slip structures.
Third, the degree of deformation in the folds is largely controlled by stratigraphic and lithologic associations. The thrust-nappe and the strike-slip are not separate but closely related systems. The upper parts in the northern and southern zones have different structural styles due to the competency of the strata. Stratigraphic-lithologic variations are related to the detachment structure. The basin margin is dominated by thrust-nappe, whereas the basin center is dominated by strike-slip. The ratio of volcanic and sedimentary rocks determines the degree of deformation in the strata. Due to the multi-phase nature of the tectonic history, the original strike-slip faults in the Carboniferous strata showed different levels of movement at different phases, which increased the fragmentation of the strata.
According to the fold dominant wavelength theory, the viscosity and thickness of the competent and incompetent strata largely determine the degree of folding and folding style (Chen et al., 2007). In the northern zone of the KBFZ, the thickness of the overlying Mesozoic strata has little variation, whereas the Permian strata are thick. Therefore, the degree of folding is high and the wavelength of the folds is short, which greatly improves the transmission of the compressional stress and the degree of deformation in the deformation front and the transition zone. In the southern zone of the KBFZ, the Permian strata are thin and the folds are rare. The wavelength of the folds is long, which limits the transmission of the compressional stress and the degree of deformation.
CONCLUSION
The overall structural division of the KBFZ, the analysis of structural patterns and controlling factors, and the evolution process have been provided in this study. This study lays a good foundation for future oil and gas exploration in deep formations in the study area and analysis of structural characteristics in areas with similar conditions. From this study, the following conclusions can be drawn:
1) The Karamay–Baikouquan Fault Zone (KBFZ) at the northwestern margin of the Junggar Basin can be divided into northern, central, and southern zones spatially based on fault characteristics, degree of deformation, and lithology. Temporarily, the basin fill can be divided into two main structural-sedimentary systems: a Late Paleozoic system consisting Carboniferous-Early Permian volcanic and sedimentary rocks and a Mesoic system consisting of thrust-nappe and Mesozoic sedimentary rocks. The tectonic history of the Carboniferous strata of the northwestern margin can be divided into five stages: Early-Middle Carboniferous, Late Carboniferous-Early Permian, Mid-Late Permian, Triassic- Middle Jurassic, and Late Jurassic-Cretaceous.
2) The KBFZ exhibits a variety of structural styles due to a combination of stress periods, stress direction, and stratigraphic-lithologic associations. The different stages of the Dalabute strike-slip fault and the Genghis–Junggar strike-slip fault produced the Dazhuluogou and other strike-slip faults. Strong compressive stress during the Hercynian and Indochina orogeny led to the difference in the patterns of strike-slip and nappe. The ratio of the volumes of volcanic and sedimentary rocks and their thickness is a key factor that determines the degree of deformation in the strata. This study has implications for further understanding of the structural styles and tectonic evolution of the northwestern margin of the Junggar Basin and future oil and gas exploration in this area.
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A thorough investigation of the characteristics and formation mechanism of dolomite is greatly significant in assessing the validity of dolomitization theory and dolomite reservoirs. Extensive development of dolomites has been found in the organic bank of the Middle Permian Qixia Formation in the northwest of the Sichuan Basin. For that reason, field profile and drilling core samples were collected from the common dolomitic “leopard-spot” limestones in the Middle Permian Qixia Formation in the study area and observed in this work. The diagenetic fluid and formation factors of dolomites were analyzed through major elements, microelements, carbon, oxygen and strontium (Sr) isotope, and fluid inclusion, as well as order degree of dolomite. From the extracted outcomes, valuable insights can be derived. More specifically, in the study area, dolomitic “leopard-spot” limestones were mainly developed in the upper part of Section II in the Qixia Formation. Interestingly, the vertical distribution plays a dominant role since it was transited gradually and gently to the thick-layered lumpy crystalline dolomites downward. The dolomitic “leopard-spots” are mainly composed of dolosiltite-fine crystalline dolomites with residual fabrics, and the base limestones were mainly formed by biomicrites (debris). In addition, the average δ13C of dolomitic “leopard-spot” and base limestones was 3.06‰ and 3.31‰, respectively, whereas their average δ18O was −4.29‰ and −3.16‰ and the 87Sr/86Sr (0.70734 in average) was higher than those of the contemporaneous seawater and mantle provenance range. Moreover, the contents of the major elements in dolomitic “leopard-spot” and base limestones were basically consistent. The uniform temperature of inclusion ranges between 70°C and 115°C. According to the geochemical data and the previously reported studies on the regional paleogeotemperature environment, the diagenetic fluid of the dolomitic “leopard-spot” limestones in the Qixia Formation in the northwest Sichuan Basin was mainly attributed to contemporaneous sea flows. However, influenced by the local high-temperature environment, the terrestrial atmosphere, and the fresh water, it is speculated that the dolomitic “leopard-spot” limestones in the study area might belong to dolomitization involving fresh water from the penecontemporaneous stage to the early shallow burial stage.
Keywords: dolomitic “leopard-spot” limestone, dolomitization, diagenetic fluid, sedimentary environment, Sichuan Basin
1 INTRODUCTION
Dolomite is highly appreciated by petroleum geologists worldwide as an important reservoir rock, and the formation of dolomite remains an open question for the scientific community (Machel and Mountjoy, 1986; Budd, 1997; Wang et al., 2001; Warren, 2000; Zhao et al., 2018). The exploration of the dolomite reservoir in the Middle Permian Qixia Formation in Sichuan Basin, China, started in the 1970s. Several different interpretations of the formation of crystalline dolomite and dolomitic “leopard-spot” limestones in the Qixia Formation in the northwest of the Sichuan Basin have been proposed in the literature over the past 40 years. However, no consensus has been reached yet (Zhang, 1982; Song, 1985; He and Feng, 1996; Jiang et al., 2009; Huang et al., 2012; Huang et al., 2014; Tian et al., 2014; Bo et al., 2020; Li et al., 2020; Lu et al., 2020). Currently, the formation of dolomitic “leopard-spots” in the study area is maily interpreted from the perspective of the mantle hydrothermal solution. However, except for some crystalline dolomites formed by the mantle hydrothermal solution in the secondary pores in local areas (Huang et al., 2012; Chen et al., 2013; Huang et al., 2014; Han et al., 2016; Zhao et al., 2018; Hu et al., 2019), no fractures for the longitudinal or lateral migration of mantle the hydrothermal solution in the study area were found. Therefore, there was no prerequisite for the formation of large-scale dolomitic “leopard-spot” limestones and large-scale stratigraphic crystalline dolomites. In fact, dolomites in the study area are significantly influenced by atmospheric fresh water and high temperature (Bo et al., 2020; Li et al., 2020). In other words, freshwater intervention and the fast rise of the formation temperature in the depositional stage of the Qixia Formation are regarded as the two major factors that decisively affect the large-scale dolomitic “leopard-spot” limestones. Additionally, several dolomitization modes have been summarized and established in the literature in previous associated studies to explain the formation of dolomites (Badiozamani, 1973; Bathurst, 1975; Friedman, 1980; Longman, 1980; Sibley, 1991; Tucker, 1991; Vasconcelos et al., 1995; Mazzullo, 2009). However, there is no completely definite theoretical mode that could interpret the underlying formation mechanism of dolomite in the whole study area. Therefore, the diagenetic fluid of “leopard-spot” dolomite in the study area was thoroughly discussed by combining tectonics, sedimentary facies, macroscopic and microscopic features of the minerals, and the geochemical test in the region. The acquired results can provide references to study dolomitization and the dolomite reservoir in the Qixia Formation in the study area in the future.
2 GEOLOGICAL SETTING
The study area was located in the Shuangyushi Tectonic belt in the northwest of Sichuan Basin, covering Guangyuan City, Jiange County, and Qingchuan County (Figure 1A). It is in front of the Longmen Mountain and bordered by mountains in the back. Middle-deep cutting middle-height mountain landform exists, and the overall terrain is high in the northwest but low in the southeast. Low mountains and hills are dominant in the southeast, whereas middle-deep cutting middle-height mountains are in the northwest region, where steep mountains and narrow valleys can be found (Wang et al., 2016; Yuan et al., 2010). In tectonics, the study area is located in the secondary tectonic unit on the border between the ancient middle-depression lower belt in the northern Sichuan and the Longmenshan fold belt (Figure 1B), which belongs to the secondary positive tectonic units of the Zhongba-Shuangyushi higher belt. Influenced by a strong extension of the Early Emei Taphrogeny in the Hualixi Movement during Permian, an Emeishan large igneous province was formed in the Western Sichuan Province due to abundant basaltic magma erupts. The study area is located in the northeast region of this Emeishan large igneous province, where a relatively stable tectonic environment exists. Moreover, some highland regions are formed in the study area in the great background of the Hercynian Uplift, which has a relatively surface temperature and manifested as a shallow-water carbonate platform environment (Zhang et al., 2011; Yang et al., 2014) (Figure 1C).
[image: Figure 1]FIGURE 1 | Geology and lithology histogram of the study area.
The Permian Qixia Formation is in conformable contact with the overlying Maokou Formation, but it is in parallel unconformity with the underlying Liangshan Formation (Hu et al., 2010). In the Qixia Formation, it is manifested as a set of relatively complete carbonate sedimentations controlled by the transgression-regression cycles, and its internal structure can be divided into Qiyi Section and Qier Section from the bottom up, which are in conformable contact (Guoqi et al., 2010; Luo et al., 2017; Bo et al., 2020). In the study area, the Middle Permian shallow-water carbonate platform is the dominant environment, in which a good water cycle, normal ∼ relatively high salinity, and rich biotypes can be found. In the study area, Qixia Formation is mainly composed of light gray-dark gray thin-middle stratigraphic micritic bioclastic limestone, thick bulk sparry bioclastic limestone, dolomitic “leopard-spot” limestones, and crystalline dolomite. It contains a dark thin-layered bioclastic calcareous mudstone intercalation. The shale content decreases gradually from the bottom up, and eyeball structures, chert belt, and chert nodule can be observed. Moreover, it is rich in biological fossils, mainly Fusulinida, peduncle, and acanthosis. The dolomites are mainly developed from the middle to the top of the Qier Section, and they are located in the ancient landform uplift (Figure 1).
3 SAMPLES AND METHODS
In this work, the Changjianggou Profile in Qingchuan, Guangyuan city, Sichuan province, was chosen as the field profile. Wells ST12 and K2 in the Shuangyushi Tectonics, Mianyang city, Sichuan province, were chosen as the drilling lithologic profiles. Firstly, outcrops of the Qixia Formation were observed systematically. Along these lines, more than 100 samples of the key layers were collected from top to bottom. Among them, 44 rock samples were screened for the key analysis (dolomitic “leopard-spot” limestone, bioclastic limestone, and crystalline dolomite). Later, the rock sheets were prepared in the pit according to the analysis projects, and the relevant analyses and tests were completed. All rock sheets were dyed with alizarin red solution, and the casting sheets were filled with blue epoxy resin. The sheet identification and fluid inclusion were analyzed in the Sichuan Key Laboratory of Natural Gas Geology using the Olympus BX53 microscope, the THMSG 600 cooling-heating bench, and the Leica DM2500P fluorescence microscope. During the process of the microelement test, the samples were ground into powder, filtered by a 200-mesh sieve, and melted by lithium borate. Subsequently, a quantitative analysis of plasma mass spectrometry was carried out. The isotope value was expressed in ‰ (PDB standard), and the error was smaller than ±0.1‰. The carbon and oxygen isotope samples precipitate the formation of CO2 by the employment of a strong phosphoric acid at 72°C. The Thermo-Finnigan GasBench system was connected with the MAT DeltaPlus isotope mass spectrometer (CF-IRMS) for the analysis. The Strontium (Sr) isotope analysis and test were completed in the Guangzhou Aoshi Analysis and Test Laboratory.
4 LITHOLOGIC FEATURES
Dolomitic “leopard-spot” limestones were extensively developed in the northwest regions of Sichuan province. The dolomitic “leopard-spot” limestones in the Qixia Formation of the study area mainly form complete sets with the underlying crystalline dolomites. They mainly exist at the top of the Qier Section in the field and downhole profiles and gradually migrate to the crystalline dolomite downward (Figure 2). A long-distance tracking comparison can be made within a certain range, and the formation thickness ranges between 1 and 5 m. The rock association is generally manifested as the upper dolomitic “leopard-spot” limestones, which leads to the formation of an abrupt contact with calcilutites and “eyeball-eyeball-like” limestones in the overlying Maokou Formation, which are gradually shifted to thick-layered massive crystalline dolomites. Such association may possess several cycles longitudinally. In the study area, two cycles were detected. The dolomitic “leopard-spot” limestone is a transition type between limestone and dolomite. The base limestones were composed of light-gray, gray, and dark gray bioclastic limestones, which are common in the Permian System in Sichuan Basin. Light-beige, beige, and brown crystalline dolomites are the major components of dolomitic “leopard-spots.” In the dolomitic “leopard-spot” limestones, the base limestone content was generally higher than that of dolomitic “leopard-spots” (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Dolomite characteristics of Qixia Formation in the study area. (A) Depiction of the dolomitic “leopard-spot” limestones. Dolomization occurs due to cracking exposure, downward penetration of atmospheric fresh water along dry cracks, and mixture with seawater. As a result, base limestones have brecciated-vein structures after metasomatism. They are developed at the top of the Qixia Formation, Changyuanjiang, Guangyuan city, Sichuan province. (B) The thick-layered massive dolomitic “leopard-spot” limestones at the top of the Qixia Formation are in abrupt contact with the middle-thin layered “eyeball” limestones in the overlying Maoyi Section. Dolomitic “leopard-spots” are distributed approximately vertical, Jinzi Mountain, Guangyuan city. (C) Dolomitic “leopard-spot” limestones. Networked dry cracks are developed on the surface, indicating sedimentation discontinuity caused by a short-term outcrop. Subsequently, different corrosions are formed on the outcrop surface due to atmospheric leaching, top Qixia Formation, Changjianggou, Guangyuan city. (D) Dolomitic “leopard-spot” limestones, K2 well, 2405.12–2405.32 m, Qier Section. (E) Crystalline dolomite, development of needle-like pores and holes, ST12 well, 7077.50–7077.73 m, the upper part of Qier Section, ×10 (−). (F) Dolomitic “leopard-spot” limestones; dolomites are subhedral-automorphic fine-middle crystals, ST12 well, 7050.04 m, upper part of the Qier Section, ×10 (+). (G) Bioclastic limestone, containing red alga, foraminifer and other organisms, weak dolomitization, ST12 well, 7051.49 m, the upper part of the Qier Section, ×10 (+). (H) Depiction of dolomitic “leopard-spot” limestones, where dolomites are subhedral-automorphic fine-middle crystals. Limestones contain biological fossils such as crinoids, ST12 well, 7051.7 m, the upper part of the Qier Section, ×10 (+). (I) Crystalline dolomite, the intergranular pores are developed and the corrosion is enlarged. The contact relation of crystals is irregular. Crystal coarsening can be seen. The intergranular pores are developed, which are semi-filled by asphalt. ST12 well, 7059.9 m, Qier Section, ×10 (-).
4.1 Dolomitic “Leopard-Spot” Limestones and Crystalline Dolomite
On the lithologic level of the field outcrop and drilling core, dry cracks at the top of the dolomitic “leopard-spot” limestones can be found. The exposure dry “gravels,” which are often light-grey bioclastic limestones, become round due to corrosion and spaces among gravels that are filled with beige dolomitic “leopard-spots” (Figures 2C,D). In the longitudinal direction, dolomitic “leopard-spots” are mainly in the vertical or approximately vertical distributions at the upper parts. As it goes deeper, the emergence of dolomitic “leopard-spots” becomes flattered, accompanied by an increasing quantity and expanding area in both irregular and flocculent distribution. The proportion of the dolomitic “leopard-spots” in the base limestone increases gradually, and they are gradually shifted into the underlying thick-layered crystalline dolomite (Figure 2A). The underlying crystalline dolomites usually manifest as grey-white-brown grey bulks with uniform colors. Needle-like pores and holes are also developed, filled with dolomite grains and asphaltene (Figure 2E).
From a microscopic point of view, dolomitic “leopard-spots” are formed by irregular and uneven dolomitization of the base limestone, and they are mainly composed of anhedral ∼ subhedral powder-fine crystalline dolomites. The dolomite surfaces are dirt, and dolomites look like nearly mosaic grains, with metasomatic dolomized biological and calcareous breccia residues on local areas. Some intergranular holes, intergranular dissolution pores, and small karst caves also exist, showing some reservoir accumulation (Figures 2F–H). The dolomite surfaces in the massive crystalline dolomites are dirt, and the grain size generally ranges from middle to coarse. Euhedral-anhedral crystals were also observed. There are primary intergranular pores in dolomites, which are expanded by erosion to some extent. The pores are filled with asphaltene and distributed along the grain edges (Figure 2I).
4.2 Base Limestone (Bioclastic Limestone)
Base limestones are mainly composed of thick-layered massive micritic bioclastic limestone. The mud sparry calcite is an ingredient. More specifically, the bioclastic content is higher than 50%. Red alga, green alga, foraminifer, and acanthosis limestones are the most common components. Combined with the field outcrops and identification under a microscope, most of these bioclastics are broken, but foraminifer and odonate limestones are relatively complete. Moderate-poor crystals were also chosen and rounded. The filling content in intergranular spaces is smaller than 50%, in which plaster is the major component, and a small content of sparry micrite can also be detected. The influence of the local plaster after recrystallization is changed to powder-fine crystals (Figures 2F–H). Some intergranular pores, inter-base micropores, and biological cavity holes were detected in the base limestones. However, most primary pores disappeared in the follow-up compaction, agglutination, and recrystallization (Figures 2E,F).
5 GEOCHEMICAL CHARACTERISTICS
5.1 Isotope Characteristics
C, O, and Sr isotopes have an irreplaceable impact on analyzing fluid properties and diagenetic temperature during the carbonate diagenesis process (Wang et al., 2011; Guo et al., 2003; Wang and Bai, 1999). The carbonate diagenetic fluid source can be reflected by the branch changes of the Sr isotope (Huang et al., 2002; Yan et al., 2005). In the study area, the δ13C values of dolomitic “leopard-spots,” base limestones, and crystalline dolomites in the Qixia Formation of the study area were 1.66‰–4.32‰ (3.06‰ on average), 2.46‰–3.96‰ (3.31‰ on average), and 1.80‰–2.82‰ (2.34‰ on average). Additionally, the δ18O values were −5.87‰–1.99‰ (−4.29‰ on average), −2.27‰–4.43‰ (−3.16‰ on average), and −5.88‰–4.43‰ (−5.14‰ on average), whereas the 87Sr/86Sr values were 0.70724–0.70960 (0.70785 on average), 0.70791–0.70958 (0.707344 on average), and 0.70791–0.70958 (0.70868 on average), respectively (Table 1). The C and O isotope distributions are relatively similar between the dolomitic “leopard-spots” and the base limestones, indicating that the diagenetic fluid has homologous characteristics. However, the C and O isotope test values of the dolomitic “leopard-spots” and the base limestones differ significantly from those of the crystallize dolomites, indicating the manifestation of significant differences in the diagenetic fluids of dolomitic “leopard-spots,” base limestones, and crystalline dolomites (Figure 3A). The 87Sr/86Sr values of the dolomitic “leopard-spots,” base limestones, and crystalline dolomites are all higher than the variation range (0.70726–0.70742) of the 87Sr/86Sr contemporaneous seawater base limestones. This effect reveals that the diagenetic fluid of dolomitic “leopard-spots” retains most seawater ingredients (Figure 3B) (Xu et al., 2022).
TABLE 1 | C and O isotope data of carbonates in Qixia Formation of ST12 in the study area.
[image: Table 1][image: Figure 3]FIGURE 3 | C, O, and Sr isotope characteristics of carbonates in the Qixia Formation in the study area. (A) C and O isotope distribution patterns of carbonates in the Qixia Formation; I-crystalline dolomite clustering; II-dolomitic “leopard-spot” and base limestone clustering. (B) Sr isotope distribution of carbonate in the Qixia Formation.
5.2 Microelement Characteristics
In the study area, the microelement contents in dolomitic “leopard-spots,” base limestones, and crystalline dolomite are significantly different (Table 2 and Figure 4). According to the experimental analysis, the K, Na, Sr, and Ba elements in the base limestones are mainly distributed in the low-value regions. Interestingly, the Na content in the dolomitic “leopard-spots” is higher than that in the bioclastic limestone, and the K content has two obvious zones. Moreover, the Sr content is significantly lower, and the Ba content is obviously higher. This effect reveals that diagenetic fluid involves exogenous fluids. Compared with the crystalline dolomites, the contents of K, Na, Ba, and Sr in dolomitic “leopard-spots” are slightly higher, showing a similar composition of their diagenetic fluids.
TABLE 2 | Carbonate microelement test results of Qixia Formation in the study area (chondrite standardization).
[image: Table 2][image: Figure 4]FIGURE 4 | Statistical charts of the contents of K, Na, Sr, and Ba in dolomites of the Qixia Formation in the study area.
The selected chondrite standardization analyses of the microelements such as Rb, Ba, Th, U, Nb, La, Ce, Sr, Nd, P, Zr, Hf, Sm, Y, Yb, and Lu are shown in Table 2 and Figure 5. Clearly, the microelements in dolomites and limestones are relatively concentrated. In particular, microelement distributions are basically consistent between the dolomitic “leopard-spots” and the base limestones. Moreover, the microelement distribution range of the crystalline dolomite is relatively small, and the Th content in some crystalline dolomite is increased.
[image: Figure 5]FIGURE 5 | Microelement distribution patterns in carbonate samples of Qixia Formation in the study area.
5.3 Order Degree
Order degree of dolomites is related to the crystallization velocity. The dolomites formed in the early stage have a low-order degree. With the increase in the buried depth, the order degree climbs up gradually. However, implementing a high temperature can overcome the dynamic barrier in the dolomitization process, thus resulting in lattice distortion and fast crystallization of dolomites (Zheng and Qin, 2020). The order degree of the dolomitic “leopard-spot” limestones is 0.4–0.56, which is significantly lower than that of the crystalline dolomite (0.48–0.68) (Table 3).
TABLE 3 | Order degree test data of dolomites of Qixia Formation in the study area.
[image: Table 3]5.4 Fluid Inclusion Characteristics
Fluid inclusion refers to the diagenetic fluid, which is wrapped during mineral crystallization in the diagenesis process. In minerals, fluid inclusion exhibits an obvious boundary with minerals (Lu, 2004). The homogeneous temperature can reflect the fluid temperature during the formation of minerals, thus permitting the extraction of valuable information during the mineral formation (Yue et al., 2005). According to statistics on 83 test points of dolomites in the study area, the uniform temperature of the dolomite inclusion of the Qixia Formation mainly ranges 68°C–135°C. A total of 42 inclusions were detected in the powder-fine crystalline dolomites in the dolomitic “leopard-spots,” with a uniform temperature of 68°C–100°C. A total of 41 inclusions were tested from the crystalline dolomites, with a uniform temperature of 100°C–135°C. The uniform temperature of inclusions in the dolomitic “leopard-spots” and crystalline dolomite mainly ranges from 75°C to 110°C (Figures 6A,B). Furthermore, the uniform temperature of inclusions in pores and fillings at pore edges mainly ranges from 100°C to 130°C (Figures 6C,D).
[image: Figure 6]FIGURE 6 | Uniform temperature distribution of the fluid inclusion in dolomites of the Qixia Formation in the study area. (A,B) Inclusion test points in dolomitic “leopard-spots” and crystalline dolomites. (C,D) Inclusion test points in holes, pores, and seam edges.
6 DISCUSSIONS
6.1 Diagenetic Fluid Source and Formation of Dolomitic “Leopard-Spots”
6.1.1 C, O, and Sr Isotope Indexes
The atmospheric fresh water has a large variation range of δ13C, but its δ18O is almost constant, and it usually possesses a high negative value. In the C and O isotopes of seawater, δ13C and δ18O skew to high positive values. In the buried environment, the δ18O value skews toward the high negative value, and it is inversely proportional to the buried depth. We have to underline that the δ13C value is relatively stable. Moreover, isotopes have different drift characteristics due to the influence of the different diagenesis environments (Wang et al., 2001; Wang et al., 2004; Zheng et al., 2008; Tian et al., 2014). The distribution of the C and O isotopes in dolomitic “leopard-spot” and base limestone are relatively similar in the Qixia Formation, showing the manifestation of general sea-source fluid environments similar to the diagenetic fluid of the limestone. The isotope of δ18O of the dolomitic “leopard-spots” is apt to a negative high value, and the variation range of δ13C is large. This reflects that the diagenetic fluid is dominated by contemporaneous seawater, interfering with the atmospheric fresh water. Moreover, diagenesis is influenced by high temperature to some extent.
Carbonate minerals mainly have three Sr sources: Earth’s crust, mantle, and sea. As far as the Earth’s crust source Sr is concerned, 87Rb decays into radiogenic 87Sr due to the long-term evolution, thus resulting in a high 87Sr/86Sr value (global average is 0.7119). The Earth’s crust source Sr is mainly transferred by ancient rock weathering in lands and fresh water in rivers. The mantle source Sr refers to the relatively poor radiogenic Sr, which is provided by the hydrothermal system of the mid-oceanic ridge to seawater. Therefore, the 87Sr content is relatively low (the global average is 0.7035). In this period, the mantle source Sr is provided by basalt eruption and invasion of Emei mantle movement. Interestingly, the sea source Sr is similar to the seawater and marine sediments at almost the same period. The variation range (87Sr/86Sr) of the Permian marine carbonate is 0.70662–0.70821 (Huang et al., 2002; McArthur and Howarth, 2005; Xie et al., 2022). The isotopes of 87Sr/86Sr of the dolomitic “leopard-spots” of the Qixia Formation in the study area are 0.70724–0.70934. It is slightly higher than those of the contemporaneous base limestones and seawater (Korte et al., 2005; Huang et al., 2011). Moreover, it is significantly higher than that of the Emei basalt. This effect indicates that the diagenetic fluid of dolomitization is similar to contemporaneous seawater, but it is not completely the same as the contemporaneous seawater fluid. Instead, the diagenetic fluid of dolomitization is influenced by some of Earth’s crust source fluids, in which the upwelling fluid source containing mantle source Sr produced by underlying tectonic movement can be excluded.
6.1.2 Microelement Indexes
The content and distribution characteristics of microelements in rocks can reflect the elemental properties of diagenetic fluids when rocks were formed (Lottermoser, 1992; Webb and Kamber, 2000; Webb et al., 2009). Therefore, a deep discussion is often needed in the analysis of carbonate diagenetic fluid. The dolomitic “leopard-spots” of Qixia Formation in the study area have basically consistent characterization of the relatively stable elements (e.g., Na, K, Sr, and Ba) of marine water bodies with base limestones, showing similarity of their diagenetic fluids. Moreover, compared with the base limestones, the dolomitic “leopard-spots” have a higher Na, different K, and decreased Sr content, consistent with the characteristics of the crystalline dolomites. In other words, both the dolomitic “leopard-spots” and crystalline dolomites are influenced by similar exogenous fluids during the diagenetic process. Moreover, the distribution characterization of Rb, Ba, Th, U, Nb, La, Ce, Sr, Nd, P, Zr, Hf, Sm, Y, Yb, and Lu indicates that the diagenetic fluids of dolomitic “leopard-spots,” base limestones, and crystalline dolomite are basically comparable.
From the elemental analysis, it can be argued that Zr and Hf are a pair of close concomitant elements (Huang et al., 2010). The provenance of rocks can be judged effectively by the ratio of Zr/Hf (Figure 7). Under this direction, the ratio of Zr/Hf has two obvious zones in samples. The part of the relatively low Zr/Hf value ranges between 5 and 8, averaging at 6.8. On the contrary, the part of the relatively high Zr/Hf value ranges between 30.1 and 44.7, averaging at 39.4. According to the upper crust standards (Zr = 240 μg/g, HF = 5.8 μg/g), the ratio of Zr/Hf is about 41.38. Hence, it can be speculated that terrigenous materials in the diagenetic fluids for dolomitic “leopard-spots” of the Qixia Formation might belong to the upper crust materials.
[image: Figure 7]FIGURE 7 | Distribution of the Zr/Hf ratio of dolomite of Qixia Formation in the study area.
Based on the combination of the lithological and geochemical characteristics of the dolomitic “leopard-spots” of Qixia Formation in the study area, it can be speculated that this might be caused by the fast downward penetration of atmospheric fresh water and the flowing through seawater in the depositional stage. More specifically, it was formed in the contemporaneous ∼ penecontemporaneous periods. The process of early dolomitization is controlled by the impact of the original sedimentary environment. Interestingly, fluids triggering dolomitization in different sedimentary environments are different to some extent (Machel, 2004). In the study area, the dolomites of the Qixia Formation were extensively developed and were significantly influenced by the landform high of Emei mantle uplift and atmospheric fresh water. The dolomitic “leopard-spots” developed in the seepage channel of the top seepage zone are involved with fresh water (Figure 8). Influenced by the sea surface, the atmospheric fresh water can provide long-term adjustment of the Ca+ and Mg+ balance in water bodies in the mixing belt of ancient landform highland and the underlying undercurrent belt. This effect is conducive to dolomitization at the top stratified sedimentation in the region within the reasonable geological term.
[image: Figure 8]FIGURE 8 | Schematic diagram of diagenetic fluid migration and diagenetic model in the study area.
6.2 Dolomitization Fluid Temperature
The Sichuan Basin was strongly influenced by the Emei mantle plume movement during the Permian. In this period, the violent volcanic activities formed the Emeishan large igneous province, whereas magmatic eruption and magmatic intrusion were weakened gradually from south to north. Through a geologic age analysis of the basalt and relevant rocks in Emei Mountain, Fan (2004) pointed out that the basalt eruption in Emei Mountain was generally within 3 Ma from 253 to 256 Ma. Before the volcanic eruption, an uprising of the mantle column (wall) leads to the large-scale dome-shaped lifting effect. In addition, strong volcanic activities lead to corresponding heat flows in the Sichuan Province. According to the study of Zhu et al. (2010) on the paleo heat flow of several drillings in the Sichuan Basin, the paleo heat flow in the basin peaked at about 259 Ma, and a stage of sharp rising of paleo heat flow in the sedimentary stage (273–268 Ma) of Qixia Formation was recorded. This effect reflects that the formation temperature in the study area is far higher than that in normal sedimentation. Based on the O isotope equilibrium exchange principle between minerals and water, according to the literature, the dolomite-water O isotope fractionation equation under high and low temperatures can be obtained through experiments and calculations (Qian and Guo, 1998). Because dolomitization requires a relatively open environment, all previous formulas were developed using seawater as the experimental subject, whereas the fractionation coefficients in different regions at different periods were uncertain. According to the comparison of many calculation formulas of paleotemperature of several O isotopes and calibration by employing a uniform temperature of inclusion, the calculation formulas of paleotemperature proposed by Land (1983) and Northrop and Clayton (1966) were chosen finally to calculate the diagenetic temperature of dolomite of the Qixia Formation in Shuangyushi Region on the northwestern Sichuan Basin. These two formulas have good applicability in calculating the diagenetic temperature of dolomites of the Qixia Formation in the study area:
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where 1000lna (dolomite-water) is the O isotope shunt coefficient between dolomite and water, which can be approximately expressed by δ18Odolomite-δ18Oseawater. Besides, T stands for the Kelvin temperature.
This fractionation equation requires the existence of a relatively reasonable δ18O value of contemporaneous seawater. In the study area, the ratio Sr/Mn of microelements reflects an extremely low alteration coefficient of the overall formation lithology. Consequently, the isotope of δ18O (−1‰) of the bioclastic limestone in the dolomitic “leopard-spot” limestones was chosen for the calculation, and it was compared with the test temperature of inclusion. According to calculated results from Eq. 1, Eq. 2, the average diagenetic temperature of dolomites in the Qixia Formation was 67°C–73°C, with minimum and maximum values of 56.45°C and 80.66°C (Table 4). Moreover, the temperature climbed up gradually from up to the bottom (Figure 9), which proved the increasing paleo heat flow in the Chihsian Age in the study area.
TABLE 4 | Calculated results of the diagenetic temperature of dolomites of the Qixia Formation.
[image: Table 4][image: Figure 9]FIGURE 9 | Longitudinal distribution of the calculated diagenetic temperature of dolomites of Qixia Formation in Shuangyushi Region.
In the test temperature, the lowest temperature exceeds the coarsening critical temperature (CRT > 50°C), indicating that the temperature conditions for the different crystal types or shallow buried high-temperature crystal variation characteristics have been reached (Gregg and Sibley, 1984; Sibley and Gregg, 1987; Machel, 2004) (Figure 2I). Combining with the order degree characteristics of dolomites, the fluid temperature of the general environment was relatively high in the Qixia Formation age. In other words, the basic environmental temperatures for the formation of dolomitic “leopard-spots” and crystalline dolomite were relatively high (Figure 8).
6.3 Impact of “Leopard-Spot” Dolomites on Reservoir Accumulation
In the study area, the dolomitic “leopard-spots” were mainly composed of powder-fine crystalline dolomites, with relatively dense lithology and few visible pores. However, the dolomitic “leopard-spots” were partially filled with asphalt in local regions. The dolomitic “leopard-spots” can inherit rock pores better in the freshwater leaching karst system. Asphalt and macro-crystalline dolomites also filled in karst caves developed based on the dolomite plaques. Under the microscope, the relationship between the dolomitic “leopard-spot” and base limestones was relatively clear, which was formed after the irregular and uneven dolomitization reconstruction procedure of micritic-sparry bioclastic limestones. Sometimes, dolomite grains in dolomitic “leopard-spots” were found in regular euhedral shape (Figures 2F,G) or anhedral-subhedral mosaic shape, with local residues of non-metasomatic creatures (Figures 2F–H). However, intergranular holes and intergranular pores were poorly developed, with a general porosity of 1%–2%. Moreover, these intergranular holes and intergranular pores were mainly filled with plaster, clay mud, and organics. The accumulation is generally manifested by relatively poor “saccharoidal” dolomites at the bottom of the relative formations. However, the dolomitic “leopard-spots” can be used as the seepage channel of the diagenetic fluid. More specifically, they not only changed the diagenetic fluid characteristics of the underlying thick-layered crystalline dolomite but also were conducive to the development of reservoir construction such as karst and were of vital significance for exploring dolomite reservoirs of the Qixia Formation in the study area (Machel, 2004; Zheng et al., 2008; Chen et al., 2013; Zheng and Qin, 2020).
7 CONCLUSION

1) The dolomites of the Middle Permian Qixia Formation in Shuangyushi Region in northwestern Sichuan Basin mainly include two types of dolomitic: “leopard-spot” limestones and crystalline dolomite. Moreover, the dolomitic “leopard-spot” limestones were often above crystalline dolomites. The dolomitic “leopard-spots” were found in the vertical distribution and changed to thick-layered massive crystalline dolomites gradually. The longitudinal distributions of the dolomitic “leopard-spot” limestones and crystalline dolomite exhibited some cycles and were controlled by the sedimentary environment. The dolomitic “leopard-spots” were developed with pores, which accumulate reservoirs to some extent.
2) In the dolomitic “leopard-spot” limestones of the Qixia Formation, dolomitic “leopard-spot” and base limestones exhibited basically similar geochemical properties and consistent diagenetic period. Both were formed in the contemporaneous-penecontemporaneous periods. The diagenetic fluids were contemporaneous seawater and involved atmospheric fresh water. However, some distinct differences in geochemical characteristics between dolomitic “leopard-spots” and crystalline dolomites were observed. This outcome reveals that crystalline dolomites suffered from the stronger intervention of exogenous freshwater fluids and were subjected to burial dolomitization and hot-press dolomitization processes in the late stage.
3) For the Middle Permian Qixia Formation in the Shuangyushi Region in northwestern Sichuan Basin, the dolomitic “leopard-spot” limestones and the underlying crystalline dolomite formed the diagenetic fluid, which has characteristics of up-down seepage in the open water bodies and relatively high paleogeotemperature background. Neither excessive dolomite growth nor hydrothermal dolomitization was caused by multi-age, and the long-term reflux penetration mode proposed by predecessors can interpret the formation of dolomitic “leopard-spots” and powder-fine crystalline dolomites in Qixia Formation completely. In the study area, the dolomite genesis process could be attributed to dolomitization involving fresh water in the high-temperature environment from the contemporaneous period to the early burial stage.
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As an important oil and gas-bearing area in the Tarim Basin, the Halahatang Area has great potential for resource exploration. However, the research on oil and gas sources and the filling period of the Lower Paleozoic Ordovician is still limited. In this study, the organic geochemical analysis of source rocks, the simulation technology of hydrocarbon generation evolution basin, the distribution characteristics of fluid inclusions, and the measurement of uniform temperature are used and combined with the stable isotope of natural gas and the characteristics of oil-source biomarkers, and the process of oil and gas accumulation is restored. The results show that: ①The Cambrian source rock is the main contributor to Ordovician crude oil in the Halahatang Area, and its crude oil shows the characteristics of lightweight, rich chain hydrocarbons, and poor aromatic hydrocarbons. The composition of C7 compound shows the advantage of n-heptane, which belongs to type I kerogen. The biomarker compounds show the characteristics of high content of long-chain tricyclic terpane and high Ts/Tm values, and the crude oil is considered to be a highly mature sapropelic kerogen source oil. ②The carbon isotopes of methane and ethane of Ordovician natural gas in the Halahatang Area are light (from −35.6 to −29.5‰), showing obvious characteristics of sapropelic gas. ③There are three stages of the oil and gas accumulation process in Ordovician reservoirs in the Halahatang Area. In the middle and late Caledonian periods, the source rock reached the hydrocarbon generation threshold and began to generate oil. The late Hercynian period was the main accumulation period, and the Himalayan period was dominated by dry gas filling. ④The crude oil generated in the Middle-Late Caledonian periods migrated along the faults and conductive layers and finally accumulated in the high parts of the structure in the north. The migration of oil and gas in the late Hercynian period was limited by the bitumen produced by early biodegradation. Since the asphalt plugging condensate gas has almost failed to cause gas invasion from the reservoir, the Ordovician reservoir still maintains the characteristics of crude oil-associated gas, forming an oil and gas reservoir with a gas cap.
Keywords: halahatang area, stable isotopes, biomarkers, oil-gas source correlation, fluid inclusions, accumulation model
1 INTRODUCTION
The Tarim basin is a typical multi-stage structural superimposed basin in western China, with abundant oil and gas resources and great potential for exploration and development. In 2009, after the high-yield industrial oil and gas flow was obtained in the Ordovician Yijianfang Formation of well Ha 6C in Halahatang Oilfield (Cheng et al., 2013), blocks such as Xinken and Repu were successively explored and developed, with oil and gas geological reserves reaching 100 million tons. The Halahatang Area has become an emerging key exploration block in the North Tarim uplift of the Tarim Basin. However, the exploration of Ordovician oil and gas in the Halahatang Area is restricted by many factors, such as multi-stage structural superposition, deep burial depth of deep marine carbonate strata, reservoir densification, strong reservoir heterogeneity, and insufficient understanding of hydrocarbon accumulation conditions. To solve the above problems, a large number of studies have been carried out in this area, but the source rock and its hydrocarbon accumulation period have been controversial (Zhao et al., 2008a; Zhao et al., 2008b; Li et al., 2010; Li et al., 2010b; Li et al., 2015). Most studies tend to advocate that the main source rocks in the Halahatang Area are Cambrian-Lower Ordovician source rocks and Middle-Upper Ordovician source rocks (Zhang et al., 2013; Zhu et al., 2013; Anlai et al., 2020; Wu et al., 2020). For the study of hydrocarbon accumulation age, previous studies have obtained different understandings by means of the thermal evolution history of source rocks, geochemical characteristics of crude oil and inclusions, and homogenization temperature analysis (Li et al., 2010; Zhang et al., 2011; He et al., 2022). For example, Chen et al. (2014) believed that the Ordovician reservoirs in Tahe Oilfield had three stages of oil and gas accumulation: Middle Carboniferous–Early Triassic, Cretaceous–Early Paleogene, and Paleogene–Neogene. Chang et al. (2015) believed that there were two stages of oil and gas accumulation: Late Carboniferous–Early Devonian and Neogene.
The authors believe that the hydrocarbon inclusion results need to be combined with the geochemical characteristics of total hydrocarbons in order to better understand oil and gas accumulation in the Halahatang Area (Zhu et al., 2021). Therefore, under the condition that the oil and gas exploration of the Ordovician in the Halahatang Area has multi-factor constraints, on the basis of previous research results, this study uses organic geochemical analysis of source rocks and hydrocarbon evolution basin simulation technology, fluid inclusion distribution characteristics, and homogenization temperature measurement. On the basis of the regional tectonic setting, combined with the stable isotope of natural gas and the characteristics of oil source biomarkers, the sources of oil and gas, oil and gas accumulation period, and favorable oil and gas accumulation conditions of the Ordovician in the Halahatang area are clarified, and the process of oil and gas accumulation is restored. It provides an important basis for carbonate oil and gas exploration in the Halahatang area of the Tarim Basin.
2 GEOLOGICAL SETTING
The Halahatang area is located in the middle of the North Tarim uplift in the Tarim Basin where the Luntai uplift is located in the north, the North depression is located in the south, the Yingmaili low uplift in the west, and the Lunnan low uplift in the east (Zhu et al., 2011), and its area is about 4,000 km2. The Ordovician in the Harahatang area can be divided into the Upper Sangtamu Formation (O3s), Lianglitage Formation (O3l), Tumuxiuke Formation (O3t), Middle Yijianfang Formation (O2y), and Middle-Lower Yingshan Formation (O1-2y). The Sangtamu Formation, Lianglitage Formation, and Tumuxiuke Formation of Upper Ordovician were eroded from south to north in turn, and the Silurian Kepingtage Formation was covered on the buried hill of Yijianfang Formation of Ordovician in the north (Zhang et al., 2012; Zhang et al., 2014). The Middle Ordovician Yijianfang Formation∼the upper part of the Ying 1 Member of the Middle-Lower Ordovician Yingshan Formation is the main oil-bearing stratum (Figure 1). The reservoir rocks of the Middle Ordovician Yijianfang Formation are mainly composed of bright crystal sand-dust limestone, bright crystal sand-gravel limestone, and bright crystal oolitic limestone. The lithology of Ying 1 Member reservoir in Yingshan Formation is mainly composed of bright crystal lithic limestone, lithic argillaceous limestone, and argillaceous limestone. The reservoir space types are mainly matrix pores, dissolution pores, and fractures, and the reservoir heterogeneity is strong (Shen et al., 2007; Zhang et al., 2014). According to the structural buried depth of the Ordovician reservoir, the combined characteristics of the overlying strata, and the oil and gas properties, the Halahatang area was divided into three regions from north to south: the northern buried hill area, the middle slope transition area, and the southern deep-buried area (Li et al., 2010). The strata in the northern buried hill area were eroded and lacked of upper Ordovician. The Kepingtage Formation of Silurian in Qigujing area directly covered Yijianfang Formation as a caprock. The buried depth of the reservoir is 6,500–6,700 m (the ground elevation is about 960 m), and the oil and gas are mainly distributed in Yijianfang Formation and Ying 1 Member. To the south of the slope transition zone, all strata are well developed. The cap rocks are mainly the dense marl and mudstone of the Tumu shock group, Lianglitage Formation, and Sangtamu Formation of the Upper Ordovician. The reservoirs are the Yijianfang Formation and the upper part of the first member of Yingshan Formation of the Ordovician. The oil and gas are distributed in the range of 0–100 m from the top of Yijianfang Formation. Oil and gas are occasionally found in Lianglitage Formation, and the buried depth of the reservoir is 6,600–7,000 m. The burial depth of reservoirs in the deeply buried area in the south is large, mostly below 7,000 m, and the oil and gas are mainly produced in the Yijianfang Formation and the upper part of the first member of Yingshan Formation.
[image: Figure 1]FIGURE 1 | Outline map of Ordovician faults in the 3D area of the Liulian block of Halahatang (modified from Li et al., 2021).
The Halahatang area in the North Tarim has experienced multiple tectonic movements (Ni et al., 2009; Zhang et al., 2012). In the Cambrian-Ordovician, due to the plate tectonic activity of the northern margin of the Tarim plate, the intra-platform uplift belt began to develop in the northern Tarim area. By the end of the Ordovician, the unified North Tarim uplift belt was initially formed with the closure of Ku-Man aulacogen. In the Silurian -Devonian, the North Tarim uplift inherited development, while the Lunnan and Yingmaili areas were further uplifted. In the late Devonian, the North Tarim uplift formed a large-scale erosion area, and the southern part eventually formed a “triconvex” structure pattern. In the Late Carboniferous-Triassic, thrust nappe structures and giant left-lateral strike-slip structural deformation zones dominated by Xinhe-Erbatai, Yingmaili, Lunnan, and Kuerle-Kongquehe slopes were developed in the northern Tarim Basin. Since the Neogene, due to the continuous strong subsidence of the Kuche Depression, the northern Tarim Basin has gradually become the front uplift and foreland slope of the Kuche regenerative Foreland Basin, and the Upper Paleozoic and Mesozoic were tilted, and together with the Cenozoic, it was a large monocline with an overall north dip, and the current tectonic pattern of the Halahatang area was formed (Zhang et al., 2012; Yan et al., 2015).
3 SAMPLES AND ANALYTICAL METHODS
3.1 Sample Preparation
In this study, Ordovician and Cambrian source rock samples were collected from Well Tazhong 37 and Well He 4, respectively. The crude oil and natural gas samples were taken from the Ha 6 structure, the Xinken structure, and the Repu structure in the Halahatang area. The asphaltenes of the crude oil and the source rocks were separated by petroleum ether (60 ml), followed by further separation of components using silica gel and an alumina column. Separation of saturated hydrocarbons, aromatic hydrocarbons, and non-hydrocarbon components using petroleum ether, dichloromethane, and petroleum ether (2:1, 50 ml) and dichloromethane/methanol (7:1, 40 ml), respectively. Saturated and aromatic hydrocarbon fractions were analyzed with biomarkers using gas chromatography (GC-FID) and mass spectrometry (GC-MS), and carbon isotopes were determined.
3.2 GC-FID and GC-MS
Gas chromatography-mass spectrometry analysis: The source rock samples were ground to below 120 mesh as required and then extracted by Soxhlet extraction for 72 h, and an open silica column was used to separate saturated hydrocarbons, aromatic hydrocarbons, and non-hydrocarbon components. GBT30431-2013 was used as the standard. Analysis of whole oil and saturated fractions extracted from source rock and crude oil samples using an Agilent 6890 N GC and MAT 252 MS combined test system equipped with an HP-5MS fused silica capillary column (60 m × 0.25 mm × 0.25 μm), with the carrier gas as helium. The oven temperature was initially 50°C for 1 min, then increased to 320°C at a rate of 4°C/min and held for 25 min. Analysis of n-alkanes and isoprenoids based on total ion chromatography (TIC), identification of terpanes using the m/z191 mass spectrum, and interpretation of steranes based on the m/z217 mass spectrum, calculation of biomarker values based on peak areas.
3.3 Stable Carbon Isotope
The stable carbon isotope of crude oil was analyzed by the FLASH 2000EA-MAT 253 IRMS stable isotope mass spectrometer. The crude oil sample was dissolved by dichlorotoluene, and the combustion temperature was initially set to 950°C and gradually adjusted to 250°C. Liquid nitrogen was employed for cooling, purification, and collection. Finally, the value of carbon isotope was calibrated with respect to Pee Dee Belemnite (the error does not exceed 0.1‰) to obtain accurate analysis results.
3.4 Gas Components and the Isotope of Natural Gas
Natural gas composition analysis was performed using an Agilent GC6890N gas chromatograph with helium as the carrier gas and a dual TCD detector. The determination of carbon and hydrogen isotopes of natural gas was completed on a Finnigan MAT 252 mass spectrometer. The carbon isotope value was compared with the GBW04405 reference, giving the value relative to the PDB with a standard deviation of ±0.04‰. The analysis of hydrogen isotopes used the value of VSMOW to calibrate the experimental results with a standard deviation of ±0.3‰. The analysis of light hydrocarbons (C5-C8) in natural gas was performed on HP5890IIgas chromatograph with HP-PONA capillary column (50 m × 0.2 mm × 0.5 μm) and helium as carrier gas. The content of light hydrocarbons in natural gas is generally relatively low, but the analysis of light hydrocarbons can be carried out by direct injection of natural gas. The injection volume was generally 10–15 ml, and the light hydrocarbons were enriched by a liquid nitrogen cold trap before the chromatographic column for 5 min. In order to detect as many light hydrocarbon components as possible, the initial temperature of the chromatographic heating program was kept to 35°C for 25 min. Then, the temperature was programmed at 1.5°C/min to 70°C, 3°C/min to 160°C, and 5°C/min to 280°C, and lastly held for 20 min. The injector temperature is 120°C and the FID detector temperature was 320°C.
3.5 Fluid Inclusion Thermometry
The analysis of fluid inclusions was performed using a Leica D MRX HC microscope, and the microscopic temperature measurement of fluid inclusions using the Linkam THMSG 600 system with a resolution of about 0.1°C. When the temperature testing varies from 180 to 600°C, and with the test conditions of 25°C temperature and 35% humidity, the heating temperature error is about 1°C, and the cooling temperature measurement error of about 0.1°C.
4 RESULTS
4.1 Geochemical Characteristics of Source Rocks
4.1.1 Carbon Isotope Characteristics of Kerogen
The kerogen carbon isotope values of Cambrian source rocks in the Tarim Basin are lower than those of Upper Ordovician source rocks. The former are mainly distributed in −35.6 ∼ −29.5‰, and the latter are mainly distributed in −31.29 ∼ −29.69‰ (Figure 2), which is mainly related to biological evolution. Cambrian source rocks and Ordovician source rocks are close in age. Although the carbon isotope age effect indicates that the carbon isotope of oil generated from Cambrian source rocks is lighter than that of oil generated from Ordovician source rocks, the specific value is not clear.
[image: Figure 2]FIGURE 2 | Isotope distribution of kerogen in Cambrian-Ordovician source rocks in the Tarim Basin.
4.1.2 Characteristics of Biomarkers
The content of tricyclic terpanes in Cambrian-Lower Ordovician source rocks is high, and the content of C24 tetracyclic terpanes is low. The content of C28 and C29 long-chain tricyclic terpanes is high, and the content of gammacerane is high, which is almost equal to or more than that of C31 hopane. For the content of sterane, it shows the distribution characteristics of C29 > C28 > C27. Some samples show the distribution characteristics of C29 > C27 > C28, but the content of C28 sterane is still relatively high. In addition, the content of rearranged sterane is low (Figure 3; Table 1).
[image: Figure 3]FIGURE 3 | Chromatograms of steranes and terpanes of Cambrian-Lower Ordovician and Middle-Upper Ordovician source rocks in well Tazhong 37 and well He 4.
TABLE 1 | Comparison of source rock biomarking parameters between middle and lower cambrian—lower ordovician and upper ordovician.
[image: Table 1]The Upper Ordovician limestone source rocks are collected from wells Tazhong 37 and so on. These wells do not have or only have a small amount of oil and gas in the Upper Ordovician limestone and are far from the reservoir site. These limestone source rocks have relatively high organic matter abundance, which is representative of the Upper Ordovician marl source rocks.
Compared with the Cambrian-Lower Ordovician source rocks, the marl source rocks of the Upper Ordovician have lower tricyclic terpanes, C28 and C29 long-chain tricyclic terpanes, gammacerane, and Ts/Tm ratio, indicating that the Cambrian source rocks have higher maturity. Both of their distributions of steranes show a typical “V" shaped distribution, although C29 > C27 > C28 also appears. However, the content of C28 sterane in the Upper Ordovician is lower than that in Cambrian-Lower Ordovician source rocks. In addition, the content of rearranged sterane is higher than that of Cambrian-Lower Ordovician source rocks (Figure 3).
Oils generated from Cambrian source rocks contain gammacerane in the early stages, but the content of gammacerane is low during and after the peak of oil generation. The abundance of gammacerane in highly evolved Cambrian source rocks is due to the fact that gammacerane was fractured from kerogen early and preserved in the source rock inclusions. High content of gammacerane has been detected in many reservoirs of bitumen. Gammacerane was detected in only part of the crude oil, but not in some of the crude oil, which is due to the uneven mixing of the mature and highly mature oils generated in the late Cambrian with the previously accumulated oils. Gammacerane was detected in all the reservoir bitumen in well Zhongshen 1, and some of the oil produced in the same section contained gammacerane and some did not.
4.2 Geochemical Characteristics of Crude Oil
4.2.1 Components of Light Hydrocarbons
Light hydrocarbon is an important component of condensate and crude oil, and the content of light hydrocarbon accounts for about 1/4 to 1/3 of the total crude oil (Hunt et al., 1980; Wang et al., 1989), the content of light hydrocarbon is higher in condensate oil, while the content of biomarkers is only 1% or less in crude oil. In reflecting the overall characteristics of crude oil, the information from light hydrocarbon is more representative than that from biomarkers. The composition characteristics of light hydrocarbons are related to the type and maturity of kerogens (Thompson, 1979,1983; Wang et al., 1989; Wang and Coward, 1990; and 1994).
The C4-C7 light hydrocarbon family composition of the Halahatang Ordovician crude oil shows that the paraffin content is mainly 52.15–77.08%, the aromatic content is 0.18–1.68%, and the cycloalkane content is 22.46–46.32%, which means that the oil is relatively rich in paraffin and poor in aromatic hydrocarbons. This is typical of oil sourced from sapropelic source rocks (Figure 4). In addition, the arene content of halahatang Ordovician crude oil is very low, and benzene is not even detected, which is related to early water washing.
[image: Figure 4]FIGURE 4 | Triangular plot of C4-C7 light hydrocarbon family components of Halahatang Ordovician crude oil. Note: Regions 1 and 2: humic kerogen; Regions 3 and 4: sapropelic kerogen; Region 5: mixed kerogen.
In the C7 light hydrocarbon composition of crude oil, the contents of n-heptane, methylcyclohexane, and dimethyl cyclopentane are 40.76–55.84%, 30.99–44.02%, and 9.03–16.11%, respectively. The analysis results are put on the triangular plot of C7 light hydrocarbon family composition (Figure 5), and almost all samples fall in the region of type I kerogen.
[image: Figure 5]FIGURE 5 | Triangular plot of C7 light hydrocarbon family composition of Halahatang Ordovician crude oil.
With the increase of maturity, the degree of alkylation of condensate of light hydrocarbon increases (Philip and Jolicoeur, 1975), while the degree of alkylation also increases (Thompson, 1979; Thompson, 1983). In order to quantify the maturity, two parameters, namely heptane value, and isoheptane value, are proposed to reflect the maturity. Heptane and isoheptane numbers were used to measure the degree of alkylation of light hydrocarbons in sediments. Thompson gave two lines, one aliphatic line representing the sapropelic kerogen and the other aromatic line representing the humic kerogen, and the region between the two lines should be the region of the mixed type, assuming that cycloalkanes open the ring to form alkanes.
The heptane value of halahatang Ordovician crude oil ranges from 29.02 to 40.74%, and the isoheptane value ranges from 1.45% to 3.06%. As can be seen from Figure 6, the sample data of Halahatang Ordovician crude oil falls above the aliphatic line, which again indicates that these condensate and crude oil are sapropelic kerogen sources. In addition, according to the maturity reflected by heptane and isoheptane values in Figure 6, the oil mainly belongs to the high maturity stage.
[image: Figure 6]FIGURE 6 | The relationship between heptane and isoheptane values of Halahatang Ordovician crude oil.
4.2.2 Medium Molecular Weight Hydrocarbon Characteristics of Crude Oil
The comparative study of medium molecular weight hydrocarbons is a new method for the comparative study of oils in recent years, which mainly uses compounds of similar molecular weight to form compound pairs (Hwang et al., 1994). Medium molecular weight compounds, which means having the same carbon number in general include isoalkane, transisoalkane, and a methyl substituent of other alkanes and isopentadiene alkanes, these compounds have a common characteristic, that is the life source of bacteria, but different types of bacteria influence on the distribution of these compounds is very strong, so it can be used for oil-oil comparison, and the content of this kind of compound is very high, with high-resolution chromatography can be identified, generally using all-oil chromatography. (Hwang et al., 1994).
The fingerprint comparison of medium molecular weight hydrocarbon of Cambrian oil from well Zhongshen 1 and crude oil from halahatang blocks shows that there are obvious similarities between Cambrian oil from well Zhongshen 1 and crude oil samples from Halahatang blocks (Figure 7).
[image: Figure 7]FIGURE 7 | Comparison of medium molecular weight hydrocarbons in the crude oil from well Zhongshen 1 to the Halahatang Area. Note (58: n-propylcyclohexane; 69: 2-methylnonane (C10 isoalkane); 71: 3-methylnonane (C10 transisoalkane); 84: 2,6 dimethyl Nonane (C11 isoalkane); 115: n-pentylcyclohexane + 1-methyldecanes; 124: 2-methylundecane (C12 isoalkane); 126: 3-methylundecane (C12 transisoalkane); 150: 4-methyldodecane; 153: 3-methyldodecane (C13 transisoalkane); 182: 2,6,10-trimethyldodecane; 192: Decane with C5 as a substituent; 221 (n-decylcyclohexane + 7-methylpentadecane + 6-methylpentadecane); 224: 2-methylpentadecane (C16 isoalkane); 258: n-undecylcyclohexane+5-methylheptadecane; 260: 2-methylheptadecane (C18 isoalkane); 309: 2-methyleicosane (C21 isoalkane); 311 : 2,6,10,14-tetramethylnonadecane).
4.2.3 Characteristics of Biomarker Compounds
The content of long -chain tricyclic terpenes in Ordovician crude oil from Halahatang is higher, usually higher than that of pentacyclic terpenes; the content of C29ββ is generally higher, which is due to high maturity or long migration distance. The content of gammacerane in the Ordovician crude oil of Halahatang is generally not high. According to the latest research results, maturity also has a crucial influence on the content of gammacerane in crude oil, and the relative content of gammacerane will change in different thermal evolution stages.
High content of gammacerane was detected in the Ordovician reservoir bitumen in the Halahatang block. The content of long-chain tricyclic terpenes varies. C27R, C28R, and C29R steranes are in the shape of “V" distributed. In addition, a relatively high content of gammacerane was also detected in the reservoir bitumen of well Zhongshen 5 and Zhongshen 1, and the oil produced in the same well section contains gammacerane, while others do not contain gammacerane (Figure 8).
[image: Figure 8]FIGURE 8 | Chromatograms of terpanes and steranes in Ordovician crude oils from Halahatang and its surrounding areas.
4.2.4 Carbon Isotope Characteristics of Crude Oil
Statistics show that the carbon isotope of organic matter has a chronological effect and generally becomes heavier as the geological age becomes newer. The kerogen carbon isotope of the Cambrian source rock in the Tarim Basin is heavier than the kerogen isotope of the Upper Ordovician source rock. The former is mainly distributed in −35.6∼−29.5‰, and the latter is mainly distributed in −31.29∼−29.69‰, which is mainly related to the evolution of biology. Cambrian source rocks and Ordovician source rocks are close in age. Although the carbon isotope age effect indicates that the carbon isotope of oil generated from Cambrian source rocks is lighter than that of oil generated from Ordovician source rocks, it is still difficult to define the specific value.
The carbon isotope of Halahatang crude oil is mainly distributed in −33.8∼−32‰, and the carbon isotope of monomer hydrocarbon is basically consistent with the distribution curve of single hydrocarbon carbon isotope of crude oil of the Cambrian in wells Zhongshen 1 and Zhongshen 5 (Figure 9), indicating that they have the same source.
[image: Figure 9]FIGURE 9 | Distribution of carbon isotopes of crude oil monomer hydrocarbon in the Halahatang Area.
4.3 Natural Gas Geochemical Characteristics
4.3.1 Characteristics of Natural Gas Components
Through statistical analysis of the drying coefficients of 181 natural gas samples (including 116 samples in the Ha6 block, 27 samples in the Xinken block, and 38 samples in the Repu block) from the three main oil-producing areas in the Halahatang area: The drying coefficient of Ordovician natural gas in Lahatang area is relatively low. The drying coefficient of Ha 6 block is mainly distributed in the range of 0.7–0.8, and the drying coefficient of natural gas in Xinken and Repu blocks is mainly distributed between 0.75–0.85. Therefore, it is believed that the maturity of crude oil-associated gas in the north may be slightly lower than that in the south (Table 2).
TABLE 2 | Ordovician natural gas composition data table in the Halahatang Area (only some data are shown).
[image: Table 2]The Ordovician natural gas in the Halahatang area is mainly associated with gas of crude oil, including hydrocarbon gas and non-hydrocarbon gas, among which methane, ethane, and propane are the main components of hydrocarbon gas, and the methane content is mainly between 30%–85% (12.7%–85.9%), the ethane content is mainly between 4%–16% (1.35%–20.5%), and the propane content is mainly between 1%–10% (0.01%–11.6%), and the drying coefficient is between 0.52 and 0.96. Through the further statistical division of the drying coefficient results of different oil-producing areas in the Halahatang area, the drying coefficient of the Ha 6 block is mainly between 0.7 and 0.8, and the drying coefficient of natural gas in the Xinken and Repu blocks is mainly between 0.75–0.85, which can be seen that the drying coefficient of natural gas in the south is slightly higher than that in the north. Nitrogen and hydrogen sulfide are the main components of non-hydrocarbon gases, and the nitrogen content is relatively balanced, mainly between 3% and 5%. The nitrogen content of some wells in the southern part of the whole block is slightly higher than that in the northern part. The high hydrogen sulfide wells in the whole block are distributed in the heavy oil area, mainly in the well Ha 15 area, well Ha 7 area, and some wells in the well Ha 9 area.
The nitrogen content of the Ordovician natural gas in the Halahatang area is relatively balanced, generally between 3% and 5%, and the nitrogen content in the wells in the south of the entire block is slightly higher than that in the north. The high hydrogen sulfide wells in the whole block are distributed in the heavy oil area, mainly in the well Ha 15 area, the well Ha 7 area, and some wells in the well Ha 9 area. The reason for its high hydrogen sulfide may be related to the adsorption and desorption of hydrogen sulfide by colloidal or asphaltenes. The natural gas produced in the southern block is essentially free of hydrogen sulfide.
4.3.2 Carbon Isotope Characteristics
Previous studies have shown that the δ13C2 of natural gas from humic sources is higher than −25.1‰, while the δ13C2 of natural gas from sapropelic sources is lower than −28.8‰ (Dai, 1992). The overall distribution trend of C1∼C4 carbon isotope content of natural gas in the Halahatang area is generally consistent, and the carbon isotope values are relatively light. The methane carbon isotope values of Ordovician natural gas in Halahatang are mainly distributed between −45.22‰ and −53‰, with an average of −47.7‰; The carbon isotope values of ethane are distributed between −41.1‰ and −34.4‰, with an average of −37.7‰; the carbon isotope values of propane are mainly distributed in the range of −31.49‰ to −37.8‰, with an average of 34.2‰; The carbon isotope values of butane are mainly distributed from −28.3‰ to −34.8‰, with an average of 32.2‰ (Table 3; Figure 10).
TABLE 3 | Carbon isotope analysis data of Ordovician natural gas in the Halahatang Area.
[image: Table 3][image: Figure 10]FIGURE 10 | Line chart of C 1-C 4 carbon isotope values of Ordovician natural gas in the Halahatang Area.
According to a large number of statistical data, Zhao et al. (2021) concluded that the methane carbon isotope values of associated gas in the reservoir were between −55‰ and −44‰, while Dai (1992) believed that the methane carbon isotope values of associated gas in the reservoir were between −55‰ and −40.4‰. But no matter which standard is used, the methane carbon isotope values of the Ordovician natural gas in the Halahatang area reflect that the natural gas in this area should belong to the associated gas of the oil reservoir (Figure 11). According to the formula of δ13C1-Ro (δ13C1 = 27.550lgRo-47.22) (Zhao et al., 2021).
[image: Figure 11]FIGURE 11 | δ 13 C 1 -Ro relationship diagram of Ordovician natural gas in the Halahatang Area.
4.4 Characteristics of Fluid Inclusions
Fluid inclusions record the relevant information on oil and gas migration and accumulation and are of great significance to the analysis and study of accumulation stages. The formation of oil and gas inclusions represents the stage of oil and gas migration and charging. The homogeneous temperature of the inclusions records the paleo-geotemperature of the oil and gas migration and charging reservoirs. The burial depth of the inclusions can be determined through the restoration of thermal history and reservoir burial history, and the corresponding stratigraphic age is the age of hydrocarbon accumulation. The oil and gas components in the inclusions can reflect the geochemical characteristics and phase states of oil and gas (Wang et al., 2006, 2018).
Through the research on the fluid inclusions in the Ordovician reservoirs in the Repu structure in the Halahatang area, it is found that there are three formation processes in the homogenization temperature of the reservoir inclusions. The homogenization temperature of the inclusions in the first stage is from 70 to 90°C, and most of the inclusions are filled with liquid phase. In the second stage, the homogenization temperature of the inclusions is between 90 and 115°C, and most of the inclusions are characterized by a gas-liquid two-phase. In the third stage, the homogenization temperature of the inclusions is from 115 to 140°C, and the inclusions are mainly in the gas phase (Figures 12, 13).
[image: Figure 12]FIGURE 12 | Characteristics of fluid inclusions in Ordovician carbonate reservoirs in Repu block. (A–C) are liquid inclusions, (D–F) are gas phase inclusions (A–C) are liquid inclusions, DEF are gas phase inclusions.
[image: Figure 13]FIGURE 13 | Characteristics of fluid inclusions in Ordovician carbonate reservoirs in the Repu block.
5 DISCUSSION
5.1 Oil and Gas Source Analysis
5.1.1 Oil Source Comparison
Some experts and scholars (Zhang et al., 2004; Zhang et al., 2000, 2002a, b, 2005; Hanson et al., 2000; Li et al., 2010a; Jiang et al., 2007) believe that the important source of current movable oil in the basin is the Middle-Upper Ordovician source rocks, and it is believed that the Cambrian-Lower Ordovician source rocks are not distributed in the Halahatang area, and the carbonate oil and gas in the Halahatang area mainly come from the Middle-Upper Ordovician source rocks. By analyzing the light hydrocarbons of the Ordovician crude oil in the study area, it is found that the Ordovician crude oil in the Halahatang area belongs to the highly mature oil, and the organic matter types of source rocks are type I and type II. The relative composition of C5-C7 light hydrocarbon fractions of crude oil samples is dominated by n-paraffins, the relative composition of C7 light hydrocarbon compounds is dominated by isoparaffins, and the crude oil source rocks are dominated by sapropelic organic matter.
The characteristics of molecular weight hydrocarbons and biomarker compounds in the Ordovician crude oil in the study area were analyzed and compared with the Cambrian crude oil in the well Zhongshen 1 area and the well Zhongshen 5 area. The results show that well Zhongshen 1 and well Zhongshen 5 are very similar to the Ordovician crude oil in the Halahatang area. Combined with the comparative study of carbon isotope of single hydrocarbon of crude oil and kerogen carbon isotope of Cambrian-Ordovician source rocks around the study area, it is considered that Ordovician crude oil in the study area is mainly derived from Cambrian source rocks. (Figure 14).
[image: Figure 14]FIGURE 14 | Comparison of carbon isotope of crude oil monomer hydrocarbon and kerogen in the Halahatang Area.
5.1.2 Comparison of Gas Sources
The above analysis shows that the kerogen type of the Cambrian-Lower Ordovician source rock is better than that of the Middle-Upper Ordovician source rock, and the Middle-Upper Ordovician source rock belongs to the marine sapropelic type source rock, which is biased to the humic type (Zhao et al., 1998). The carbon isotope of the natural gas is heavier than that of the natural gas from the typical marine sapropelic kerogen, although it does not fully reflect the characteristics of the natural gas from the terrestrial humic kerogen. Especially in natural gas, ethane isotopes should have an obvious reflection, that is, ethane carbon isotope is obviously heavy. Through the carbon isotope analysis of the Ordovician natural gas in the Halahatang area, it can be seen that the isotopes of methane and ethane are obviously lighter, and there is no characteristic of the source of humic kerogen. Therefore, it is inferred that the Ordovician natural gas in the study area is the crude oil-associated gas originating from the Cambrian (Figure 15).
[image: Figure 15]FIGURE 15 | Distribution characteristics of δ13C1-δ13C2-δ13C3 of Ordovician natural gas in the Halahatang Area.
The analysis found that the N2 content in the Ordovician natural gas in the Halahatang area has the distribution characteristics of “high in the south and low in the north”, indicating that there are differences in the migration paths and modes of oil and gas, and it is believed that oil and gas have two-way charging vertically and horizontally. Vertically, it was mainly the in-place Cambrian carbonate source rock that migrated upward through faults; horizontally, it was mainly the migration of oil and gas generated by the Cambrian mudstone source rock in the southern Manjiaer sag.
5.2 Time and Stage of Hydrocarbon Accumulation
Based on the study of the homogenized temperature of fluid inclusions in the reservoir and combined with previous studies (Zhang et al., 2013; Ding et al., 2020), it is believed that the accumulation stages of the Ordovician carbonate reservoirs in Halahatang are mainly three stages, which are Late Caledonian-Early Hercynian, Late Hercynian and Himalayan (Figure 16). The homogenization temperature of the first stage inclusions is 70–90°C, and most of the inclusions are filled with liquid phase. During this period, after the deposition of the Sangtamu Formation, the structural high part of the Halahatang sag was uplifted accordingly, and the strata in some areas may have suffered denudation and local biodegradation, resulting in the precipitation of asphalt in the reservoir. In the second stage, the homogenization temperature of inclusions is between 90 and 115°C, and most of the inclusions are characterized by a gas-liquid two-phase. The analysis shows that the oil and gas accumulation period is late Hercynian, which is the accumulation and supplement of early oil and gas along faults and structural fractures. In the third stage, the homogenization temperature of the inclusions is 115–140°C, and the inclusions are mainly gas phase. According to the analysis, the hydrocarbon accumulation period is the Himalayan period. The charging of the Ordovician reservoirs in the Repu area with the Cambrian or Middle-Upper Ordovician oil cracking gas, and the reformation of the original oil reservoirs, formed oil reservoirs with gas caps and some gas-invading condensate gas reservoirs.
[image: Figure 16]FIGURE 16 | Burial thermal evolution history of well Repu 4.
5.3 Accumulation Model
According to the burial thermal evolution history of Well Repu 4 in the study area (Figure 16), the Cambrian source rocks reached the threshold of hydrocarbon generation during the Late Caledonian and Early Hercynian periods. With the increase of thermal evolution, the Ro of Cambrian source rocks in the late Hercynian reached above 0.7% and began to generate large amounts of oil. However, due to the relatively weak cap rock conditions at this time, the massive crude oil generally suffered serious biodegradation (Figure 17). A large amount of biodegraded bitumen can be found in the Ha 6 block, especially in the dissolution pores and cavities of the Ordovician reservoir in the northern buried hill zone and in the fractures not filled with calcite. High abundance of 25-norhopane was detected in crude oil samples from the Ha 6 block and most of the wells in the northern part of the Xinken block.
[image: Figure 17]FIGURE 17 | Hydrocarbon accumulation model of Ordovician in the Halahatang Area, and Tarim Basin.
During the middle-late Caledonian period, the oil generated in the Cambrian system in the study area and the Cambrian system in the southern Manjiaer sag migrated and accumulated along the faults and transport layers from the south flank slope of Halahatang to the structural in the north. At the same time, the northern caprock may be denuded to varying degrees, and the crude oil will suffer from biodegradation to form bitumen precipitation. In the late Hercynian period, oil and gas migrated from the south to the north again along faults and transport layers. However, due to the plugging of the reservoir pores by the bitumen produced by the biodegradation of the oil and gas-charged in the early stage, the fracture fractures and the physical properties of the reservoir in the study area are different to varying degrees, and the oil and gas generated from the Cambrian source rocks in the southern Manjiaer sag are filled in some pores or fractures that are not blocked by bitumen. Therefore, the migration and accumulation to the northern structural high were restricted, and the hydrocarbons generated in the Cambrian in situ during this period continued to migrate and accumulate vertically to the Ordovician reservoir along the oil source fault. During the Himalayan period, the natural gas generated in the in-place Cambrian continued to migrate vertically along the fault in-place. Due to the early blocking of asphalt in the high part of the structure in the north, only a small amount of condensate gas formed in the later period was charged or almost failed to affect the gas invasion of the reservoir. Therefore, Ordovician reservoirs in some wells maintain the wet gas characteristics of crude oil-associated gas, and most of them form oil and gas reservoirs with gas caps. While the natural gas migration and accumulation of well Repu 3 located near the lower part of the south wing slope structure are large, the paleo-reservoir was transformed by gas invasion, forming a secondary high-wax oil reservoir with a high gas-oil ratio greater than 2000 m3/t, and forming condensate gas reservoir.
6 CONCLUSION

1) The Ordovician crude oil in the Halahatang area is shown to be a typical source of kerogen in sapropelic source rocks. It belongs to the oil produced in the mature to high maturity stage, and the fingerprint characteristics of medium molecular weight hydrocarbons have good comparability with the crude oil in the Halahatang area. The crude oil biomarker compounds all showed high content of long-chain tricyclic terpenes and high Ts/Tm values, reflecting the characteristics of high-mature oil, and had a good corresponding relationship with the Cambrian source rock terpane map. At the same time, because a small amount of oil from the late Middle and Upper Ordovician was mixed into the crude oil of most wells, it showed the characteristics of low gammacerane content and a large rearranged sterane/regular sterane ratio. Comprehensive analysis shows that the oil and gas in the Halahatang area mainly comes from the Cambrian source rocks.
2) Although the Ordovician natural gas in the Halahatang area is mainly composed of methane, the methane content in the crude oil-associated gas in most wells is only about 60%, and the drying coefficient is between 0.7 and 0.85, showing a trend of high in the south and low in the north. Judging from the plane distribution of nitrogen content in the study area, which is low in the south and high in the north, it is concluded that there is a vertical and horizontal bidirectional hydrocarbon migration and charging mechanism in the study area. The vertical direction is mainly the migration of oil and gas generated by the Cambrian carbonate rocks accumulated in situ, while the lateral direction is mainly the migration of oil and gas generated by the Cambrian mudstone source rocks in the southern Manjiaer sag. Through the study of natural gas carbon isotopes, it is concluded that the gas source rocks of natural gas in the Halahatang area are mainly sapropelic source rocks, which belong to the associated gas of oil reservoirs.
3) There are three stages of accumulation in the Ordovician in the Halahatang area: The Cambrian reached the hydrocarbon generation threshold in the middle and late Caledonian periods, while the Cambrian source rocks located in the Manjiaer sag in the south of Halahatang and the deep layers of the in-place entered a large amount of oil-generating stage, and the oil at the mature stage entered the Ordovician reservoir in the Repu area, forming the Ordovician oil reservoir. The late Hercynian period is the secondary replenishment and charging period of the reservoir, and some condensate oil and gas are generated at the same time. During the Himalayan period, a large amount of condensate gas generated in the Cambrian migrated upward along the faults and carried out gas-invasion reformation on the overlying strata, forming oil and gas reservoirs with gas caps and gas-intrusion-type condensate gas reservoirs.
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In addition to tectonic fractures, the ubiquitous and important bedding fractures are often overlooked in the imbibition processes. Based on the identification of different fracture types in tight sandstone from the middle Permian Lucaogou Formation in the Jimusar Sag, NW China, spontaneous imbibition of water experiments was carried out, aiming to investigate the effect of tectonic and bedding fractures on hydrocarbon recovery efficiency in tight reservoir rocks. The results show that the difference in connectivity between the vertical (tectonic fractures) and horizontal (bedding fractures) directions of pores and pore throats is the main reason for the distinction in microscale permeability and, hence, fluid imbibition. The difference in the time required for imbibition between bedding and tectonic fractures is subtle, but the former is slightly lower than the latter in terms of imbibition depth and efficiency. Higher temperatures can shorten the reaction time of imbibition. On the basis that the tectonic fractures are opened, opening the same scale of bedding can increase the imbibition effectiveness by 8.7% at reservoir conditions (27 MPa, 80°C), and the closer to the fracture, the higher the imbibition efficiency in the matrix. The samples with higher porosity and permeability per unit volume have high imbibition oil recovery. However, the imbibition efficiency of the samples with lower porosity and permeability is higher, i.e., the final imbibition efficiency is inversely proportional to porosity and permeability.
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INTRODUCTION
Spontaneous imbibition refers to the process in which porous media imbibe wetting liquid spontaneously by means of capillary forces (Morrow and Mason, 2001; Hasan et al., 2006; Mason et al., 2009; Zhou et al., 2018). Spontaneous imbibition can be seen in two ways. On the one hand, the change curve of imbibition over time can be used to describe its process (Li et al., 2018). Gu et al. (2017) found that with the increase in the rate of fluid imbibition (volume of liquid/unit of time), the spontaneous imbibition recovery efficiency which is defined as the amount of oil that is recovered after the spontaneous imbibition occurred compared to original reservoir reserves is improved. However, Peng et al. (2010) showed that when the spontaneous imbibition rate is greater than a certain value, the improvement of spontaneous imbibition recovery will slow down or stabilize. Li et al. (2018) proposed that with the increase in interfacial tension, the thickness of spontaneous imbibition film first increases and then decreases. On the other hand, the control factors of spontaneous imbibition were explored. Previous studies have shown that reservoir and fluid properties have an impact on spontaneous imbibition, including temperature (Babadagli, 2001), wetting index and interfacial tension (Wei et al., 2016), clay mineral content (Cai et al., 2020), porosity (Liu and Dai, 2008), permeability (Yang et al., 2019), pore size and pore throat properties (Lai et al., 2019), water content and crude viscosity in rocks (Fischer et al., 2008), geometry and boundary conditions of samples (Standnes and Chun, 2004; Hasan et al., 2006; Mason et al., 2009), contact area of rocks with wetting phase fluids, and initial water saturation (Wang et al., 2019a). These studies show that results from different imbibition experiments are impacted by the properties of the samples both solid and liquid.
Imbibition studies are used to help understand fluid recovery efficiencies. At present, studies on imbibition aiming at improving oil recovery from low permeability rocks have been mainly emphasized the fractured carbonate reservoirs or low-permeability and ultra-low-permeability unfractured tight shale reservoirs, and they have mainly focused on the influence of reservoir physical properties such as pore and throat characteristics on spontaneous imbibition (Standnes and Chun, 2004; Hasan et al., 2006; Mason et al., 2009; Saberhosseini et al., 2019; Junira et al., 2020). On the one hand, capillary forces make the positive spontaneous imbibition effect of crude oil significant to the production of crude oil at the early stage. On the other hand, due to the strong heterogeneity between the matrix and fracture network, the fractures are likely to become flow channels for water and oil (Kathel et al., 2013). Therefore, the high permeability channel formed by fractures leads to poor water flooding efficiency in low-permeability reservoirs (Zhao et al., 2018). The permeability of a tight reservoir matrix is low, generally less than 0.1 mD in the subsurface, and conventional water flooding is difficult for improved oil production, and spontaneous imbibition is an alternative method for tight oil reservoir development (Schechter et al., 1994). Oil recovery can be improved by displacement using imbibition (Al-Attar, 2010). Spontaneous imbibition has attracted much attention due to its simple operation, low cost, and high efficiency (Mirzaei and Dicarlo, 2013). At the fracture surface and near the fracture matrix, spontaneous imbibition of water into the small pores takes place, while oil is displaced into the large pores (Wang et al., 2019b; Dai et al., 2019). The displacement of oil in the matrix can only be realized by capillary spontaneous imbibition, while the displacement of oil in fractures can be called forced imbibition because of the viscous pressure gradient (Babadagli, 2000) applied in the system. In the past, intact or single linear fracture rock samples were used in the study of fracture spontaneous imbibition, but in tight oil reservoirs, the fractures are considered as fracture networks. There have been limited studies on the spontaneous imbibition into tectonic and bedding fractures in tight reservoirs. For tight reservoirs, the developed bedding and tectonic fractures are very different in genesis and structure. As an important flow channel in tight reservoirs, attention should be paid to bedding fractures (Zhang et al., 2017). During simple burial and diagenesis of sediments, fractures will be near-horizontal and parallel to the original bedding (texture) (Zeng et al., 2008). These are mainly developed in argillaceous rocks, clastic rocks, and turbidite. Tectonic fractures are formed under the interaction of different tectonic stress fields and usually have high dip angles (Zeng and Li, 2009). At present, the horizontal well and multi-stage hydraulic fracturing method are used to artificially create more fractures to open up tight oil reservoirs and produce oil (Langford et al., 2013; Kim et al., 2015). However, for tight reservoirs with undeveloped tectonic fractures, it is challenging for hydraulic fracturing to re-open the pre-existing limited fractures and hydraulic fractures to form a large volume of fracture network. The bedding fracture is easy to open and has significant lateral extension (Zeng et al., 2008), making it an important channel for oil and gas flow (Wang et al., 2016). Therefore, for the tight reservoirs with developed bedding fractures but no tectonic fractures, it is important to understand the mechanism of imbibition and replacement of the fluid in both the bedding fracture and in the matrix porosity on either side of the bedding fracture and to explore and confirm the imbibition capacity and efficiency of the rock.
In this study, we first systematically identify bedding and tectonic fractures of the sandstones from the Jimusar Sag in NW China, and then we study the imbibition properties of imbibition efficiency, imbibition curve, and imbibition rate, etc. of these fracture types at different scales and conditions. The differences in imbibition effects between bedding and tectonic fractures are documented, and the types of imbibition and main controlling factors of bedding fractures are further discussed. The purpose of this article, therefore, is to explore whether fracturing fluid in the ubiquitous bedding fractures can be imbibed and replace crude oil in the reservoir and to compare the difference in imbibition efficiency between bedding and tectonic fractures, so as to provide a theoretical basis to aid in the development and production of tight oil.
THEORY OF IMBIBITION
Spontaneous imbibition was first reported by Moore and Slobod (1956). For hydrophilic rocks containing oil and water, the wetting phase is water, and the non-wetting phase is oil. Under constant external displacement pressures, a capillary force is generated at the boundary of the two phases due to wettability difference, inducing spontaneous imbibition, which makes aqueous fluids (either formation water or fracturing fluid) replace oil (Jadhunandan and Morrow, 1991). The capillary force can be described by the Young–Laplace equation:
[image: image]
where Pc is the capillary pressure; σ is the interfacial tension between oil and water phases; θ is the contact angle; r is the pore radius. θ is related to reservoir wettability.
According to formula (1), only when the reservoir is water wet, can water be imbibed by the matrix and oil be displaced from the pores. This is because when the wettability changes from lipophilic to hydrophilic, the capillary pressure changes from negative to positive. In addition, if the reservoir is hydrophilic, the capillary pressure is inversely proportional to the capillary radius. Therefore, a low permeability reservoir has a larger spontaneous imbibition tendency when the throat radius decreases. Wettability is therefore a key factor.
Based on the different directions of the water phase entering the rock matrix and oil and gas discharging, imbibition can be divided into two types of consequent and reverse modes (Schechter et al., 1994). Consequent imbibition is dominated by gravity, and the imbibition direction of wetting phase water is the same as that of oil. Reverse imbibition is dominated by capillary force, and the direction of water entering the matrix is opposite to that of oil (Figure 1). In a tight reservoir with small pore throats (permeability <0.1 × 10−3μm2), large capillary force, and a high ratio of capillary force to gravity, the rock matrix is surrounded by fracturing fluid, and its imbibition process is reverse imbibition controlled by capillary force (Schechter et al., 1994).
[image: Figure 1]FIGURE 1 | Model diagram of imbibition mechanism. (A) consequence imbibition and (B) reverse imbibition.
SAMPLES AND METHODS
Geological Setting and Representativeness of Samples
Jimusar Sag is a secondary tectonic unit located on the eastern uplift of the Junggar Basin in NW China, and it occupies an area of 1,278 km2. Deposited on basement rocks consisting of Carboniferous folded strata, the sag is dustpan-shaped and features a high in the east and a low in the west without obvious boundary traits. It is adjacent to the Beisantai uplift in the northwest and southwest, the Shaqi uplift in the northeast, with the Fukang fault zone to the south, and a transitional slope rising to the Guxi uplift in the east (Cao et al., 2016, Figure 2).
[image: Figure 2]FIGURE 2 | Location (A), Structural setting (B) and stratigraphic column (C) of Jimusar Sag. The middle Permian Lucaogou Formation (P2l) is the tight reservoir of this study.
Jimusar Sag is a typical multi-cycle lacustrine sedimentary basin. Since the Permian, it has experienced four stages of tectonic movement (Gao et al., 2016). The late Hercynian tectonic movement and Yanshan tectonic movement played an important role in the formation of large-scale shale oil and gas reservoirs in the study area. During the late-middle Permian period, a lacustrine facies was deposited known as the Lucaogou Formation, which is now the main tight and shale reservoirs of oil production focus in the study area. In 2010, the flow of oil from tight reservoirs in the Lucaogou Formation was obtained for the first time in well J23 (Zou et al., 2015). In 2017, high oil flow (flow rate >100 t/d) was achieved in JHW025 and JHW023 (Yang and Zhang, 2019). The tight reservoir in the Lucaogou Formation is thicker in the southwest and thinner in the northeast, with a thickness of 200–350 m.
The lithology of reservoirs in the study area is between sandstone and shale. There are two sweet spots of tight reservoir development in the Lucaogou Formation (Figure 3). Sweet spot interval 1 (upper sweet spot) is located in the second member (P2l22), and its lithology is mainly composed of gray doloarenite, feldspathic siltstone, lithic siltstone, and dolomitic sandstone, intercalated with gray mudstone and dolomitic mudstone. This sweet spot is mainly developed on the eastern slope of the sag, with a thickness range of 13–43 m and an average of about 33 m. Sweet spot interval 2 (lower sweet spot) is located in the first member (P2l12), and its lithology is mainly composed of gray dolomitic siltstone, intercalated with gray mudstone or gray dolomitic siltstone, and light gray mudstone interbedded with argillaceous siltstone. The thickness of the lower sweet spot developed in the whole sag is 17–68 m with an average of 43 m.
[image: Figure 3]FIGURE 3 | Stratigraphic correlation of middle Permian oil layers in Jimusar Sag.
The Lucaogou Formation has a large unconventional resource potential, and oil reserves are estimated to be 11.12 × 108t (Du et al., 2019). Lucaogou Formation has a tight reservoir with a low-pressure gradient of about 1.05–1.20 MPa/km (Wu et al., 2014). The permeability of the two sweet spot sections in the study area is generally less than 0.1mD (Figure 4A). According to the influence curve of permeability on imbibition and displacement (Figure 4B), the oil recovery mode of the sweet spot section in the study area should be mainly imbibition oil recovery. The Lucaogou Formation developed abundant bedding fractures with a linear density of more than 3.4 lines/m, which seriously restricts the extension of tectonic fractures opened via fracturing.
[image: Figure 4]FIGURE 4 | (A) permeability frequency distribution plot of Lucaogou Formation in Jimusar Sag and (B) effect of permeability on imbibition and displacement (modified after Wang (2019)).
Sample Source and Physical Property
The study samples are from the middle Permian Lucaogou Formation (P2l) sweet spot section of well JHW043 (about 2,920 m in depth). The lithology is gray-white argillaceous silt with well-developed lamina. The porosity of the two core samples of group A and group B is 14.5 and 5.9%, respectively. The core samples were drilled vertically and horizontally. The cores were drilled vertically to the bedding for group V and parallel to the bedding for group H. The upper and lower bottom surfaces of group V cylinders are the simulated bedding fractures, and the upper and lower bottom surfaces of group H are the simulated tectonic fractures (Supplementary Figure S1). The relevant physical parameters are shown in Table 1. The plunger sample is wrapped by a Φ25 mm heat-shrinkable tube to separate the core side from the environment. Only the upper and lower bottom surfaces (simulating the surfaces of the bedding and tectonic fractures) contact the fracturing fluid during the experiment.
TABLE 1 | Porosity and permeability data table of the outcrop samples of the Lucaogou Formation in the study area.
[image: Table 1]Two thin sections of R-A and R-B were made by using the aforementioned two plunger sample scraps for wettability testing (Figure 5). The test results show that the wetting angle of group A sample is 76°, showing weak hydrophilicity, and that of group B sample is 42°, showing hydrophilicity.
[image: Figure 5]FIGURE 5 | Results of wettability test of cores (A) and (B).
The small-scale cuboid sample is made by using the gray-white argillaceous silt samples of the core in the same well section (Supplementary Figure S1). Four samples are taken from group A with well-developed texture and permeability of 0.5–3.5 μD, including one bedding fracture sample (fracture area/volume is 2 cm2/1 cm3), two tectonic fracture samples (fracture area/volume are 2 cm2/1 cm3 and 4 cm2/1 cm3, respectively), and one fully exposed core sample (bedding fracture area is 2 cm2, tectonic fracture area is 4 cm2, and volume is 1 cm3). The mass of the sample was continuously weighed by the mass method, indicating the imbibition reaction process in a dynamic manner. This group of samples has a high degree of saturated oil, and the difference of imbibition effect for bedding and tectonic fractures is indicated by the comparison of multiple groups of experiments. However, because the exact porosity of the sample is unknown, an accurate imbibition efficiency cannot be obtained.
The large-scale test sample is from the gray-white tight sandstone outcrop in Baoming Mining Industries. The measured porosity is about 3.6%, the permeability of parallel bedding fracture is 1.3 μD, and that of vertical bedding fracture is 0.7 μD. The sample was cut into four cuboid cores of 10 × 8 × 2 cm. First, the core was vacuumized for 72 h and then saturated with simulated oil (the ratio of crude oil to kerosene is 1:4) at 27 MPa and 80°C under high pressure for 72 h, and the mass basically does not change further. By weighing the mass before and after the reaction, the calculated saturation degree is about 91%. Four cores were spliced into two groups of samples. Holes were drilled, electrodes were buried, water inlet and outlet holes were drilled at the designated positions to make a waterproof layer, and epoxy resin was used for cementing. After 48 h, the epoxy resin was completely solidified, and then the sample was connected with the instrument with a soldering gun. The waterproof layer was made, and the sample was ready. The schematic diagram of the sample is shown in Supplementary Figure S1.
Imbibition Experiments
Currently, there are three kinds of physical laboratory simulation methods for imbibition experiments: volume, mass, and micro-experiment methods. Among them, the volume method and the mass method can be used to study the impact of different parameters on the overall imbibition of the core, which is mainly the qualitative description of the experimental results. Micro-experiment methods, including computed tomography (CT) and magnetic resonance images (MRI), can be used to explore the impact of the internal microstructure of rock matrix on the imbibition effect, as well as the characteristics such as the change law of oil-water flow pattern and spatial distribution in the process of imbibition, which is a qualitative description of the experimental process. With the further development of unconventional oil and gas resources, it is difficult to solve new problems by using the traditional experimental means and methods. Therefore, based on the conventional methods of imbibition experiment, it is necessary to further improve and innovate appropriate experimental methods.
Cubed Samples
The principle of the mass method is that the oil-bearing core is suspended in the wetting phase fluid container. In the vertical direction, gravity is downward, the buoyancy and added tension are upward, and the three forces are balanced. As a result of imbibition, the wetting phase fluid (deionized water) with higher density replaces the oil phase with lower density in the core, which makes the core density increase, while the core volume remains unchanged. Therefore, the buoyancy remains unchanged. The increased value of added tension force ΔF is equal to the increment of density ΔG. The change in tension force can be expressed by the change in electronic scale reading. This method is very accurate, and data are obtained at any time point in the imbibition process.
In this study, a high-precision scale (model: Shimadzu AUW120D, accuracy: 0.000001 g) was used. Measurements of the mass were recorded every minute. Due to the density difference between water and oil, the rock sample imbibes water and discharges oil, so the mass gradually increases. The calculation formula of imbibition recovery efficiency R (imbibition efficiency) is as follows:
[image: image]
where Δm is the incremental mass of the rock sample at time t, g; ρw is the density of the wetting phase, g/cm3; ρo is the density of oil, g/cm3; Vo is the volume of saturated oil of rock sample, cm3.
HT-HP Experiments Using Standard Core Plugs
The experimental process is as follows: oil drainage, drying, measuring porosity and permeability, weighing dry weight, oil saturation, weighing wet weight, wrapping the sides of plunger sample tightly with heat-shrinkable tube (to control fracture type), putting into HT and HP reaction vessel to simulate oil-water imbibition displacement process, the sample is taken out and weighed at certain intervals, and the mass data are recorded and tabulated. The experimental conditions were as follows: the pressure was 30 MPa and the temperature was 80–100°C. This experiment can accurately measure the sample porosity, calculate the pore space (i.e., the buoyancy method; finding detail in Qiao et al. (2020)), and then calculate the imbibition efficiency by weight gain. However, the core weighing error of this method is large, the imbibition rate is fast in the initial stage, and the mass of the core changes rapidly. Some data may be lost by manual weighing.
Exploring the Change of Imbibition Efficiency of Bedding and Tectonic Fractures at Reservoir Conditions
In order to better simulate subsurface conditions, a set of HT and HP imbibition experiments were designed to carry out oil-water imbibition displacement. The change of resistivity between 15 pairs of electrodes reflects the change in oil saturation, which is the result of oil displacement at formation temperature and pressure. The inner diameter of the device is Ф470 mm × 120 mm, the maximum working pressure is 30 MPa, and the maximum working temperature is 150°C.
The sample is placed in a pressure vessel which is then heated and pressurized to subsurface formation conditions of 27 MPa and 80°C. The fracturing fluid in the fracture interacts with the oil in the matrix by imbibition and displacement. As the imbibition proceeds, the weight of the sample increases gradually as the oil is replaced by water, and the resistance measured between the electrodes decreases gradually as the oil saturation of the sample declines. When the resistance vs. time curve flattens off, the imbibition is considered to have stopped. The imbibition efficiency is calculated from the change of mass before and after the imbibition.
RESULTS AND DISCUSSION
Basic Characteristics of Bedding and Tectonic Fractures
Via the observation of rock thin sections of more than 30 wells and core scanning photos of more than 20 wells in the target formation located in the Jimusar Sag, the bedding and bedding fractures of Lucaogou Formation in Jimusar Sag are widely developed, and tectonic fractures are locally developed (Figure 6). Bedding fractures are generally located at the boundary between different lithologies and often run through the full diameter of the core. They are generally developed at a low angle close to horizontal, with narrow fracture widths, rough surfaces, and a relatively continuous nature. They are often not filled or only partially filled with mudstone, calcite, or bitumen. The density of bedding fractures is more than 10 lines/m. Most of the oil-saturated and oil-immersed sections are closely related to bedding fractures (Supplementary Figure S1A). The fractures in oil-bearing reservoirs are mostly characterized by dissolution, such as uneven bedding fractures, corrosion grooves, and even string bead phenomenon in the study area. Tectonic fractures are mainly of high angle, and a few are of medium and low angles. The length is beyond the centimeter level, and the opening is mostly less than 5 mm. Most of them are filled or semi-filled by calcite (Supplementary Figure S1B). The oil-bearing property is good, and most of the tectonic fractures are limited by bedding fractures or developed along with the bedding fractures (Supplementary Figure S1C). The linear density is generally less than 3–5 lines/m. From the perspective of oil accumulation, the contribution of tectonic fractures is less than that of bedding fractures because tectonic fractures are much less abundant than bedding fractures.
[image: Figure 6]FIGURE 6 | Relationship between dual lateral logging parameter r and fracture dip angle of Lucaogou Formation.
Two groups of cores A and B were made into thin sections along the vertical bedding direction (tectonic fracture section) and horizontal bedding direction (bedding fracture section). The thin section of rock shows that the lamina is thin, about 0.1–3 mm. The bedding is linear and parallel to each other, being horizontal bedding, reflecting the characteristics of weak hydrodynamics (Supplementary Figure S2). The opening of the bedding fracture is small, its extension range is not large with a bending shape and pinch-out. Generally, the length of the bedding fracture is between 1 and 1,000 μm and the width is between 1 and 5 μm. A minority of bedding fractures are filled with mud, calcite, and asphalt with a filling degree of about 20%. Dissolution pores are highly developed, accounting for about 65% of the total. However, the pores are not connected to microfractures, resulting in poor connectivity (Figure 7A). Consequently, the vertical permeability is lower than the horizontal permeability. Observation shows that the oil content in the horizontal section is less, and oil may be more easily lost along this direction, and the residual oil is distributed irregularly in the porosity in the form of being scattered (Figures 7B, C).
[image: Figure 7]FIGURE 7 | Characteristics of pore connectivity in vertical thin sections (A) and horizontal thin section (B) of tight sandstone and fluorescence characteristics of vertical section (C,E) and horizontal section (D,F) of tight sandstone.
In addition to bedding fractures, there are other types of fractures, such as tectonic and dissolution fractures, whose dimensions are greater than those of pore throat diameters and are reasonable oil migration channels (Su et al., 1991). The microfractures in the vertical section (tectonic fracture) are developed parallel to the bedding. The opening of the microfracture is about 10–20μm, and the length is about 200–400 μm. The porosity of the vertical thin section is basically consistent with that of the horizontal section, and a small number of residual intergranular pores can be observed under the microscope. The dissolution pores are mainly developed in shale rocks, indicating that they were formed by organic acid dissolution of calcite and feldspar. Neighboring dissolved pores form fractures and further form open bedding fractures visible to the naked eye. Some microfractures connect to form longer bedding fractures (Figure 7D). In the vertical section, the oil in the banded structure is distributed along with the lamina and bedding fractures. There is less oil in the fractures that are well-connected with the adjacent fractures, but more oil is found in the isolated pores and fractures (Figures 7E, F).
Based on the observation of the previous thin section, there is obvious anisotropy in the horizontal (bedding fracture section) and vertical (tectonic fracture section) directions. From the vertical section, the pores are long and narrow. The adjacent pores can be connected to form microfractures, even further to form bedding fractures, and oil is enriched in the pores and microfractures with good connectivity. From the direction of bedding fractures, the connectivity of pores is poor, and oil is distributed in the pores irregularly in a scatted manner. Therefore, it is easier for oil and gas to migrate into the tectonic fractures along with the horizontal narrow pores and microfractures, which indicates that there are obvious differences in oil migration and imbibition characteristics between bedding and tectonic fractures.
Physical Simulation of Oil Migration Through Bedding and Tectonic Fractures
Imbibition Efficiency on Standard Core Plugs
The control pressure of the imbibition experiment of this tight reservoir fracture was 30 MPa (wellhead pressure), and different formation conditions were simulated by setting different temperatures (80–100°C). The experimental results are consistent with those of other researchers (Gu et al., 2017; Li et al., 2018), i.e., under the condition of constant temperature, the imbibition reaction can be divided into three stages. The first stage consists of very rapid imbibition, the second stage is rapid imbibition, and the third stage is slow to no imbibition (Figures 8A, B). The shape of the imbibition curve in general mainly depends on the mineral composition, permeability, pore radius distribution, and pore space connectivity. In the initial stage of very rapid reaction, the imbibition rate of all samples is proportional to the square root of time, which is consistent with previous research results (Washburn, 1921; Handy, 1960), and the maximum imbibition rate is achieved at about 2 h, indicating that imbibition is mainly dominated by capillary forces in a low permeability core, and the influence of gravity can be ignored (Li and Horne 2000; Li et al., 2015). After that stage, the imbibition rate decreases rapidly. This stage is not significantly impacted by temperature. However, the straight line of imbibition rate vs time does not pass through the origin, mainly because the oil droplets ejected in the initial stage are distributed on the core surface. Therefore, the spontaneous imbibition rate was zero for the first hour in the beginning, and the oil volume measured is less than the actual spontaneous imbibition volume. Spontaneous imbibition recovery efficiency (R—Eq. 2) is suitable to describe the general influence of different factors on spontaneous imbibition. In the rapid reaction stage, the imbibition rate decreases slowly and then remains stable. With the increase in temperature, the rapid imbibition stage becomes shorter. In the slow to no imbibition stage, the imbibition rate decreases further. At high temperatures, this stage is significantly longer. At the same time, there is no obvious change law in different sample types in the experiment. At the same time, generally speaking, the imbibition rate of group B is significantly higher than that of group A, which may be due to the stronger hydrophilicity of group B. However, spontaneous imbibition is actually a complex process, involving quite a few factors such as porosity, absolute permeability, interfacial tension, pore size, fluid viscosity, and so on, and different curve shapes and different spontaneous imbibition recovery rates can be obtained even for cores with the same physical properties (Hu et al., 2020).
[image: Figure 8]FIGURE 8 | Imbibition efficiency (A,B) and imbibition rates (C,D) at different temperatures.
The imbibition efficiency is related to the imbibition rate and can be divided into three stages. However, the imbibition efficiency is more closely related to the properties of the sample itself. Both groups of samples show that the imbibition effect of tectonic fractures is about 6.7% higher than that of the bedding fracture sample (46.2% for the tectonic fracture sample and 43.2% for the bedding fracture sample) (Figure 8C), which may represent the difference in imbibition efficiency of different pore structures, i.e., high porosity and permeability are more conducive to imbibition efficiency, which is also consistent with previous research results (Sun et al., 2020). During the stage of the imbibition rate increase, the difference in imbibition efficiency of various samples is very small (Figure 8D). With the continuous infiltration of the osmotic medium, because of the weaker hydrophilicity of group A samples, the flow resistance of the liquid is greater than that of the samples of group B. The spontaneous imbibition of the samples of group A slows down, and the spontaneous imbibition of the samples of group B continues, which leads to the difference in imbibition efficiency in different samples. Finally, when the recovery efficiency is stable, the final imbibition effect of group B cores with lower porosity but stronger hydrophilicity is slightly higher than that of group A cores with higher porosity. The average imbibition effect increases by about 5.7% (Figures 8C, D). However, the total amount of oil imbibed is lower than that of group A. Therefore, it is considered that the amount of imbibition in cores with good porosity and permeability is large, but the imbibition reaction is not as thorough as that of cores with high hydrophilicity, i.e., the final imbibition efficiency is inversely proportional to porosity and permeability, and is directly proportional to hydrophilicity. Based on the previous research results, it is concluded that the hydrophilicity is more important than its porosity and permeability in our study samples.
Figures 8C, D show that the imbibition efficiency increases as the temperature rises. The reasons may be as follows: 1. The increase in temperature can reduce the adhesion work/droplets of oil film to the hole wall in porous media. With the increase in temperature, the interfacial tension and wettability decrease (Sun et al., 2020), which leads to a decrease in adhesion. The latter makes more oil driven by imbibition (Li, 2006). 2. An increase in temperature will also reduce the viscosity of the oil. This makes the flow resistance decrease when oil is discharged from porous media, which is beneficial to the oil drainage process (Sola et al., 2007). 3. The movable liquid increases at high temperatures. Under high temperatures, water and oil layers become thinner due to the more active molecular movement of water and oil (Wang et al., 2015). The effective diameter of pores increases, and the flow resistance decreases. This accelerates oil recovery by imbibition. Although the effect of increasing the temperature on improving imbibition is not obvious, it can greatly shorten the imbibition time (from nearly 50 to 30 h).
Imbibition Differences in Cuboid Samples
Figure 9A shows the variation in imbibition efficiency with time at room temperature and pressure for bedding fractures and tectonic fractures with different specific surface areas. The imbibition process can also be divided into three stages, i.e., very rapid imbibition, rapid imbibition, and slow to no imbibition. The poor imbibition quality of the unit volume core sample is about 6.5 × 10−3–8.0 × 10−3 g/cm3, i.e., the volume of oil imbibition and displacement per cubic centimeter core is about 0.0325–0.0400 ml, and the imbibition efficiency is about 20.1–26.2%. The cuboid samples also show the difference between tectonic and bedding fractures for imbibition. The imbibition termination time of tectonic fractures (20 h) is less than that of bedding fractures (40 h). The imbibition time can be greatly reduced (by about 15 h) by opening bedding and tectonic fractures (full exposure core imbibition) simultaneously. The imbibition efficiency of tectonic fractures (average imbibition efficiency is about 26.2%) is significantly higher than that of bedding fractures (20.1%), and the imbibition efficiency of bedding fractures is 77% of that of tectonic fractures. This difference is mainly due to the poor connectivity and poor capillary force of bedding fractures. The imbibition of the fully exposed core is between bedding and tectonic fractures, which indicates that it is the coupling of bedding and tectonic fractures. However, the increase in bedding fracture opening has no positive effect on the imbibition efficiency.
[image: Figure 9]FIGURE 9 | Variation of imbibition efficiency at normal temperature and pressure (A), resistance change in the fractures (B) and in rock (C), and changes of oil saturation at various measurement points in rocks (D).
Imbibition Efficiency of Bedding and Tectonic Fractures at Reservoir Conditions
In most experiments, the samples are usually immersed in a spontaneous imbibition fluid without confining pressure. Therefore, compared with the in situ stress state under formation conditions, the recovery efficiency of effective permeability resulting from the initiation and extension of microfractures may be overestimated. Moreover, the retained fluid still has high pressure, which provides a driving force for entering the matrix during immersion. In addition, the recovery of hydrocarbons is usually obtained by spontaneous imbibition experiments at ambient temperature. However, at formation temperature, the viscosity of the oil is lower and, as a result, the ability to flow is improved. Therefore, it is necessary to devise experiments that can combine in situ stress and temperature to simulate real reservoir conditions. The resistivity of oil-bearing rocks is determined by oil saturation (So), formation water resistivity, and rock physical parameters (Archie, 1950). By continuously measuring the resistance values at different positions of the two groups of samples, the resistivity variation curves (Figures 9B, C) can be converted into oil saturation (Table 2) with the Archie formula (Eq. 3). Based on the dynamic oil saturation curves (Figure 9D) dynamically measured by oil-water migration model software, the difference in imbibition oil recovery in bedding and tectonic fractures is studied.
[image: image]
where Rt is the resistivity of oil-bearing rock, Ω/m; R0 is the resistivity of water-bearing rock, Ω/m; SO is the oil saturation, %; rock-electro parameters b = 1, n = 2.
TABLE 2 | Comparison of oil saturation changes before and after the reaction.
[image: Table 2]Imbibition at reservoir conditions was conducted for tight reservoir with a porosity of 3.6%, Kh = 1.3 μD, and Kv = 0.7 μD (27 MPa, 80°C). Physical simulation experiment of oil-water imbibition displacement efficiency of bedding fracture and bedding + tectonic fractures shows that the backflow fluid in fracture (including tectonic and bedding fractures) can imbibe and replace oil in the matrix. The closer to the fracture, the higher the displacement efficiency of the flow back fluid in the fracture to the oil in the matrix will be. The average efficiency of the single tectonic fracture model is 50.3%, and that of the bedding fracture opening increased model is 54.7%, showing the imbibition effect can be improved by 8.7% after the bedding fracture is opened based on the same scale of unit area tectonic fractures have been opened (Table 2). Under the tight condition, the imbibition rate of samples with low porosity (and low permeability) is higher than that of samples with high porosity (high permeability), but the total imbibition capacity is lower. The imbibition rate and efficiency of bedding fractures are slightly lower than those of tectonic fractures. Due to the difference between vertical and horizontal permeability, vertical permeability is much lower than horizontal permeability.
Types of Imbibition Oil Recovery for Bedding Fractures
A tight reservoir is characterized by small pore throat diameters, high capillary forces, and a high ratio of capillary force to gravitational force. Tight reservoirs can be considered closed environments, and crude oil cannot diffuse outward. Therefore, its imbibition process is reverse imbibition controlled by capillary force.
Thin section data show that the reservoir of the Lucaogou Formation in the study area is well developed, and the horizontal pore connectivity is good (Figure 7). The framework of the imbibition model is constructed to simulate the imbibition effect of different fracture types for crude oil in the rock matrix. The imbibition pattern of bedding fractures shows that the water phase enters the reservoir matrix along the vertical pore throat and displaces the crude oil therein (Figure 10A). Based on the pattern, it can be seen that the pore throat of the channel of bedding fracture imbibition is narrow, and the path of water phase entry and oil phase discharge is long and tortuous. Due to the influence of compaction and cementation, the upper part of the throat in the longitudinal direction is flattened, and the pore throat decreases or even disappears, forming a closure, resulting in the existence of stagnant pores in the bedding fracture imbibition.
[image: Figure 10]FIGURE 10 | Imbibition pattern of bedding fractures (A) and of tectonic fractures (B) and gravity (buoyancy) effect on imbibition response (C) and reverse imbibition pressure in the lower part of rock matrix (D).
The imbibition pattern of tectonic fractures shows that the water phase enters the reservoir along the bedding direction to replace the oil phase therein (Figure 10B). The result indicates that the imbibition reaction mainly occurs in the horizontal pores with good connectivity, the reaction channels are straight, and the main channels of imbibition are pores or microfractures in the bedding direction. The stagnant pores which cannot participate in the imbibition reaction of bedding fractures can still participate in the imbibition reaction of tectonic fractures. For imbibition in tectonic fractures, if there are fairly wide microfractures or bedding fractures (Figure 10C), the water phase in the left tectonic fractures cannot overcome the gravity effect under the condition of the small capillary force, therefore, the imbibition reaction will not occur; while the water phase in the tectonic fractures on the right can replace the crude oil in the microfractures or bedding fractures because the capillary force and gravity are in the same direction. As shown in Figure 10D, due to the imbibition from the lower part of the matrix into the deep core, the replaced oil droplets are difficult to discharge due to the combined action of capillary force and gravity, resulting in the imbibition reaction being unable to further enter the deep matrix.
Comparing the imbibition patterns of bedding and tectonic fractures, it can be found that the imbibition channel of bedding fracture is more tortuous, but there is no significant difference in imbibition time between bedding and tectonic fractures due to its narrow throat and large capillary force. Compared with the tectonic fractures, there are some stagnant pores in the bedding fractures, which leads to the final imbibition efficiency of the bedding fractures being lower than that of the tectonic fractures. The higher the linear density of bedding fractures is, the higher the imbibition reaction efficiency is and the more thorough the reaction will be.
It shall be emphasized that under the setting of a tight reservoir, the influence of permeability on imbibition needs to be weakened, i.e., it shall not be over-emphasized that the smaller the permeability, the smaller the pore throat, the stronger the imbibition. Critical factors such as curvature of pore throat and reservoir wettability, etc., shall also be considered. Taking the tight oil reservoir of the Lucaogou Formation in Jimusar Sag as an example, due to the overall lipophilicity of the reservoir, the pore throat radius of the reservoir is small, the capillary force is large, and the effect of imbibition is good.
CONCLUSION
In this study, the difference in imbibition between bedding and tectonic fractures only lies in the difference of pore throat structure in horizontal and vertical directions and the gravity effect caused by the oil-water density difference. The time required for imbibition of bedding fracture is not significantly different from that of tectonic fractures, and the depth and efficiency of imbibition are slightly lower than those of tectonic fractures.
(1) The tectonic fractures of the Lucaogou Formation in Jimusar Sag are locally developed while the bedding fractures are widely developed. The linear density of bedding fractures can be 2.0–4.5 lines/m, which is 4–5 times the linear density of tectonic fractures.
(2) Under the condition of normal temperature and pressure, the imbibition efficiency of bedding fracture is 20.1%, and the imbibition depth is about 1.0 cm. The imbibition efficiency of tectonic fractures is about 26.2%, and the imbibition depth is about 1.7 cm. The imbibition efficiency of bedding fracture is about 76.7% of that of tectonic fractures; under the condition of simulated formation temperature and pressure, the imbibition efficiency of the bedding fracture sample is about 43.2%, and that of tectonic fractures is about 46.2%. The imbibition efficiency of bedding fractures is about 93.4% of that of tectonic fractures. The reaction time can be shortened if the temperature is higher.
(3) Under the simulated formation temperature and pressure (80°C, 100 MPa), the opening of bedding fractures can increase the imbibition efficiency of the reservoir by 8.7% based on the same scale of opened tectonic fractures, and the closer to the fracture, the higher the imbibition efficiency.
(4) The per unit volume amount of imbibition in cores with good porosity and permeability is large, but the imbibition reaction is not as thorough as that of cores with high hydrophilicity, i.e., the final imbibition efficiency is inversely proportional to the porosity and permeability and is directly proportional to hydrophilicity.
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The Middle–Late Permian witnessed an unusual chert accumulation event along the margin of the Pangea and Paleo-Tethys realms, known as the “Permian Chert Event (PCE).” The PCE is well recognized in the Permian limestone from South China, in the forms of nodular and bedded cherts. Previous studies suggested that PCE was caused by hydrothermal fluids related to the Emeishan large igneous province (ELIP). Meanwhile, another hypothesis supported the biogenic origin of PCE, i.e., the Permian chert derived from biosilicification of abundant sponges and radiolarian. Thus, sources of silica from the Permian chert remain uncertain. To understand linkages among PCE, biosilicification mechanism, and the ELIP event, this study focused on chert nodules collected from the Permian Maokou and Wujiaping formations in the Lianziya and Maoertang sections, South China. We measured germanium/silicon ratios (Ge/Si) and rare earth element (REE) compositions of chert nodules on the basis of petrographic analysis. Ge/Si ratios range from 0.14 to 0.63 μmol/mol with an average of 0.33 μmol/mol (n=18) in the Lianziya section and from 0.02 to 0.75 μmol/mol with an average of 0.18 μmol/mol (n=45) in the Maoertang section, both of which are close to the seawater value. The REE pattern is characterized by LREE depleted with a positive Eu anomaly ranging from 0.66 to 2.16 in the Lianziya section and from 1.05 to 9.57 in the Maoertang section. Our results indicate that the silica of the Permian chert predominantly originated from seawater with limited contributions from hydrothermal fluids. To further quantify the contributions of hydrothermal fluids, we applied a binary (seawater and hydrothermal fluid) mixing model based on two geochemical proxies, i.e., the Ge/Si ratio and Eu anomaly. The modeling results suggest a mixing of 0.5 vol% to 1 vol% hydrothermal fluids with contemporaneous seawater, verifying the dominant seawater source of silica in the PCE. Although it has been widely accepted that positive Eu anomaly points to the hydrothermal fluid origin of silica, our study demonstrates that positive Eu anomaly could also be present in cherts that was predominantly derived from normal seawater. Therefore, the analysis of the Ge/Si ratio or REE compositions is highly recommended when determining the Si source of cherts.
Keywords: germanium to silicon ratio (Ge/Si), chert nodules, hydrothermal fluids, Eu anomaly, Permian, rare earth element (REE)
1 INTRODUCTION
Chert nodules and bedded chert are of great geological significance for their strong weathering resistance and various silica sources (Maliva et al., 1989; Sugitani, 1992; Racki, 1999; Beauchamp and Baud, 2002; Kato and Nakamura, 2003). A remarkable chert accumulation event, the “Permian Chert Event (PCE)”, occurred in the Middle-Late Permian (Beauchamp and Baud, 2002; Yao et al., 2013; Gao et al., 2020; Yu et al., 2020; Zheng et al., 2021). The Permian cherts were distributed in the margin of the Pangea and the Paleo-Tethys realm (Beauchamp and Baud, 2002; Yao et al., 2013; Dong et al., 2020; Yao et al., 2021). One hypothesis attributes chert formation around the Pangea to the upwelling of cold bottom seawater. Large amounts of nutrients were carried by the bottom seawater, facilitating the blooming of siliceous organisms (Beauchamp and Baud, 2002; Gates et al., 2004). The cold bottom seawater could be derived from glacier melting or wind-driven fluxes along the margin of the Pangea (Yu et al., 2020). It was also suggested that the PCE in the South China Block (SCB) might be triggered by various factors: 1) biologic origin, which became one of the most vital Si sources for cherts in the SCB, with the dramatic evolution of siliceous organisms (Beauchamp and Baud, 2002; Yao et al., 2013; Gao et al., 2020; Yu et al., 2020; Zheng et al., 2021); 2) tectonic activities, which could create extra space for crystal growth, elevate temperature, and induce silica-rich hydrothermal fluids that were saturated with respect to silica when moving up and precipitate as cherts (Dong et al., 2020; Yao et al., 2021); 3) the Emeishan Large Igneous Province (ELIP), which, evidenced by intense tectonic events and hydrothermal activities, is dated to 260 ± 3 Ma (Shellnutt, 2014) and might have led to formation of the PCE cherts (Dong et al., 2020; Zheng et al., 2021). However, there is no consensus on the Si sources of the PCE cherts.
The reservoirs of silicon mainly include normal seawater, hydrothermal fluids, and biological silica sinks (Maliva et al., 1989; Maliva et al., 2005). A series of geochemical proxies, such as germanium/silicon ratio (Ge/Si), Eu anomaly (Eu/Eu*), Al/(Al + Fe + Mn), Fe2O3/TiO2, and Al2O3/(Al2O3 + Fe2O3) diagram, Co/Ni, Co × Mn, and Cd/Mo diagram have been widely used in determining Si sources (Murray et al., 1991; Murray, 1994; Shen et al., 2011; Dong et al., 2015; Shen et al., 2018; Cui et al., 2019). In this study, two geochemical proxies, Ge/Si ratio and Eu anomaly, are used to constrain the Si source of the Maokou and Wujiaping cherts in the SCB.
According to the apparent variations of Ge/Si ratios in different reservoirs, Ge/Si ratios are widely applied in tracing the Si source of chert formations (Tribovillard, 2013; Alibert and Kinsley, 2016; Tatzel et al., 2017; Cui et al., 2019; Guan et al., 2020; Deng et al., 2022). Germanium (Ge) and silicon (Si) belong to the same group (IVA) in the periodic table of elements and possess similar chemical characteristics (Bernstein, 1985). However, because of its larger atomic radius, Ge performs differently in low- and high-temperature geological processes compared to Si (Bernstein, 1985; Bernstein and Waychunas, 1987), leading to significant variations of Ge/Si (μmol/mol) ratios in various reservoirs (Bernstein, 1985; Baronas et al., 2017). Ge/Si ratio of hydrothermal fluids is about 9 μmol/mol, which is one order of magnitude higher than that of seawater (Ge/Sisw = 0.72 μmol/mol) and river water (Ge/Sirw = 0.58 μmol/mol) (Froelich et al., 1992; Mortlock et al., 1993; Escoube et al., 2015). Because biogenic silica does not fractionate Ge from Si, the Ge/Si ratios of siliceous organisms are close to those of seawater/river water. For instance, Ge/Si ratios of diatoms, siliceous sponges, and radiolarians range between 0.45 and 0.78 μmol/mol, 0.08–0.38 μmol/mol and 0.62–1.57 μmol/mol, respectively (Shemesh et al., 1989; Bareille et al., 1998; Tribovillard et al., 2011; Tribovillard, 2013).
The rare earth elements (REE) of cherts are difficult to fractionate during diagenetic process and have unique chemical characteristics in different reservoirs (Elderfield et al., 1988; Bau, 1991; Sholkovitz, 1992; Sholkovitz et al., 1994). Therefore, REE patterns and related proxies can be used to trace Si sources. For example, seawater-sourced chert shows a light REE-depleted pattern, with a negative Ce anomaly and a high Y/Ho. In contrast, chert originating from hydrothermal fluids has a flat REE pattern with a high Eu anomaly. High-temperature fluids preferentially take in Eu2+ from oceanic crust by water-rock reaction under acidic conditions (Elderfield et al., 1988), leading to an enrichment of Eu in hydrothermal fluids (Bau, 1991; Douville et al., 1999). Positive Eu anomaly of hydrothermal fluids [with an average of 14.17 (Mills and Elderfield, 1995)] is higher than that of seawater and river [1.13 and 0.76, respectively (Alibo and Nozaki, 1999; Soyol-Erdene and Huh, 2013)].
To constrain the Si source of the PCE chert nodules in the SCB, we collected chert nodules from two sections and conducted petrographic and geochemical analyses.
2 GEOLOGICAL SETTING
The South China Block (SCB) is composed of the Yangtze Platform to the northwest and the Cathaysia Old Land to the southeast, separated by the Jiangnan Orogen (Wang and Jin, 2000; Shen et al., 2019). In the SCB, the Permian successions, consisting of the Liangshan member, Qixia, Maokou, Longtan/Wujiaping, and Changxing formations in ascending order, vary from 120 to 1,200 m thick, and are well constrained by biostratigraphic framework. The Yunan movement in the Late Carboniferous caused a big unconformity, the Permian successions began with the Liangshan Member (Shen et al., 2019; Shen et al., 2021). The Maokou Formation, with a thickness of 120–300 m, conformably overlies the Qixia Formation. It is composed of light gray limestone with bedded cherts and nodular cherts (Liu et al., 2020). There is a widespread parallel unconformity between the Maokou and Wujiaping formations, which is caused by the Dongwu movement (Shen et al., 2019). The Wujiaping Formation consists of 60–90 m-thick gray limestone intercalated with bedded/nodular cherts and coals. Emeishan large igneous province (ELIP) event occurred around 260 Ma (Shellnutt, 2014), leading to intense basalt weathering. The overlying upper Permian Changxing Formation is mainly composed of thick limestone intercalated with minor dolomitic limestone.
This study focuses on the Maoertang and Lianziya sections. The Maoertang section (105°25′3″N, 32°16′23″E) is located in Jiange County, Guangyuan City, Sichuan Province, which is in the transition zone between Songpan-Ganzi fold belt and southern part of Hannan-Micang Mountain uplift (Regional Geology of Sichuan Province, 1991). The Lianziya Section (110°47′20″N, 30°56′21″E) located in Zigui County, Yichang City, Hubei Province (Figure 1A). Carbonates and nodular cherts from these two sections were deposited in a shallow-water carbonate platform, which yielded abundant fossils, including bryozoans, brachiopods, fusulinids, and corals. Chert nodules in this study were collected from the Maokou Formation in the Lianziya section and the Maokou and Wujiaping formations in the Maoertang section.
[image: Figure 1]FIGURE 1 | Paleogeographic map [modified from Wang and Jin, (2000)] and the stratigraphic column in the Permian (260 Ma) of the South China Block. Sampling localities are marked by red stars. LZY: The Lianziya section, MET: The Maoertang section. The geochronology data are modified from Shen et al. (2019).
3 MATERIALS AND METHODS
3.1 Sample Preparation
Fresh chert nodules were collected from the Maoertang and Lianziya sections. Thin sections were prepared for petrographic observation. Chert nodules were crushed into 200 mesh powder for geochemical analysis.
3.2 Petrographic Observation
Thin sections were observed by using a polarizing microscope (Nikon Eclipse LV100N POL). Petrographic observations were focused on the crystallization of silica and the contact between carbonates and chert nodules. Alizarin Red-S solution was applied in staining thin sections to distinguish calcite from dolomite.
3.3 Major and Trace Elemental Analyses
An aliquot of 100 mg sample powder was first leached with 10 ml of 0.5N HAc to dissolve calcareous materials. After centrifugation, the residues were washed with 5 ml of 1N HCl to completely remove the carbonate content. To completely remove Cl− from residues, samples were washed with deionized (DI) water five times. After being dried down in an oven at 65°C, about 50 mg of sample powder was weighed and dissolved in a Teflon beaker (7 ml) by 1 ml of concentrated HNO3 and 3 ml of concentrated HF for 24 h on a hotplate at 120°C. The solutions were dried down on a hotplate, and then the residues were dissolved by 5 ml of concentrated HNO3 at 120°C for 24 h. After complete dissolution of samples, the solutions were dried down on a hotplate to expel excessive HNO3. Finally, the residues were dissolved in 5 ml of 2% HNO3 for the analysis of elemental compositions.
Major element concentrations, including 27Al, 137Ba, 40Ca, 56Fe, 39K, 24Mg, 23Na, and 55Mn, were determined by a Spectra Blue Sop inductively coupled plasma optical emission spectrometer (ICP-OES) at Peking University. Rare Earth Elements and other trace elements were analyzed by an inductively coupled plasma mass spectrometry (ICP-MS) at Chinese Academy of Geological Sciences, including 139La, 140Ce, 141Pr, 144Nd, 150Sm, 152Eu, 157Gd, 159Tb, 163Dy, 89Y, 165Ho, 167Er, 169Tm, 173Yb, 175Lu, and 74Ge contents. SiO2 content was calculated by summing the weight of oxides of all major elements (Al2O3, CaO, Fe2O3, K2O, MgO, and Na2O) and minor elements to 100%. The analytical precision is better than 5% for all major elements and 10% for trace elements. Two standard materials, GSR-5 (shale) and GSR-13 (calcite), were measured to calibrate the accuracy of the determination.
4 RESULTS
4.1 Petrological Observations
The Maokou and Wujiaping formations are composed of gray limestone and bioclastic limestone/packstone in the Lianziya and Maoertang sections. Dark gray chert nodules are randomly distributed in carbonates. Chert nodules show a variety of morphologies and sizes. Most chert nodules are irregular, discontinuous, and are distributed roughly parallel to the bedding (Figures 2A,B). The abundance of chert nodules varies through layers (Figure 1B).
[image: Figure 2]FIGURE 2 | Field photographs and photomicrographs of the Permian chert nodules. (A) Field photograph of the Lianziya section; (B) Field photograph of the Maoertang section; (C–H) Photomicrographs of chert nodules. Scale bars are 500 μm in Figures 2C–H.
According to microscopic observations, the Maokou Formation in the Lianziya section is dominantly composed of limestone and bioclastic limestone/packstone (Figures 2C,D). Chert nodules predominantly consist of microquartz in both sections. Biological fabrics, including brachiopods, ostracods, bivalves, and sponges, could also be identified in the carbonate matrix and nodular cherts in both sections (Figure 2).
4.2 Geochemical Results
4.2.1 Major Elemental Compositions and Ge/Si Ratios
Major and trace elemental compositions of chert nodules in the Lianziya and Maoertang sections are presented in Supplementary Data S1, S2, respectively. In the Lianziya section, the SiO2 content of the chert nodules ranges from 89.04% to 99.43%, with an average of 96.70%. Al2O3 and Fe2O3 contents range from 0.27% to 5.56% with an average of 1.77%, and 0.12%–3.11% with an average of 0.78, respectively. Germanium to silicon ratios (Ge/Si) in the Lianziya section range from 0.14 to 0.63 μmol/mol. The average Ge/Si ratio is 0.33 μmol/mol. In the Maoertang section, SiO2 concentrations of chert nodules range from 96.42% to 99.76%, with an average of 98.80%. Al2O3 and Fe2O3 contents range from 0.10% to 2.03% with an average of 0.56% and from 0.03% to 1.39% with an average of 0.34%, respectively (Figures 3, 4). Ge/Si ratios vary between 0.02 and 0.75 μmol/mol, with an average of 0.18 μmol/mol (Figure 5).
[image: Figure 3]FIGURE 3 | Integrated chemostratigraphy of the Maokou and Wujiaping formations in the Maoertang section.
[image: Figure 4]FIGURE 4 | Cross plots showing the correlations between major element contents (measured as oxides in wt%). (A) Al2O3 vs. K2O; (B) Al2O3 vs. MgO; (C) Al2O3 vs. Fe2O3; and (D) K2O vs. MgO.
[image: Figure 5]FIGURE 5 | Cross plots showing the correlations between Ge/Si (μmol/mol) and major element contents (measured as oxides in wt%). (A) Al2O3 vs. Ge/Si; (B) Fe2O3 vs. Ge/Si; (C) MgO vs. Ge/Si; (D). SiO2 vs. Ge/Si; (E) K2O vs. Ge/Si; and (F) Na2O vs. Ge/Si.
4.2.2 Rare Earth Element Compositions
In the Lianziya section, total rare earth element contents of chert samples range from 1.60 to 14.11 ppm, with an average of 5.90 ppm. The Post-Archean Australian shale (PAAS) normalized REE data display a consistent light REE (LREE) depleted pattern. Chert samples also yield low La/Yb ratios (0.24–0.84, mean = 0.55, n = 18). In addition, most samples are characterized by light negative Ce anomalies (Ce/Ce*, 0.72–0.98, mean = 0.92, n = 18), Y/Ho >1 (0.98–1.37, mean = 1.13, n = 18), and medium Eu anomalies (Eu/Eu*, 0.66–2.16, mean = 1.30, n = 18).
In the Maoertang section, the total REE contents vary within a relatively wider range, from 0.34 to 15.49 ppm, with an average of 4.21 ppm. The La/Yb ratios (0.57–2.23, mean = 1.22, n = 45) are also low, similar to those in the Lianziya section. Chert nodules in the Maoertang section also present negative Ce anomalies (0.62–1.38, mean = 0.82, n = 45). Y/Ho ratios are mostly higher than 1, ranging from 0.74 to 2.25, with an average of 1.12 (n = 45). Eu anomalies vary between 1.05 and 9.57 (mean = 2.43, n = 45), relatively higher than those of the Lianziya section (Figure 6), (Supplementary Data S2).
[image: Figure 6]FIGURE 6 | Cross plots showing the correlations between major element contents (measured as oxides in wt%) and TREE (ppm), Ce/Ce*, Eu/Eu*, Y/Ho, and La/Yb.
5 DISCUSSION
5.1 Ge/Si Ratios of Cherts in the Maokou and Wujiaping Formations
Before interpreting Ge/Si ratios of chert nodules in the Maokou and Wujiaping formations, influences from terrigenous clays and other potential contaminations should be addressed. In this study, in order to completely remove carbonate content, bulk samples were first leached by 10 ml of 0.5N HAc and 5 ml of 1N HCl. Apart from carbonaceous components, Ge can be chelated with organic matter in seawater with high DOC concentrations (Pokrovski and Schott, 1998; Pokrovski et al., 2000). Meanwhile, clay minerals can further adsorb organic matter, and thus, clay minerals typically have high Ge/Si ratios. Besides, the Ge/Si ratio of iron oxides can also reach up to 189.4 μmol/mol (Bernstein, 1985; Escoube et al., 2015). As a result, mixing with clay minerals and iron oxides would elevate Ge concentrations and Ge/Si ratios in samples.
In the Lianziya section, chert nodules are dominantly composed of SiO2, ranging from 89.04% to 99.43% with an average of 96.70% (Supplementary Data S1, Figure 4). Al2O3 and Fe2O3 contents are relatively negligible, varying from 0.27% to 5.56% with an average of 1.77% and from 0.12% to 3.11% with an average of 0.78%, respectively (Supplementary Data S1) (Figure 4). Ge/Si ratios are low and show no significant variations, from 0.14 to 0.63 μmol/mol (mean = 0.33 μmol/mol). Besides, Ge/Si ratios are not associated with Al2O3 and Fe2O3 (Figure 5). Thus, Ge/Si ratios of cherts in the Lianziya section are predominantly controlled by silica content. Low Ge/Si ratios are close to those of seawater and are lower than those of hydrothermal fluids, suggesting the Si of cherts in the Lianziya section was dominantly sourced from seawater.
In the Maoertang section, SiO2 content in cherts is higher, reaching an average level of 98.80% (Supplementary Data S1; Figure 4). Similar to the Lianziya section, the Al2O3 and Fe2O3 contents of chert nodules in the Maoertang section range from 0.10% to 2.03%, with an average of 0.56%, and from 0.03% to 1.39%, with an average of 0.34%, respectively (Supplementary Data S1; Figure 4). There is no positive correlation between Ge/Si and Al2O3 or Ge/Si and Fe2O3 (Figure 5) either. Therefore, the Ge/Si ratios of cherts in the Maoertang section are dominated by silica components rather than clay minerals or iron oxides.
The Ge/Si ratios in both sections suggested that Si in chert nodules predominantly originated from seawater. In the Lianziya section, Ge/Si ratios range from 0.14 to 0.63 μmol/mol, with an average of 0.33 μmol/mol. Similarly, Ge/Si ratios of the Maoertang samples are distributed between 0.02 and 0.75 μmol/mol (mean = 0.18 μmol/mol). The Ge/Si ratios of the cherts from both sections are close to the modern seawater value of 0.72 μmol/mol (King et al., 2000), which is significantly lower than that of hydrothermal fluids (5–16 μmol/mol, Escoube et al. (2015)). Thus, the Ge/Si ratios of the PCE cherts in the SCB suggest that seawater was the dominant source of Si.
5.2 REE Features of Cherts in the Maokou and Wujiaping Formations
Chert samples in the Maokou and Wujiaping formations in this study are a mix of three components: silica content, clay minerals, and iron oxides. REE patterns will be affected by the ratio of each component. Detrital clay minerals contain high total REE (TREE) concentrations that show flat REE patterns, whereas the authigenic clay minerals come from seawater, recording a seawater pattern of depleted-LREE, high Y/Ho and a negative Ce anomaly (German et al., 1991). Iron-minerals show an MREE-enrichment pattern. Neither clay minerals nor iron-minerals have Eu or Ce anomalies. The hydrothermal fluid and seawater signals will not be affected by these two components. However, the mixing of clays and iron-minerals will elevate total REE concentrations, which may dilute Eu and Ce anomalies.
In the Lianziya section, both TREE vs. Al2O3 and TREE vs. Fe2O3 show positive linear correlations (R2 = 0.73 and 0.79, respectively), indicating that clay and iron-minerals elevate TREE concentrations (Figure 6). Eu/Eu* and Ce/Ce* are diluted by high Al2O3 and Fe2O3 concentrations (Figure 6). There is no correlation between La/Yb and Al2O3, Y/Ho and Al2O3, La/Yb and Fe2O3, or Y/Ho and Fe2O3 (Figure 6). All samples show LREE-depletion patterns, negative Ce anomalies (0.72–0.98, with an average of 0.92) and their La/Yb ratios are all less than 1. And 14 out of 18 samples demonstrate positive Eu anomalies (0.66–2.16, mean = 1.30, n=18).
In the Maoertang section, REE data show a similar pattern to that of the Lianziya section. TREE and Al2O3 show a positive linear relationship (R2 = 0.56, Figure 6), while the positive correlation between TREE and Fe2O3 is not obvious (Figure 6). Eu/Eu* and Ce/Ce* are also eliminated in samples with higher Al2O3 and Fe2O3 concentrations (Figure 6). There is no correlation between La/Yb and Al2O3, Y/Ho and Al2O3, La/Yb and Fe2O3, and Y/Ho and Fe2O3 as well. Overall, 11 out of 45 samples show LREE-depletion patterns and negative Ce anomalies (0.62–1.38, with an average of 0.82). All samples show positive Eu anomalies (1.05–9.57, mean = 2.43, n = 45). It is worth mentioning that the measurement of Sm, Eu, and Gd could also be affected by barium concentrations in ICP-MS; however, Eu/Eu* and Ba do not show positive correlations (Figure 7F), ruling out this possibility.
[image: Figure 7]FIGURE 7 | Cross plots showing the correlations between (A) Ge/Si (μmol/mol) vs. TREE (ppm); (B) Ge/Si (μmol/mol) vs. Ce/Ce*; (C) Ge/Si (μmol/mol) vs. Eu/Eu*; (D) Ge/Si (μmol/mol) vs. Y/Ho; (E) Ge/Si (μmol/mol) vs. La/Yb, and (F) Ba (ppm) vs. Eu/Eu*.
In the Lianziya and Maoertang sections, the LREE-depletion patterns, high Y/Ho ratios, and negative Ce anomalies suggest that the seawater might be the predominant Si source of chert nodules (Figure 8). Meanwhile, samples also show positive Eu anomalies, which is a typical hydrothermal fluids signal in chert. To resolve the conflict, we use a binary mixing model to quantify the contribution of hydrothermal fluid and seawater with regard to the Si source of chert nodules in the Maokou and Wujiaping formations from SCB.
[image: Figure 8]FIGURE 8 | PAAS-normalized REE patterns of the MET and LZY sections, showing the LREE depletion and the positive Eu anomaly.
5.3 Ge/Si-Eu/Eu * Systematics of Cherts in the Maokou and Wujiaping Formations
5.3.1 Description of Ge/Si-Eu/Eu * Model
The binary mixing model is based on two parameters, Ge/Si and Eu/Eu*, and regards seawater and hydrothermal fluids as two endmembers (Cui et al., 2019). In this model, Ge/Si and Eu/Eu* can be calculated by mass-balance equations as follows:
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where f is the volume fraction of hydrothermal fluids and mi represents silica concentrations (mM); (Ge/Si)i represents the Ge/Si ratio; (Eu/Eu*)i represents the Eu anomaly; REE represents total REE concentrations (ppb); subscripts HF and SW represent the two endmembers: hydrothermal fluids and seawater, respectively.
Some parameters in hydrothermal fluids, including Eu anomaly, SiO2 concentration and Ge/Si ratio, are strongly dependent on temperature (Douville et al., 1999). On the basis of the data collected from modern hydrothermal fluids in Lucky strike, Cruise (Douville et al., 1999), a negative correlation between Eu anomaly and temperature has been established (Cui et al., 2019), which can be expressed as:
[image: image]
where T is the temperature (in Kelvin) of hydrothermal fluids.
In hydrothermal fluids, SiO2 remains saturated with respect to quartz, and the saturation concentration is determined by temperature (Crerar and Anderson, 1971). The relationship between SiO2 and temperature can be expressed as (Crerar and Anderson, 1971):
[image: image]
where m is the saturation concentration of SiO2 (mol) and T is the temperature of hydrothermal fluids in Kelvin. Solubility of SiO2 usually decreases with decreasing temperature (Crerar and Anderson, 1971), so cooling of hydrothermal fluids can cause crystallization of quartz. Compared to Ge, Si preferentially enters into the lattice of quartz (Escoube et al., 2015), causing enrichment of Ge and a high Ge/Si ratio in hydrothermal fluids (Escoube et al., 2015). The development of Ge/Si ratios of hydrothermal fluids is in accordance with the Rayleigh distillation model (Evans and Derry, 2002), which can be expressed as:
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where (Ge/Si)0 is the Ge/Si ratio of the primary hydrothermal fluids; F is the fraction of Si in the hydrothermal system, which can be calculated by Eq. 6; [Si]0 is the initial silica concentration, and [Si] is the remaining silica concentration; α is the fraction factor of quartz precipitation, and is defined as the instantaneous quartz Ge/Si ratio divided by the instantaneous fluid Ge/Si ratio (Eq. 7). α value ranges between 0.0054 and 0.023 (Evans and Derry, 2002).
5.3.2 Parameter Setting
We assume that Si concentration and REE level in seawater remain consistent and REE concentrations in hydrothermal fluids are fixed. Parameters in this model are summarized in Table 1.
TABLE 1 | Parameters of the binary-mixing model.
[image: Table 1]The Ge/Si ratio of modern seawater is 0.72 μmol/mol (King et al., 2000), and it is set at 0.02 μmol/mol (minimum of sample value) in this model. SiO2 and REE concentrations of seawater are assigned to mSW = 2.2 mM and REESW = 29 ppt, respectively (Douville et al., 1999; Conley et al., 2017). Eu/Eu* of seawater is 1.13, and the seawater temperature is set at 25°C (Elderfield et al., 1988). As for hydrothermal fluid, the initial temperature T0 and (Ge/Si)0 are set as 400°C and 10 μmol/mol, respectively. Si concentration in hydrothermal fluids is 1281 ppm (Crerar and Anderson, 1971), and (Eu/Eu*)HF0 is set as 0.4 and change with temperature (Douville et al., 1999). Besides, REE concentration in hydrothermal fluid (REEHF) is estimated at 2000 ppt (Douville et al., 1999). According to Evans and Derry (2002), parameter α distributes between 0.0054 and 0.023. In this model, α is assigned to a value of 0.02.
5.3.3 Modeling Results and Si Source of Chert Nodules in the Maokou and Wujiaping Formations
The modeling results are presented by a Eu/Eu*-Ge/Si cross-plot (Figure 9). The solid contour lines represent various temperatures of hydrothermal fluids, while the dashed lines denote the mixing volume fraction of hydrothermal fluids. Eu/Eu*-Ge/Si data of samples are plotted in Figure 9.
[image: Figure 9]FIGURE 9 | Modeling results showing the binary mixing between hydrothermal fluid and seawater. The solid contour lines represent hydrothermal fluids of different temperatures (100–400°C), while the tick marks and the dashed lines indicate the volume fraction of hydrothermal fluid (0.2%–2%).
In the Lianziya section, the temperature of hydrothermal fluids ranges from 300 to 400°C, and the mixing ratio of hydrothermal influx is lower than 1 vol% (Figure 9). In the Maoertang section, the temperature of hydrothermal fluids in the Maokou Formation ranges from <200 to 400°C, and the mixing ratio of hydrothermal influx is lower than 1 vol% (Figure 9). In the Wujiaping Formation, the temperature of hydrothermal fluids ranges from 200 to 400°C, and the mixing ratio of hydrothermal influx is lower than 0.5 vol% (Figure 9). Thus, based on the modeling results, the temperature of hydrothermal fluids ranges from <200 to 400°C. The mixing volume fraction of hydrothermal fluids is lower than 1 vol%, equivalent to the mass fraction of 10 wt%. This indicates that the Si of cherts in the PCE was dominantly sourced from seawater, as evidenced by Ge/Si ratios and REE patterns. It is interesting to see that although the contribution fraction of hydrothermal fluids is extremely low (lower than 1 vol%), it still results in positive Eu anomalies.
5.3.4 Sensitivity Test
The modeling results could be influenced by parameter settings. To verify the reliability of the modeling results, we ran sensitivity tests for different parameters according to their ranges (Table 1). The parameters that we tested include the original Ge/Si ratio of hydrothermal fluids (Ge/Si0), the fractionation during hydrothermal quartz precipitation (α), the REE concentration of hydrothermal fluids (REEHF), the initial temperature of hydrothermal fluid (T0), the Ge/Si ratio of seawater (Ge/SiSW), and the SiO2 concentration of seawater (mSW). Results of sensitivity tests indicate that the estimated mixing of 1 vol% of hydrothermal fluids is not significantly influenced by the tested parameters (Figure 10).
[image: Figure 10]FIGURE 10 | Sensitivity tests of the binary-mixing model. The initial default parameters are (Ge/Si)0 = 10 μmol/mol, α = 0.02, REEHF = 2.0 ppb, T0 = 400°C, (Ge/Si)SW = 0.02 μmol/mol, and mSW = 2.2 mM. The sensitivity of parameters are tested by adjusting a single parameter, (A) (Ge/Si)0; (B) α; (C) REEHF; (D) T0; (E) (Ge/Si)SW; and (F) mSW; while the other parameters are fixed at the default values. The contour lines represent hydrothermal fluid temperature of 400°C, 350°C, and 200°C in (A–C) and (E,F). The dashed lines represent the volume fraction of hydrothermal fluid (2%, 1%, and 0.5%). The modeling results indicate that the estimated mixing ratios are not sensitive to the values of the aforementioned parameters.
5.4 Implications of Positive Eu Anomaly in Determining Hydrothermal Source of Siliceous Precipitation
The Eu anomaly has long been regarded as a direct proxy for the implicated hydrothermal fluid source of Si in the chert formation. However, in this study, although the chert samples in PCE show significant Eu/Eu*[The Lianziya section: 0.66 to 2.16 (mean = 1.30, n=18); the Maoertang section: 1.05 to 9.57 (mean = 2.43, n = 45)], their contribution fraction is rather low (1 vol%). In addition, low Ge/Si ratios and LREE-depleted REE patterns also strongly argue for the contemporaneous seawater origin of the Permian chert nodules.
In fact, Eu/Eu* in hydrothermal fluids and in seawater have a great variation of 14.17 to 1.13, which means that a small fraction of hydrothermal fluids could highly influence the Eu/Eu* of bulk samples. Enriched elements in hydrothermal fluids could have a very high concentration that is one order of magnitude higher than that in seawater, making these elements ineffective in tracing Si source of chert nodules. Therefore, a positive Eu anomaly does not necessarily indicate hydrothermal-sourced Si in cherts. In order to accurately determine the Si source of cherts, the Ge/Si ratio and REE pattern should also be carefully considered.
6 CONCLUSION
We measured Ge/Si ratios and REE compositions of chert nodules of the Maokou and Wujiaping formations from two sections in South China. Samples show low Ge/Si ratios (0.02–0.75 μmol/mol), LREE-depleted patterns and positive Eu anomalies, suggesting seemingly conflicting contemporaneous seawater and hydrothermal fluid origins of the PCE chert nodules. It is demonstrated, however, by a binary-mixing model with seawater and hydrothermal fluids as two endmembers, that hydrothermal fluids only account for 1 vol% of the Si source in the chert nodules, and seawater is the major source. This study suggests that a small amount of hydrothermal fluid can lead to a high Eu anomaly, and therefore, the Eu anomaly may not always be an effective proxy in determining the silicon source of cherts; instead, Ge/Si ratio and REE patterns should also be considered.
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The Middle Ordovician Majiagou Formation in the southern Ordos Basin develops a set of sub-and peri-tidal carbonate successions that were extensively dolomitized. Diagenetic dolomitization is widely investigated because dolostones provide high-quality gas reservoirs in the southern Ordos Basin. Nonetheless, the ultimate mechanism controlling dolomitization remains enigmatic. In this study, integrated geochemical indexes including carbon and oxygen isotopes, rare earth elements, and microthermometry, coupled with U-Pb dating and lithofacies and mineralogic studies, are investigated to elucidate the periods of hydrothermal fluids involved in the formation of different types of dolomites in the studied section from Ma5 member. The results reveal that the micritic dolomite matrix was formed under the involvement of low-salinity meteoric water in the mixing zone during a shallow-burial environment. The mixing zone of paleokarst possibly provided accommodation for this dolomitization. The fine-/medium-sized dolomites were formed due to interactions between hydrothermal fluids of comparatively low temperature and matrix carbonates, which occurred during the period of the Middle Jurassic. The dolomitic microbialites were formed due to the injection of high-temperature acid fluids associated with organic matter maturing. This dolomitization occurred during the period of the Late Jurassic according to U-Pb ages. The coarse-sized dolomite cements can be furtherly classified into two types according to different U-Pb ages and carbon-oxygen isotopes, although they are very similar with respect to mineralogic features. Comprehensive geochemical evidence revealed that the dolomitizing fluids of two types of dolomite cements were derived from hydrothermal fluids associated with periodical magmatism, which occurred during the period of the Early Cretaceous. This finding provides a new insight for elucidating the diagenetic process of reservoir dolostones from the Middle Ordovician in the Ordos Basin.
Keywords: hydrothermal fluids, burial dolomitization, isotopic geochemistry, elemental geochemistry, ordos basin
1 INTRODUCTION
Compared with limestones, dolostones contribute major hydrocarbon reserves (more than 50%) in worldwide carbonate successions because the dolomitizing process usually enhances physical properties of reservoir rocks (Zenger et al., 1980; Sun, 1995; Warren, 2000; Ma et al., 2007). Multiple dolomitizing mechanisms have been proposed to explore dolomite origins, such as evaporative, seepage-reflux, microbial-mediated, and hydrothermal-fluid dolomitizations (e.g., Adams and Rhodes, 1960; Friedman and Sanders, 1967; Badiozamani, 1973; Hsu and Schneider, 1973; Baker and Kastner, 1981; Braithwaite and Rizzi, 1997; Huang et al., 2008). However, the ultimate nature of dolomites remains a subject of dispute, because it is difficult to identify precisely the origins of dolomitizing fluids due to complicated diagenetic processes and fluid-rock interactions. Hence, it is of great significance to elucidate the nature of diagenetic fluids. It is widely recognized that the interplay of diagenetic fluids and carbonate rocks exerts important controls on reservoir development in carbonate successions. The dissolution caused by different post-depositional fluids (e.g., hydrothermal fluids derived from deep-burying formation water or magmatism, organic acid, and Thermochemical sulfate reduction) can be constructive to reservoir properties (Smith, 2006; Lavoie and Chi, 2010).
The Middle Ordovician Majiagou Formation of the Ordos Basin, composed dominantly by dolostones, has been widely studied due to its abundant natural gas being reserved in karst-controlled and burial dissolution carbonate reservoirs (Dai, 2016). In previous studies, the favorable reservoir condition of the Majiagou Formation was mainly attributed to telogenetic karstification controlled by Caledonian tectonism (Chen et al., 2013; He et al., 2013). However, the dissolution process accompanying karstification was ignored. Recent studies revealed that complicated dissolving fluids occurred along fracturing systems and unconformities. For instance, high-frequency depositional cycles and subaerial exposure surfaces were identified in the Member-5 section of the Majiagou Formation (i.e., subsalt Ma5 member), implying a new type of karstification and associated later-stage fluids (Xiong et al., 2019). Moreover, hydrothermal fluids and their constructive effects on reservoir properties were identified in the Majiagou Formation (Liu et al., 2011). Nonetheless, the ultimate nature and evolution of these fluids were undocumented, which hindered our understanding of the dolomitizing process and the formation of dolostone reservoirs in this area.
Coupled with detailed hand specimens, lithofacies, petrography, and mineralogy studies, integrated isotopic/elemental geochemical proxies are analyzed in the current study to elucidate the origin and evolution of hydrothermal fluids related to reservoir formation of the Majiagou Formation, thus providing new insights for reservoir forming mechanism and prediction, as well as an analog to the occurrence of dolostone reservoirs of similar geological conditions.
2 GEOLOGICAL SETTING
The Ordos Basin, covering an area of 25 × 104 km2, is located on the western edge of the North-China craton and consists of six tectonic structures, i.e., the Yimeng uplift, the Jinxi flexural belt, the Yishan slope, the Tianhuan depression, the western edge thrust belt, and the Weibei uplift (Figure 1A; Li et al., 2019). The Ordos Basin is the second largest inland basin in China, with abundant hydrocarbon resources and a thickness of more than 5,000 m of sedimentary rocks. The basement is composed of Archean and Proterozoic metamorphic rocks. The Middle-Ordovician Majiagou Formation consists of six lithologic sections (i.e., from the Ma1 to the M6 members), which represent a complete marine transgression-regression cycle upwardly (Figure 1B). The Majiagou Formation is a set of carbonate rocks intercalated with evaporites (He et al., 2014; Fu et al., 2017). Among them, the Ma1, the Ma3, and the Ma5 members are mainly composed of dolostones with gypsum or salty caprocks; the Ma2, the Ma4, and the Ma6 members dominantly consist of dolostones and dolomitized limestones. The gypsum and salt intercalations are mainly developed in the Ma1, the Ma3, and the Ma5 members, which indicate the depositional interval of the seawater regressive period. The Ma5 member can be furtherly divided into ten sub-members according to evaporative cycles upwardly, i.e., from Ma5-1 to Ma5-10 (Figure 1B). The Ma5-6 sub-member was deposited at the widest range with an area of −50000 km2, and the thickness of regional gypsum rocks can reach to more than 80 m, thus dividing Ordovician strata into post-salt and pre-salt period. The eighth and 10th sub-members comprise mostly gypsum/salts and gypsiferous dolomites, which were considered to deposit under a highly saline environment and act as an important source of sealing rocks (Xia et al., 2007). Intraplatform shoals and microbial mounds were intercalated developing within these sub-members, thus forming important gas reservoirs of the Ordos Basin.
[image: Figure 1]FIGURE 1 | (A) Structural units and studied location within the Ordos Basin (modified after Dai, 2016). (B) Lithologic column showing stratigraphy of the Majiagou Formation and sampled interval.
3 SAMPLES AND METHODS
Cored Samples are exclusively collected from the Ma5 member in the studied area (i.e., the Fuxian area, as shown in Figure 1A). Specific sampling intervals are shown in Figure 1B. A total of 185 samples are preliminarily described and treated in the field to avoid weathering crusts or drilling mud contamination. Detailed lithofaices, petrographic, and mineralogic observations of cores and thin-sections are undertaken for subsequent isotopic and elemental analysis. A proportion of thin-sections are impregnated with epoxy resin to identify the pore system.
For stable oxygen and carbon isotopic analyses, a total of 78 powder samples (weighting 50 mg) are obtained with a dental drill of diameter 50 μm. The powder samples are subsequently reacted with HNO3 (90% in concentration) at 72°C for 5 h linked to Finnigan Delta-V mass spectrometer. All results are recorded in per mil of V-PDB standard. The accuracy of the isotopic measurements is calibrated by replicate analyses of internal-standard NBS-19 and the analytical error is better than ±0.05‰.
For radioactive strontium isotope (87Sr/86Sr) determination, 200 mg powder dissolved in distilled water solution is prepared. The aimed samples are transferred into Teflon vials containing a mixture of 2 ml concentrated HF, 3 ml concentrated HCl and 0.5 ml HNO3. Samples are heated at 90°C for 48 h. Subsequently, the solution is dried, redissolved in 2.0 ml HCl, and heated for 24 h 87Sr/86Sr concentrations are determined using a Neptune multi-collector ICP-MS by static measurement of 82Kr, 83Kr, 84Sr, 85Rb, 86Sr, 87Sr, and 88Sr ion beam intensities. Corrected 87Sr/86Sr ratios are then normalized to NBS SRM 987 (certified value of 0.71024 ± 0.00025). The measurement accuracy is better than 0.00002. The detailed experimental protocol and procedure follows Boral et al. (2021).
In-situ analyses are carried out to determine trace and rare earth elements for dolomites and matrix calcites. A LSX-200 UV laser ablation system linked to Nd-YAG laser emitter and Helium carrier is applied for measurement. The diameter of the laser spot is 50 μm with a wavelength of 213 nm and an impulse frequency of 10 Hz. The detection limits range from 0.001 ppm to 1 ppm with respect to different elements, and detection precision is better than 3%. The preparation of functional thin-sections and workflows follow Liu et al. (2017).
Zircon grains from carbonate samples by magnetic and methylene iodide liquid separation. Separated zircon grains are hand-picked and fixed in epoxy resin. Subsequently, the epoxy mounts are polished for the following date measurement. The samples are dated by in-situ Laser Ablation Inductively-Coupled Mass Spectrometry method. The equipment is introduced above. The synthetic glass NIST-610 is applied for instrumental optimization. The standard zircon 91500 is used as an external standard. The counting time of measurement is 30 s, including the first 10 s for background measuring.
Microthermometric fluid-inclusion analyses are performed using a Linkam THMS 300 heating-freezing stage linked with an electrical microscope and microthermometric analysis software. Inclusion populations are carefully described with respect to their sizes, distribution, and vapor-liquid ratios. The micro-areas developing fluid-inclusion assemblages (FIA) are focused and then the 0.5-mm-thick thin-sections are treated with acetone solution to acquire previously focused fragments for microthermometric analysis. Homogenization temperatures (Th) and Ice-melting temperatures (Tm) are measured on primary liquid-vapor inclusions. The detailed measurement procedure sensu Shepherd et al. (1985). Salinities were calculated in form of wt% in the H2O-NaCl-CaCl2 system using the equation proposed by Hall et al. (1988), i.e., NaCl (wt%) = 1.78Tm–0.0442Tm2 + 0.000557Tm3. The measured accuracy of the Th and Tm values are within ± 1°C and ± 0.5°C, respectively.
The above experiments were carried out at the State Key Laboratory of Petroleum Resources and Prospecting in China University of Petroleum, Beijing.
4 LITHOFACIES AND MINERALOGY
In the studied area, Silurian or Devonian strata are absent because of the uplifting of the Ordovician carbonates, thus causing longtime depositional hiatus (Figure 1B). Therefore, erosional surfaces of multiple levels are documented mainly at the top of deposits including intraplatform shoals, microbials, and gypsum or salt bearing strata. This typical evaporitic environment resulted in the development of micritic dolomites (Figure 2A). Microbialites are widely developed in the subsalt Ma5 member, mainly consisting of stromatolite. The stromatolites are characterized by regular repetition occurrence of mm-scale thin layers of different colors (Figure 2B). Plate-shaped and corrugated stromatolites are major types. The breccias are widely developed below the exposed surfaces with a thickness of several centimeters. The breccias exhibit dark yellowish nodular features from observed cores (Figure 2C), showing distinctively different contact surfaces to the surrounding dolostone matrix. Particularly, breccias collapse easily at intervals of exposed erosional surfaces (Figure 2D). At intervals distal from exposure surfaces, karstification did not occur widely, thus developing few breccia dolostones. Instead, dissolved pores or fractures induced by other fluids forming visible caves are observed from bulky dolostones (Figure 2E). Nonetheless, these pores or fractures are rarely developed in micritic dolomites, possibly due to few porosities for accommodating diagenetic fluids. These fractures are regularly distributed (Figure 2E), thus providing effective reservoir porosities for natural gas. Micritic-to silty-dolostones most widely occurr as matrix rocks. This type of dolostones is widely developed in the platform shoal and evaporative zone. It is featured by coarse silty to fine-sized crystals, developing no visible pores or fractures from core observation (Figure 2F). The gypsum and salt are generally formed by leaching and/or collapsing of upper tidal-flat sabkha environments caused by meteoric-water influx during penecontemporaneous exposure (Figure 2G). Carbonate silts or authigenic argillaceous infillings of grey to black colors are commonly distributed in the gypsum or salt vugs, forming a chickenwire-like structure (Zhang et al., 1991).
[image: Figure 2]FIGURE 2 | Core sample photographs showing lithofacies of the studied interval in the Ma5 member. (A) Micritic dolomite matrix showing laminated layers. (B) Stromatolites developing thin layers of different colors. (C) Dolomite breccias. (D) Breccias collapsing in the studied interval, leaving visible fractures. (E) Fractures developing in bulky dolostones. (F) Silty dolomites developing no visible pores. (G) Gypsum developing in upper tidal-flat sabkha environment.
Various types of dolomites are developed in the studied interval of the Majiagou Formation. 1) Micritic dolomite. This type of dolomite is mainly distributed in the platform flat and associated with evaporative minerals, exhibiting anhedral to subhedral crystals with grain sizes commonly less than 20 μm (Figure 3A). Some scattered pyrites are variably distributed within this type of dolomite, having content less than 10% in volume (Figure 3B). 2) Fine-to medium-sized dolomite. This type of dolomite is dominantly distributed in the middle part of meter-scale stratigraphic cycles, as well as the major construction of the carbonate matrix. Under thin-section observation, it usually displays a poikilotopic texture with euhedral to subhedral crystals and 50 μm–200 μm in crystalline sizes (Figure 3C). Few evaporative minerals are developed within this type of dolomite. In some coarse crystals, the texture of “cloudy-center-clear-rim” is observed (Figure 3C). Intercrystalline dissolved pores are widely developed with associated authigenic infillings in this type of dolomite (Figure 3D). 3) Dolomitic microbialites. This type of microbialites is displayed as thrombolites and stromatolites, both containing biotic debris and reflecting a high-energy shallow-water environment (Figure 3E). The microibalites usually exhibit cluster and granular structures and grid textures. Only a small proportion of residual pores are visible due to agglutinates filling (Figure 3F). Bituminous fillings are commonly developed in dolomitic microbialites (Figure 3E). 4) Dolomite cements. The dolomite cements consist of coarse crystals with sizes ranging from 400 μm to 1,000 μm, which generally occur as authigenic minerals filling in dissolved vuggy pores in the matrix dolostones. This type of dolomites exhibits planar euhedral to subhedral. The large-sized dolomites commonly develop intercrystalline porosities (Figure 3G). By contrast, the dolomite cements of comparatively smaller crystals usually develop no porosities (Figure 3H). Meanwhile, some authigenic minerals such as quartz and fluorite are associated with large-sized dolomite cements (i.e., saddle dolomite).
[image: Figure 3]FIGURE 3 | Photomicrographs showing mineralogic features of dolostones in the studied interval under plane-polarized light. (A) Micritic dolomites showing anhedral to subhedral crystals with micritic grain sizes. Well-J48, 3,225.86 m. (B) Pyrites distributed in micritic dolomites in scatter. Well-J432, 3,584.12 m (C) “Cloudy-center-clear-rim” features developing medium-sized dolomite. Well-J48, 3,237.48 m. (D) Intercrystalline pores developing in medium-sized dolomites. Well-J48, 3,239.89 m. (E) Bitumen and bioclasts developing in microbialites. Well-J445, 4,105.56 m. (F) Residual pores are visible in medium-sized dolomites of microbialites. Well-J431, 4,425.11 m. (G) Dolomite cements developing intercrystalline pores. Well-J431, 4,428.91 m. (H) Dolomite cements composed of smaller crystals developing no porosities and exhibiting saddle shapes. Well-J52, 4,123.56 m.
5 RESULTS AND DISCUSSION
5.1 Dolomitization of Matrix Dolomites
In the eastern Ordos Basin, the occurrence of widespread micritic dolostones has been previously interpreted as the product of seepage-reflux dolomitization (Yang et al., 2018). However, its ultimate mechanism in the studied area is remaining unsolved. The Sr concentrations decrease with increasing burial depth during dolomitization (Liu et al., 2016). The micritic dolomite matrix exhibits Sr values ranging from 77 ppm to 135 ppm (mean value of 92 ppm), which is consistent with Sr content in normal seawater (i.e., less than 550 ppm; Tucker and Wright, 1990). Meanwhile, the Mn content of the matrix dolomite ranges from 55 ppm to 86 ppm with a mean value of 68 ppm, reflecting little influence on diagenesis because the Mn/Sr ratios are exclusively less than 2 (Figure 4; Huang et al., 2008). However, the δ13C values are slightly negative and out of the range of seawater origin (Figure 5), suggesting that this type of dolomite may not be formed in a typical marine environment. Diagenesis with meteoric water involvement should result in dolomites characterized by negative δ13C composition (Swart et al., 2005). Meanwhile, the δ18O values of the matrix dolomite (mean value of −8.05‰, V-PDB) are more pronouncedly depleted than the published ratios for Ordovician seawater (i.e., −6.6‰ to −4.0‰; Allen and Wiggins, 1993). This result indicates that the micritic dolomite matrix was formed under the involvement of meteoric fluids. This is also consistent with the distribution pattern of the rare earth elements of the micritic dolomites, which are different from seawater-origin micritic limestones (Figure 6A). The calculated salinity of this type of dolomite is Z = 105.5 using equation proposed by (Keith and Weber 1964) [i.e., Z = 2.048 (δ13CPDB + 50) + 0.498 (δ18OPDB + 50)].
[image: Figure 4]FIGURE 4 | Crossplot showing Mn/Sr ratios of the micritic dolomites.
[image: Figure 5]FIGURE 5 | Crossplot showing carbon and oxygen isotope features of different types of dolomites. The isotopic ranges are referred from Li et al. (2011).
[image: Figure 6]FIGURE 6 | Distribution patterns of the rare earth elements in different types of dolomites or calcites. (A) Micritic dolomites and calcites. (B) Fine-to medium-sized dolomites. (C) Medium-to coarse-sized dolomites. (D) Dolomite cements. All samples are normalized to PAAS standard (Gromet et al., 1985).
Presumably, the matrix dolomites were formed under a low-salinity environment with the involvement of meteoric water at the mixing zone during the shallow-burial stage. The mixing zone possibly provided accommodation for widespread dolomitization. It is noteworthy that this dolomitization occurred at a normal burial temperature, as is evidenced by the homogenization temperature (i.e., mean value of 85°C; Figure 7A).
[image: Figure 7]FIGURE 7 | Histograms showing homogenization temperatures of different types of dolomites. (A) Micritic dolomite matrix. (B) Fine-to medium-sized dolomites. (C) Medium-to coarse-sized dolomites. (D) Dolomite cements.
5.2 Multi-Stage of Hydrothermal Dolomitizing Fluids
To determine the absolute ages of crystalline dolomites (i.e., crystal sizes larger than 50 μm), U-Pb dating has been conducted for quantitative measurement. The result shows that different dolomites were formed at different diagenetic stages. The recrystallized fine-to medium-sized dolomites were formed at the earliest geological period, with measured U-Pb age of 494 ± 12 Ma and 498 ± 36 Ma, respectively (Figures 8A,B), which is equivalent to Middle Jurassic. The dolomitic microbialites were formed at a later-stage after burial, with measured U-Pb age ranging from 474 ± 31 Ma to 480 ± 12 Ma (Figures 8C–E). It is equivalent to Late Jurassic. The dolomite cements of large-sized crystals were formed at the latest stage, which can be further classified into two periods, i.e., 459 ± 6 Ma −466 ± 11 Ma and 440 ± 15 Ma −445 ± 11 Ma (Figures 8F–I). This period of geological time is equivalent to the Early Cretaceous.
[image: Figure 8]FIGURE 8 | U-Pb ages from carbonate minerals using LA-ICP-MS method. (A) Fine-sized dolomite, age of 494 ± 12 Ma. (B) Fine-sized dolomite, age of 498 ± 36 Ma. (C) Dolomitic microbialite, age of 474 ± 31 Ma. (D) Dolomitic microbialite, age of 480 ± 12 Ma. (E) Dolomitic microbialite, age of 477 ± 12 Ma. (F) Dolomite cement, age of 466 ± 11 Ma. (G) Dolomite cement, age of 459 ± 6 Ma. (H) Dolomite cement, age of 440 ± 15 Ma. (I) Dolomite cement, age of 445 ± 11 Ma.
For pervasively distributed fine-/medium-sized dolomites, the calculated homogenization temperatures range from 96°C to 143°C, with a mean value of 126°C (Figure 7B), which is approximately 10°C higher than burial temperature during the Middle Jurassic (i.e., 125°C according to the thermal gradient of 2.5°C and burial depth of 2,800 m; Lei et al., 2020). Moreover, the carbon and oxygen isotopes are plotted at the zone of “hydrothermal-fluid origin” (Figure 5), indicating that this type of dolomitizing fluid was featured by a hydrothermal source. Nonetheless, the distribution pattern of REEs shows seawater-like composition, but has no positive Eu anomaly (Figure 6B). Presumably, this type of dolomites was formed due to interactions between hydrothermal fluids of comparatively low temperature and matrix carbonates (Liu et al., 2017).
For medium-to large-sized dolomites composing microbialites, the introduction of organic matter provided probable dolomitizing fluids, because bituminous matters are widely developed within microbialites (Figure 3E). This inference is supported by other geochemical proxies. Firstly, this type of dolomites shows much depleted carbon isotopes with δ13C values ranging from −4.05‰ to −6.18‰ and a mean value of −5.33‰ (Figure 5). These depleted carbon isotopes may result from the interplay of organic matter featured by extremely low δ13C composition and normal marine carbonates (e.g., Meyer et al., 2011). Secondly, this type of dolomites displays REE distribution pattern that is distinctively different from marine origin carbonates (Figure 6C). Particularly, negative Ce anomalies (i.e., δCe mean values of 0.75; Figure 6C) indicate a reduced environment, which is consistent with the environment for preservation of organic matter. Moreover, the microthermometric data reveals that the homogenization temperatures range from 134°C to 163°C with a mean value of 157°C (Figure 7C), which is consistent with a slight Eu anomaly (i.e., δEu mean value of 1.35; Figure 6C). To conclude, it is probably that the injection of high-temperature acid fluids associated with organic matter maturing has caused dolomitization and related dissolution.
Coarse-sized dolomite cements exhibit similar petrologic (Figures 3G,H) and REE distribution patterns (Figure 6D) although having different U-Pb ages. This may indicate that two types of dolomite cements were derived from similar origins but temporally discontinued. The microthermometric data reveals that two stages of homogenization temperature exist, i.e., the mean values of −195°C and −215°C, respectively (Figure 7D), which are significantly higher than temporal burial temperature. This indicates that the dolomitizing fluids are characterized by super-high temperatures, which is verified by pronouncedly positive Eu anomaly of dolomite cements (i.e., δEu mean value of 1.70; Figure 6D). To determine the ultimate differences of two type of hydrothermal fluids, the evolution patterns of δ13C and δ18O values are analyzed according to different distances from fractures. The result shows that the dolomite cements filling in major fractures display high δ13C value and low δ18O value (mean value of 3.3‰ and −23.5‰, respectively). On the contrary, the δ13C and δ18O values from dolomite cements decrease or increase linearly with increasing distances from visible fractures (Figure 9). This reflects that the dolomitizing fluids of two stages were derived from hydrothermal fluids associated with periodical magmatism because all previous proxies are consistent with features of magmatic fluids. Moreover, this inference is also evidenced by periodical volcanism occurring in the Ordos Basin (Li and Gao, 2010; Lei et al., 2020).
[image: Figure 9]FIGURE 9 | Evolution of carbon and oxygen isotopes of dolomite cements at different ranges from fractures.
6 CONCLUSION
According to the current study, the following conclusions can be drawn:
(1) The recrystallized fine- and medium-sized dolomites were formed in the geological period equivalent to Middle Jurassic. The dolomitic microbialites were formed at a later stage after burial. This stage is equivalent to Late Jurassic. The dolomite cements of large-sized crystals were formed at the latest stage, which can be further classified into two periods (i.e., 459 ± 6 Ma −466 ± 11 Ma and 440 ± 15 Ma −445 ± 11 Ma). This period of geological time is equivalent to the Early Cretaceous.
(2) The matrix dolomites were formed under a low-salinity environment with the involvement of meteoric water at the mixing zone during the shallow-burial stage. The mixing zone possibly provided accommodation for the occurrence of dolomitization.
(3) The fine-to medium-sized dolomites were formed because of the interplay between hydrothermal fluids of comparatively low temperature and matrix carbonates.
(4) The medium-to large-sized dolomites were formed because of injection of high-temperature acid fluids associated with organic matter maturing, which has caused dolomitization and related dissolution.
(5) The two types of dolomite cements were derived from similar origins but temporally discontinued. The geochemical proxies reveal that dolomitizing fluids of two stages were derived from hydrothermal fluids associated with periodical magmatism.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
ZY: conceptualization, methodology, writing—review and editing. XL: formal analysis, investigation, visualization. XH: formal analysis, investigation, visualization. HZ: formal analysis, investigation, visualization. SZ: formal analysis, investigation, visualization. XG: formal analysis, investigation, visualization. JN: formal analysis, investigation. KW: methodology, project administration.
ACKNOWLEDGMENTS
The reviewers are thanked for their valuable comments.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adams, J. E., and Rhodes, M. L. (1960). Dolomitization by seepage refluxion. AAPG Bull. 44 (12), 1912–1920. doi:10.1306/0BDA6263-16BD-11D7-8645000102C1865D
 Allen, J. R., and Wiggins, W. D. (1993). Dolomite reservoirs: Geochemical techniques for evaluating origin and distribution. J. Pet. Sci. Eng. 14, 262–263. doi:10.1306/CE36576
 Badiozamani, K. (1973). The dorag dolomitization modeldapplication to the middle Ordovician of Wisconsin. J. Sediment. Pet. 43 (4), 965–984. 
 Baker, P. A., and Kastner, M. (1981). Constraints on the formation of sedimentary dolomite. Science 213 (4504), 214–216. doi:10.1126/science.213.4504.214
 Boral, S., Peucker-Ehrenbrink, B., Hemingway, J. D., Sen, I. S., Galy, V., and Fiske, G. J. (2021). Controls on short-term dissolved 87Sr/86Sr variations in large rivers: Evidence from the Ganga–Brahmaputra. Earth Planet. Sci. Lett. 566, 116958–117012. doi:10.1016/j.epsl.2021.116958
 Braithwaite, C. J. R., and Rizzi, G. (1997). The geometry and petrogenesis of hydrothermal dolomites at Navan, Ireland. Sedimentology 443, 421–440. doi:10.1046/j.1365-3091.1997.d01-30.x
 Chen, H. D., Hu, S. H., Chen, A. Q., Zhao, J. X., and Su, Z. T. (2013). Genesis of non-karst dolomite reservoirs in the eastern central paleo-uplift in the Ordos Basin. Nat. Gas. Ind. 33, 18–24. (in Chinese with English abstract). doi:10.3787/j.issn.1000-0976.2013.10.003
 Dai, J. X. (2016). Giant coal-derived gas fields and their gas sources in China. Beijing: Science Press, 1–564. 
 Friedman, I., and Sanders, J. E. (1967). “Origin and occurrence of dolostone,” in Carbonate rocks ed . Editors G. V. Chilingar, H. J. Bissel, and R. W. Fairbridge (Amsterdam: Elsevier), 267–348.
 Fu, J. H., Wu, X. N., Sun, L. Y., Yu, Z., Huang, Z. L., and Ding, Z. C. (2017). New understandings of the lithofacies paleogeography of the middle assemblage of Majiagou Fm in the Ordos Basin and its exploration significance. Nat. Gas. Ind. B B4 (4), 278–286. doi:10.1016/j.ngib.2017.08.011
 Gromet, L. P., Haskin, L. A., Korotev, R. L., and Dymek, R. F. (1985). The “north aAmericanshale composite”: Its compilation, major and trace element characteristics. Geochim. Cosmochim. Acta 48 (12), 2469–2482. doi:10.1016/0016-7037(84)90298-9
 Hall, D. L., Sterner, S. M., and Bodnar, R. J. (1988). Freezing point depression of NaCl-KClH2O solutions. Econ. Geol. 83, 197–202. doi:10.2113/gsecongeo.83.1.197
 He, J., Fang, S. X., Hou, F. H., Yan, R. H., Zhao, Z. J., Yao, J., et al. (2013). Vertical zonation of weathered crust ancient karst and the reservoir evaluation and prediction—A case study of M55–M51 sub-members of Majiagou Formation in gas fields, central Ordos Basin, NW China. Pet. explor. Dev. 40, 534–542.
 He, X. Y., Shou, J. F., Shen, A. J., Wu, X. N., Wang, Y. S., Hu, Y. Y., et al. (2014). Geochemical characteristics and origin of dolomite: A case study from the middle assemblage of ordovician Majiagou Formation member 5 of the west of jingbian gas field, Ordos Basin, north China. Petroleum Explor. Dev. 41 (3), 417–427. doi:10.1016/s1876-3804(14)60048-3
 Hsu, K. J., and Schneider, J. (1973). Progress report on dolomitization hydrology of AbuDhabi sabkhas, arabian gulf. The Persian gulf. New York: Springer, 409–422.
 Huang, S., Qing, H., Huang, P., Hu, Z., Wang, Q., Zou, M., et al. (2008). Evolution of strontium isotopic composition of seawater from Late Permian to Early Triassic based on study of marine carbonates, Zhongliang Mountain, Chongqing, China. Sci. China Ser. D-Earth. Sci. 51 (4), 528–539. doi:10.1007/s11430-008-0034-3
 Keith, M. L., and Webber, J. N. (1964). Carbon and oxygen isotopic composition of selected limestones and fossils. Geochim. Cosmochim. Acta 28, 1787–1816. doi:10.1016/0016-7037(64)90022-5
 Lavoie, D., and Chi, G. X. (2010). Lower Paleozoic foreland basins in eastern Canada: Tectono-thermal events recorded by faults, fluids and hydrothermal dolomites. Bull. Can. Petroleum Geol. 58 (1), 17–35. doi:10.2113/gscpgbull.58.1.17
 Lei, H., Huang, W., Yi, S., and Wang, Y. (2020). Dissolution characteristics of deep-buried dolostone in the member 5 of ordovician Majiagou Formation in southern Ordos Basin. J. Palaeogeograh. Chin. Ed. 22 (6), 1041–1052. 
 Li, M., and Gao, J. R. (2010). Basement faults and volcanic rock distributions in the Ordos Basin. Sci. China Earth Sci. 40 (8), 1005–1013.
 Li, P., Ren, J., Yang, H., Hu, D., and Zhang, Y. (2011). Hydrothermal activities in the fault system and their effects on carbonate rocks in the Bachu Area. Geotect. Metallogenia 35 (3), 378–385. doi:10.1016/j.marpetgeo.2020.104506
 Li, Y., Gao, X., Meng, S., Wu, P., Niu, X., Qiao, P., et al. (2019). Diagenetic sequences of continuously deposited tight sandstones in various environments: A case study from upper paleozoic sandstones in the linxing area, eastern Ordos Basin, China. Am. Assoc. Pet. Geol. Bull. 103, 2757–2783. doi:10.1306/03061918062
 Liu, C., Xie, Q., Wang, G., He, W., Song, Y., Tang, Y., et al. (2017). Rare Earth element characteristics of the carboniferous huanglong formation dolomites in eastern sichuan basin, southwest China: Implications for origins of dolomitizing and diagenetic fluids. Mar. Pet. Geol. 81, 33–49. doi:10.1016/j.marpetgeo.2016.12.030
 Liu, C., Xie, Q., Wang, G., Song, Y., and Qi, K. (2016). Dolomite origin and its implication for porosity development of the carbonate gas reservoirs in the Upper Permian Changxing Formation of the eastern Sichuan Basin, Southwest China. J. Nat. Gas. Sci. Eng. 35, 775–797. doi:10.1016/j.jngse.2016.09.027
 Liu, Y., Fu, J. H., and Li, J. M. (2011). Dolomite genetic analysis on ordovician Majiagou Formation in eastern Ordos Basin. J. Oil Gas. Technol. 33 (11), 46–50. 
 Ma, Y., Guo, X., Guo, T., Huang, R., Cai, X., and Li, G. (2007). The puguang gas field: New giant discovery in the mature sichuan basin, southwest China. Am. Assoc. Pet. Geol. Bull. 91 (5), 627–643. doi:10.1306/11030606062
 Meyer, K. M., Yu, M., Jost, A. B., Kelley, B. M., and Payne, J. L. (2011). δ13C evidence that high primary productivity delayed recovery from end-Permian mass extinction. Earth Planet. Sci. Lett. 302, 378–384. doi:10.1016/j.epsl.2010.12.033
 Shepherd, T. J., Rankin, A. H., and Alderton, D. H. M. (1985). A practical guide to fluid inclusion studies. London: Blackie. 
 Smith, L. B. (2006). Origin and reservoir characteristics of Upper Ordovician Trenton-Black River hydrothermal dolomite reservoirs in New YorkRiver hydrothermal dolomite reservoirs in New York. Am. Assoc. Pet. Geol. Bull. 90 (11), 16911718–1718. doi:10.1306/04260605078
 Sun, S. Q. (1995). Dolomite reservoirs: Porosity evolution and reservoir characteristics. AAPG Bull. 79 (2), 186–204. doi:10.1306/8D2B14EE-171E-11D7-8645000102C1865D
 Swart, P. K., Eberli, G. P., and Katz, D. (2005). The nature of the δ13C of periplatform sediments: Implications for stratigraphy and the global carbon cycle. Sediment. Geol. 175, 115–129. doi:10.1016/j.sedgeo.2004.12.029
 Tucker, M. E., and Wright, V. P. (1990). Carbonate sedimentology. Oxford: Blackwell Scientific Publications. 
 Warren, J. (2000). Dolomite: Occurrence, evolution and economically important associations. Earth. Sci. Rev. 52 (1), 1–81. doi:10.1016/s0012-8252(00)00022-2
 Xia, M. J., Zhen, C. B., Dai, J. X., Zhou, C. N., Wang, Z. C., and Wang, L. P. (2007). Ordovician under-salt reservoirs and forming conditions of gas poolsin in eastern Ordos Basin. Nat. Gas. Geosci. 18, 204–208. (in Chinese with English abstract). doi:10.1177/0144598718778171
 Xiong, Y., Tan, X., Zuo, Z., Zou, G., Liu, M., Liu, Y., et al. (2019). Middle Ordovician multi-stage penecontemporaneous karstification in North China: Implications for reservoir Genesis and sea level fluctuations. J. Asian Earth Sci. 183, 103969–104014. doi:10.1016/j.jseaes.2019.103969
 Yang, X. Y., Mei, Q. Y., Wang, X. Z., Dong, Z. X., Li, Y., and Huo, F. (2018). Indication of rare Earth element characteristics to dolomite petrogenesis-a case study of the fifth member of Ordovician Majiagou Formation in the Ordos Basin, central China. Mar. Pet. Geol. 92, 1028–1040. doi:10.1016/j.marpetgeo.2017.12.004
 Zenger, D. H., Dunham, J. B., and Ethington, R. L. (1980). Concepts and models of dolomitization. SEPM Spec. Publ. 28, 1–320. doi:10.2110/pec.80.28
 Zhang, J. S., Zeng, S. H., Huang, J. S., and Ma, Z. F. (1991). The occurrence and Significance of halite in eastern Ordos. Acta Sedimentol. Sin. 9, 34–43. (in Chinese with English abstract). 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yang, Liu, Han, Zhou, Zhan, Gui, Niu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 25 August 2022
doi: 10.3389/feart.2022.955455


[image: image2]
Optimization of CO2 geological storage sites based on regional stability evaluation—A case study on geological storage in tianjin, china
Tianxue Lv1,2, Jianhua Wan3, Yajie Zheng1,2, Lusheng He3 and Lixin Yi1*
1College of Environmental Science and Engineering, Nankai University, Tianjin, China
2Tianjin Key Laboratory for Urban Ecological Environment Restoration and Pollution Prevention, Tianjin, China
3Huakan (Tianjin) Eco-City Academy CO., Ltd., Tianjin, China
Edited by:
Chen Zhang, Chengdu University of Technology, China
Reviewed by:
Bamidele Victor Ayodele, University of Technology Petronas, Malaysia
Wen Zhiang, China University of Geosciences, China
* Correspondence: Lixin Yi, yilixin@nankai.edu.cn
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 28 May 2022
Accepted: 28 July 2022
Published: 25 August 2022
Citation: Lv T, Wan J, Zheng Y, He L and Yi L (2022) Optimization of CO2 geological storage sites based on regional stability evaluation—A case study on geological storage in tianjin, china. Front. Earth Sci. 10:955455. doi: 10.3389/feart.2022.955455

Carbon dioxide geological storage is one of the important means to mitigate the greenhouse effect and curb global warming. The key to carbon dioxide (CO2) geological storage is to select a suitable storage site. Using the geological analysis method and analytic hierarchy process (AHP)–fuzzy comprehensive evaluation method, combining the qualitative analysis of geological conditions with the quantitative calculation of site parameters, this study determines a site target area suitable for CO2 geological storage in Tianjin. First, the regional crustal stability of Tianjin is discussed, and the characteristics of regional gravity field anomaly, regional crustal thickness, and regional aeromagnetic characteristics are comprehensively analyzed. The site is focused on Banqiao sag, a class ⅳ tectonic unit in Bohai Bay Basin. Second, aiming at the storability, safety, and economy of the site, the expert investigation method is used to construct the target area evaluation index system, including four primary indexes and ten secondary indexes. The weight of each index is determined using the analytic hierarchy process. A two-level fuzzy comprehensive evaluation mathematical model is constructed. The suitability of CO2 geological storage in three sites (site A, site B, and site C) in Banqiao sag is evaluated. The results are as follows: the comprehensive membership of site A, site B, and site C is 0.8629, 0.3926 and 0.1750, respectively. The comprehensive membership of site A is the largest. The evaluation results show that the preferred target area of Tianjin local carbon dioxide geological storage site is located in ‘site A’ near Dazhangtuo fault in Banqiao sag, Huanghua depression, Bohai Bay Basin (with an area of about 5 km2). In this study, a suitable target area is delineated for the local CO2 geological storage site in Tianjin, which can be used as an advantageous location for CO2 geological storage. The conclusion has a positive response to the problem of CO2 emission reduction in Tianjin.
Keywords: Bohai Bay Basin, CO2 geological storage, regional stability, AHP–fuzzy comprehensive evaluation, site selection
1 INTRODUCTION
CO2 and other greenhouse gas emissions are considered to be the main causes of global warming. The Chinese government attaches great importance to and actively responds to it and puts forward the grand goal of ‘strive to reach the peak of CO2 emissions by 2030 and strive to achieve carbon neutrality by 2060’ (Editorial Department of China energy, 2020). To achieve the goal of carbon neutralization, carbon capture, utilization, and storage (CCUS) technology is the final bottom technology after industry, transportation, construction, and other industries reach the maximum emission reduction target (Ahmadi et al., 2020; Buah et al., 2021; Diao Y J et al., 2021; Li et al., 2019; Qi et al., 2013; Lu et al., 2021a; Wei and Peng, 2013; Xu et al., 2021; Zhang et al., 2008; Qin et al., 2020; Vulin et al., 2020).
CO2 geological storage technology (CCS) transforms CO2 into a supercritical state and stores it in underground storage to realize permanent geological storage (Lu et al., 2021b). CO2 geological storage mechanism (Lu et al., 2021a) mainly includes structural and stratigraphic storage mechanism, irreducible water storage mechanism, dissolution storage mechanism, and mineral storage mechanism (Bachu, 2000; Surdam et al., 2013; Sawada et al., 2018). For the deep saline layer dominated by carbonate rock, the storage process is always the result of the simultaneous action of different storage mechanisms. In the initial stage of CO2 injection, the structural storage and dissolution storage mechanisms play a major role (Azin et al., 2015). With the passage of time, the mechanism of bound water storage and mineralized storage has become increasingly prominent (Li et al., 2016; Nguyen et al., 2017; Ringrose, 2018).
With the surge of carbon emissions in recent years, Tianjin municipal government attaches great importance to the vigorous development of carbon dioxide geological storage technology. The primary problem to be solved by CO2 geological storage technology is the optimization of CO2 gas storage sites. According to the literature review, most of the predecessors determined the location of carbon dioxide geological storage from a geological point of view. (Li et al., 2015; Kulizina, 2016; Lu et al., 2021b; Shen et al., 2021). Such a method for determining the storage site is only analyzed from a qualitative point of view, lacking intuitive contrast. Moreover, when the tectonic unit is small, the geological elements are almost unchanged in the tectonic unit with a unified tectonic background. The single use of the geological analysis method for site selection seriously lacks accuracy. In order to solve this problem, a new method is proposed in this study when selecting the geological storage site of carbon dioxide in Tianjin. The method combines regional stability with the scientific decision-making method--AHP–fuzzy comprehensive evaluation method. First, based on the deep geophysical characteristics, the regional gravity field characteristics, regional crustal thickness, and regional aeromagnetic characteristics of Tianjin are investigated. The regional stability of the region is analyzed, and the alternative location is focused on Banqiao sag, a class IV structural unit in the Bohai Bay Basin. Next, three alternative sites are divided in Banqiao depression, and AHP–fuzzy comprehensive evaluation model is introduced to calculate the comprehensive membership of each alternative site and rank them. The site is selected according to the calculation results. The method combines qualitative description and quantitative analysis, selects storage sites more accurately, and provides a new idea for future generations to select carbon dioxide geological storage sites.
2 REGIONAL GEOLOGICAL OVERVIEWS OF TIANJIN
2.1 Regional tectonic background
In terms of regional structure, Tianjin is located in the middle and north of Jibo fault block depression and the south of Yanshan fault block uplift (Li J J et al., 2021). Under the structural pattern of NWW and NNE, it is generally characterized by east–west zoning and north–south blocking (Wen, 2013; Li, 2019). In the east–west direction, two depressions and one uplift are formed due to the tension of NNE trending faults; that is, three class III structural units are formed from west to east: Jizhong depression, Cangxian uplift, and Huanghua depression (Wen, 2011, 2013) (Table 1). In the north–south direction, secondary bulges and depressions are formed due to the control of NWW trending faults. The structural trend is mostly NNE (Figure 1 and Figure 2). Quaternary active faults are well-developed in the region, mainly revived pre-existing faults and a few new faults. According to the distribution of active faults, faulted basins, and the relationship with strong earthquake activities, Tianjin is divided into two active fault zones (Liu and Liu, 2008; Wang et al., 2012), namely, the northeast Hebei plain fault zone (Wang, 2004) and the northwest Zhangjiakou Bohai fault zone intersecting with it.
TABLE 1 | Regional neotectonic unit division.
[image: Table 1][image: Figure 1]FIGURE 1 | Tectonic uniting division map of Tianjin.
[image: Figure 2]FIGURE 2 | Regional neotectonic unit division map.
2.2 Regional neotectonic zoning
Tianjin is backed by Yanshan mountain, with Hebei plain and Bohai Bay in the south-central part. The distribution of regional geomorphic units basically inherited the structural pattern of the Paleogene. Affected by the properties of regional basement media, structural development characteristics, and power sources, the neotectonic movement has zoned in terms of type, amplitude, and mode, which is bound to affect the characteristics of seismic activity. Therefore, neotectonic zoning is the basic basis for the division of seismic tectonic areas and zones. The neotectonic zoning is shown in Table 1.
2.3 The main active fault zones in Tianjin
The regional fault structural belt is mainly composed of NNE-NE and NWW-NW directions, and the two groups of fault belts are conjugate faults to each other, forming the basic fault pattern of the region. Tianjin is located at the intersection of Hebei plain fault zone and Zhangjiakou Bohai fault zone. The NE fault zone that has the greatest impact on Tianjin is Hebei plain fault zone, and the NW fault zone that has the greatest impact on Tianjin is Zhangjiakou Bohai fault zone.
2.3.1 Hebei plain fault zone
Hebei plain fault zone is distributed on the Hebei plain on the east side of Taihang. It is mainly composed of a series of NNE trending dextral shovel normal faults and some NE and N trending faults. The activities of each fault at different times determine the migration law of sedimentation. For example, Jizhong depression is controlled by the NNE trending Baoding Shijiazhuang fault, and Huanghua depression is mainly controlled by Cangdong fault. Most of the fault zones were formed in the early Eocene, and the faults cutting to the crust include Cangdong fault (24), Xiadian fault (15), and Dacheng fault (22). Hebei plain fault zone mainly includes Huangzhuang Gaoliying fault (7), Shunyi Liangxiang fault (8), Xiadian fault (15), Nanyuan TongZhou fault (3), Tangshan fault zone (25), Tianjin north fault (21), Cangdong fault (20), and Nankou piedmont fault (4). Hebei plain fault zone is a very important seismic zone in North China. The earthquake intensity of this seismic zone is generally large. Historical data statistics show that it has experienced 18 earthquakes (including strong aftershocks) with a magnitude of more than 6, including four earthquakes with a magnitude of 7.0–7.9 and one earthquake with a magnitude of 8. Spatially, strong earthquakes with a magnitude of more than 6.0 and most small and medium-sized earthquakes cluster at the intersection of this fault zone and the northwest Zhangjiakou Bohai fault zone.
2.3.2 Zhangjiakou Bohai fault zone
Zhangjiakou Bohai fault zone, also known as Zhangjiakou Penglai fault zone, starts from the west of Zhangjiakou in the west, passes through Huailai, Nankou, Shunyi, Sanhe, and Tianjin in the east, passes through the Bohai Sea, and extends southeast to the North Yellow Sea in the north of Penglai Yantai. It is generally NW distributed, with a total length of about 700 km. The fault zone is formed by the intermittent oblique combination of nearly 20 NW to near east–west trending faults. These faults are generally 40–80 km long, with a large dip angle, and most of them have normal fault translation properties. Tianjin area is mainly affected by Haihe fault in Zhangjiakou Bohai fault zone. The belt mainly includes Jiyunhe fault (20) and Haihe fault 23) in Tianjin.
According to historical and modern instrument records, in Zhangjiakou Bohai fault zone and its adjacent areas, there have been about 26 earthquakes with a magnitude of more than six since AD 294, including seven earthquakes with a magnitude of more than seven and one earthquake with a magnitude of more than 8. Strong earthquakes mostly occurred at the intersection of the NW trending Zhangjiakou Bohai fault zone and the NE trending Hebei plain fault zone. The Sanhe-Pinggu M8 earthquake occurred in 1679. As shown in Figure 3.
[image: Figure 3]FIGURE 3 | Distribution of active faults in Beijing and Tianjin area.
1-Langshan fault; 2-Shizhuang fault; 3-Yanhecheng fault; 4-Nankou fault; 5-Nankou–Sunhe fault; 6-Babaoshan fault; 7-Huangzhuang–Gaoliying fault; 8-Liangxiang–Shunyi fault; 9-Qingshiling fault; 10-Beishicheng fault; 11-Putaoyuan fault; 12-Chenggezhuang fault; 13-Nanyuan–Tongzhou fault; 14-Dongleizi–Laishui fault; 15-Xiadian fault; 16-Huangyaguan fault; 17-Xianghe fault; 18-Wenan fault; 19-Baodi fault; 20-Jiyunhe fault; 21-Tianjinbei fault; 22-Dacheng fault; 23-Haihe fault; 24-Cangdong fault; and 25-Tangshan fault.
3 OPTIMIZATION OF SUITABLE DEPRESSION FOR CO2 GEOLOGICAL STORAGE BASED ON REGIONAL STABILITY
Tectonic stability is the most important part of the evaluation of regional crustal stability and one of the manifestations of the strength of internal dynamic geological processes. In the evaluation of regional crustal stability, we mainly consider fault occurrence, nature, scale, composite relationship, current activity, seismic activity characteristics and relationship with faults, topographic deformation field characteristics, current displacement characteristics of faults, current in-situ stress characteristics, deep structural characteristics, and strain energy density characteristics. Among them, the characteristics of deep structure are particularly important. At present, the analysis and research of deep crustal structure and its activity are mainly based on geophysical exploration methods, using geophysical data for analysis, such as gravity anomaly, aeromagnetic anomaly, earth temperature, earth temperature gradient, and earth heat flow. The results obtained from gravity inversion or electromagnetic sounding or seismic wave velocity measurement can clearly show the crustal thickness.
The characteristics of the geophysical field are the comprehensive reflection of the structural structure, physical property difference, and thermal and stress state of the crust and upper mantle (Qi, 2021). Therefore, studying the characteristics of regional geophysical field can not only help to understand the structural characteristics and material composition distribution characteristics of the crust and upper mantle but also provide a basis for discussing the relationship between seismicity and deep structure.
3.1 Abnormal characteristics of regional gravity field
The variation of thickness and the density of crust and upper mantle are the main reason for the variation of the regional gravity field. Figure 4 is the contour map of Bouguer gravity anomaly in the target area. It can be seen from Figure 4 that the Bouguer gravity zero anomaly zone along the Dezhou Tianjin Baodi line is divided into two anomaly areas, east and west. In the west of the belt, the terrain of Yanshan mountain, Taihang Mountain, and other mountainous areas shows negative anomalies, while in the east of the belt, the terrain of regional subsidence basins, such as Bohai Bay area in the east, shows positive anomalies, reflecting the obvious reverse relationship between gravity field and ground elevation. Zhangjiakou Bohai fault zone is shown as the turning part of gravity anomaly isoline (Yang et al., 2021). It reflects that the fault zone has a certain control over the crustal structure, and it is also the fault zone with the greatest impact on Tianjin. It can be seen from the epicenter distribution of strong earthquakes with M ≥ 6 in Figure 3 that strong earthquakes are mostly distributed in the parts with significant abnormal gradient changes, such as the Sanhe-Pinggu M ≥ 8 earthquake in 1679 and the Tangshan M ≥7.8 earthquake in 1976.
[image: Figure 4]FIGURE 4 | Bouguer gravity anomaly map of Tianjin area.
3.2 Regional crustal thickness characteristics
Figure 5 shows the regional crustal thickness. It can be seen from the figure that the uplift and depression are roughly arranged and distributed in the NE-NNE direction. The buried depth of Mohs surface in the slow uplift of North China Plain is generally 28–34 km, the crustal thickness gradually deepens to 40–43 km in Yanshan and Taihang Mountains, and the buried depth of Mohs surface in Cangxian uplift is 35–36 km. In addition, Figure 5 also shows three obvious upper mantle uplifts, namely, the west of Bohai Bay (Mohs surface buried depth of 28 km), the northeast of Baodi (Mohs surface buried depth of 32 km), and the Hejian–Baoding–Langfang area (Mohs surface buried depth of 32 km). Under this uplift background, there are two obvious crustal thickness variation zones in the whole region, namely, the northeast Taihang Mountain variation one and the northwest Zhangjiakou Bohai Sea variation zone.
[image: Figure 5]FIGURE 5 | Regional crustal thickness map.
3.3 Regional geomagnetic characteristics
Figure 6 shows the geomagnetic field contour of the region with a plane contour map of regional aeromagnetic (ΔT) extended upward for 10 km. The whole region is dominated by positive magnetic anomalies. The intensity of aeromagnetic anomaly in Hebei plain is slightly lower than that in the northern mountainous area. The Beijing–Bohai line shows a low and narrow magnetic band with high intensity and drastic variation, and sporadic negative anomalies appear in some areas. In the south of the belt, the regional magnetic field is mostly northeast, with weak intensity and slow variation.
[image: Figure 6]FIGURE 6 | Aeromagnetic anomalies of regional aeromagnetic (ΔT) extending 10 km upward.
According to the analysis of Li Jiazheng et al. (Li and Liu, 1989), the distribution relationship between aeromagnetic ΔT characteristics and earthquakes in North China can be summarized as follows:
1)Large area ΔT negative anomaly area, few strong earthquakes occur.
2)Strong earthquakes are mostly distributed at the edge of the massive positive magnetic anomaly region or at the clamping position of two positive magnetic anomalies.
3)At the end of the elongated large area of positive magnetic anomaly, the bifurcation and distortion parts are the favorable parts for strong earthquakes.
3.4 Deep physical characteristics and selection of dominant sag location
Among the three level III tectonic units, Jizhong depression, Cangxian uplift, and Huanghua depression, where Tianjin is located, Huanghua depression (Yang et al., 2020; Li H Z et al., 2021) has been explored for more than 40 years. tIs exploration degree is much higher than the other two tectonic units. Mature exploration studies have confirmed that there is considerable fluid storage space in the area, and the corresponding infrastructure is sound, which can provide a scientific basis for CCUS. Therefore, the geological storage site of carbon dioxide in Tianjin is selected in Huanghua depression.
Huanghua depression (Yang et al., 2020) is structurally complex and can be roughly divided into 10 depressions and 25 fault structural zones. Huanghua depression, where the Tianjin planning area is located, can be divided into three level Ⅳ structures, namely, a positive structure (Ninghe uplift) and three negative structures (Beitang sag, Banqiao sag, and Qikou sag). Because uplift is not conducive to underground fluid accumulation and is much less likely to form an effective trap than sag, Ninghe uplift is not considered in the site selection of this geological storage of carbon dioxide. Qikou sag, with a small land area, is also not suitable. Therefore, Beitang sag and Banqiao sag are the key investigation areas for the selection of carbon dioxide geological storage sites.
Geological safety is the primary factor to realize long-term carbon dioxide sequestration and is also an important factor to be considered in site selection. Many scientific research institutions at home and abroad have carried out scientific research on the geological safety of carbon dioxide long-term sequestration. Some scholars point out (Diao Y et al., 2021) that when evaluating the safety of carbon dioxide geological sequestration, it is necessary to consider the suitability of cap layer, site seismic safety, hydrogeological conditions, and ground site geological conditions.
Ground geological condition is an important factor affecting the optimization of carbon dioxide geological storage site. Technical Requirements for Risk Assessment of Geological Disasters in Construction Land (DZ0245-2004) points out that the areas with a high incidence of geological disasters such as collapse, landslide and debris flow are not suitable for carbon dioxide geological sequestration. Beitang and Banqiao sag, where the probability of geological disasters is generally low, are suitable for the establishment of carbon dioxide gas storage. Beitang and Banqiao sag both belong to the sub-structural units in Huanghua depression. There is little difference in the conditions of cover and hydrogeology between them. Therefore, these two evaluation criteria cannot be used as the main evaluation criteria for selecting site construction.
As stated earlier, this study evaluates Beitang and Banqiao sag from the perspective of site seismic safety and selects one of them as the site for carbon dioxide geological storage in Tianjin. The characteristics of regional geophysical field are closely related to seismic activity, especially strong seismic activity. According to the projection of epicenters of strong earthquakes with magnitudes above six on each graph (Figures 4–6), the location of earthquake occurrence has obvious correlation with geophysical anomalies. Strong earthquakes occur in four major areas: ①The intersection and turning point of gravity and magnetic anomalies in different directions; ② The transition zone of positive and negative anomalies; ③The zone with steeper gravity and magnetic anomaly gradient and significant crustal thickness variation accompanied by deep and large faults; ④The transition zone between uplift and depression of upper mantle.
Compared with Banqiao sag, the gradient variation of gravity and magnetic anomalies in Beitang sag is relatively significant, which is easy to induce strong earthquakes. Additionally, Figure 7 also indicates that the density of active faults in Beitang Sag is higher, while the medium–strong earthquakes in North China almost all occur on the boundary faults of these secondary structures, forming a regular network distribution (Ding and Liu, 1979). In summary, the final location of carbon dioxide geological sequestration is Banqiao depression in Huanghua depression.
[image: Figure 7]FIGURE 7 | Three alternative area locations.
4 BASED ON AHP–FUZZY COMPREHENSIVE EVALUATION METHOD TO SELECT CO2 STORAGE SITES
In the process of site optimization of carbon dioxide geological storage in Tianjin, starting from the regional crustal stability, the abovementioned process uses the geological analysis method to screen the whole city and make a qualitative analysis. Finally, the favorable location of the gas storage is focused in Banqiao depression, a class IV structural unit in the Bohai Bay Basin. At present, there are three sites in Banqiao depression that meet the requirements of establishing carbon dioxide storage, namely, site A, site B, and site C. When making decisions on the three alternative sites, the study introduces the important branch of decision science sequence analysis–analysis hierarchy process, AHP. Combining AHP with a fuzzy comprehensive evaluation method, a set of practical decision-making methods suitable for the selection of carbon dioxide geological storage sites is innovated and explored. In addition, AHP is also a decision-making method involving experts in essence. This research study also invited ten experts and scholars in the field of CO2 geological storage, including seven professors and three managers of geological exploration departments.
4.1 AHP fuzzy comprehensive evaluation
The fuzzy comprehensive evaluation method is a fuzzy mathematical evaluation model. According to the theory of membership, this evaluation method turns qualitative evaluation into quantitative evaluation. It has the characteristics of clear results and strong systematicness. It can better solve fuzzy and difficult to quantify problems and is suitable for solving all kinds of uncertain problems.
One of the prerequisites of the fuzzy comprehensive evaluation method is to determine the weight of each evaluation index. Analytic hierarchy process (AHP) can solve this problem well. Analytic hierarchy process is a simple, flexible and practical multi-criteria decision-making method proposed by Professor T.L.Saaty, an American operations research scientist, in the 1970s. It decomposes a complex problem into constituent factors, forms a hierarchical structure according to the dominant relationship, and then uses the pairwise comparison method to determine the relative importance of the decision-making scheme. The analytic hierarchy process is essentially a decision-making method involving experts, which is especially suitable for decision-making problems in which some factors in the system lack quantitative data.
AHP fuzzy comprehensive evaluation method has good applications in information security risk assessment (Fu and Zhou, 2011), product quality evaluation assessment (Xi and Qin, 2013), and assessing coastal reclamation feasibility (Feng et al., 2014).
Based on the abovementioned facts, this study introduces AHP fuzzy comprehensive evaluation method to scientifically quantify the geological indicators and make scientific decisions to obtain the best storage location when screening the geological storage location of carbon dioxide in Tianjin.
4.2 Analysis of evaluation factors of optimum scheme for carbon dioxide geological storage site
There are many factors that need to be considered in selecting a site to build a carbon dioxide gas storage in Banqiao sag, a level Ⅳ structural unit. Based on previous experience and combined with our own research, four key indicators are selected. These indicators include:
1) Reservoir condition C1: The reservoir is the main body of carbon dioxide geological storage and the storage box of the gas storage, so the quality of the target reservoir is the most important evaluation index for the project. Reservoir conditions can be divided into four sub-indexes, including reservoir porosity (S11), reservoir permeability (S12), reservoir thickness (S13), and reservoir area (S14). Reservoir porosity, reservoir thickness, and reservoir area together determine the carbon dioxide capacity of the selected geological body. Reservoir permeability is essential for gas injection and numerical simulation of underground fluid occurrence in later engineering.
2) Caprock condition C2: Cap layer is an important prerequisite for long-term, stable, and safe geological storage of carbon dioxide. The sealing ability evaluation of caprock is not only affected by its micro-sealing ability but also restricted by the size of its macro-distribution area. Therefore, when evaluating the sealing ability of caprock, both the micro-sealing ability and its macro-development characteristics should be considered. According to the above analysis, the cover condition is decomposed into two sub-indexes: cover permeability (S21) and cover thickness (S22). Generally, the physical property of the caprock is very poor. The greater the physical property difference between the reservoir and caprock, the greater the breakthrough pressure of the fluid in the reservoir to break through the overburden, and the better the sealing property of the caprock. Moreover, cap permeability can better evaluate the sealing degree of upward escape of injected CO2 fluid. From the macroscopic point of view, the development of caprock thickness is often an important index to evaluate the sealing quality. The larger the cover thickness is, the better it is for large-scale CO2 sealing.
3) Trap condition C3: Trap is a geological storage space that can prevent fluid from moving further and accumulating in it. It has a subindex: trap type (S3). Traps are usually composed of three parts, namely, reservoir, cap rock, and barrier, to prevent hydrocarbon accumulation caused by continued migration of oil and gas. The barrier can be the bending deformation of the cap rock itself, such as anticline, or other barriers, such as faults and lithology changes. Therefore, the trap conditions are related to the reservoir and cap rock. Traps can be divided into different types according to the occlusions, such as structural traps, lithologic traps, and hydrodynamic traps, among which lithologic traps are most suitable for carbon dioxide storage.
4) Economic costs C4: The economic costs of CCS mainly consist of three parts: CO2 capture cost and transportation cost and storage cost (Huo, 2014). This article discusses only the economic costs associated with site selection. From the earlier discussion, it can be seen that economic cost is related to buried depth and exploration degree. Density of exploration Wells S41: Obtaining geological data is critical in the process of selecting carbon dioxide geological storage sites. In order to understand the underground geological conditions, geological exploration usually requires a combination of drilling, logging, and 3D seismic and other engineering data with geological personnel’s field survey, which costs a lot to acquire. To carry out CCS work in areas with a high exploration basis, it can not only fully obtain geological data but also make use of existing surface infrastructure, and find suitable sites for gas storage so as to optimize the economic cost to the lowest. The degree of exploration can be characterized by the density of exploration wells. Buried depth S42: Buried depth of CO2 geology must be greater than 800 m. The burial depth of 800 m is the minimum depth for CO2 to reach a supercritical state. The stratum burial depth will affect the economic cost of carbon dioxide gas injection, and the two are interrelated. The distance from carbon dioxide source S43 will directly lead to high transport costs and affect the development degree of carbon dioxide geological storage project. Therefore, it is necessary to choose a suitable location close to the carbon dioxide emission point source as the gas storage site.
In Banqiao depression, there are three alternative areas for this carbon dioxide geological storage site, covering an area of 5 km2, located near Dazhangtuo fault (site A), Banqiao fault (site B), and Changlu fault (site C), respectively. The specific location is shown in Figure 7. Specific index values are shown in Table 2.
TABLE 2 | Alternative location indicators.
[image: Table 2]4.3 AHP–fuzzy comprehensive evaluation method is used to evaluate the site optimization scheme
4.3.1 Construct AHP hierarchy diagram
According to the optimization of carbon dioxide geological storage site in Tianjin as the goal O of this decision, the objective can be decomposed into four criteria, namely storage condition C1, caking condition C2, trap condition C3, and economic cost C4, by analyzing the influencing factors of the optimization of carbon dioxide geological storage site. The reservoir conditions can be divided into four sub-criteria, namely, reservoir porosity S11, reservoir permeability S12, reservoir thickness S13, and reservoir area S14. The caprock conditions have two indexes: permeability S21 and thickness S22. Trap conditions can be represented by trap type S3. Economic cost can be divided into three sub-indexes, namely, exploration well density S41, buried depth S42, and distance from CO2 source S43. According to the relationship analysis among various factors, the following AHP model is constructed, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | AHP evaluation system structure diagram.
4.3.2 Construct judgment matrix and consistency test
Based on the abovementioned hierarchical structure model of AHP, ten experts were invited to hold an expert meeting. The experts give judgment on the relative importance of each element in each level and make a pair-wise comparison to construct judgment matrix A.
In AHP, the integer and reciprocal of 1–9 are used for scale (Table 3) to determine its weight value.
[image: image]
where, [image: image] is the ratio of the relative importance of elements Bi and Bj to criterion C. The judgment matrix A is reciprocal matrix.
TABLE 3 | 1–9 meaning of scale.
[image: Table 3]It should be pointed out that a chaotic judgment matrix may lead to decision-making errors (Lan 2018), so consistency test is also needed in this step.
The inspection steps are as follows:
1) Consistency index C.I. was calculated as follows:
[image: image]
where [image: image] is the maximal eigenroot of the judgment matrix A.
2) The corresponding average random consistency index R.I. table was obtained (as shown in Table 4).
TABLE 4 | Average random consistency index.
[image: Table 4]3) The consistency ratio (C.R) was calculated.
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When C.R. is less than 0.1, the consistency of the judgment matrix is considered acceptable; otherwise, the modified judgment matrix is returned. All of the following operations, including conformance checking C.R. values, are performed using the Super Decisions software.
4.3.3 Calculating weight
With the judgment matrix constructed in the above process, the weight of each element corresponding to their respective criteria should be calculated. There are three methods to calculate the weight corresponding to the index in this step, namely, arithmetic average method, geometric average method, and eigenvalue method. This study uses the characteristic root method to calculate the weight value of each geological index of carbon dioxide geological sequestration. Different calculation methods will lead to a slight error in the final weight results. In order to ensure the robustness of the final results, all the weight results obtained by the three methods are calculated and provided at the end of the article. It can be seen that the three weight results are the same.
The following is a brief introduction to the use of the eigenvalue method weight:
W=(w1, … ,wn)T is the weight (ranking) vector obtained by the h-order judgment matrix. When A is the consistency matrix, it is calculated as follows:
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The rank of the matrix is 1, satisfying
[image: image]
Here, n is the maximum eigenvalue of A, and W is the eigenvector of the maximum eigenvalue of A. Similarly, judgment matrix A is generally inconsistent. When the consistency of A is acceptable, that is, CR is less than 0.1, because it is A positive matrix, the eigenvector corresponding to the maximum eigenvalue λmax, that is, the eigenvector W satisfying Eq. 6, can be used as an approximate sorting vector. Then, the weight value can be obtained by normalization of the eigenvectors obtained.
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MATLAB was used to conduct consistency test on five groups of judgment matrices, and the results of maximum eigenvalue λmax and consistency ratio were obtained, as shown in Table 5.
TABLE 5 | Maximum eigenvalue and consistency ratio of judgment matrix.
[image: Table 5]As all the consistency ratios were less than 0.1, the above judgment matrix passed the consistency test, and the eigenvalue method was used to calculate the weight of each indicator, as shown in Table 6.
TABLE 6 | Weight value of each indicator.
[image: Table 6]4.4 Fuzzy comprehensive evaluation model
Establish a two-level fuzzy comprehensive evaluation model according to the actual problems in this paper: The establishment of the model mainly includes the following steps:
Step 1. Dividing the factor setIf [image: image] are several [image: image], [image: image] and [image: image] ([image: image])U is the first-level factor set.Ui is the second level factor set.
Step 2. Determining the schema set
[image: image], the second level factor set [image: image] is evaluated, and the comprehensive evaluation matrix [image: image] is obtained:
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If the weight of [image: image] is [image: image], the comprehensive evaluation can be estimated as
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Step 3. Comprehensively evaluating the first-level factor set [image: image]. If the weight is [image: image], then
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Comprehensive evaluation is
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Step 4. The corresponding scheme is determined according to the principle of maximum membership degree.It is necessary to determine the membership function when solving by fuzzy mathematics. Generally, there are three methods to determine membership function, namely, fuzzy statistical method, objective scale, and assignment method. It should be pointed out that the determination method of membership function is not unique, and the results of solving different membership function are slightly different. The choice of membership function is reasonable. Fuzzy statistics and assignment methods are used for membership function according to practical problems in this study.
4.5 Application of fuzzy comprehensive evaluation model
According to the specific requirements of the fuzzy comprehensive evaluation model, the following steps are taken:
1) Set of evaluation indicators: four first-level indicators and ten second-level indicators are established. The first-level indicators are reservoir condition, cap condition, trap condition, and economic cost. The secondary indicators are reservoir porosity, reservoir permeability, reservoir area, reservoir thickness, cap permeability, cap thickness, trap type, burial depth, exploration well density, and proximity to carbon dioxide sources.
2) Determining the scheme set.
First, the membership function is determined.
Table 1 indicates that among the 10 second-level indicators, S3 and S43 are qualitative descriptive indicators. When determining their membership degree to the scheme, this study adopts the fuzzy statistics method and asks ten experts and scholars in the industry to score them. The scoring scale is 1–5, and the scores of each indicator are accumulated, and the ratio with the sum is calculated. Next, the membership degree of the index is normalized, and its normalized membership degree is shown in Table 7.
TABLE 7 | Membership table of each standard.
[image: Table 7]3) Establishing fuzzy evaluation matrix.
Except for S3 and S43, the other indicators are quantitative values. These eight indicators can be further divided into extremely large indicators and extremely small indicators; S11, S12, S13, S14, S21, S22, and S41 are extremely large indicators, and S42 is an extremely small indicator. According to the actual situation of each indicator, these eight second-level indicators are treated positively; that is, the greater the membership degree, the indicator is about favorable. Among them, extremely large indicators can be calculated by Formula 9, and extremely small indicators can be calculated by Formula 10:
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The final membership degree of each indicator is shown in Table 7.
Reservoir condition evaluation matrix:
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Evaluation matrix of cover condition:
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Evaluation matrix of trap conditions:
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Economic cost evaluation matrix:
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(4) First-level fuzzy comprehensive evaluation.
Single factor evaluation of reservoir conditions:
[image: image]
Single factor evaluation of cover condition:
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Single factor evaluation of trap conditions:
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Single factor evaluation of economic cost:
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The evaluation matrix is
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(5) Secondary fuzzy comprehensive evaluation.
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The comprehensive membership degree of site A, site B, and site C was 0.8629, 0.3926, and 0.1750, respectively, and the maximum membership degree was site A. The results show that the AHP–fuzzy comprehensive evaluation method is used to obtain that site A (Figure 7), located near Dazhangtuo fault in Banqiao sag, Huanghua depression, is the best choice for carbon dioxide geological sequestration in Tianjin.
According to the literature, the oil department has established the Dazhangtuo underground gas storage in Dazhangtuo area, which is the first large-scale natural gas underground storage with an urban seasonal peak shaving function in China (Cui et al., 2003; Wen, 2000; Yang et al., 2003). It also proves that the geological conditions in this area are suitable for gas geological storage. Furthermore, this situation confirms the correctness of the conclusion.
5 CONCLUSION
An attempt has been made in this study to select the most suitable carbon dioxide geological storage sites within the jurisdiction of Tianjin. Using geological analysis and AHP–fuzzy comprehensive evaluation method to combine qualitative analysis and quantitative calculation so as to select out the best objects from a variety of alternative sites more scientifically and effectively. The conclusions are as follows:
1) Tianjin is located on the northern margin of the North China Penta platform, a class I tectonic unit, which can be divided into two class II tectonic units, Yanshantai fold in the north and North China fault depression in the south. Under the NWW and NNE trending tectonic pattern, the whole structure is characterized by east–west zonation and north–south block. In the east–west direction, two depressions and one uplift were formed due to the extension of the NNE faults; that is, three class III tectonic units were formed from west to east: Jizhong depression, Cangxian uplift, and Huanghua depression. At the same time, Tianjin is mainly divided into two major active fault zones, namely, the northeast Hebei plain fault zone and the intersection of the northwest Zhangjiakou–Bohai fault zone. Considering many factors such as structure, active fault zone and exploration degree, the candidate area is selected in Banqiao sag and Beitang sag of Huanghua depression.
2) Starting from the geological safety of carbon dioxide geological sequestration, this research work studies the suitability of cap layer, site seismic safety, hydrogeological conditions, and ground geological conditions in the two depressions, and finally takes site seismic safety as the main evaluation standard. Based on the deep geophysical characteristics, the characteristics of regional gravity field, regional crustal thickness, and regional aeromagnetic characteristics of Tianjin are analyzed, and their advantages are compared. The following conclusions are drawn: compared with Banqiao sag, the gradient variation of gravity and magnetic anomalies in Beitang sag is significant, which is more likely to induce strong earthquakes. In summary, the final location of carbon dioxide geological sequestration in this study is Banqiao depression in Huanghua depression.
3) AHP–fuzzy comprehensive evaluation method is used to establish a two-level comprehensive evaluation model for the selection of carbon dioxide geological sequestration sites. The target of the preferred site is divided into four selecting criteria, which are reservoir condition, cap condition, trap condition, and economic cost. Reservoir conditions can be decomposed into four sub-criteria: reservoir porosity, reservoir permeability, reservoir thickness, and reservoir area; Caprock conditions have two sub-criteria: caprock permeability and caprock thickness; Traps can be divided into a sub-criterion of trap type; The degree of exploration can be represented by the density and depth of exploration wells. The analytic hierarchy process (AHP) was used to calculate the weights of the ten criteria, and a two-level fuzzy comprehensive evaluation method was established to calculate the three alternative areas in Banqiao depression. According to the calculation results, the comprehensive membership degree of region A near the Dazhangtuo fault is 0.8629, respectively, which is the maximum value, so region A is the best choice for the geological storage of carbon dioxide in Tianjin.
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As the main target of deepwater oil and gas exploration, submarine fans are also the frontier and focus of sedimentology research. Based on the latest three-dimensional (3D) seismic data covering the study area, as well as heavy mineral, rare earth elements, and other data and guided by the theory of seismic sedimentology, this study analyzes the lower Miocene provenance system and sediment dispersion system in the eastern deepwater area of the Qiongdongnan Basin, northern South China Sea, from the perspective of source-to-sink system research. Our research defines the sediment supply function of provenance, paleogeomorphology and valley transport system, sedimentation results and distribution, and the coupling relationship between the source–channel–sink system and comprehensively constructs a set of application guidelines of source-to-sink system research to guide the exploration and prediction of favorable play in the study area and other similar basins. This study shows that in the early Miocene, as controlled by tectonics and paleogeomorphology, uplift areas developed on both the northern and southern sides of the Songnan, Baodao, and Changchang Sags in the Qiongdongnan Basin and small provenances of near-sag uplifts were found in the southern part of the sag. The provenance area in the northern part of the sag was large but not unified, and it formed different provenance systems consisting of the Hainan Uplift in the northern Songnan Sag, Hainan Uplift in the northern Baodao Sag, and Shenhu Uplift in the northern Changchang Sag. A series of canyon systems that developed in the early Miocene were the main channels for sediment transport from the shelf to the slope in the northern Songnan, Baodao, and Changchang Sags. In the early stage of the early Miocene, due to regional sea level decline, the scale of the canyons was generally large, and the scale of the canyons on the northern edge of the Songnan Sag was significantly larger than that of the Baodao Sag. As the relative sea level rose, the canyons became small, narrow, and shallow in the late stage of the early Miocene. Under the dual control of the “source–channel” system, multiple “delta–canyon–submarine fan” depositional systems developed in the Songnan, Baodao, and Changchang Sags in the early Miocene, and large deltas in the depositional systems were mainly located along the northern part of the sag and prograded to the shelf edge of the northern Songnan, Baodao, and Changchang Sags from north to south, providing a good material basis for the development of deepwater sediments.
Keywords: lower Miocene, submarine fan, source-to-sink system, Qiongdongnan Basin, South China Sea
1 INTRODUCTION
In recent years, gravity flow deposits have been an important topic in sedimentary basin research and oil and gas exploration. More than 60 countries have conducted oil and gas exploration to search for deepwater gravity flow deposits, and the exploration results are remarkable, especially in the Gulf of Mexico Basin, the Bay of Bengal Basin, the North Sea Basin, and the Congo Basin, where large oil and gas fields have been discovered successively (Stow and Mayall, 2000). Although research and exploration of gravity flow deposits in China started relatively late, remarkable oil and gas discoveries have been made in the Pearl River submarine fans in the Baiyun Sag of the Pearl River Mouth Basin (Pang et al., 2006, 2007; Xie W. Y. et al., 2008), the Dongfang submarine fans in the Yinggehai Basin (Xu H. Z. et al., 2014; Xie and Huang, 2014), and the Central Canyon in the Qiongdongnan Basin (QB) (Wang, 2012; Xu X. D. et al., 2014); these discoveries also confirm that deepwater depositional systems are an important research field and main direction for breakthroughs in deepwater oil and gas exploration in the northern South China Sea. Clarifying the source-to-sink system and sedimentary characteristics of the submarine fans in the deepwater area of the northern South China Sea is the key to exploration breakthroughs, and it is also an intensely debated research topic of the deepwater depositional system in the northern South China Sea (Xie et al., 2016).
Domestic and foreign scholars have carried out research on the types of source-to-sink systems according to the differences in provenance, sediment transport channels, and depositional system types (Martinsen et al., 2005, 2010). Lin et al., 2015 studied the geomorphic evolution and source-to-sink system of the Earth’s surface, discussed the geomorphic unit composition of the source-to-sink from land to ocean, and summarized the basic model of the source-to-sink system from erosion to sedimentation and from land to the ocean. Pang et al., 2007 established a source-to-sink coupling system in a 13.8 Ma shelf edge delta and submarine fans on a slope in the Pearl River Mouth Basin according to the sedimentary system response relationship between the shallow shelf and deepwater slope of the passive continental margin basin in the northern South China Sea. Zhu et al., 2014 applied sequence stratigraphy and the theory of seismic sedimentology and paleogeomorphic restoration and combined it with 3D high-resolution seismic data to carefully characterize the source channels and depositional systems of the Dongying Formation on the west slope of the Bozhong Sag; they established three different spatial source–channel–sink coupling modes based on the differences in sediment channels to guide the prediction of favorable reservoirs in the region. Xu et al., 2017 believed that source system analysis, reservoir quantitative prediction, multidisciplinary and multimethod integration, and the formation of industrial application standards are the future trends in the development of source-to-sink sedimentary system research.
The Central Depression Belt is the largest secondary structural unit in the Qiongdongnan Basin, and it is estimated that prospective oil and gas resources account for more than 60% of the total resources in the basin (Xie et al., 2016). At present, major natural gas discoveries have been made in the Central Canyon, which developed during the late Miocene and Neogene in the Ledong and Lingshui Sag segments and has proven reserves of more than 100 billion cubic meters. The first deepwater gas field in Chinese waters has been found in the Ledong and Lingshui Sags, with a reserve scale up to 100 billion cubic meters (Wang, 2012, 2016; Xu H. Z. et al., 2014); this discovery is a significant oil and gas breakthrough in the western segment of the deep waters of the QB. However, the Songnan, Baodao, and Changchang Sags in the deepwater area of the Qiongdongnan Basin, as a large hydrocarbon-rich depression (Zhang et al., 2014), have not yet obtained a breakthrough in commercial oil and gas exploration. The main reason is that the sedimentary environment and sedimentary system of the eastern Central Depression are not thoroughly and objectively understood (Xie et al., 2016). Affected by the regional tectonic pattern of uplifts alternating with sags, the QB generally contains multiple sedimentary offloading areas and lacks injection by large rivers with large drainage areas. The basin generally has a scattered and small-scale provenance. The sedimentary systems are mainly proximal (fan) deltas. The scales of the deltas are relatively small, their volumes are relatively limited, and the reservoir types and spatial distributions are complex. Therefore, an analysis of the source-to-sink system is essential for understanding the filling and evolution process of basins, analyzing the temporal and spatial distribution of sand bodies, discussing the main factors controlling sand body development, predicting the favorable development zone of sand bodies, and optimizing the exploration zone and exploration targets. Based on the latest 3D seismic data, this study analyzes the source-to-sink system of submarine fans developed in the lower Miocene strata in the eastern deepwater area of the QB to attain an essential foundation for oil and gas exploration.
2 GEOLOGICAL BACKGROUNDS
The Qiongdongnan Basin, located in the western segment of the northern continental margin of the South China Sea, is a Cenozoic passive continental margin rift basin formed under the action of regional extensional stress during the expansion of the new South China Sea, which includes the Northern Depression Belt, the Central Uplift Belt, the Central Depression Belt, and the Southern Uplift Belt (Zhang et al., 2007, 2015; Lei et al., 2011). The deepwater area (water depth >300 m) is nearly 4.5 × 104 km2, is bounded by the Songnan Low Uplift, and is divided into the Ledong and Lingshui Sags in the west and the Songnan, Baodao, and Changchang Sags in the east (Figure 1).
[image: Figure 1]FIGURE 1 | Tectonic units of the Qiongdongnan Basin, which is divided into the Ledong and Lingshui Sags in the west and the Songnan, Baodao, and Changchang Sags in the east, with the Songnan Low Uplift as the boundary. (A) shows the location of the Qiongdongnan Basin in the northern South China Sea, (B) shows the tectonic units of the Qiongdongnan Basin, and the red rectangle shows the study area.
The tectonic evolution of the Qiongdongnan Basin has been affected by the Pacific–Philippine Sea plate, India-Eurasia plate, South China Sea expansion, and Red River Fault and regional tectonic events that have occurred around Taiwan (Xie Y. H. et al., 2008; Yu et al., 2009; Su et al., 2012; Huang et al., 2014; Xie, 2014; Wang D. W. et al., 2015; Hui et al., 2016). The Tibetan Plateau uplift event led to development of large-scale sedimentation and subsidence in the Ledong and Lingshui Sags during the neotectonic period because it is close to the Red River Fault Zone. The South China Sea expansion event led to a change in the fault stress direction of the Songnan, Baodao, and Changchang Sags because it is close to the northwestern subbasin. The tectonic evolution of the QB experienced four stages: rifting, rift-depression, thermal sedimentation, and accelerated sedimentation (Li et al., 2006; Hu et al., 2013; Franke et al., 2014; Cao et al., 2015; Morley, 2016). During the sedimentary period of the Yacheng Formation in the early Oligocene, littoral facies developed in the northern and southern margins of the basin, neritic facies developed in the center of the basin, and small fan deltas developed in the northern part of the basin. During the sedimentary period of the Lingshui Formation in the late Oligocene, the relative sea level continued to rise, and the sedimentary range of neritic facies in the center of the basin increased significantly. During the sedimentary period of the Sanya Formation in the early Miocene, the basin entered the depression period, and the bathyal facies began to develop in the center of the basin. The supply of terrigenous debris to the northern slope zone was sufficient, delta deposits developed, and many submarine fans developed in the semi-deep sea at the front of the delta. During the sedimentary period of the Meishan Formation in the middle Miocene, the basin was dominated by littoral and neritic facies, and reefs developed locally on the southern margin of the basin. During the sedimentary periods of the Huangliu Formation in the late Miocene and the Yinggehai Formation in the Pliocene, due to the continuous transgression, the sedimentary range of the basin’s bathyal facies was further expanded, large-scale submarine fans developed on the western edge of the basin, and a large-scale Central Canyon developed in the center of the basin (Figure 2; Gong et al., 2014; Wang et al., 2013, Wang Z. F. et al., 2015; Yuan et al., 2009; Zhao Z. X. et al., 2015; Xie et al., 2007; Shao et al., 2010; Sun et al., 2019).
[image: Figure 2]FIGURE 2 | (A,B) show stratum filling (the location of the seismic profile is shown in Figure 1) and (C) shows a comprehensive chart of the eastern deepwater area in the Qiongdongnan Basin. The sedimentary system of submarine fans studied in this article belongs to the lower Miocene Sanya Formation.
3 DATA AND METHODOLOGY
The data used in this study include 2D and 3D seismic data, logging data, and rare earth element (REE) data. The density of the 2D seismic survey line in the study area is 4 × 4 km, and the total area of three-dimensional seismic data is approximately 10,000 km2. More than 20 wells have been drilled in the lower Miocene strata in the eastern deepwater area of the QB. Acoustic and density logging data are used to produce synthetic seismograms for well–seismic correlation. This study provides the heavy mineral components of five wells (W2, W6, W7, W9, and W10) and makes a comparative analysis with the research results of Cao et al., 2015. The REE data used for provenance analysis and comparison are mainly derived from the analytical results of predecessors in different regions. Among them, the REE data of the Red River are derived from Wang et al., 2011 and Zhao et al., 2015a, the REE data of Hainan Island are quoted from Shao et al., 2010, and the REE data of eastern Vietnam are from Zhao M. et al., 2015.
Based on an investigation and summary of previous research results, guided by the theoretical results of seismic sedimentology, the provenance system and sediment dispersion system of the lower Miocene Sanya Formation in the eastern deepwater area of the QB are analyzed from the perspective of the source-to-sink system by applying the geological, drilling and logging, core and 3D seismic data in the study area to clarify the formation and sediment supply of provenance, the gully transport system, sedimentary response, and distribution characteristics and establish a depositional model to guide the exploration of favorable play.
4 RESULTS
4.1 Seismic facies and cross-well facies
Five typical sedimentary facies, namely, submarine fan, delta, littoral, neritic and bathyal are identified through the analysis of seismic facies and single-well facies of the lower Miocene Sanya Formation in the Songnan, Baodao, and Changchang Sags in the eastern deepwater area of the QB.
The submarine fan is a composite sedimentary body developed on continental slopes and deep-sea basins and formed by sediment gravity flow. The submarine fan facies is an important sedimentary facies type of the Sanya Formation. The drilling of well W16 encountered the submarine fan facies of the Sanya Formation in the lower Miocene strata. The lithology of the Sanya Formation is light gray fine sandstone, siltstone and gray argillaceous siltstone, and interbedded mudstone with unequal thickness. The 3,650-m core of the first member of the Sanya Formation is siltstone, and the 3,954.8-m core of the second member of the Sanya Formation is fine sandstone (Figure 3). On the seismic profile, the submarine fan presents medium–strong amplitudes, continuous medium–low frequencies, and subparallel or wavy reflections, which have flat bottoms, are vertical to the direction of water flow, and mound reflections (Figure 3).
[image: Figure 3]FIGURE 3 | Response characteristics of submarine fan facies in drilling profile (A) and seismic profile (B). The submarine fan facies in the seismic profile shows continuous medium–low frequency and subparallel medium–strong amplitudes.
The delta facies presents S-shaped progradation or oblique progradation reflections on the seismic profile, with medium amplitude and good continuity. The delta facies of the lower Miocene Sanya Formation in the northern shelf of the Songnan and Baodao Sags is generally an oblique progradation reflection, which represents a progradation structure under shallow water conditions with a strong hydrodynamic force on a gentle slope. The delta facies in the shelf margin generally presents an S-shaped progradation reflection, which indicates a rapid increase in water depth and rapid unloading of sediments. Wells W11 and W12 encountered the delta deposits of the Sanya Formation. The logging curves are mainly funnel-shaped and bell-shaped, reflecting the estuary bar and underwater distributary channel deposits of the continental shelf delta front subfacies. Based on the lithological comparison of the drilled wells, deltas developed in the early and late stages of the Sanya Formation deposition on the narrow shelf of the northern Songnan Sag, and the fine sandstone content is high. Especially in the lowstand system tract of the first member of the Sanya Formation, large-scale fine sandstone delta facies is developed on the shelf edge, which is conducive to the development of sandstone reservoirs in deep water (Figure 4).
[image: Figure 4]FIGURE 4 | Cross-well facies profile (A) and corresponding seismic profile (B) of the lower Miocene Sanya Formation in the northern Songnan Sag, showing the characteristics of logging and seismic data of delta, littoral, and bathyal facies on the continental shelf margin.
The littoral facies shows medium and weak amplitudes, medium frequencies, poor continuity, and subparallel or wavy reflections on the seismic profile, indicating a certain amount of water turbulence. The seismic reflections of neritic facies are characterized by medium–high frequencies, medium–strong amplitudes, and parallel continuous reflections, which indicate a relatively stable sedimentary environment. Well W13 is mainly composed of a large set of gray mudstones mixed with argillaceous siltstone, which likely represents neritic facies deposition, based on combined lithological and paleontological data. The bathyal facies presents medium-to-low frequencies, medium-to-weak amplitudes, and continuous parallel seismic reflections, indicating a stable deepwater mud-rich sedimentary environment. Well W14 is mainly composed of a large set of gray mudstones, which is likely a bathyal facies deposit, according to combined lithological and paleontological data.
4.2 Shelf break belt
In the Miocene in the Qiongdongnan Basin, shelf breaks began to develop in the northern continental margin of the Central Depression against the gentle slope sedimentary background due to differences in subsidence and sedimentation. On the seismic profile, the sedimentary strata in the continental shelf area are gentle and have a low gradient, while the gradient of the sedimentary strata in the continental slope is relatively large. Therefore, the abrupt change point of the strata gradient is determined as the slope break point. We identified a series of shelf break points and connected them, forming a line called the shelf break belt of the Songnan, Baodao, and Changchang Sags. During the early Miocene sedimentary period, the shelf break belt was located along the northern edge of the Songnan and Baodao Sags in a southwest‒northeast trend. The shelf break obviously migrated into the sag from the early stage to the late stage of the early Miocene (Figure 5). Shelf marginal deltas generally develop above the shelf break belt, and submarine fan systems may have developed below the shelf break belt.
[image: Figure 5]FIGURE 5 | Shelf break belt on the continental shelf margin in the early Miocene in the eastern deepwater area of the QB. The abrupt change point of the strata gradient is defined as the shelf break point (A), and the shelf breakpoints are connected into a line, which is the shelf break belt (B).
4.3 Distribution characteristics of submarine fans in the early stage of the early Miocene
In the early stage of the early Miocene, bathyal facies developed in the Songnan, Baodao, and Changchang Sags of the QB; littoral and neritic facies were widely developed in the Songtao Uplift, Songdong Sag, and Songxi Sag; and extensive littoral facies developed in the Shenhu Uplift. Four delta depositional systems developed in the northern shelf area of the Songnan, Baodao, and Changchang Sags. The delta was large, greater than 800 km2. Canyon–submarine fan depositional systems were widely developed in the deepwater area at the fronts of the deltas. Among them, the northern delta of the Songnan Sag was connected with the Hainan Uplift, and the delta facies present typical oblique progradation reflection characteristics (Figure 6). The area (km2)/thickness (ms) ratios of submarine fans developed on the northern steep slope of the Songnan and Baodao Sags are generally less than 2, and the thicknesses and areas of submarine fans are large and small, respectively. However, the submarine fans in the southern margin of the Changchang Sag and Baodao Sag located on the gentle slope had large areas and small thicknesses, and the area (km2)/thickness (ms) ratios are generally greater than 4.
[image: Figure 6]FIGURE 6 | Sedimentary facies of the early stage of the lower Miocene strata (the second member of the Sanya Formation) in the eastern deepwater area of the Qiongdongnan Basin.
4.4 Distribution characteristics of submarine fans in the late stage of the early Miocene
In the late stage of the early Miocene, the Songnan, Baodao, and Changchang Sags in the QB basically inherited the early sedimentary pattern, but the sedimentary range of the bathyal facies was further expanded, and the littoral facies was reduced. Due to the rapid decline in sea level in the late stage of the early Miocene and the increase in provenance supply on Hainan Island, longitudinally superimposed canyon–submarine fan complex deposits developed in the Songnan Sag under the continuous supply of two large deltas in the north; the complex deposits are generally lenticular and have continuous medium–strong amplitude reflections; two deltas with a combined area of more than 3,000 km2 formed in the northern Baodao Sag. The front edge of the western delta partially crossed the shelf break, forming two submarine fans with a combined area of nearly 800 km2 in the sag. The eastern delta was located in the shelf area, and the front-end submarine fan did not develop. Two large-scale submarine fans developed in the middle of the Changchang Sag, with a total area of approximately 1,100 km2, showing parallel continuous reflections of medium frequency and medium–strong amplitude on the seismic profile, and the fans pinched out to bathyal facies mudstone (parallel continuous reflections of medium–low frequency and medium and weak amplitude). It is speculated that it was a submarine fan system that formed under the influence of ocean currents and was located along the axis of the Changchang Sag (Figure 7). Similar to the early stage of the lower Miocene sedimentary strata, the area (km2)/thickness (ms) ratio of the submarine fan located in the steep slope area was small, while the area (km2)/thickness (ms) ratio of the submarine fan in the gentle slope area was large.
[image: Figure 7]FIGURE 7 | Late-stage sedimentary facies of the lower Miocene strata (the first member of the Sanya Formation) in the eastern deepwater area of the Qiongdongnan Basin.
5 DISCUSSION
5.1 Provenance analysis
5.1.1 Paleogeomorphology
Paleo-submarine landforms have an important influence on the plane distribution of the delta–submarine fan depositional system; this influence is mainly indicated by the influence of continental shelf landforms on the plane distribution of the delta sedimentary system and its seaward prograding distance, the type of slope break zone and the slope gradient on the scale and sedimentary structure of submarine canyons and submarine fans, and the influence of basin submarine landforms on the distribution of submarine fan depositional systems.
In the early stage of the early Miocene, uplift areas developed on both the northern and southern sides of the Songnan, Baodao, and Changchang Sags, confirming the existence of two large provenance zones in the north and south (Figure 8A). The northern provenance zone was mainly located in the Hainan Uplift in the northern Songxi Sag and a local uplift within the Shenhu Uplift in the northern Baodao and Changchang Sags; the zone had a large provenance area and planar distribution. The southern provenance area was mainly a local uplift within the southern uplift, and single-provenance areas were small and scattered. At the same time, a wide and gentle continental shelf developed in the northern Songnan, Baodao, and Changchang Sags, and the seawater depth was shallow, which was conducive to the long-distance transport of sediments and provided favorable conditions for the development of a large delta–submarine fan depositional system in the Songnan, Baodao, and Changchang Sags. In the early stage of the early Miocene, the Baodao and Changchang Sags were the sedimentary centers of the eastern section of the QB. The Baodao and Changchang Sags developed an east‒west-trending and southeast-trending depression zone, and the slope break zone was located in a nearly east‒west-trending zone. Together with the uplift in the northwestern Baodao Sag and the northern Changchang Sag, the development position and distribution direction of sedimentary systems, such as deltas and submarine fans, in the sag were determined.
[image: Figure 8]FIGURE 8 | Paleogeomorphic map of the lower Miocene sedimentary period in the eastern deepwater area of the Qiongdongnan Basin. (A) shows the paleogeomorphic map of the early stage of the lower Miocene strata (the second member of the Sanya Formation), and (B) shows the paleogeomorphic map of the late stage of the lower Miocene strata (the first member of the Sanya Formation).
In the late stage of the early Miocene, the exposed area of the northern uplift area increased compared with that in the early stage, which reduced the area of the northern shelf of the Songnan, Baodao, and Changchang Sags; however, it still maintained gentle geomorphic characteristics, which was more conducive to the transport of sediments to the continental slope basin bottom (Figure 8B). The paleogeomorphic map shows that the early sedimentary center of the eastern section of the QB moved westward from the Baodao and Changchang Sags to the Songnan and Baodao Sags. The sedimentation rate of the Changchang Sag decreased significantly, and the distribution of the slope break zone also shifted to a nearly southwest‒northeast trend. This transformation may be related to the increase in the outcrop area in the Hainan Uplift, which determines the number and distribution of submarine fans in the Songnan and Baodao Sags.
5.1.2 Heavy mineral characteristics
Previous studies have shown that Hainan Island, the Red River, Central Vietnam, and the Southern Uplift are four potential provenance areas in the QB. The analytical results of heavy mineral data from the lower Miocene strata in wells W2, W6, W7, W9, and W10 in the Songnan, Baodao, and Changchang Sags (well locations are shown in Figure 1) indicate that the heavy mineral assemblage from the northern part of the Songnan Sag in the lower Miocene strata consists of magnetite + hematite–limonite + leucosphenite and is characterized by the high proportion of leucosphenite; the drilling result reveals that the heavy mineral assemblage from the northern part of the Baodao Sag in the lower Miocene strata consists of leucosphenite + magnetite + hematite–limonite and is characterized by a high proportion of hematite–limonite; drilling in the Changchang Sag reveals that the heavy mineral assemblage of the sag in the lower Miocene strata consists of zircon + magnetite + hematite–limonite; well W10 in the southern margin of the Baodao Sag reveals that the heavy mineral assemblage of the sag in the lower Miocene strata has a typical characteristic high proportion of leucosphenite (Figure 9). This heavy mineral assemblage is basically consistent with the heavy mineral assemblage (ilmenite + zircon) of the parent rock from Hainan Island. However, the heavy mineral assemblage of the sag is different from the heavy mineral assemblages from the estuary of the Red River (magnetite + ilmenite + garnet + hematite–limonite + epidote + hornblende) and central Vietnam (zircon + tourmaline + rutile + leucosphenite + ilmenite + apatite). Cao et al., 2015 analyzed the plane distribution of the stable heavy minerals in the lower Miocene strata of the Songnan and Baodao Sags via the heavy mineral ZTR index; their analysis indicates that the provenance of the Songnan and Baodao Sags in the lower Miocene was mainly from the Hainan Uplift, and part of an area of the sag was also possibly affected by volcanic activity. This study shows that the provenance area of Hainan Island can also be divided into three provenance areas that exist in the western area (north of Songnan Sag), central area (north of Baodao Sag), and eastern area (north of Changchang Sag). In summary, during the sedimentary period of the early Miocene, four provenance areas existed in the northern and southern belts of the Songnan, Baodao, and Changchang Sags of the QB. The western provenance and central provenance mainly controlled the distribution of the delta–canyon–submarine fan system in the sag.
[image: Figure 9]FIGURE 9 | Heavy mineral assemblage of the lower Miocene Sanya Formation in the eastern deepwater area of the Qiongdongnan Basin; the well locations are shown in Figure 1.
5.1.3 Characteristics of rare earth elements
The average REE content of the lower Miocene sandstone samples acquired from wells W7, W6, and W2 in the northern Songnan and Baodao Sags is 162.15, and the average La/Yb ratio is 8.95 (well locations are shown in Figure 1). The light rare earth elements (LREEs) are of relative enrichment, the average ΣLREE/ΣHREE ratio is 8.25, and the average La/Sm ratio is 3.67. The distribution of heavy rare earth elements (HREEs) is relatively flat; the average Gd/Yb ratio is 1.95, and the average Gd/Lu ratio is 2.09. The Eu anomaly appears to be negative. The average δEu is 0.72, the Ce anomaly is not apparent, and the average δCe is 1.06.
Comparing the three potential provenances, the LREEs of sediments from the Red River are of relative enrichment, while Eu and Ce are of relative depletion (δCe is 0.49 and δEu is 0.57); Gd, Tb, Dy, and Tm are of relative enrichment in the HREEs. In Central Vietnam, the Eu anomaly in the provenance area is apparently negative, δEu is 0.58, and the LREEs are of relative enrichment; the ΣLREE/ΣHREE ratio is 10.68, the La/Sm ratio is 5.42, the HREEs are relatively flat, and the Gd/Yb and Gd/Lu ratios are both low, with values of 1.18 and 1.23, respectively. On Hainan Island, LREEs are also of relative enrichment, ΣLREE/ΣHREE ratios are within 10.74–13.64, La/Sm ratios are within 3.11–5.24, HREEs are relatively flat, and Gd/Yb and Gd/Lu ratios are within 1.70–2.72 and 1.76–1.82, respectively. Combined with the REE distribution patterns, the REE distribution patterns of the lower Miocene sandstone samples from wells W7, W6 and W2 are similar to those of Hainan Island (Figure 10).
[image: Figure 10]FIGURE 10 | REE distribution of the lower Miocene strata in the eastern deepwater area of the Qiongdongnan Basin. Data on sediments in Hainan Island were derived from Shao et al., 2010, data on sediments in the Red River were derived from Wang et al., 2011 and Zhao et al., 2015a, and data on sediments in Central Vietnam were derived from Cao et al., 2015.
5.2 Sediment transport channel
Submarine canyons are the main channels by which gravity flows transport continental shelf sediments to the deep-sea plain (Babonneau et al., 2013; Gales et al., 2014; Martín-Merino et al., 2014; Pickering et al., 2015), and they are the intermediate link in the source-to-sink system on the continental margin (Parra et al., 2012; Matenco and Andriessen, 2013; Prizomwala et al., 2014; Bentley et al., 2016). The scale of development and shape of the distribution of submarine canyons, as well as the distance and connection characteristics between the head and the source area, have an important impact on the scale, spatial distribution, and sand-bearing properties of submarine fan depositional systems.
In the early stage of the early Miocene, a series of submarine canyons developed on the northern shelf margin of the Songnan and Baodao Sags, and they showed typical downward-cutting erosion and internal two-way upward-filling deposition on the seismic profile. Longitudinally, the scale of canyon development in the early stage of the early Miocene was larger than that in the late stage (Figure 11). The variance attribute is a kind of temporal seismic attribute that uses the similarity between adjacent signals to describe the heterogeneity of strata and lithology and reflects the discontinuous information in the data volume, which can be used to identify the appearance of submarine canyons. The variance seismic attribute map shows that the scale of the canyon system decreases from bottom to top in the lower Miocene strata (Figure 12), and these canyons controlled the distribution of the submarine fan system in the early Miocene, especially in the early stage of the early Miocene.
[image: Figure 11]FIGURE 11 | Seismic reflection characteristics of the canyons in the lower Miocene Sanya Formation in the northern Songnan Sag (A). The widths of the canyons in the early stage of the early Miocene were 4.2–7.6 km, and the heights were 60–220 ms. The widths of the canyons in the late stage of the early Miocene were 2.2–4.8 km, and the heights were 48–96 ms. The scale of the canyons in the early stage of the early Miocene is significantly larger than that in the late stage of the early Miocene. (B) shows the paleogeomorphic map of the early stage of the early Miocene.
[image: Figure 12]FIGURE 12 | Seismic variance attribute map of canyons in the lower Miocene Sanya Formation in the northern Songnan Sag. (A) is the variance attribute map of the T60 interface, (B) is the variance attribute map of the T52 interface, (C) is the variance attribute map of the T50 interface, and (D) is the paleogeomorphic map of the early stage of the early Miocene.
5.3 Development characteristics of submarine fans
The submarine fan–channel complexes developed in the lower Miocene Sanya Formation of the Songnan Sag. The submarine fan facies are characterized by lenticular medium–continuous variable-amplitude seismic reflections, and the channel facies shows bidirectional upwelling and medium–continuous medium–strong-amplitude seismic reflections (Figures 13A,B). The submarine fan facies were mainly deposited in the Baodao Sag, and they are characterized by lenticular medium–good continuous medium–strong-amplitude seismic reflections (Figures 13C,D). The root mean square (RMS) amplitude seismic attribute is used to square the average value of the square of the amplitude to indicate the average change level of the amplitude. It is sensitive to strong amplitudes and can distinguish lithological characteristics, which can be used to assist in identifying submarine fan sand bodies. The RMS amplitude seismic attribute shows the general horizontal distribution range of the submarine fans (Figures 13E,F). In addition, the seismic profile clearly shows that sediment transport channels (Figures 13G,H) and some canyons are inherited and developed. Based on the abovementioned source-to-sink analysis, the horizontal distribution range of submarine fans in the lower Miocene Sanya Formation of the Songnan Sag is depicted. The research methods of other submarine fans in the study area are similar.
[image: Figure 13]FIGURE 13 | Seismic profile and RMS seismic attribute map of the submarine fans in the lower Miocene Sanya Formation. (A) and (B) are the seismic profiles of the submarine fans passing through the Songnan Sag on the west side in the direction of the vertical source and along the direction of the source, respectively. (C,D) are the seismic profiles of the submarine fans passing through the Baodao Sag on the east side in the direction of the vertical source and along the direction of the source, respectively. (E,F) are the RMS seismic attribute maps of the early and late stages of the early Miocene, respectively; (G,H) show the sediment transport channels at the upper end of the submarine fans on the east and west, respectively; and (I) shows the horizontal distribution of the submarine fans.
5.4 Source-to-sink depositional model
The Songnan, Baodao, and Changchang Sags in the QB developed a north–south dual provenance in the early Miocene, and the Hainan Uplift that developed in the northern part of the sag is the main provenance area. The sediments from the Hainan Uplift formed multiple deltas in the gentle continental shelf of the northern Songnan and Baodao Sags. The source of the sediments was close to the continental shelf; multiple submarine canyons developed at the continental shelf margin. Gravity flows transported the delta front sediments at the continental shelf margin to the inside of the Songnan and Baodao Sags through submarine canyons, and several submarine fans of different scales were formed. This article summarizes the source-to-sink model of the lower Miocene submarine fans in the Songnan, Baodao, and Changchang Sags, Qiongdongnan Basin, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Depositional model of submarine fans in the eastern deepwater area of the Qiongdongnan Basin.
From the perspective of the source-to-sink system, this study analyzes the lower Miocene provenance systems and sediment dispersion systems in the eastern section of the deepwater area of the Qiongdongnan Basin in the northern South China Sea; defines the provenance supply, paleogeomorphology and sediment transport system, sedimentation results and distribution; and comprehensively constructs a set of source-to-sink system research methods. Based on factors such as provenance area, sand-bearing properties of deltas, continental shelf width, and connectivity between canyons and deltas, this study believes that the Songnan Sag in the eastern deepwater area of the Qiongdongnan Basin is a favorable area for the development of submarine fan facies in the Sanya Formation. The Songnan Sag has high hydrocarbon generation intensity. Miocene submarine fans are mostly located in the sag and above mature source rocks, and the reservoir formation conditions are good. This study recommends focusing on the main parts of large-scale submarine fans in the early stage of exploration, and main channel drilling is preferred.
6 CONCLUSION
Based on the source-to-sink analysis of submarine fans developed in the Sanya Formation of the Songnan, Baodao, and Changchang Sags, the results can be concluded as follows.
1) In the eastern deepwater area of the lower Miocene strata in the Qiongdongnan Basin, uplift areas developed on both the northern and southern sides of the Songnan, Baodao, and Changchang Sags, in which the southern part of the sag is a small provenance near-concave uplift; the provenance area in the northern part of the sag is large, but the provenance direction is different, which resulted in different provenance systems, including the Hainan Uplift in the northern Songnan Sag, the Hainan Uplift in the northern Baodao Sag, and the Shenhu Uplift in the northern Changchang Sag.
2) During the sedimentary period of the early Miocene, a series of canyons developed in the Songnan, Baodao, and Changchang Sags of the QB and were the primary channels for sediment transport from the shelf to slope. During the early stage of the early Miocene, the size of the canyons was larger due to the descending regional sea level, while the size of the canyons was smaller during the late stage of the early Miocene.
3) Under the control of multiple provenance areas, multiple delta–canyon–submarine fan depositional systems developed in the Songnan, Baodao, and Changchang Sags of the QB. The large deltas were distributed along the northern part of the sag and were deposited to the edge of the shelf of the Songnan, Baodao, and Changchang Sags from north to south, which provided a good material basis for the development of deepwater sediments. The deepwater sedimentary deposits in the steep slope area of the northern Songnan, Baodao, and Changchang Sags are mainly canyon–submarine fan complex deposits, while submarine fan facies are mainly developed in the gentle slope and central part of the sag.
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The evolution mechanism of hydrocarbons in ultra-deeply-buried and ultra-old strata is the core issue of petroleum geology moving towards Deep Earth. Reconstructing the evolutionary history of ultra-deeply-buried hydrocarbons is the key to shedding light on deep hydrocarbon accumulation and evolution mechanisms. Furthermore, it can help point out directions for oil and gas exploration in Deep Earth. Anyue gas field in the central Sichuan Basin is the Frontier of deep natural gas exploration in China. This study selected the natural gas reservoirs of the Upper Sinian Dengying Formation in the central Sichuan Basin as the research object. By integrating analysis of natural gas geochemical characteristics, source rock evaluation, reservoir bitumen-source correlation, inclusion analysis, one-dimensional and two-dimensional hydrocarbon accumulation simulations, the generation and evolution of hydrocarbons in different structural regions, namely the inherited paleo-uplift and slope area in central Sichuan Basin, have been dynamically restored and compared. The results show that: 1) The natural gas of the ultra-deeply-buried Sinian Dengying formation in central Sichuan is typical oil-cracking gas from the paleo-oil reservoir. The Sinian gas is mainly sourced from the Qiongzhusi/Maidiping Formation. 2) The formation of Sinian gas reservoirs includes three stages: the formation of paleo-oil-reservoirs; the cracking of paleo-oil-reservoirs into paleo-gas-reservoirs; the adjustment of the paleo-gas-reservoirs. 3) Source rock and reservoir evaluation, quantitative solid bitumen analysis, and hydrocarbon accumulation simulation show that the natural gas accumulation conditions in the slope area are better than in the inherited uplift area. The scale of the paleo-oil-reservoirs in the slope area may be greater than that in the inherited uplift area.
Keywords: hydrocarbon generation, accumulation, evolution history, dengying formation, central sichuan basin
INTRODUCTION
According to China Drilling Regulations, the deeply-buried strata refers to strata with a burial depth of 4,500–6,000 m, while the ultra-deeply-buried refers to a depth greater than 6,000 m (Zhao et al., 2014; Cao et al., 2022). China has made significant breakthroughs in deep and ultra-deep hydrocarbon exploration in recent years. By the end of 2019, PetroChina’s proven deep and ultra-deep natural gas geological reserves had reached 2.86 trillion cubic meters; however, the proven resource rate only reached 13%, indicating an overall low exploration degree (Li et al., 2020). Deep and ultra-deep marine oil and gas exploration has become the Frontier of China’s oil and gas exploration.
The classical kerogen thermal-degraded theory proposed by (Tissot and Welte, 1978) postulates that oil generation from sedimentary organic matter mainly occurs in the so-called “oil window” with a formation temperature of no more than 160°C. Thus, it is generally accepted that oil can not stably exist in deep strata. However, in recent years, China has found many industrial oil reservoirs in ultra-deeply-buried strata (Zhu G. et al., 2017b; Zhu et al., 2021), dramatically challenging Tissot’s theory. Therefore, the phase evolution of hydrocarbon in deeply-buried and ultra-deeply-buried strata has become the research hotspots of petroleum geology.
China’s deep, ultra-deep oil and gas exploration mainly concentrates on the Tarim and Sichuan Basins. As typical superimposed basins, the ultra-deeply-buried strata of the Tarim and Sichuan Basins have a complex thermal and tectonic evolutionary history, and the research on the hydrocarbon phase evolution and accumulation process is still not in-depth (Ren et al., 2020). In sharp contrast to the Tarim Basin, natural gas reservoirs dominate deeply-buried and ultra-deeply-buried strata of the central Sichuan Basin. The Sinian Dengying and Cambrian Longwangmiao Formations are the main exploration targets of the Anyue gas field in the central Sichuan Basin. By the end of 2020, the proven geological reserves of natural gas in the Anyue gas field (the Gaoshiti-Moxi area) have exceeded 1 × 1012 m3, with an annual production capacity of about 170 × 108 m3 (Wei et al., 2022). Gas reservoirs of the Dengying and Longwangmiao Formations experienced multi-stage tectonic movements during their long evolutionary history and are characterized by considerable burial depth (more than 4,500 m), high evolutionary degree (typical dry gas) (Dai et al., 2018), oil-cracking origin (Wei et al., 2015a; Wu et al., 2016a). A typical evolutionary mode of hydrocarbon in the deep and ultra-deeply-buried strata of the central Sichuan Basin is: paleo-oil-reservoir → paleo-gas-reservoir → today’s gas reservoir (Zhu et al., 2015). However, it is worth noting that this mode was established primarily based on fluid inclusion analysis (Yang et al., 2022). The detailed evolution process of the hydrocarbon phase and its main controlling factors remain unclear (Li et al., 2021). Therefore, in recent years, the deep gas research in the Sichuan Basin has been greatly concentrated on reconstructing the hydrocarbon accumulation history and clarifying its phase evolution mechanism.
From the exploration’s perspective, the PetroChina Southwest Oil and Gas Field Company has made significant exploration breakthroughs on the North Slope of the Anyue Gas Field during the past several years. The exploration wells PT1 and JT1 obtained industrial gas flow in the second and the fourth members of the Dengying Formation, respectively (Xu et al., 2020). The exploration breakthroughs of the North Slope have aroused some scientific questions. 1) Tectonic simulation shows that after the oil generation peak, the Anyue gas area was inherited in the high-part of paleo-uplift, while the North Slope gradually evolved into a structural slope area (Ma et al., 2020). For the slope area, the formation of “traps” is crucial to the large-scale hydrocarbon accumulation. Have some structural traps favorable for oil and gas accumulation ever been formed in the slope area during the process of hydrocarbon accumulation and evolution? 2) (Xie et al., 2021a) found that the gas isotopic characteristics in the slope area are different from that in the uplift area, and he speculated that it was partly due to different thermal maturity. However, it lacks evidence from the thermal simulation of source rocks in the slope and inherited uplift areas. 3) How the matching between tectonic evolution and thermal evolution of source rocks controls the hydrocarbon accumulation in the slope area and in the uplift area? 4) Can the hydrocarbon evolution and accumulation processes in the slope and uplift regions be compared under an entirely consistent thermal background? The key to solving these questions is simultaneously reconstructing the two regions’ hydrocarbon generation, accumulation, and evolution history.
In this study, based on the geochemical analysis of natural gas, source rocks and reservoir solid bitumen, gas/bitumen-source correlation, reservoir characterization, one-dimensional and two-dimensional simulations of hydrocarbon accumulation, we completed the restoration of hydrocarbon generation, accumulation, and evolution simulation on the North Slope and the Gaoshiti-Moxi area simultaneously, so as to dynamically compare the evolution process of hydrocarbon in different structural positions for ultra-deep marine carbonate reservoirs.
GEOLOGICAL BACKGROUND
Sichuan Basin contains six first-ordered tectonic units (Figure 1A), and the research area (the North Slope of central Sichuan Basin) is located in the Central Gentle Tectonic Belt. The Gaoshiti-Moxi area is a large-scaled uplift shaped in the Caledonian movement at the end of Silurian and preserved to date (Zou et al., 2014; Wei et al., 2015c). The North Slope mainly refers to the large-scaled monoclinic structure adjacent to the north of the Gaoshiti-Moxi area. The north side of the North Slope is bounded by Jiulong Mountain (longti1 well location), and its west side is close to the Deyang-Anyue rift trough (Figure 1A). Like the Gaoshiti-Moxi area, the North Slope used to be part of the paleo-central-Sichuan-uplift formed in the Caledonian movement and preserved by the Indosinian movement. Subsidence of the North Slope began in the Indosinian movement and gradually transformed into a sloped shape (Ma et al., 2019). Therefore, the Gaoshiti-Moxi area is also called the inherited uplift, while the North Slope is the non-inherited structural area (Yang et al., 2020).
[image: Figure 1]FIGURE 1 | An overview of the geologic background of the research area. (A) The sedimentary facies of the Dengying Formation overlaying on the structural map of the Dengying top surface. (B) Stratigraphic column of the Dengying Formation and its source rocks. (C) Typical gas reservoir profiles showing the gas-water relationships in the Gaoshiti-Moxi area (D-4), the North Slope (the Zhongjiang (D-2), and the Penglai Blocks (D-2)).
The Upper Sinian Dengying Formation is one of the main targets of the Anyue Gas Field. It is deeply buried, with the deepest elevation reaching -8,300 m. Four members make up the Dengying Formation, the second and fourth members of which are high-quality reservoirs (Figure 1B). While well maintained in the Gaoshiti-Moxi area, the Dengying Formation is severely eroded in the North Slope. Only the Dengying Formation’s first and second members are unconformably in contact with overlying strata (Figure 1B). Thus, the Dengying Formation is distributed in steps from the North Slope to Gaoshiti-Moxi area. The platform margin reef-flat facies dominate the high-quality reservoir (Feng et al., 2021). The sedimentary facies change gradually from west to east to inner platform facies. The reservoir rock is primarily microbial dolomite.
The natural gas in Dengying Formation is mainly sourced from the overlying black shale of the Cambrian Qiongzhusi and Maidiping Formations, with a small contribution from the third member of the Dengying Formation (Wei et al., 2022). The thickness of the Qiongzhusi and Maidiping Formations is thinner from the North Slope to the Gaoshiti-Moxi area, and the Maidiping Formations are barely deposited in the Gaoshiti-Moxi area.
A typical gas reservoir profile (Figure 1C) shows that the Gaoshiti-Moxi area is dominated by anticlinal structural gas reservoirs with a uniform gas-water contact (−5230 m). In contrast, the gas-water relationship in the North Slope is more complicated, dominated by stratigraphic-lithologic gas reservoirs (Zhao et al., 2020). As shown in Figure 1, the gas-water contact in the Zhongjiang Block (ZJ2) and the Penglai Block (PT1) are different, showing that they are different gas reservoirs.
SAMPLING AND EXPERIMENTS
In this study, to dynamically reconstruct the hydrocarbon generation, accumulation, and evolution history in ultra-deeply-buried strata, natural gas analysis, source rock analysis, and fluid inclusion analysis were performed in the Analysis Experiment Center of the Exploration and Development Research Institute of PetroChina Southwest Oil and Gas Field Company. The gas samples are obtained from the main exploration wells. Also, we calculated the content of solid bitumen of the Dengying reservoir rocks with the help of the casting thin section images.
Gas analysis
First, the gas components were analyzed utilizing Agilent 6890 gas chromatography (GC–IRMS). After that, the carbon isotope experiment on methane and ethane was carried out following the standard SY/T 5238-2019 by using Isochrom II Stable isotope ratio mass spectrometer at 23°C and 60% RH. The carbon isotope (δ13C) is reported as per mil (‰) deviations from the carbon isotope composition of the VPDB (Vienna Pee Dee Belemnite) standard. Similarly, the deuterium isotope was also analyzed for the methane and ethane according to standard SY/T 5238-2019.
Geochemical analysis of source rock
The pyrolysis experiment and TOC analysis were conducted on the Qiongzhusi source rocks (Є1q) formations utilizing Rock-Eval and C/S analyzer to clarify the quality of the primary source rocks.
Fluid inclusion
The fluid inclusion homogeneous temperature test was conducted in the Analytical Laboratory of Beijing Research Institute of Uranium Geology via LINKAM THMS600 (7035) heating and cooling stage, following standard EJ/T1105-1999 (Determination of temperature for fluid inclusion in minerals). Also, the features of fluid inclusions, like distribution, size, and liquid-to-vapor ratio, were described.
The volumetric content of solid bitumen
Core samples of the D-2 and D-4 members were taken from exploration wells to calculate the volumetric solid bitumen content in the reservoir rock. According to standard SY/T 5368–2016, casting thin sections specimens were made, and the pore structure was observed using a Transmission reflection polarizing microscope. After that, the volumetric content of reservoir solid bitumen was calculated by image processing through the following steps:
a. For every depth with casting thin section specimen, we selected five images for quantitative analysis of solid bitumen. b. We accurately identified and extracted the solid bitumen through color mode conversion (from RGB to YCbCr), K-means clustering, and binarization. c. The plane porosity of the solid bitumen was calculated on the binarized image, and the average plane porosity of the five selected images was taken as the volumetric content of solid bitumen in this depth.
RESULTS AND DISCUSSION
Natural gas characterization
The natural gas component analysis on 61 gas sample from key exploration wells shows that: ① the CH4 content of gas reservoirs in the Penglai block (D-2) is mainly distributed in the range of 94%–96%, and that in the Zhongjiang block (D-2) is less than 90%, while that in the Gaoshiti-Moxi area (D-4) is between the two (Figure 2A); ② The C2H6 content of gas reservoirs in the three regions is very low (less than 0.1%) (Figure 2B), but the humidity coefficient (C2+/C1+) slightly varies—the humidity coefficient of gas reservoirs in the Penglai block is mainly distributed between 0.05% and 0.1%; that in the Zhongjiang block is mainly less than 0.05%; while that in the Gaoshiti-Moxi area (D-4) is a bit higher, mainly 0.025%–0.075% (Figure 2C); however, they are all typical dry gas (humidity coefficient is less than 5%); ③ Gas reservoirs in the three regions are all Medium-CO2-Bearing-gas-reservoirs–the CO2 content in Gaoshiti-Moxi area, Penglai and Zhongjiang blocks are 4%–8%, 2%–4% and >8%, respectively (Figure 2D); ④ Gas reservoirs in the three regions all belong to Slightly-N2-Bearing-gas-reservoirs (Figure 2E); ⑤ The H2S content in the Gaoshiti-Moxi area and the North Slope differs significantly—greater than 30 g/m3 in the Penglai and Zhongjiang blocks, belonging to High-sulfur-bearing-gas-reservoir; while less than 30 g/m3 in the Gaoshiti-Moxi area, belonging to Medium-sulfur-bearing-gas-reservoir (Figure 2F).
[image: Figure 2]FIGURE 2 | Histograms show the comparison of natural gas composition from the Gaoshiti-Moxi area (the Moxi and Gaoshiti areas) and the North Slope (the Penglai and Zhongjiang Blocks). The frequency histograms showing the distribution of the CH4 content (A), C2H6 content (B), C2+/C1+ (C), CO2 content (D), N2 content (E), H2S content (F), He content (G) and H2 content (H) in different blocks in the central Uplift and the North Slope of the Sichuan Basin.
From the natural gas component’s perspective, though natural gases in different Dengying reservoirs are typical dry gas, they differ in the gas component. Remarkably, the gas component of gas reservoirs in the North Slope differs significantly from that of the Gaoshiti-Moxi area—abundant in the H2S content, which may result from a more complicated TSR affection (Zhu et al., 2021).
Moreover, the natural gases of Dengying reservoirs in the North Slope and the Gaoshiti-Moxi area fall within the range of oil-cracking gas (Figure 3), indicating that the natural gases of Dengying reservoirs have the same genetic type. Noteworthy, they differ in maturity—attributing to the increase in burial depth, the maturity of natural gas gradually increases from south to north. Generally, the equivalent maturity of natural gas of the Dengying reservoirs in the North Slope is located in an interval greater than 2%.
[image: Figure 3]FIGURE 3 | Discrimination plot demonstrating the natural gas genesis and maturity based on the identification chart created by (Xie et al., 2021a).
Source rock evaluation
The source rocks of the Lower Cambrian (the Qiongzhusi and the Maidiping Formations) and the Upper Sinian (the third member of the Dengying Formation) in central Sichuan are mainly marine black shale, containing a small amount of carbonaceous shale and riching in algae. The thickness of the third member of the Dengying Formation varies from 0 to 60 m, mainly distributed in the Gaoshiti-Moxi area and almost eroded in the platform margin on the North Slope. In contrast, the Maidiping Formation is mainly distributed in the North Slope. The lower Cambrian Qiongzhusi Formation is the thickest and most widely distributed source rock in the North Slope and the Gaoshiti-Moxi area, ranging in thickness from 300 to 700 m.
In the Gaoshiti-Moxi area, the TOC of the Qiongzhusi Formation is concentrated in the range of 0.51%–11.34%, with 1.41% and 1.86% on average and median. On the North Slope, the TOC of the Qiongzhusi Formation ranges from 0.50% to 5.94%, with medians and averages of 1.49% and 1.59%, respectively. From TOC’s perspective, the quality of the Qiongzhusi source rock in the North Slope does not differ significantly from that in the Gaoshiti-Moxi area. Moreover, we can see from Figure 4 that the quality of the Maidiping Formation matches the Qiongzhusi in terms of TOC (median:1.64%; aver.:1.86%). However, unlike TOC, there is a distinct difference in pyrolysis. The S1+S2 (hydrocarbon generation potential) on the North Slope is significantly lower than that in the Gaoshiti-Moxi area, which may attribute to a greater maturity led by a more substantial burial depth.
[image: Figure 4]FIGURE 4 | A comprehensive comparison of Lower Cambrian source rocks on the North Slope and in Gaoshiti-Moxi. (A)Comparing the qualities of Lower Cambrian source rocks (the Qiongzhusi and Maidiping Formations) on the North Slope and in the Gaoshiti-Moxi area. (B) Source rocks in Taihe and Gaoshiti-Moxi are primarily good-excellent, but Taihe’s average quality is better than those in Gaoshiti-Moxi, according to TOC and S1+S2.
Gas-source correlation
The natural gas of the Dengying reservoirs is at a high-mature stage and belongs to typical dry gas; therefore, it carries very little geochemical information. Only limited parameters such as the composition of light hydrocarbon and their carbon isotope may still inherit the characteristics of the source rock and can be used for the correlation to the source (Dai et al., 2018).
In well PT1, the carbon isotopes of methane (Dengying Formation) range between−33.95‰ and−33.90‰, with an average value of—33.93‰. Ethane’s carbon isotope in PT1 varies from−29.31‰ to−29.19‰, averaging−29.24‰. Furthermore, CO2 in well PT1 has an average carbon isotope of −0.48‰ but a range of −0.98‰ to −0.14‰. In contrast, a much smaller tendency can be seen in well ZJ2, where the average carbon isotope values for methane, ethane, and CO2 are−34.88‰,−33.18‰, and−17.88‰, respectively (Table 1). The isotopic sequence of methane and ethane in Dengying reservoirs on the North Slope shows a normal pattern (δ13C1 < δ13C2), but we observe differences in different reservoirs. The difference could be caused by different thermal maturities (Xie et al., 2021a) and TSR alteration (Xie et al., 2021a; Zhu et al., 2022).
TABLE 1 | Carbon isotopic values (δ13CPDB) of the natural gas from the Dengying Formation.
[image: Table 1]Generally, the carbon isotope of methane (δ13C1) becomes heavier with increasing thermal maturity. In contrast, the carbon isotope of C2+, such as ethane (δ13C2), varies little with increasing thermal maturity but primarily varies with the type of parent material (kerogen) (Xie et al., 1999). Thus, the carbon isotope of C2+ is a better indicator for gas-source correlation than that of methane (Yanhua et al., 2006; Wei et al., 2015c; Wu et al., 2016b). However, as shown in Figure 5, neither the carbon isotopes of methane nor ethane from Dengying reservoirs can be correlated effectively with those from Qiongzhusi. As shown in Figure 5, the mean value of δ13C1 and δ13C2 of Dengying reservoirs are −34.4‰ and −29.0‰, respectively. It differs from the carbon isotope in Qiongzhusi shale (-35.3‰). The δ13C2 of natural gas in the Dengying reservoirs is relatively heavy—heavier than source rock (Qiongzhusi Formation and D-3 Member) (Zhang et al., 2019). It may be contributed by a mixed source (Wei et al., 2015b) or apparent alterations by TSR. To conclude, using the carbon isotope of methane or ethane for gas-source correlation is insufficient to identify the sources of natural gas.
[image: Figure 5]FIGURE 5 | The gas/bitumen-source correlation on the North Slope. * Methane, ethane, and solid bitumen are from the Dengying reservoirs of ZJ2 and PT1 wells.
Compared with natural gas, another product of oil-cracking, the reservoir solid bitumen, carries more geochemical information and shows apparent advantages in correlation with the source for highly mature to over-mature natural gas reservoirs (Cai et al., 2017). The latest research even carried out the bitumen-source correlation with the help of trace and rare elements (Zhu et al., 2022). We can see from Figure 5 that the carbon isotope of the bitumen in the Dengying reservoirs in the North Slope ranges from −38.2‰ to −33.7‰, showing similar characteristics to the Qiongzhusi shale (from −37.2‰ to −33.9‰). Furthermore, the carbon isotope of reservoir solid bitumen is distinct from that of the D-3 mudstone (Figure 5), demonstrating that the Qiongzhusi shale is the primary source of the Dengying reservoirs in the North Slope area.
Geological features of sinian gas reservoirs
On the North Slope, typical cores from the main exploration wells (Figures 6A–E) show that: 1) Algal dolomite (microbial dolomite) dominates the Dengying reservoir rocks (D-2 and D-4 members), which can be categorized into three types–algal sandy dolomite, algal stromatolitic dolomite, and microcrystalline dolomite. 2) In algal stromatolitic dolomite and algal sandy dolomite, pores and caves are more developed than in microcrystalline dolomite. 3) Bitumen partially fills the porous spaces of almost all reservoir rocks.
[image: Figure 6]FIGURE 6 | Typical cores and casting thin section photomicrographs illustrating the main lithologic types of the Dengying Reservoir on the North Slope and the occurrence of solid bitumen in cores and pore space. (A) PT1, 5785.72-5785.82 m, D-2, algal sandy dolomite, with solid bitumen filling in the dissolution pores and caves; (B) PT1, 5729 m, D-2, algal sandy dolomite, with developed cracksa and dissolution pores filled with solid bitumen; (C) ZJ2, 6546.27 m, D-2, algal dolomite, with solid bitumen filling in the dissolved pores and cracks; (D) PS1, 7260.28-7260.36 m, D-4, algal stromatolitic dolomite; (E) PS1, 7256.90-7257.16 m, D-4, microcrystalline dolomite, with solid bitumen filling in the dissolved cracks; (F) PT1, 5729.44 m, D-2, algal sandy dolomite, coarse-grained dolomite, bitumen partialy filling in the inter-crystalline pores of coarse-crystalline-dolomite; (G) ZJ2, 6553.56 m, D-2, algal dolomite, medium-grained dolomite, bitumen partialy filling in the inter-crystalline dissolved caves; (H) PS1, 7260.28 m, D-4, algal stromatolitic dolomite, inter-crystalline and intragranular pores partially filled by the solid bitumen after fine-grained authigenic dolomite formed; (I) PS1, 7262.41-7262.54 m, D-4, microcrystalline dolomite, bitumen filling in the intragranular pores after fine-grained authigenic dolomite formed.
Images of casting thin sections (Figures 6F–I) show: 1) The pore space of the algal dolomite is composed of intergranular dissolution pores, intragranular dissolution pores, and inter-crystalline pores, with developed dissolution caves and few micro-fractures. 2) The solid bitumen is widely distributed in the pore network and primarily distributed in the inter-crystalline and dissolution pores. 3) The wide distribution of the solid bitumen indicates that most gas reservoirs in the Dengying Formation resulted from the cracking of paleo-oil-accumulation.
With the help of core routine physical properties analysis of several typical wells (DB1, PT1, and ZJ2 wells in the North Slope; GS2 and MX10 wells in the Gaoshiti-Moxi area) (Figure 7), this study compared the Dengying reservoir’s physical properties in the uplift and the slope areas. The result shows that: 1) The Dengying reservoirs in the North Slope and the Gaoshiti-Moxi area are typical tight carbonate with low porosity and low permeability (air permeability <1 mD). 2) On the North Slope, the maximum and minimum porosity of the Dengying reservoirs is around 5% and 2%, respectively, with a median value of about 3.00%. In contrast, the median porosity of the Dengying reservoirs in the Gaoshiti-Moxi area is merely 2.34%, demonstrating a more dense nature of the reservoir. Noteworthy, the gas permeability of the Dengying reservoirs in the North Slope is also better than that of the Gaoshiti-Moxi area (Figure 7A). Therefore, though the burial depth of the Dengying reservoirs on the North Slope is greater than that of the Gaoshiti-Moxi area, the physical properties of the Dengying reservoirs seem better. 3) The permeability of the Dengying reservoirs in the North Slope is more concentrated, mainly in the range of 0.01–1 mD, while that in the Gaoshiti-Moxi area is more scattered. A better correlation relationship between porosity and the logarithmic permeability (Figure 7B) indicates that the heterogeneity of the Dengying reservoirs on the North Slope is lower than that in the Gaoshiti-Moxi area.
[image: Figure 7]FIGURE 7 | (A)Routine physical properties analysis for core samples from the North Slope and the Gaoshiti-Moxi area; (B) A scatter plot showing the correlation between porosity and permeability. A comparison of the physical properties of Dengying reservoir rocks from the North Slope and Gaoshiti-Moxi.
In addition, as shown in Figure 8, a thin section image processing procedure was used to determine the amount of solid bitumen in the reservoir pore network (Table. 2) of Dengying reservoirs. The results show that: 1) The solid bitumen content (plane porosity of solid bitumen) of the Dengying reservoirs on the North Slope (12.75%) is greater than that in the Gaoshiti-Moxi area (2.52%). 2) On the North Slope, the solid bitumen fills the pore space more severely than in the Gaoshiti-Moxi area. The filling degree of solid bitumen in the pore space varies from 16.97% to 87.88%, with an average value of 63.40%, demonstrating an average half-filling to full-filling status. In contrast, the filling degree of solid bitumen in the Gaoshiti-Moxi area ranges from 1.92% to 67.11%, averaging 36.08%, indicating a half-filling status. 3) The effective residual porosity of the Dengying reservoirs on the North Slope is distributed in the range of 1.75% to 14.19% with an average value of 4.41%. It is slightly smaller than that in the Gaoshiti-Moxi area (0.98%–12.34%, averaging:5.38%). However, it is worth noting that the Gross Plane Porosity of the Dengying reservoirs on the North Slope (averaging: 17.60%) is greater than that in the Gaoshiti-Moxi area (7.9%), indicating that during burial history, the pore space on the North Slope was ever more developed than that in the Gaoshiti-Moxi area. However, the later oil accumulation and oil-cracking resulted in a more severe solid bitumen filing status, which led to a lower residual porosity. On the other hand, it also illustrates that more oil was cracked to generate gas on the North Slope than in the Gaoshiti-Moxi area during the evolution history.
[image: Figure 8]FIGURE 8 |  Workflow, explaining how casting thin section images can be used to determine the solid bitumen’s volumetric content.
TABLE 2 | The content of the solid bitumen in the pore space was obtained from casting thin section micrographs using the image processing method.
[image: Table 2]Fluid inclusion analysis
We found three types of hydrocarbon inclusions in the Dengying reservoirs (Figure 9), distributed in groups in dolomites and quartz. Type I hydrocarbon inclusions (Figure 9A) are mainly one-phase (all liquid, oil) inclusions. Type II hydrocarbon inclusions (Figure 9B) are primarily two-phase gas-liquid aqueous fluid inclusions. These two types of inclusions are all distributed in dolomite. In contrast, type III hydrocarbon inclusions (Figure 9C) are found in quartz and are one-phase gas inclusions. Moreover, we investigated the homogenization temperatures of two-phase gas-liquid brine inclusions accompanied by these three types of hydrocarbon inclusions. The homogenization temperatures show an increasing trend from brine inclusions accompanied by the type I hydrocarbon inclusions (homogenization temperatures: 130–140°C) to type II (homogenization temperatures: 170–190°C) and type III (homogenization temperatures: 210–220°C) (Figure 10). Fluid inclusion investigation indicates three hydrocarbon accumulation stages during the evolution of the Dengying reservoirs of the Penglai block. The first two stages were dominated by liquid hydrocarbons, whereas the third stage was dominated by dry gas.
[image: Figure 9]FIGURE 9 | Photomicrographs demonstrating the fluid inclusions’ occurrence in the Dengying Formation (Well PT1) on the North Slope. (A) Grey hydrocarbon inclusions. Mono-phase (all-liquid) oil inclusions, triangular, elliptical, or elongated in shape, with a size of 2–6 μm, are distributed in groups in dolomite; polarized light. (B) Two-phase gas-liquid aqueous fluid inclusions with a gas-liquid ratio of less than 5%. Fluid inclusions are distributed primarily in groups in dolomite; polarized light. (C) Grey gas inclusions, mono-phase all-gas, with a size of 2–10 μm, mainly distributed in groups in quartz; polarized light.
[image: Figure 10]FIGURE 10 | An illustration of the homogenization temperature of two-phase gas-liquid brine inclusions found in the Dengying reservoirs, Well PT1, and the Penglai Block of the North Slope.
1D and 2D simulation on hydrocarbon generation, accumulation, and evolution
In this study, the dynamic reconstruction of the hydrocarbon generation, accumulation, and evolution history in ultra-deeply-buried strata was carried out with the help of the Schlumberger PetroMod software. After deposition, the Sinian Dengying Formation experienced a long evolutionary history, including five crucial tectonic movements: the Tongwan movement, the Caledonian movement of Early Paleozoic, the Indosinian movement of Triassic, the Yanshan movement, and the Himalayan movement (Wang et al., 2021). Based on previous investigations, we obtained the plain distribution of the erosion thickness in every key tectonic movement (Zhang et al., 2018). Also, the heat flow is a crucial parameter for reconstructing the thermal evolution history (Xu et al., 2018). This study referred to the previous investigations on the thermal history of the Sichuan Basin (Liu et al., 2014; Zhu et al., 2017a).
For 1D thermal simulation, this study utilized the Vandenbroucke (1999)-TII-(NorthSea) model (Vandenbroucke et al., 1999) to investigate the maturity evolution history of the source rocks on the North Slope (the Qiongzhusi shale for ZJ2 and PT1 wells) and in Gaoshiti-Moxi area (the Qiongzhusi shale and D-3 mudstone for MX8 well) (Figure 11). One-dimensional simulation shows that: 1) After the deposition of the second member of the Dengying Formation, the third and fourth members of the Dengying Formation were severely eroded on the North Slope during the Tongwan movement. Therefore, the D-3 source rock only exists on the North Slope (MX8 well). 2) After a rapid deposition in the early Cambrian, the strata were severely uplifted (2000–2,500 m) during the Caledonian movement. The Qiongzhusi shale in ZJ2 and PT1 on the North Slope started to generate oil in the late Silurian, similar to the Qiongzhusi and D-3 source rocks in the Gaoshiti-Moxi area (MX8 well). Before the Late Carboniferous, due to the ongoing uplift process, the maturity of the source rocks remained in a low stage (the equivalent Ro was about 0.5%). 3) Since the late Carboniferous, the source rocks continued to subside, and the thermal evolution continued. Although there were slight uplifts during the Hercynian movement (uplift occurred in the Middle-Late Permian, 130–160 m) and the Indosinian movement (uplift occurred in the Early Triassic, 10–120 m), the maturation of the source rock continued. 4) Generally, the source rocks of the North Slope and the Gaoshiti-Moxi area reached the oil generation peak (equivalent Ro: 0.7%–1.0%) during the Indosinian movement, and the paleo-oil-accumulation started to crack from the late Indosinian to early Yanshan movement. It is worth noting that from north to south (from the slope area to the uplift), the degree of the thermal evolution of source rocks tends to decrease gradually. Thus, the paleo-oil-accumulation started to crack at the end of the Triassic on the North Slope while remaining almost uncracked at the early Jurassic in the Gaoshiti-Moxi area. Also, the dry gas reservoirs formed in the early Jurassic on the North Slope while in the late Jurassic in the Gaoshiti-Moxi area.
[image: Figure 11]FIGURE 11 | Burial and thermal evolution of the Upper Ediacaran Dengying reservoir and Lower Cambrian Qiongzhusi/Maidiping source rocks in the three blocks (the Moxi, Penglai, and Zhongjiang Blocks) of the central Sichuan Basin. (A) One-dimensional simulation for well ZJ2 of the Zhongjiang Block on the North Slope shows the burial history, the temperature evolution of Dengying reservoir, and the maturity of Qiongzhusi source rock. (B) One-dimensional simulation for well PT1 of the Penglai Block on the North Slope. (C) One-dimensional simulation for well MX8 of Gaoshiti-Moxi area.
Combining the 1D simulation results of PT1 with the fluid inclusion analysis, we found that: Type I hydrocarbon inclusions were formed when oil charged into the reservoir to form a paleo-oil-reservoir during the Indosinian movement. Thus, these fluid inclusions are all liquid inclusions. Type II hydrocarbon inclusions were formed during the oil-cracking stage while the paleo-oil-reservoir still remained, resulting in the two-phase hydrocarbon inclusions. Type III hydrocarbon inclusions were formed after the paleo-oil-reservoirs were entirely cracked, leaving only gas in the reservoirs.
For comparison’s sake, we selected a typical seismic profile, crossing typical blocks of the North Slope and the uplift area (Zhongjiang-Penglai-Goshiti-Moxi section) for 2D simulation. We obtained the 2D simulation results after several critical tectonic movements to simultaneously compare the hydrocarbon generation, accumulation, and evolution status in different structural positions (the slope and uplift areas).
1) In the late Caledonian (306 Ma), the Qiongzhusi/Maidiping shale on the North Slope began to generate oil intensively. The expulsed oil directly charged into the second member of the Dengying Formation from the top and the side. At this time, we can see several paleo-oil-reservoirs formed in low-amplitude uplifts on the North Slope. In contrast, there was barely any oil accumulation in the D-4 and the D-2 members in the Gaoshiti-Moxi area. 2) In the late Indosinian (200 Ma), though paleo-oil-reservoirs still dominated in the Dengying Formation on the North Slope and in the Gaoshiti-Moxi area (Feng et al., 2016), the paleo-oil-reservoirs on the North Slope started to crack. Noteworthy, paleo-oil-reservoirs also formed in the Canglangpu Formation on the North Slope and the Longwangmiao Formation in the Gaoshiti-Moxi area. 3) In the middle to late Yanshan movement (163 Ma), the burial depth of the Dengying Formation reached the maximum. As a result, the paleo-oil-reservoirs of the Dengying Formation on the North Slope and in the Gaoshiti-Moxi area entirely cracked, and paleo-gas-reservoirs widely distributed in these two regions. Also, abundant reservoir solid bitumen was retained as another typical product of oil-cracking (Gao et al., 2018; Liu et al., 2021). 4) During the Himalayan Movement, since the vertical tectonic movement dominated the central Sichuan Basin, the North Slope, and Gaoshiti-Moxi area were relatively structurally stable. After dynamic adjustment, paleo-gas-reservoirs were kept in situ and gradually transformed into today’s gas reservoirs (Li et al., 2021).
Above all, the widely distributed hydrocarbon accumulation of the Sinian Dengying Formation in the slope and the uplift areas of the central Sichuan Basin is favored by the following factors (Figure 12): 1) High-quality source rocks: The widely distributed high-quality Qiongzhusi/Maidiping shale is the primary source of the Sinian gas reservoirs. Moreover, the thickness of the source rocks on the North Slope is larger than in the Gaoshiti-Moxi area. (2)High-quality reservoirs: Favored by the two episodes of the Tongwan movement, the Sinian Dengying reservoirs (D-2 and D-4) are well developed. Greater original porosity and solid bitumen content of the reservoirs on the North Slope than in the Gaoshiti-Moxi area indicates a greater paleo-oil accumulation on the North Slope. 3) Good source-reservoir assemblage: The Dengying reservoirs are directly covered by the Qiongzhusi/Maidiping source rocks, forming an excellent source-reservoir assemblage, enabling hydrocarbon to charge into the reservoirs efficiently. It is worth mentioning that the source-reservoir assemblage in the slope area is better than that in the uplift area, enabling hydrocarbon to charge into the reservoirs from the top and the side. Besides, these thick shales on the top of the reservoirs also serve as good caprocks, which is also a controlling factor in the preservation of the ultra-deeply-buried gas reservoirs after multi-stage tectonic evolution.
[image: Figure 12]FIGURE 12 | The hydrocarbon accumulation mode of the Sinian Dengying gas reservoirs in Central Sichuan Basin.
Favored by these factors, the typical evolution mode of the ultra-deeply-buried Dengying gas reservoirs is: paleo-oil-reservoir, paleo-gas-reservoir to the present gas reservoir (Figure 13). Special attention should be paid to two issues: 1) The thermal evolution of source rocks on the North Slope is earlier than that in the uplift area. Therefore, the formation of paleo-oil reservoirs and paleo-gas-reservoirs on the North Slope is earlier than that in the uplift area. Combined with the tectonic evolution, it is possible that a large amount of oil/gas ever migrated from the slope area to the uplift area. This lateral migration of hydrocarbon may also result in the complexity of gas isotope and the mixture of gases of different thermal maturity mentioned by (Wei et al., 2015a; Wei et al., 2015b; Xie et al., 2021a; Xie et al., 2021b). 2) A more significant amount of solid bitumen content and a better reservoir quality on the North Slope may indicate that the scale of paleo-oil-reservoirs on the North Slope may be greater than that in the inherited uplift area. However, it still requires further verification.
[image: Figure 13]FIGURE 13 | Two-dimensional simulation for the comparison of the formation and evolution of Sinian gas reservoirs in different blocks of the central Sichuan Basin. (A) In late Caledonian, oil started to accumulate on the North Slope. The Dengying strata in all regions were relatively gentle. (B) In late Indosinian, a large amount of oil was generated and migrated laterally and horizontally to reservoirs. Oil of the Dengying reservoirs in Zhongjiang block cracked into gas due to a deeper burial depth. The Dengying strata in all regions remained relatively gentle. (C) In middle-late Yanshanian, due to the rapid subsidence of the North Slope, the strata then dipped north. The Gaoshiti-Moxi area gradually became an uplift area. Almost all the oil reservoirs cracked, and gas migrated upwards and laterally. (D) The present gas reservoir profile shows the gas reservoirs’ potential distribution.
REMAINED CHALLENGES AND IMPROVEMENTS
Generally, when the PetroMod is utilized to simulate one-dimensional and two-dimensional hydrocarbon accumulation, the results reflect more on the source rocks’ thermal evolution and hydrocarbon’s phase evolution in reservoirs. The specific distribution of paleo oil and gas reservoirs also depends on the distribution of reservoirs and traps. Therefore, it is worth noting that there is a certain difference between the specific location of paleo oil and gas accumulation reflected in the two-dimensional hydrocarbon accumulation simulation and the actual location, which needs further verification. It will be a good improvement to understand the formation of lithologic traps under the control of widely developed strike-slip faults in Central Sichuan (Zhang et al., 2022) and apply them to two-dimensional simulation. Other than this deficiency, an improvement in this study is that we selected a more suitable hydrocarbon evolution model for the research of ultra-deeply-buried strata—a typical oil-cracking model in the North Sea (Vandenbroucke et al., 1999). Thus, the results seem satisfying in the aspects of the hydrocarbon evolution. Also, the 2D simulation illustrates that before the late Yanshan movement, the structural difference between the North Slope and Gaoshiti-Moxi area was not as significant as today, and there were also many low-amplitude uplifts on the North Slope, which are favorable for paleo-oil/gas accumulation. However, after the Yanshan movement, the structural pattern of the North Slope changed significantly and gradually evolved into the present slope area, which is consistent with previous investigations (Ma et al., 2020).
CONCLUSION
In summary, this study presented an integrated investigation of the hydrocarbon generation, accumulation, and evolution in the ultra-deeply-buried strata in the central Sichuan Basin based on geochemical analysis of source rocks, gas and solid bitumen, lithologic and physical analysis of reservoirs, gas/bitumen-source correlation, 1D and 2D hydrocarbon accumulation simulation. The following conclusions have been achieved:
(1) The geological conditions for hydrocarbon generation and accumulation in the slope area are better than in the uplift area.
(2) The gas in ultra-deeply-buried Sinian Dengying reservoirs in central Sichuan is typical oil-cracking gas soured mainly from the Qiongzhusi/Maidiping shale. The formation of Sinian gas reservoirs includes three stages: the formation of paleo-oil-reservoirs; the cracking of paleo-oil-reservoirs into paleo-gas-reservoirs; the adjustment of the paleo-gas-reservoirs.
(3) Source rock and reservoir evaluation, quantitative solid bitumen analysis, and hydrocarbon accumulation simulation indicate that the scale of paleo-oil-reservoirs on the North Slope may be greater than that in the inherited uplift area, which requires further verification.
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One of the most controversial and discussed issues related to the development of the hydrocarbon raw material base in recent years is the issue of exploring the possibilities of involvement in industrial development accumulations associated with high-carbon shale complexes that are widespread in Russia. Interest therein is supported by the system of benefits provided by the Government for low-permeability reservoirs and special preferential conditions for geological exploration provided to subsurface users in recent years. An important effect was also achieved by developing a methodology for reserves assessment and placing on the state balance a whole series of fields with oil deposits in the Domanik formation of the Volga-Ural oil and gas province (OGP). Simultaneously, the assessment of the potential of high-carbon formations in the Russian Federation mainly continues to be the subject of scientific research without an applied component, due to its inapplicability for selecting both the most significant areas for exploration and the possibilities of using it to justify investments. Here, the uncertainty is related to the estimation of possible production levels with an unclear correlation between development technologies, filtration and reservoir properties, and the potential of high-carbon strata. This study discusses two approaches that allow assessment of the potential of the main high-carbon strata distributed in Russia.
Keywords: unconventional high-carbon formations, Domanik formation, Bazhenov formation, Kuonam formation, Khadum formation
INTRODUCTION
Exceptional interest in the study, search, evaluation and development of oil and gas accumulations from unconventional low-permeable reservoirs of high-carbon strata (high-carbon rocks (formations) is clay-siliceous-carbonate rocks with an open shale texture. Clay-siliceous-carbonate rocks are primarily enriched with organic matter (OM) with a total organic carbon (TOC) content of more than 0.2% per rock for carbonate types and 0.5% for clay types. With a low degree of thermal maturity, such rocks are being diagnosed as “black shales”. Upon reaching thermal maturity, they belong to the oil and gas source stratum—“source rocks of oil and gas”, based on progress in technologies that caused a stable increase in gas and oil production therefrom, primarily in the United States, provided a chain reaction of interest in such objects in Canada, Western Europe, Australia, China, and was caught up in Eastern Europe, and finally an echo was found in Russia (Averyanova and Morariu, 2016; Alekseev et al., 2017; Prischepa et al., 2018; Ulanov and Ivanov, 2019). Almost all large vertically integrated companies in Russia, along with companies with foreign partners with significant research experience, organized special enterprises in the early 2000s, the purpose of which was to evaluate the hydrocarbon potential of unconventional shale strata on their own license areas. With the beginning of economic sanctions from the United States, and the fact that special emphasis is given to projects with limited distribution of technologies and equipment for the development of shale gas and oil, the participation of foreign companies was almost entirely curtailed. This is reflected in the need for Russian companies to independently search for approaches to the study and development of high-carbon formations. More than 50 years of experience in the study of hydrocarbons confined to clay-carbonate and clay-siliceous strata in the United States led to the development of technology and the beginning of commercial operations in the last 20 years.
The problem of so-called “shale” oil, i.e., oil accumulations located directly inside formations enriched with OM, or low-permeable strata combined therewith, is certainly not new for Russia. Back in Soviet times, in the 1970 and 1980s, oil deposits were discovered in Russia in the Bazhenov formation of the upper Jurassic in Western Siberia. In the Volga-Ural and Timan-Pechora regions, by the end of the 80s and beginning of the 90s, more than a dozen deposits were discovered in the Domanik formation of the upper Devonian in each region. Isolated discoveries of accumulations in low-permeable clay-marl deposits were also known in other regions (enriched in OM siliceous formation of Sakhalin (Okruzhnoye oil deposit), within Kum and Khadum formations of the Paleogene of the Ciscaucasia, etc. (Averyanova and Morariu, 2016).
We should not forget about the significant experience of studying and industrial use in the Soviet Union of hydrocarbon products from oil shales [high-carbon formations with OM with low degree of OM transformation (with reference to the Leningrad Region shales and kukersites of Estonia)] (Prischepa et al., 2014).
On the territory of Russia, there are high-carbon oil and gas-producing formations in which significant hydrocarbon accumulations can be detected that have significant distribution areas: from 30 thousand km2 (Khadum and Maykop formations of the northern Pre-Caucasus), 200–300 thousand km2 [Domanik formation in both the Timan-Pechora and Volga-Ural oil and gas province (OGP)], 250 thousand km2 (Kuonam formation of the Lena-Tunguska OGP), up to 1 million km2 (Bazhenov formation of the West Siberian OGP). All of them, according to previous research, can be combined under one name—deposits of the Domanik type (Neruchev, 1962).
In 1986, in the work of Neruchev (Maksimova, 1970), all high-carbon oil and gas source formations common in Russia were considered and were combined under the general term “Domanik-type deposits”, containing sapropel-type OM. At the head of the school, which studied “Domanik-type deposits”, the conditions for the formation of hydrocarbon systems within the sedimentary basins of Western Siberia, the Volga-Urals, and the Timan-Pechora were investigated (Kontorovich et al., 1967; Vassoevich, 1968; Kontorovich et al., 1975; Gurari, 1980; Rogozina, 1983; Bazhenova, 1994; Kontorovich et al., 1997; Bazhenova and Dakhnova, 2014).
In Russia, the study of the Domanik-type deposits has been conducted for more than 50 years, but at the same time, the hydrocarbon production potential of these oil and gas source formations has never been directly considered in terms of industrial development. While still in their first years of study of Western Siberia, the potential of the Bazhenov formation has been suggested the great potential of bitumen and kerogen strata requiring special technologies, in particular, artificial heat of pyrolysis for large-scale transformation in oil and gas and the subsequent commercial production. Today, such technologies are only experimental projects (for example, by the Shell company), the economic feasibility of which is unlikely to be determined in the near future. Their time will certainly come, and it will come relatively soon, because in the United States, where all innovative research areas are systematically implemented, it is already defined by strategic documents and forecasts.
A simple approach for assessing the hydrocarbon potential of shale strata is the use of the analogy method when the characteristics of well-studied and drilled wells (standards) are compared with less frequently studied (calculated) ones.
In this case, the hydrocarbon saturation density is determined on the well data but corrected for objective data obtained using seismic exploration (for example, thickness).
For Russia, a specific feature, along with extremely low drilling knowledge, is the limited information acquired on their own license areas and projects by companies that directly conduct targeted work to assess the potential of high-bituminous shale strata, which does not allow using actual data for establishing forecast basin models. Meanwhile, companies are more interested in assessing the capabilities of their own areas and developing technologies for attaining inflows than in obtaining information for assessing the residual potential of the region’s oil and gas source strata (Prischepa et al., 2014).
Due to the introduction of a new classification of oil and gas reserves and resources, the urgent task today is to develop a methodology for calculating hydrocarbon reserves in low-permeability (below 4 mD) shale strata. This method will allow unification of the approach to assessment and obtain a better understanding of the real potential of the oil and gas source and associated low-permeability strata of the Bazhenov, Tyumen, Abalaks, Achimov, Domanik, Khadum, and Kuonam formations (Neruchev and Smirnov, 2007; Averyanova and Morariu, 2016).
The main areas of development of high-carbon formations in Russia
The main regions of high-carbon deposits of the Domanik type in Russia in the 1980s have been identified in Western Siberia (Bazhenov formation and its analogous facies), Timan-Pechora and the Volga-Ural province (the Domanik formation and its facies analogues), North Caucasus (the Kum and Khadum formations), and Eastern Siberia (the Kuonam formation) (Figure 1) (Prischepa et al., 2014; Prischepa and Averyanova, 2017).
[image: Figure 1]FIGURE 1 | The main regions of development of high-carbon formations in Russia.
Today’s ideas about the prospects for detecting hydrocarbon accumulations in clay-carbonate-siliceous (shale) deposits and their assessment in Russia are largely based on a set of studies, primarily geochemical, performed during large-scale geological exploration in the 1980s and 1990s.
The Bazhenov formation of the upper Jurassic of the West Siberian basin is the most significant in Russia in terms of distribution and content of OM, and it is also characterized by the most significant concentrations of inorganic carbon content (Cnk) (i.e. > 5%). The Domanik formation of the upper Devonian of the Volga-Ural and Timan-Pechora basins of the East European platform should be ranked second in terms of the aforementioned indicators, i.e., the concentration of OM and the area of development. Next follows Kuonam formation of the Cambrian of the Siberian platform. Both formations contain high concentrations of Cnk (the value of Cnk in both formations is about 5%). All three, including the Bazhenov formation, are characterized by zones of catagenesis development that correspond to the possibility of generating and preserving generated hydrocarbons. Rocks of the Bazhenov formation exhibit a high established generation potential (up to 80–100 kg of hydrocarbons per ton (HC/t) of rock). Meanwhile, micro-oil is not always present in the rocks of the Bazhenov formation; OM is more often associated with chemical, hydrogen, van der Waals, and other bonding, and is completely inseparable from kerogen (Kiryukhina et al., 2013b). OM consists of kerogen (the insoluble part) and bituminous (the part of OM that dissolves in low-boiling organic solvents). Autochthonous bitumen (accumulated synchronously to sediment) is a source of micro oil (Magoon and Valin, 1994). The presence of parautochthonous bituminous—the migratory part of the synbituminous that broke away from the original OM, but did not leave the boundaries of the oil source rock—is characteristic of OM rocks of the Bazhenov formation (Table 1) (EIA, 2013).
TABLE 1 | Oil resources in the Bazhenov formation (EIA, 2013).
[image: Table 1]In the Bazhenov formation, parautochthonous bituminous rocks are recorded at the macro level only in highly fractured radiolarite layers—the siliceous-radiolarian litho-physical type. The main volume of the pore space of the clay-carbonate-siliceous mineral mass of rocks is related to voids formed due to the dissolution of radiolarian skeletons (Jarvie, 2012b).
The diameter of the voids of dissolution of radiolarian skeletons reaches 100 microns, the length is 250 microns, and some of these voids can later be partially or completely dolomitized. They were determined using an electron microscope (Kontorovich et al., 2018). In addition to micro-caverns of radiolarian dissolution, many smaller voids are present in the siliceous mass of rocks. These areas are composed of quartz microcrystals (Dakhnova et al., 2018; Cherepovitsyn et al., 2018), and the pores themselves are voids between individual crystals or clusters of them. The void space is filled with mobile micro-oil, and the rock can fluoresce under ultraviolet light. One of the world’s largest intracratonic West Siberian oil and gas basin, which occupies up to 2.7 million square kms and brings the country about 50% of its oil production per year in Russia and more than 80% of gas production, is also of interest today as a promising source of unconventional hydrocarbons contained in black shale formations.
The US Department of Energy’s Information Agency (EIA, 2013) provides estimates for 41 countries where technically recoverable resources are estimated at 204 trillion m3 of gas and 47 billion tons of oil, including oil from dense reservoir rocks. In oil assessment, Russia is the leader with 10 billion tons (only the Bazhenov formation assessment), and in terms of gas with an estimate of almost 8 trillion m3 of gas, it ranks 9th in the world (Prischepa and Averyanova, 2017). The most pressing issue here is the phrase “technically recoverable resources”, since today the industrial extraction technology for the Bazhenov formation is under development.
Large-scale studies of recent years (Rogozina, 1983; Kiryukhina et al., 2013b; Varlamov et al., 2020) have estimated the distribution of OM in rocks of the Bazhenov formation in Western Siberia, reconstruct its content at the beginning of catagenesis, and thus more reasonably approach the problem of estimating residual and non-migrated mobile hydrocarbons (Bazhenova and Dakhnova, 2014; Kontorovich et al., 2018). The potential of the Bazhenov formation according to these studies is estimated to be even higher than the Energy Information Administration estimates and amount to 25 billion tons of recoverable oil resources with a recovery factor of 0.03.
An important stage in the tectonostratigraphic development of the basin occurred in the Volga-Early Berrian period, when it was submerged in the central part of the basin (an area of about 1 million square meters). Sediments were formed in deep-water (from 300 to 700 m) (Ulmishek, 2003) stagnant conditions with hydrogen sulfide contamination, which regulated the biological productivity of benthic fauna and the degree of fossilization of OM, so in an anoxic environment, siliceous clays were deposited at a low rate, sometimes to varying degrees carbonate, enriched with OM, with a thickness of 20–40 m, sometimes up to 60 m. Thus, the geochemical situation in the sediments during the accumulation of OM in the Bazhenov formation was sharply reduced (siderite-pyrite and pyrite geochemical facies). The loss of OM during the anaerobic period of diagenesis was up to 35% (generation of biogenic methane) (Neruchev, 1986).
Next, after the Bazhenov formation, in terms of potential, the high-bituminous strata on the territory of Russia are the Upper Devonian deposits, which include the stratigraphic Domanik horizon.
In the Timan-Pechora and Volga-Ural provinces, according to VNIGRI studies (Neruchev, 1986; Belonin and Makarevich, 1994; Bazhenova et al., 2008; Bushnev and Burdelnaya, 2013; Prischepa et al., 2014; Stupakova et al., 2015; Averyanova and Morariu, 2016; Prischepa and Averyanova, 2017; Belozerov and Gubaidullin, 2020), dense clay, carbonate-clay and siliceous-clay rocks, primarily enriched with scattered OM, in the range of the Upper Devonian (Middle Frasnian-Famenian)—Lower Carboniferous (Tournaisian) parts of the section are classified as “Domanik-type” deposits. The stratigraphic range of their development is quite wide (Rzhonsnitskaya and Kulikova, 1990) from the actual Domanik (Semilukian) horizon of the Middle Frasnian age, including the Upper-Frasnian-Lower-Famenian (Vetlasyansky, Sirachoysky, Yevlanovsky, Livensky, Volgogradsky, Zadonsky, Yelets horizons) and Upper-Famenian-Lower Carboniferous (Lebedinsky, Zelenetsky horizons and Tournaisian stage) deposits. In both Timan-Pechora Province (TPP), and in the Volga-Ural OGP, they have traditionally been considered as strata that include oil and gas source rocks enriched in OM.
Due to the established practice of determining oil and gas bearing strata as a combination of reservoirs and fluid traps, Domanik-type strata with poorer reservoir properties and unstable oil and gas inflows from vertical wells were not considered as oil and gas-productive.
The attitude towards low-permeability reservoirs of high-bituminous formations is changing. So, according to Fortunatova (Fortunatova et al., 2021). Thus, the reserves of open unconventional deposits in the Troitsky, Krasnogorsky, Leshchevsky, and South-Nepryaevsky fields have been prepared for examination and registered in the State balance. The results of geological exploration in the Orenburg and Samara regions aroused a great interest of oil companies in areas that are promising for searching for unconventional oil deposits of the Domanik type.
In the North-East of the Siberian platform, the Kuonam formation is widely distributed, and is also referred to as being of the Domanik type (Figure 1).
It is represented by Domanikites (a term applied to thicknesses with TOC content in the range from 1 to 2%), calcareous-clay and calcareous-siliceous shales, marls, and clay limestones. The thickness varies from 20 to 70 m; trilobite fauna is found; stratigraphically, it belongs to the lower-middle Cambrian (Amginsky stage). The Kuonam formation comes to the surface in the section on the river Molodo, etc. The rocks of the formation and its facies analogues are considered by many researchers to be the main oil-producing strata of the region. The concentration of TOC is on average from 0.1 to 1%–3%, for individual rock differences (up to 15%–20%). The degree of transformation of OM, that called stages of catagenesis (according to the well-known classification of Vassojevich (Vassoevich, 1968) it varies from mesocatagenesis MK1-MK2 (Ra 7.0-8.2) and [in places of surface access and shallow occurrence) to MK4 (Ra 9.0-9.8) and apocatagenesis (АК) (Ra 10.7-13.0)].
The relevance of studying the Kuonam formation of Eastern Siberia as a potential source of shale oil is significantly less in terms of their possible industrial significance due, firstly, to the underdeveloped infrastructure. The West Siberian, the Timan-Pechora, and Volga-Ural provinces are more attractive from the point of view of studying the potential of non-traditional sources of raw hydrocarbons in these regions due to their more developed infrastructure, as well as due to the gradual depletion of traditional hydrocarbon reserves (Gubin, 2004; Guidelines for the Practical Evaluation, 2010).
The Kuonam formation is certainly worthy of study, but primarily as an oil and gas source layer, the potential of which served as the basis for the formation of accumulations of traditional hydrocarbon species in the overlying sediments. At the same time, its geological and economic significance as a source of shale oil and shale gas is not comparable to those of the typical Domanik deposits of the West Siberian, Timan-Pechora, and Volga-Ural OGP (Idelson et al., 1990).
To complete the description, it is also necessary to name the Kum and Khadum formations of the Paleogene of the Ciscaucasia, as well as the Pileng formation of the Neogene of Sakhalin. The concentration of ТОС ([image: image] ∼ 2%) in these formations dominated by Domanik facies, and Domanikites are extremely rare.
On the territory of Russia and the former Soviet Union’s several sites can be attributed to Domanikoid mechanisms of action, certainly not of such significance as those aforementioned, but also interesting as an object of study are as follows: The graptolite shales of the Silurian of the Baltic States (Russia, Kaliningrad region), Suchan formation of Upper Cambrian of the Siberian platform; Redkin formation of vend of Moscow syneclise and kukersite of the middle Ordovician of the Leningrad region and Upper Jurassic oil shale in the Volga-Ural and the south of Timan-Pechora region. Of course, all of them require an appropriate “inventory” in terms of their oil and gas generation and storage capabilities.
MATERIALS AND METHODS
This study is aimed at clarifying individual parameters and methods for assessing hydrocarbon resources preserved in primarily enriched strata with OM related to oil and gas source in several sedimentary basins of the Russian Federation. It is based on complex laboratory studies of natural outcrops samples and core wells. Also, based on interpretation of data from geophysical studies of wells and the results of seismic surveys on a network of regional profiles, which made it possible to refine and supplement data on the distribution by area and section of high-carbon rocks, distribution by lithotypes, geochemical characteristics of OM and extracts, filtration and reservoir properties of the section of the Domanik-type sediments.
The methodology of the work involved a number of sequential steps, including clarification of the geological structure of the intervals of the section of the high-carbon strata of the Upper Devonian (Middle Frasnian-Famennian) and Tournaisian stage of carbon related to the main oil and gas producing on the territory of Volga-Ural and Timan-Pechora provinces, including their geochemical and petrophysical features.
Such sequential steps included:
1. Identification of characteristic features of high-carbon deposits of the “Domanik type”.
2. Determination of the stratigraphic interval of the distribution of deposits primarily enriched with OM, related to the “Domanik type”.
3. Determination of the area of development of each of the selected stratigraphic units related to the Domanik-type deposits.
4. Determination of the lithological composition (microscopic and petrographic studies of the sections) and lithotyping of the Domanik-type deposits.
5. Assessment of geochemical features (laboratory study of bituminous extracts and pyrolytic studies of core samples), distribution and degree of transformation of OM of high-carbon deposits of the “Domanik type”, confined to different lithotypes and zones differing in facies conditions of formation.
6. Assessment of the petrophysical parameters of the isolated lithotypes in the of the Domanik-type sediments.
7. Identification of typical geochemical sections for all facies zones and stratigraphic intervals of the development of the Domanik-type deposits.
8. Mapmaking of the current concentration of organic carbon and the catagenetic maturity of OM by bituminological and pyrolytic studies.
9. Recalculation of the organic carbon content in the Domanik-type rocks at the beginning of catagenesis using balance equations for three types of OM.
10. Determination of the mobile part of bituminous (separation into residual kerogen and parautochthonous bituminous) preserved in oil and gas source deposits of the Domanik type after migration of generated hydrocarbons.
11. Clarification of the methodological approach to the assessment of oil and gas resources of high-carbon deposits of the Domanik type.
12. Assessment of the resource potential of the Upper Devonian-Tournaisian deposits of the Domanik type of the Timan-Pechora OGP.
13. Assessment of the resource potential of the Upper Devonian-Tournaisian deposits of the Domanik type of the Volga-Ural OGP.
14. Assessment of the possibility of using the developed approach to high-carbon deposits of the Khadum formation (Early-Middle Oligocene) of The North-Pre-Caucasian OGP and the Kuanam formation (Lower Middle Cambrian) of the Leno-Tunguska OGP.
A specific feature of high-bituminous strata enriched with organic carbon the ability to generate and preserve generated hydrocarbons within single strata or in low-permeable boundary strata associated with it above and below the section (Neruchev, 1962; Neruchev and Smirnov, 2007; Bazhenova et al., 2008; Kiryukhina et al., 2013a; Bazhenova and Dakhnova, 2014; Sannikova et al., 2017; Kontorovich et al., 2018). If there are high-quality screening layers above and below the horizon, the reservoir properties of rocks are “preserved” and deposits of the traditional type are formed in the Domanikoid at the generation site, often with abnormal high pressure (for example, the Salymskoye field in Western Siberia). If there is either no upper or lower cap, the fluids are forced out (squeezed out) in an upwards or downwards direction. As a result, high-bituminous strata are significantly compacted, lose their traditional reservoir properties, and can be classified as low-permeable, dense reservoirs containing accumulations of unconventional hydrocarbons. This aspect determines the uncertainty in the exploration process and the lack of clear recommendations when determining the selection of objects and areas for licensing.
In general, it can be noted that the unconventional oil and gas system differs from the traditional one primarily in that the object of industrial evaluation is hydrocarbons that have not been displaced from OGSS, after their generating (preservation) due to low permeability that does not provide further migration routes to traps or dispersion.
Geochemical methods play one of the most significant roles in the overall complex of studies aimed at predicting the oil and gas potential of the Domanik-type deposits. Their use in conjunction with other geological and geophysical methods significantly increases the information-richness of the assessment (Tissot and Velte, 1981; Espitalie et al., 1993; Stupakova et al., 2015; Carayannis et al., 2019; Ilinova and Chanysheva, 2020).
Also considered methodological approaches to identifying effective oil-saturated thicknesses when combining field geophysical data and Rock-Eval data to identify promising objects in the depth section.
The residual hydrocarbon potential of the oil and gas source shale strata is determined by the conditions of sedimentation and burial of high-carbon deposits, the history of their immersion, migration (expulsion) opportunities, the scale and speed of hydrocarbon generation, their redistribution, and preservation opportunities.
There are many approaches to estimating the resources of hydrocarbon accumulations confined to low-porosity and low-permeability strata of oil and gas source formations.
The basis of the study is the refinement of maps of the lithological-facies zonation and thickness of the Domanik-Tournaisian complex, the distribution of concentrations of OM and the assessment geochemical and lithological heterogeneities of a section for the allocation of the main types of organic carbon distribution in representative sections.
Based on the example of the Timan-Pechora sedimentary basin, it was revealed that the high-carbon strata were formed on the part of the basin area only in the Middle Frasnian, on the other part—in the Middle-Late Frasnian-Early Famennian period, in the limited eastern part—in the Middle Frasnian-Early Tournaisian period.
The methodology for assessing the generation, migration, and preservation of hydrocarbons in the generation column is based on a detailed dissection of the Domanik-type deposits and its formation analogues with the allocation of basic lithotypes, that each has its own geochemical characteristic of OM. The reference is also related to sedimentation conditions from shallow-sea shelf to relatively deep-water scenarios. According to the results, three strata were typed in the age range from the Middle Frasnian to the Late Famennian-Tournaisian periods of the Upper Devonian.
The resources are estimated by the volumetric geochemical (genetic) method based on the capabilities of the rock to generate hydrocarbons. The generation potential of the oil and gas primary shale strata and the degree of its realization are estimated using this method.
The methods used to evaluate the industrial significance of shale hydrocarbon accumulations in North American projects are based primarily on data from test studies of wells and are distributed or interpolated to zones of influence (drainage). Such approaches are very reliable in determining the necessary parameters and characteristics for making management decisions on the development of work on a specific area, but they are extremely costly and inefficient for assessing the prospects of the entire area (basin) for the development of high-carbon strata.
Currently, two approaches are the most common in assessing the resources of non-traditional strata. Both methods can be employed for estimating quite traditional hydrocarbon accumulations: the standard volume method and the volume-genetic method (with modifications of the balance model or basin modelling). The difference between the first method and the assessment of traditional accumulations is the involvement of low-pore and low-permeable reservoirs in effective thicknesses, as well as the use of separation of layers with mobile and stationary oil. The second approach is increasingly being used. This approach is based on estimating the volume of possible generation of hydrocarbons from the oil and gas generating strata, estimating the volumes that have left the generation strata (expulsion), and the possibilities of preserving (residual oil) directly in the generation strata or in low-porosity strata bordering it that are not a transit-path for the resulting hydrocarbons.
A quantitative model of the generation of oil and gas in the process of transformations (catagenesis) for basic types of OM rocks are well developed in Russia regarding high-bituminous sources that was reflected in the works of Neruchev, Kontorovich, and Bazhenova. These studies, along with other theoretical developments (Kontorovich et al., 1967; Halimov and Melik-Pashaev, 1980; Schamel et al., 1994; Pairazian, 2003; Jarvie, 2012a; Prischepa et al., 2015) allowed a better understanding of the hydrocarbon potential of these strata, which, of course, can be used in the debate around current issues.
Thus, one of the most well-known approaches to the quantitative model of oil and gas generating (Peters et al., 1993; Magoon and Valin, 1994) based on the possibility of using systematic data on the composition of OM and bituminous media at different stages of catagenesis. However, this requires a huge amount of detailed geochemical studies of OM, which can be conducted in the presence of a representative selected core. In this regard, a method of quantitative modelling of oil and gas generation for the main genetic types of OMs was developed, which can be used as a basis for assessing oil and gas formation in any oil and gas basin (Lopatin et al., 2003).
One of the important points that require clarification when discussing the issues raised in the article is the terminology used in parts of the stages of transformation of sediments enriched with dispersed organic matter (DOM) and identified as oil and gas producing and oil and gas containing.
Two main approaches are used to determine the main stages of catagenesis (temperature changes). First is using indicators of the reflectivity of vitrinite of carbonaceous detritus (refractive index of collogalgenite). Second is by the characteristic colors of the insoluble part of OM or by the color of the substituted organic residues.
Vitrinite is a carbonaceous inclusion (micro-component) in a rock formed from woody tissue due to coalification of lignin and cellulose and characterized by a wide distribution, homogeneity, physico-chemical characteristics and, most importantly, almost irreversibly reacts to changes in temperature conditions. Therefore, by the reflectivity of vitrinite, it is possible to identify the stages of catagenesis of rocks and OM contained in it and, in fact, vitrinite fixes the maximum temperature of warming.
In 1961, the famous Soviet carbon petrographer I.I. Amosov proposed to determine the stages of coalification by the reflectivity of vitrinite in air environment Ra and cedar oil (R°) (Ammosov and Tan, 1961). The reflectivity of vitrinite is the ratio of the intensity of the luminous flux of the specified wavelength reflected from the polished surface of the macerals of vitrinite group (humite) to the intensity of the luminous flux incident perpendicular to this surface, as a percentage of Ra = Rair, Ro = Roil.
Considering the results of Amosov’s research, a scale of catagenesis was developed, noting its gradations based on the reflectivity of vitrinite [42, 48 76], which is widely used at time of writing (Table 2); however, this universal development has certain limitations in practical use. For example, vitrinite, as a rule, is absent in marine sediments with sapropel OM. Moreover, with high rock-transformation, the reflectivity of coals and vitrinite closing with each other and therefore the practical use of the reflectivity of vitrinite meets certain difficulties.
TABLE 2 | Scale of catagenesis and coalification of OM of the rocks.
[image: Table 2]The absence of carbonaceous substances in marine sediments forced Parparova and co-authors in 1973 to develop the scale, and Neruchev et al. (1976) refined it in 1986 (Rogozina, 1983). This scale of catagenesis was developed based on a complex of studies of concentrates of debituminised kerogen by sapropel micro-components (Table 2). The scale of catagenesis developed by Vassojevich is widely used in Russia and neighboring countries, however, in the United States, Germany, the United Kingdom, and some other countries, other ratios of lithogenesis gradations and carbonaceous scales are used. Various schemes of catagenesis were compared by Vassojevich (Vassoevich, 1968) (Table 3). There are other methods for determining the degree of transformation of dispersed OM. For example, in Precambrian and Lower Palaeozoic sediments devoid of carbonaceous inclusions, vitrinite in particular, the refractive index of the micro-components of the dispersed OM as colloalginite, collohitinite, and pseudovitrinite is used.
TABLE 3 | Generation of oil, hydrocarbon gas and other volatile products of sapropel OM for recalculating at the beginning of catagenesis (Kontorovich et al., 2018).
[image: Table 3]Thus, for a more unambiguous understanding of the transformation stages of OM when assessing the volumes of generated hydrocarbons at the corresponding stages of catagenesis, this article presents both the corresponding stages widely used in Russia (from PK1 to AK5) and the reflectivity of vitrinite, indicating the corresponding stages of coalification, widely known and used in the scientific literature; this is based on information about the genetic type of OM in a particular object under study and data on the degree of catagenesis of OM therein, as well as balance quantitative models of oil and gas formation obtained as a result of long-term detailed geochemical studies of the OM of oil and gas source rocks of the Volga-Ural, West Siberian, East Siberian oil and gas regions and other regions of Russia (Neruchev, 1962; Neruchev et al., 1976).
Generalized quantitative models for the generation of oil, hydrocarbon gas, and other volatile products were developed for sapropel-type OM, humic OM, and low-concentration oxidized sapropel OM (Bazhenova, 1994; Bazhenova, 2016).
Oil and gas formation models used in the present work to assess hydrocarbon potential of shale formations of Russia are widely known and mostly developed for evaluation of amount of generation and expulsion of hydrocarbons from source rock formations (Kontorovich et al., 1967; Larskaya, 1983; Magoon and Valin, 1994; Schamel et al., 1994; Kleshchev et al., 2000; Kiryukhina et al., 2013a; Kiryukhina et al., 2013b; Kiryukhina et al., 2015; Fortunatova et al., 2019a; Fortunatova et al., 2019b). The highest oil-source potential is characterized by sapropel OM (kerogen types I-II). Data on the generation of oil, hydrocarbon gas and other volatile products by sapropel OM obtained by Neruchev are summarized in Table 3 (Lopatin et al., 2003).
The main stages of transformation of organic matter according to the works of Neruchev are described below (Neruchev, 1962; Neruchev et al., 1976; Neruchev, 1986; Neruchev et al., 2006).
At the stage of protocatagenesis (Ra 6.0-7.1), oil generation does not occur, and the generation of hydrocarbon gas is very insignificant — 0.9% of the mass of the initial OM (Figure 3; Table 3) (catagenesis zones for Domanik are shown in Figure 3). At the beginning of the MK1 (Ra 7.0-7.5) gradation, oil generation by sapropel OM is also insignificant, but by the beginning of the MK2 (Ra 7.5-8.2) gradation it reaches 8.2% of the initial mass of OM (Putikov et al., 2019).
The predominant part of oil is formed during the thermal destruction of sapropelic OM at the MK2 (Ra 7.5-8.2) catagenesis gradation (Figure 3; Table 3) and reaches MK3 (Ra 8.2-9.0)—29.24% of the initial mass of the OM at the beginning of catagenesis. At higher grades of catagenesis (from MK3 to the end of AK (Ra 10.6)—apocatagenesis), oil generation is not significant at all, but the process of formation of hydrocarbon gas, which is dominated by methane, is activated (Figure 3). On gradation of MK3 (Ra 8.2-9.0) hydrocarbon gas generation accounts for 2.7% of the initial mass of OM and by the end of metacatagenesis reaches 4.6% and by the end of apocatagenesis, some 7.5% of the initial mass of OM. HC gas of 70%–80% is formed after the completion of oil formation, during the main phase of gas formation.
Humic OM has a lower oil-source potential (Table 4). HC gas is generated by humus OM at all stages of catagenesis, but unevenly. In protocatagenesis (Ra 6.0-7.1), 1.6% of the hydrocarbon gas is formed, at the stage of the main phase of oil formation—only 0.896 of the initial mass of the OM at the beginning of catagenesis. Further, the generation of HC gas is activated, the main phase of gas formation is manifested. By the end of mesocatagenesis (Ra 9.0-10.0), 5.7% is formed, and by the end of apocatagenesis, some 35.27% of the initial mass of the HC gas is formed. Thus, the predominant part of the HC gas (>80%) is formed during the main phase of gas formation.
TABLE 4 | Generation of oil, hydrocarbon gas, and other volatile products by humic OM for recalculation at the beginning of catagenesis (Neruchev and Smirnov, 2007).
[image: Table 4]The oil and gas source rocks often contain mixed forms of sapropel-humus and humus-sapropel OM, rather than pure sapropel or pure humus. Knowing the ratio of sapropel and humus components in the OM of the studied geological object and using the data provided (Tables 4, 5), the amount of oil and gas produced for any mixed composition of the OM may be calculated.
TABLE 5 | Generation of oil, hydrocarbons, and other volatile components by low-concentration oxysorbosapropelic OM.
[image: Table 5]By the beginning of MK1 (Ra 6.0-7.1) gradation, oil generation does not exceed 0.6%, by the end of MK2 (Ra 7.5-8.2) gradation, no more than 1.64% of the initial mass of the OM at the beginning of catagenesis, and at higher grades of catagenesis stops. Weak oil generation by humus OM at grades MK1-MK2 (Ra 7.0-8.2) is proportional to the amount of sapropel and humus components.
Table 5 lists data on the generation of oil and gas by low-concentration oxysorbosapropelic OM. Intensive oxidation of OM at the stage of diagenesis significantly reduced its oil-source potential. Oil generation from the beginning of MK1 (Ra 7.1-7.5) gradation to the end of the MK3 (Ra 8.2-9.0) catagenesis gradation for this type of OM is only 6.25% (compared to 28.24% for sapropel OM). The generation of HC gas is slightly higher than that of sapropel OM and at the AK3 (Ra 13-14.0) gradation reaches 10.56% of the initial mass of the OM at the beginning of catagenesis.
The given data of the oil generation used in this study are used for recalculating the volumes of organic carbon of OM at the beginning of catagenesis and for estimating the volumes of generation, expulsion, and volumes of hydrocarbons preserved in the generation strata, but separated from the HC matrix in highly-bituminous strata of the Russian Federation.
RESULTS
Assessment of the oil and gas potential of high-carbon formations of Russia
Estimates of the volume of generation and expulsion from the OM of the oil and gas source strata of Russia are widely presented in the works of Neruchev, Gurrari, Nesterov, Kontorovich, Bazhenova, among others (Neruchev, 1962; Kontorovich et al., 1967; Gurari, 1980; Neruchev, 1986; Bazhenova, 1994; Shimansky et al., 1994; Kontorovich et al., 1997; Bazhenova, 2016; Varlamov et al., 2017; Varlamov et al., 2020).
Estimates of residual oil in the generation strata have only recently been reflected in publications on the prospects of shale basins in Russia. Estimates of the so-called technically recoverable oil of shale formations in Russia were given in the work of Ahlbrandt et al. (2005), where they were estimated at 5.3 billion tons of oil and 4.3 trillion m3 of gas for the Domanik formation of the Timan-Pechora and Volga-Ural SB, 15.7 billion tons and 4.7 trillion m3 for the Bazhenov formation of the West Siberian SB, and in 4.5 billion tons and 5.9 trillion m3 for the Khadum and Maykop formations of the Ciscaucasia (Guliyev et al., 2018; Kerimov et al., 2021). In the work of Bazhenova (Bazhenova, 2016), where the total scale of “residual oil” in the Bazhenov formation of Western Siberia was estimated at 1.700 billion tons. In the Domanik formation of the Timan-Pechora OGB in 176.5 billion tons (58.6 billion t—D3sm; 117.9 billion tons D3f3-C1t). In the Volga-Ural oil and gas basin (OGB) in 758 billion tons (218 billion tons—D3st; 540 billion tons—D3f3-C1t). In the Kuonam formation G1-2 of the East Siberian platform in 250 billion tons. In the Kum and Khadum formations of the Ciscaucasia—197 billion tons. These estimates from the work (Bazhenova and Dakhnova, 2014) most likely indicate the share of generated, but not yet emigrated from the thickness of generation (dispersed therein) of hydrocarbons (Martirosyan et al., 1998).
Estimation of resources in the high-carbon shale layer of the territories of the Russian Federation that have been completed in recent years are listed in Table 6.
TABLE 6 | Comparison of estimations of hydrocarbon resources of shale mother formations in Russia [after (Bazhenova, 1994; Bazhenova et al., 2008; Bazhenova and Dakhnova, 2014)* (Prischepa et al., 2014; Prischepa and Averyanova, 2017)** (Ahlbrandt et al., 2005)***].
[image: Table 6]A series of studies on the Timan-Pechora basin (Bazhenova, 1994; Belonin et al., 2004; Jarvie, 2012b; Averyanova and Morariu, 2016; Egorov et al., 2018) could be aimed at assessing the “residual” generation potential of the Domanik formation of the TPP, estimated 135.2 billion toe (oil potential—59.63 billion of t., gas potential—88.88 trillion m3) to 171.2 billion toe (oil potential—66.14 billion t., gas potential—123.88 trillion m3) and up to 225.4 billion toe (oil potential—152.7 billion tons, gas potential—61.8 trillion m3) when used with different kinetic spectra (Pepper and Corvi, 1995). In the meanwhile, the total amount of oil in the free pore space of the Domanik horizon when using kinetic spectra with different frequency factors and Pepper and Corvi kinetics is approximately the same at values of about 13.3 billion tons of oil (Pepper and Corvi, 1995; Sannikova et al., 2017).
According to the most relevant study (Belonin et al., 2004; Bushnev and Burdelnaya, 2013; Egorov et al., 2018; Fortunatova et al., 2019a; Fortunatova et al., 2019b), based on the study of the core of deep wells with a Domanik depth of 2,733–4,416 m; cores from five structural wells drilled in the Ukhta region of southern Timan with a depth of 50–300 m and samples from natural outcrops of Domanik horizon rocks in the Ukhta region of southern Timan, the resources of the siliceous-carbonate high-carbon Domanik formation were determined using the volume-genetic and volume method.
According to the selected facies zones, considering the zoning of catagenesis, the volume of oil resources preserved in the Domanik strata in the Timan-Pechora sedimentary basin is estimated, i.e. from 143.6 (Fortunatova et al., 2019a) to 225 billion tons (Sannikova et al., 2017).
To clarify the areal and stratigraphic boundaries of the distribution of the high-carbon formation, as well as the distribution of organic carbon (TOC) along the Domanik sediments and its overlying facies analogues, litho-facies maps were used as the basis of the study, field (seismic data) and geophysical data of wells (logging) that uncovered these deposits in the Timan-Pechora sedimentary basin (more than 350 wells) with reference to the main isolated lithotypes in the range of the Domanik-Tournaisian deposits (separately for Domanik, Upper Frasnian-lower Famennian and Famennian-Tournaisian parts of the section). In the northwest of the basin, there is an area of absence of the Domanik deposits (Figure 2).
[image: Figure 2]FIGURE 2 | Lithological-facies map of the development of the Domanik and Domanikoid deposits of Middle-Frasnian, Late-Frasnian and Famennian-Tournaisian stages in the Timan-Pechora OGP (Prischepa and Averyanova, 2017).
Lastly, and of the least significant, albeit important for the easternmost regions of the sedimentary basin, is the presence of mainly marl and сlay carbonate, which can also be attributed to the high-carbon part of the Famennian formation and the lower part of the Tournaisian stages; these are divided into two types in the zone of catagenesis MK2 (Ra, occupying an area of distribution of about 15 thousand km2 with a total thickness of the high-carbon part of the section up to 20–30 m and concentrations of TOC 2%, in the zone of catagenesis MK3 (Ra 8.2-9.0), occupying an area of distribution of about 60 thousand km2 with a total thickness of the high-carbon part of the section up to 30 m and TOC concentrations of 1.0%.
Samples of the Domanik deposits from wells with a small depth of the Domanik deposits contain both Types I and II, the its degree of maturity is slightly higher (TMAX 413°C–429°C) than on outcrops (gradation of catagenesis MK1-2 (Ra 7.0-8.2). The content of TOC therein varies from 2 to 15%, and in sapropelites exceeds 20%. The hydrogen index (HI) of kerogen contained in rocks of this type is 360–800 mg of HC/g TOC (Fortunatova et al., 2021).
Previously, an attempt has already been made without noting the mapped correction of the average organic carbon content in the Domanik TP SB, tying them to the main lithotypes, and without comparing the data on filtration and thickness properties and saturation (which was fully used in this study) to evaluate the generated, initially migrated, but remaining in the generation strata the “mature” hydrocarbons based on the identification of the zonality of catagenesis (Pairazian, 2003; Sobolev et al., 2017).
In the present research, an attempt is made to estimate the hydrocarbon resources in the Domanik deposits and in their overlying formation analogues using balance models of oil and gas formation by Neruchev (Neruchev et al., 1976), considering the trends revealed in the distribution of pore space (tomographic studies) and oil saturation associated with lithotypes and zones of catagenesis (Weisberg et al., 2018; Torba and Nikiforova, 2019).
The catagenesis maps were made based on the data obtained during the study of Domanik rocks by bituminological research (VNIGRI data (Prischepa and Averyanova, 2017) on more than 2000 samples) and also based on Rock-Eval method data on the results of their geochemical studies (more than 350 core samples and 200 outcrop samples) and more than 350 analyses according to the work of Fortunatova (Fortunatova et al., 2019b). Approaches to determining the degree of catagenesis based on bituminological data are described in detail in (Neruchev, 1986; Bazhenova and Dakhnova, 2014).
According to Rock-Eval, the degree of OM catagenesis is determined according to the indications of Tmax (Neruchev et al., 1976). In the calculations, areas with Tmax less than 415°C were excluded (corresponding to grades PK1-PK2). Areas with Tmax of 415°C–425°C (correspond to grades PK3-MK1, corresponding to the entry into the main phase of oil formation) of the Domanik-type deposits in the Ukhta district of the TPP, are oil-bearing.
The catagenesis scheme for the Domanik-Famennian part of the TPP section is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Catagenesis schematic map of the Domanik horizon (D3f2) of the Timan-Pechora province oil and gas complex (after Bazhenova et al. (Bazhenova et al., 2008; Bazhenova and Dakhnova, 2014).
The scheme of TOC distribution for the Domanik-Famennian part of the TPP section is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic map of the averaged concentrations of OM in the Domanik horizon of the TPP (Bazhenova et al., 2008; Prischepa et al., 2014; Bazhenova, 2016; Prischepa and Averyanova, 2017).
Results that are significantly different from those above were obtained (Tables 6 and 7). The total oil resources estimated in accordance with two different methods (estimation of the pore space of Domanik strata occupied by soluble bituminous and estimation of the recoverable part of parautochthonous bituminous that did not migrate from the strata) differ by about 1.5 times (4.91 and 6.39 billion tons), which in principle is quite appropriate when there is a large spread of data on filtration and reservoir properties and pyrolytic studies of individual wells, as well as a limited number of kinetic spectra used. The volumes are quite adequate to the estimates obtained when identifying the most significant areas at depths corresponding to the zone of oil and gas formation of Domanik strata (Prischepa et al., 2014).
TABLE 7 | Characteristics of the Domanik formation of the Timan-Pechora OGP and assessment of unconventional accumulations of hydrocarbons in the Domanik shale strata [according to the authors study using the balance equations (Neruchev et al., 2006)].
[image: Table 7]The estimation of the remaining resources scattered in the thickness of the Domanik deposits can be realized by the remaining hydrogen index of OM obtained based on pyrolytic data, as well as in accordance with the stages of catagenesis and the output of liquid and gaseous hydrocarbons from the corresponding type of OM.
The differences between the maximum possible output and current output (Tables 2–4) and the current values of TOC content are used. According to previous research (Sannikova et al., 2017), based on the results of modeling in Petromod, the remaining generating potential of the Domanik strata varies from 0 to 7.9 million tons/km2 (for the corresponding kinetic spectrum of the activation energy).
The greatest remaining generating potential of the Domanik deposits is noted in the south-western part of the Timan region, since this particular territory is characterized by a lower degree of maturity and the best initial geochemical parameters. According to our estimate, significantly lower density values were obtained for oil: from 0 to 3.2 million tons/km2 for the Domanik, from 0 to 0.36 million tons/km2 for the Upper Frasnian, and from 0 to 0.26 million tons/km2 (Table 8).
TABLE 8 | Estimation of resources in the high-carbon shale layer of the Domanik of the TPP (Varlamov et al., 2020; Fortunatova et al., 2021).
[image: Table 8]The estimation of the proportion of syngenetic and epigenetic bituminous in the generation thickness was compared with the effective porosity, i.e. a combined volume method and an improved volume-genetic method were used (Table 7).
The difference in the volumes of hydrocarbons preserved (Kondrasheva, 2018; Makhovikov et al., 2018) in the generation strata in the dispersed state after the completion of expulsion processes and the volumes of generated oil that have signs of mobility and saturate the pore space (including those formed by the generation of hydrocarbons) can be estimated by involving laboratory core studies with a series of studies before and after bituminous extraction (Solovieva and Pavlova, 2007).
It is useful to compare the results obtained by different groups of researchers and those arising from use of different techniques. Thus, the use of the method of geological analogies with the selection of reference type sections, performed in the study of Fortunatova et al. (2019b); (Fortunatova et al., 2021) made it possible to estimate the potential of hydrocarbons in the Domanik deposits for the Timan-Pechora OGP (Table 8) (Martirosyan et al., 1998).
In general, they are estimated at 170.2 billion tons, which does not contradict previous results (Bazhenova et al., 2008; Kiryukhina et al., 2013a; Sannikova et al., 2017). Recoverable resources determined from the calculation of ORR giving values of 0.03 and 0.05 amounted to 5105.2 million tons or 8508.59 million tons, respectively) (Fortunatova et al., 2019b).
In each of the studies, the estimates used significantly different approaches and estimated different volumes of resources in terms of meaning and practical significance—concentrated zones of parautochthonous bituminous, preserved in the generation thickness, or volumes of scattered bituminous (unrealized potential). An attempt to separate these types of bituminous has already been made (Methodological guidelines for the quantitative, 1983), where it was shown that the value of the residual resources of Domanik and its facies analogues of TP OB (mobile bitumides that broke off from the matrix) it is 5.3 billion tons of oil and 4.6 trillion m3 of gas, and for the Volga-Ural OGP—is 6.5 billion tons of oil and 3.5 trillion m3 of gas, respectively. These figures for the TPP, in general, are comparable with the estimates of MSU (13.3 billion tons) “in free pore space”.
The use of a calculation technique akin to that above (the method of analogies with the allocation of reference sections of the Domanik wells for each of the assessed zones) in relation to the Domanik of the Volga-Ural OGP (Fortunatova et al., 2021) showed the following results (Table 8; Figure 5). In our opinion, they are overly positive because both the distribution areas, comparing with the Timan-Pechora basin, and the concentrations of TOC both on the thickness as a whole and when it is divided into separate lithological and stratigraphic divisions (from the Middle Frasnian to the Upper Famennian deposits) are comparable.
[image: Figure 5]FIGURE 5 | Lithological-facies map of the development of the Domanik and Domanikoid deposits in the Volga-Ural OGP (Fortunatova et al., 2019b; Varlamov et al., 2020).
Recoverable resources determined with an oil recovery factor of 0.03 amounted to 20.1 billion tons (Varlamov et al., 2017; Fortunatova et al., 2019b; Varlamov et al., 2020; Fortunatova et al., 2021). Based on the volumes of generated oil and gas determined in accordance with the balance models of Neruchev (Neruchev and Smirnov, 2007) the volume of “residual” geological resources of oil, in general for the Volga-Ural OGP in the high-carbon strata of the Domanik and overlying Frasnian-Famennian clay-carbonate-siliceous sediments was estimated at 82 billion tons, gas–29 trillion m3, which, with a recovery factor of 0.1 to 0.003, amounted to 6.5 billion tons and 3.5 trillion m3 (Prischepa et al., 2018). This is almost the entire range of coefficients in such projects. We used in the calculations, depending on the porosity, from 0.03 to 0.05. These values are conditional and are based only on available statistics (Smith, 1971). The estimation of resources using the method of analogies based on the allocation of reference sections, according to the Volgo-Ural OGP is displayed in Table 9.
TABLE 9 | Resource estimate for unconventional accumulations of hydrocarbon in the high-carbon Domanik strata of Volga-Ural OGP (Prischepa et al., 2014; Varlamov et al., 2017; Fortunatova et al., 2019a; Fortunatova et al., 2021).
[image: Table 9]Resource estimation using the method of analogies based on the selection of reference sections for the Leno-Tunguska OGP is shown in Table 10 (Figure 6).
[image: Figure 6]FIGURE 6 | Distribution of the Kuonam formation within the Lena-Tunguska OGP (Smith, 1971).
TABLE 10 | Estimation of unconventional hydrocarbon accumulations in the Kuonam shale formation of the Leno-Tunguska OGP (Smith, 1971; Fortunatova et al., 2021).
[image: Table 10]Estimation of oil accumulations unconventional geological resources in the Khadum formation with using the method of analogies for the eastern part of the North Caucasian-Mangyshlak OGP (Tersko-Kum depression) was made according to the research of Fortunatova as 8.03 billion tons; if we note the recovery factor 0.1-0.05 (1.09 billion tons), which is comparable with estimation based on the generation potential and the possibilities of preservation in the strata (0.8 billion tons) (Figure 7).
[image: Figure 7]FIGURE 7 | Distribution of the Khadum formation within the Tersko-Kum depression (North Caucasian-Mangyshlak OGP) (Bazhenova et al., 2008; Guliyev et al., 2018; Kerimov et al., 2021).
If these results were compared with those previously obtained (Prischepa et al., 2018) (Table 10), when an attempt was made to separate the volumes of hydrocarbons scattered and concentrated in the places of generation based on the composition of OM and tying them to catagenesis zones, they are similar. Therefore, in the Timan-Pechora sedimentary basin, the potential of the Domanik high-carbon formation, previously estimated at 5.3 billion tons of oil, according to this study, ranged from 4.91 to 6.39 billion tons. For gas, estimates reached 4.8 trillion m3, according to this study, from 2.4 to 1,67 trillion m3 (Table 6), which is explained by a decrease in the accepted share of gas preservation at a level some half of that estimated previously in gas-concentration zones.
The final comparison is given in Table 11, which shows a comparison of the current and previously obtained results, as well as the results of specified works (Bazhenova, 1994; Ahlbrandt et al., 2005; Prischepa and Averyanova, 2017; Varlamov et al., 2020; Fortunatova et al., 2021).
TABLE 11 | Comparison of estimates of resources of scattered hydrocarbons and those concentrated in places of their generation.
[image: Table 11]CONCLUSION

1. The main high-carbon shale formations of Russia (Bazhenov formation in Western Siberia, Domanik formation, Timan-Pechora and Volga-Ural provinces, Khadum and Maykop formations of the Ciscaucasia, Kuonam formation of the Lena-Tunguska OGP), the estimate of recoverable resources of oil exceeded 40.2 billion, gas–26.8 trillion m3.
2. When using the proposed approach to evaluate hydrocarbons of oil and gas source formations, it is possible to estimate their remaining potential. At the same time, it is important to be able to divide it into the part that has not yet been generated (the early stages of the transformation of OM) and the preserved (non-migrated), represented by mobile hydrocarbons. The latter will be of direct interest to oil and gas companies in the face of high energy prices.
3. In relation to the Domanik and Domanikoid conditions of the Volga-Ural and Timan-Pechora SB, the most significant potential of the mobile part of the oil bituminous is preserved in the catagenesis zones MK21-MK22-MK3 at depths ranging from 1.0 to 2.3 km, which allows recommendations to be made about the most promising areas for their study and development of extraction technologies.
4. For further research into high-carbon formations, a combined study of the geochemistry of OM in comparison with the petrophysical properties of the host thickness is extremely important. The study revealed significant differences between the volumes of pore space and the volumes occupied by bituminous media. The reasons for this discrepancy will be the subject of further research.
5. A significant refinement of the results is possible with a sequential consideration of all intervals of high-carbon formations with the separation of facies most enriched in OM.
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Deep fluid activity is widespread in large oil-gas basins around the world. Deep fluids, as the links between internal and external factors of a basin, run in the way of organic-inorganic interactions through the oil-gas formation and aggregation. Herein, the identification characteristics of deep fluids in sedimentary basins as well as their influence on oil-gas reservoir formation and geothermal resource are summarized. The deep fluids of sedimentary basins are identified from three aspects, including mineral composition, fluid inclusions, and geochemical characteristics. The effects of deep fluid activities on oil-gas reservoir formation are manifested in two key aspects of matter and energy. As for the matter effects, deep fluids can improve the primary productivity of sedimentary basins and carry abundant inorganic hydrogen, which contributes to improving the hydrocarbon productivity through hydrogenation. As for the energy effects, the heat energy of deep fluids can promote the mature evolution from organic matter to oil and gas. During this process, the heating of deep fluids will cause the oil-generation window depth of the hydrocarbon source rocks to become thinner, and it will also generate very high pressure, which will promote the discharge of abundant hydrocarbons formed by the hydrocarbon source rocks. Furthermore, deep fluids can directly form volcanic rock oil-gas reservoirs. And another manifestation of deep fluid energy is geothermal. And the thermal energy of deep fluids can directly form hot dry rocks, which is the most important existing form of geothermal resources. The geological exploration of hot dry rocks should be supported by further geochemical and geophysical research.
Keywords: deep fluids, primary productivity of sedimentary basins, hydrocarbon source rocks, geothermal resources, Oil-gas reservoir
1 INTRODUCTION
The deep fluids in sedimentary basins refer to the fluids preserved in the deep crust and mantle below the basement of sedimentary basins (Andersen et al., 1984; Hauri et al., 1994; Izraeli et al., 2001). The activity of deep fluids is the carrier of energy and matter in the deep earth, and it is widespread in the major sedimentary basins worldwide (Andersen et al., 1995; Izraeli et al., 2001; Scambelluri et al., 2008). Sedimentary basins are just located in the intersection between the inner and outer layers of the earth, and this intersection is covered by the hydrosphere, biosphere and atmosphere, and underlaid by the lithosphere and mantle asthenosphere (Hitchon, 1969; Garven, 1985). During the formation of sedimentary strata, many oil-gas basins developed intrusive rocks, volcanic rocks and other endogenetic geological products. In particular, many Mesozoic-Neozoic oil-gas basins belong to volcanic sedimentary basins to some extent, in which the accumulation thickness of volcanic rock layers is up to hundreds of meters or even above one thousand meters as well as intrusive bodies in different sizes (Vogt, 1974; Mazzarini et al., 2010). Recent research on diagenesis, reservoir characterization and oil-gas systems implies that deep fluid activities affect oil-gas reservoir formation in many ways, and almost involve throughout the entire formation, migration, accumulation, and preservation of oil and gas. Hence, the oil/gas-controlling effects of deep fluids have attracted wide attention. Beides the energy and matter effects on oil-gas reservoir formation, volcanic rock oil-gas reservoirs will also be formed after the condensed crystallization of deep magmatic fluids (Luo et al., 2005; Feng, 2008).
Deep fluids will promote the formation of hydrocarbon source rocks and improve the hydrocarbon generation and expulsion efficiency (Dupuy et al., 1982; Mendelzon and Toksoz, 1985). During the evolution of sedimentary basins, the fierce active period of magma is generally the intense cracking and sinking stage of basins and the critical depositional stage of hydrocarbon source rocks. The existing research suggests that deep fluids significantly affect the formation and mature evolution of hydrocarbon source rocks. Firstly, deep fluids are favorable for the formation and preservation of original biological matter of hydrocarbons. The deep hydrothermal fluids usually carry abundant mineral elements and heat that can warm up the water bodies inside basins, while the abundant nitrogen, phosphorus and other nutrients lead to abnormal organism development in the volcano eruption environment, which contribute to the formation of parent materials (Liu et al., 2019). The temperature and salinity of active fluids rise sharply, forming anoxic conditions that are favorable for the rapid enrichment and storage of organic matter. Secondly, deep fluids can accelerate the hydrocarbon generation and expulsion of hydrocarbon source rocks. During the burying of hydrocarbon source rocks, the heat brought by magma and thermal fluids will bake and heat the hydrocarbon source rocks, which greatly promotes the hydrocarbon production quantity and speed of organic matter. Furthermore, hydrothermal or magmatic activity will bring abundant transitional metal elements (e. g. Ni, Co., V, Mn) to the surrounding hydrocarbon source rocks. Thermal simulation tests show that these transition metals can catalyze the degradation of oxygen-containing groups in organic matter and the decomposition of carbonates (Brother et al., 1991; Kawanaka et al., 1991; Larter et al., 2003; Liu et al., 2019). Hence, at the same pressure and temperature, the organic matter of hydrocarbon source rocks in active deep fluid areas will rapidly form hydrocarbons in duplicate amounts and allow the organic matter to enter the maturity threshold earlier in the case of low temperature and pressure.
Deep fluids can provide the necessary H source for oil-gas production. Thermal degradation of organic matter to form hydrocarbons is an H-consuming process, but H is a critical reducing component of deep fluids. The hydrogen of the deep source can enter sedimentary basins through two channels. Firstly, H enters sedimentary basins directly through deep degassing, and the channels are the deep and large fractures or accompanying volcanic activities at the basin basements. Secondly, secondary corrosion of ultrabasic rocks (e. g. the serpentinization of peridotite) will release H. The infusion of H-rich fluids will compensate for the H needed by the hydrocarbon production of hydrocarbon source rocks, thereby improving the hydrocarbon production efficiency of hydrocarbon source rocks. As a result, the hydrocarbon source rocks with low organic carbon concentration in the basins can also become valid for the production of abundant oil-gas (Larter et al., 2003; Tchanche et al., 2009; Dernaika et al., 20152015). According to research, due to the effect of deep fluids on the hydrogenation of hydrocarbon source rocks, the concentrations of alkanes, aromatic hydrocarbons, heterogeneous components and bitumen in hydrocarbon source rocks are somehow different from those in unaffected areas (Whelan et al., 1994).
Deep fluids can directly form volcanic rock reservoirs (Feng, 2008). The existing research on oil and gas reservoirs is mostly focused on sedimentary rocks, but in fact, igneous rocks can also act as oil and gas reservoirs under certain conditions. The intercrystal pores and gaps formed from the cooling crystallization of igneous rocks, the microfractures formed from tectonic movement, and the secondary pores resulting from the dissolution of oil-gas water media are all favorable reservoir spaces for igneous rock reservoirs. Normally, igneous rock reservoir systems are featured by the complex types and structures of reservoir space, diverse geometrical shapes, different causes, uneven distribution of pores, low connectivity, and heterogeneity among horizontal reservoirs and longitudinal reservoirs. Whether igneous rocks can become valid reservoirs depends on the lithology, lithofacies, tectonics, tectonic fluctuation, and diagenesis of igneous rocks (Zou et al., 2008; Chang et al., 2019). Furthermore, the formation of oil gas reservoirs with industrial values is decided by specific oil geological conditions, including sufficient oil-gas sources, favorable reservoir-caprock assemblages, the reservoir space formed by fracture-pore systems, valid trapping (matching between trapping time and oil-gas migration time, the spatial relationship between trapping position and oil source area), and necessary preservation conditions.
Terrestrial heat is stored inside the earth. Geothermal resources are the geothermal energy, geothermal fluids and their valuable parts inside the earth that can be economically used by humans. Geothermal resources can be divided by the causes and occurring conditions into superficial geothermal energy, hydrothermal resources and hot-dry-rock geothermal resources. Hot dry rocks are the rock mass under high underground temperature and lacking fluids owing to low porosity and penetrability. The heat stored in hot dry rocks should be exploited by artificially fracturing into the enhanced geothermal systems (Kohl et al., 1995). As for the formation mechanism, hot dry rocks are mainly formed when deep magmatic fluids invading the strata of sedimentary basins are not erupted out of the ground. The common hot dry rocks include biotite gneiss, granite and granodiorite. Hot dry rocks are nearly distributed throughout the world, and along with the geothermal temperature rise into the deep part of the earth, any place can be found with hot dry rocks at a certain depth (Zou et al., 2008). So far, the most potential areas for exploitation and utilization of hot dry rocks include the new volcanic active areas or the crust thinning areas, which are mainly located at the margins of global plates or tectonic terrains.
Herein, we statistically analyzed and summarized the deep fluid activities of oil-gas basins in China as well as their recognition marks, and elucidated the effects of deep fluids on oil-gas reservoir formation. Moreover, we preliminarily summarized and analyzed the relationship between deep fluid activity and geothermal resources in sedimentary basins, and finally clarified how the deep fluid activities of sedimentary basins affected oil-gas and geothermal resources.
2 RECOGNITION MARKS OF DEEP FLUIDS
It is quite difficult to research the causes and sources of deep fluids in basin. Though the sources of some fluids are clear, the views about the causes and sources of fluids are conflicting, which is mainly because the recognition marks are unknown. Hu, (2016) divided deep fluids into three types. Firstly, the fluids formed in the deep parts of basins and originating from crystallization basements are generally within the range of rigid crust and are called crust-derived fluids. Secondly, the hydrothermal fluids related to hydrocarbon formation are formed from the crude oil splitting under deep burial and thermal sulfate reduction (TSR) and are called hydrocarbon-derived hydrothermal fluids. Thirdly, the fluids originating from the mantle are called mantle-derived fluids. In previous studies, deep fluids are recognized mainly according to the mineralogical properties of rocks, the characteristics of fluid inclusions, and geochemical characteristics (Hu, 2016).
2.1 Mineralogical properties of rocks
During the corrosive reconstruction by hydrothermal fluids, along with the temperature and pressure changes and the spatial migration of fluids, minerals often fill in the existing reservoir space or fissures, including calcite, dolomite, quartz, fluorite, barite, blende, chlorite and pyrite (Jin et al., 2006; Zhu et al., 2013; Hu, 2016). The major types of filling minerals are decided by the composition of the fluid-carried materials and the fluid-adjacent rock interaction.
2.2 Characteristics of fluid inclusions
When deep fluids invade the superficial part of basins, the temperature is usually 5 to tens of degrees Celsius above the adjacent rocks (Davies and Smith, 2006). The calcite, dolomite and quartz in deep carbonate strata possess higher homogenization temperature and higher salinity than the fluid inclusions in the strata.
The calcite cement inclusions in the tectonic fractures of the Lucaogou formation, in the Jimsar Sag, Junggar Basin possess very variable homogenization temperatures, and thereby can be divided into three intervals (Figure 1). The homogenization temperatures of inclusions within the same interval are very stable, indicating tectonic fractures are well coupled with fluid activities. Accordingly, three fluid activity phases can be determined, there are 60–109°C, 109–157°C and 157.9–211°C respectively (Figure 2). Based on the multiphase characteristics of homogenization temperatures, the tight reservoirs of the Lucaogou Formation in the Jimsar Sag experienced multiphase fracturing and fluid filling activities. Particularly, the homogenization temperatures of inclusions in the third phase are within 157.9–211°C, and these inclusions originated from deep fluid activities. In the Ordovician carbonate rocks from wells T737 and T740 in Tabei of Tarim Basin, calcite samples from several parts were found with fluid inclusions at high homogenization temperatures, as the average temperatures were 158.1 and 144.2°C respectively, which were higher than the burying temperatures of strata (Zhu et al., 2013). These two samples also have high salinity, and the average salinity of the sample from well T740 is 16.8%, indicating the cause of deep hydrothermal fluids. Compared with Tabei, the Ordovician calcite samples from Tazhong were found with fluid inclusions at higher homogenization temperatures and salinity, as the homogenization temperatures (139.2–180.8°C) were higher than the burying temperatures of strata, indicating the cause of being deep hydrothermal fluids (Figure 3). In conclusion, theoretically, the homogenization temperatures of fluid inclusions from deep fluid active areas are higher than the stratum temperatures.
[image: Figure 1]FIGURE 1 | Frequency histogram of the homogenization temperature (Th) for tectonic fracture calcite cements of the Lucaogou Formation in the Jimsar Sag, Junggar Basin.
[image: Figure 2]FIGURE 2 | Fluid inclusions from calcite fillings in tectonic fractures of the Lucaogou Formation in the Jimsar Sag, Junggar Basin, (A) homogenization temperature (Th) V.S. fluid inclusion size plot, (B) homogenization temperature (Th) V.S. ice point temperature (Tm) plot.
[image: Figure 3]FIGURE 3 | δ18OPDB-δ18OPDB relationship of Ordovician calcites in the Tarim Basin.
2.3 Geochemical properties
The common hydrothermal minerals formed under deep hydrothermal activities normally possess the geochemical characteristics of deep hydrothermal fluids (Simmons and Browne, 2000). In the Ordovician carbonate rocks in Tazhong of Tarim Basin, the calcite veins have δ18OSMOW of −7.9‰–∼14.3‰, which is an important basis for discriminating the deep fluid activities (Figure 3). The C-O isotopic distributions of calcite cements in tectonic fractures of the Lucaogou Formation in the Jimsar Sag are basically consistent with the homogenization temperatures of fluid inclusions, these can be divided into three intervals, which reflect the differences in the C-O isotopes of filling fluids at the three phases. The calcite cements in group A and B are mostly projected onto “sedimentary carbonate domain” and “fluid process”, respectively. Relatively, calcite cements in group C with δ18OSMOW of 4.51‰–17.49‰ are mostly projected onto “original mantle carbonates”, indicating calcite in group C is correlated with mantle fluid action (Figure 4).
[image: Figure 4]FIGURE 4 | C-O isotope diagram for calcite cements in the tectonic fractures of the Lucaogou Formation in the Jimsar Sag, Junggar Basin. Data of original mantle carbonate were from Taylor et al. (1967) and Hoefs and Hoefs, (2009); data of sedimentary carbonate were from Veizer and Hoefs, (1976) and Toyoda et al. (1994) data of mantle carbonate of South India were from Wickham et al. (1994); data of calcite cements, limestone and sandstone of Dongying Sag were from Jin and Wang, (2007).
Generally, Sr isotopes are used to trace fluid activities (Foden et al., 2001; Stewart et al., 2015). However, Sr is highly mobile in fluids and is susceptible to assimilation and contamination (Woodhead et al., 2001; Spandler et al., 2007). Accordingly, the tracing ability of Sr over the provenances of fluids is uncertain. Nd isotopes can effectively qualify the properties of calcite cements in fractures, and are unsusceptible to geological influence during fluid migration. The 143Nd/144Nd, 147Sm/144Nd, and εNd(t) of group A of calcite cements in the Jimsar Sag are 0.512767–0.512986, 0.067292–0.19731, and 6.44–9.98 respectively. These data are similar to the εNd(t) of Permian mafic-ultramafic complexes in north Xinjiang, the peridotites of Tianshan Mountains, the basalts of Beishan-Tianshan, and the surrounding basalts of Junggar Basin. Thus, it can be deduced that calcite cements of group A resulted from the hydrothermal fluid activities induced by post-collisional mantle magmatism. The Eu positive anomaly of calcite largely and directly reflects the Eu2+/Eu3+ ratio of fluids. The Eu2+/Eu3+ ratio of basin fluids is controlled by temperature, because Eu3+ is reduced to Eu2+ under a high-temperature reducing environment and the reduction is balanced at 250°C (Sverjensky, 1984; Bau and Moeller, 1992). Since Eu2+ is larger than Eu3+ in radius (0.117 vs. 0.095 nm), Eu2+ is more difficult than Eu3+ to enter rock-forming minerals. Thus, the Eu of fluids in a high-temperature environment mainly exists as Eu2+ (Figure 5). During the condensation and crystallization of hydrothermal fluids, Eu2+ is converted to Eu3+. Since Eu3+ is similar to Ca2+ in radius (0.1 nm), Eu3+ can replace Ca2+ to invade into carbonate rocks (Dasgupta et al., 2003), leading to the Eu positive anomaly in calcite of hydrothermal origin. The positive anomaly of Eu in the calcite veins and recrystallized limestone in Tazhong of Tarim Basin, and the Lucaogou Formation calcite veins in Jimsar Sag of Junggar Basin indicates the relevant fluids experienced very high temperatures and must come from the deep hydrothermal fluids. The homogenization temperatures of fluid inclusions surpassing stratum temperatures suggests that relevant fluids are hydrothermal fluids.
[image: Figure 5]FIGURE 5 | Rare earth element distributions of (A) Ordovician calcite in Tazhong of Tarim Basin, and (B) Lucaogou Formation Permian calcite of Jimsar Sag.
3 RESOURCE EFFECTS OF DEEP FLUIDS
3.1 Matter supply from deep fluids to hydrocarbon source rocks
The effects of deep fluids on oil-gas reservoir formation have always been the focus of petroleum geology research. In addition to abundant magmatic melted masses, the deep earth also contains C-O-S-H fluids, which mainly exist in the form of CO, CO2, N2, H2, CH4, SO2, and H2O, and contains all the hydrocarbon-forming elements. These fluids can be considered hydrocarbon or hydrocarbon-derived materials. During the formation of hydrocarbon source rocks, deep fluids can improve the primary productivity of sedimentary basins, and can form favorable organic preservation environments. As for improving the ocean productivity, the deep fluids provide the organisms in sedimentary basins with bio-derived elements (N, P, C, Si, Fe, Zn, and Mn) and offer the sedimentary basins with archaea, thermophilic bacteria and other primary producers. The abundant CO2 and CH4 gases carried by deep fluids offer abundant carbon sources to ground surfaces and oceans. These carbon sources facilitate the synthesis of glucose, amino acids, nucleotides and other life elements, and provide sufficient CO2 for photosynthesis by terrestrial plants and the inorganic oxidation by deep-sea thermophilic bacteria (Figure 6). The carbons in deep fluids mainly originate from the carbon release in the subduction belts and deep mantle during subduction, and the deep carbon cycles include the capture of CO2 (subduction-belt sediment carbonates subducted along with oceanic crust into the internal earth), and the eruption of CO2, hydrocarbons and carbonate melts along with ocean ridges, island-arcs, mantle plume and other tectonic zone magmatic activities into ground surfaces and the atmosphere (Figure 6). The deep carbon circulation and ground surface carbon circulation jointly form the carbon circulation system on the earth, of which internal carbon content accounts for 90% of total carbon on the earth.
[image: Figure 6]FIGURE 6 | Phanerozoic deep carbon circulation modes (modified from Dasgupta (Dasgupta, 2013) (2013)).
Predecessors have studied the oceanic crustal subduction system and carbonate ophiolite suites and found the total carbon content from subduction belts to deep earth every year was 5.4–5.8 × 1013 g (Philp and Gilbert, 1986), and the annual average net carbon content entering the mantle was up to 3 1 × 1013 g. Other parts of captured carbon that did not reach the deep mantle mainly disengaged from subduction plates or deep mantle through the oceanic-crust metamorphosis and decarburization, the dissolution of plate dehydrated fluids, the fusion of carbonate subduction plates and deep carbonate mantle, and the redox of carbonates. Moreover, the escaping carbon entered the hydrothermal fluids in the form of CO2 or carbonate melts, and ascended with the fluids to the ground surface and atmosphere (Figure 7). Notably, carbon-bearing rocks in subduction zones produce carbon-bearing aqueous fluids (e.g., CO2-rich fluids and C-O-H fluids), graphite or diamond hydrocarbon-rich supercritical fluids and carbonatite melts by metamorphic reactions during the subduction process (Figure 7). The abundant carbon carried by deep fluids provided the carbon sources needed for the life activities of oceanic and terrestrial organisms, and promoted the thriving and primary productivity of oceanic and terrestrial organisms. This part of carbon also became the critical material basis for the formation of CO2 gas reservoirs from the inorganic origin. Due to the high temperature and flow rate of mantle source CO2, it has a strong extraction effect on surrounding rock during the flowing process, which can improve the hydrocarbon expulsion efficiency of source rock to a certain extent. The distribution of saturated n-alkanes from the source rock samples in the mantle source CO2 affected area shows a post peak pattern, indicating that the easily migrated low carbon number hydrocarbons have been discharged. However, the distribution of n-alkanes from the source rock samples in the areas not affected by the mantle source CO2 presents a stable pre peak type, which indicates that the emission of low carbon number hydrocarbons that are easy to migrate is relatively small. In addition, the neutral gas (CO2, Co, and N2) carried by the deep fluids is dissolved in the crude oil, reducing the viscosity, density and freezing point of the crude oil, which is conducive to the discharge of hydrocarbons from the source rocks (Bau and Moeller, 1992; Stewart et al., 2015). At the same time, a large amount of CO2 brought by deep fluids enters into the formation, which immensely enhances the acidity of formation water after being dissolved in water, thus forming acidic fluid, dissolving carbonate minerals in the reservoir, and effectively improving the physical properties of the reservoir. There are a lot of transitional metal elements in the deep fluids. The 3D electron layer of these transition metals is not filled, which has strong adsorption on gas and organic matter, and can break the C-C bond, C-H bond and C-O bond in organic matter to form hydrocarbons. Among them, Ni has the strongest catalytic performance among transition metal elements, even with content of 1×10−6 Ni shows strong catalytic ability (Jin and Wang, 2007).
[image: Figure 7]FIGURE 7 | Schematic diagram of subduction-belt carbon circulation.
The deep fluids are favorable for the organic matter preservation in marine and terrestrial sedimentary environments. Firstly, large-scale volcanic activities can cause massive biologic deracination and create conditions for organic matter embedding. The CO2, CH4, SO2 and other gases ejected from magma isolated air, forming a reducing environment for organic matter preservation. Secondly, the hydrothermal CO2 bound with the aqueous Ca2+ or Mg2+ to form carbonates, which increased aqueous salinity and promoted the water stratification and the stop of seawater circulation. These consequences created favorable aqueous dynamic conditions and redox status for organic enrichment (Jin et al., 2002). Furthermore, the hydrocarbon generation and expulsion of hydrocarbon source rocks in deep fluids also will be hydrogenated (Cadle, 1980; Neal and Stanger, 1983). Globally, the mantle is rich in H resources (Jin, 1998). The H-containing deep fluids can migrate, along deep and large fractures, to the superficial part of the earth and even will reach ground surfaces. Hydrogen is also a major component of volcanic gas erection (Cadle, 1980) and can be also formed in the serpentinization of mantle-derived rocks and other sources (Cadle, 1980; Neal and Stanger, 1983). Jin, (1998) designed a comparative simulation experiment on the catalytic hydrogenation of oil source rocks by using volcanic minerals, adopting the fluorspar from magmatic rocks as the catalyst, and olivine as the hydrogen source (Jin, 1998). It was found that when the organic matter reached a certain temperature, the methane yield rose by 2–3 times after adding the olivine and fluorspar (Figure 7).
Many studies have confirmed that deep fluids are very important for the formation and development of hydrocarbon source rocks, the efficiency of hydrocarbon generation and expulsion, the physical properties of reservoirs, and oil-gas migration and aggregation. Case studies indicate deep fluids can enrich the sources of hydrocarbon source rocks, carry abundant chemical components and heat, and bring some nutrients to basins, promoting the thriving and breakout of organisms in basins (Philp and Gilbert, 1986). Ocean geological surveys reveal abundant “hydrothermal organisms” were developed in the extreme deep-sea hydrothermal environments. Volcanic ash cultivation experiments indicate that, compared with the absence of volcanic ashes, the presence of volcanic ashes increased the photosynthesis efficiency and chlorophyll concentrations (Figure 8A, B). Furthermore, as the hydrothermal fluid activity stopped, due to the lack of energy and matter needed to maintain life activities, the biotic communities died in very short time, resulting in the enrichment of organic matter. Another view holds that excessive deep fluids may “inhibit the development of hydrocarbon source rocks”, and the single-layer thickness of tuff reflects the amount of nutrients carried by volcanic ashes at one time. A larger thickness reflects the larger amount of carried nutrients. In Ordos Basin Yanchang Formation, when the tuff thickness is smaller than 2 m, with the single-layer tuff thickness increases, the total organic carbon (TOC) of shale close to tuff layers gradually rises. However, when the tuff thickness is larger than 2 m, the TOC decreases with the increase of single-layer tuff thickness (Figure 9). These results suggest that when the volcanic ashes from a single sedimentation are excessive, it is unfavorable for organic matter formation.
[image: Figure 8]FIGURE 8 | Comparison of photosynthesis efficiency and chlorophyll contents with or without volcano ash cultivation.
[image: Figure 9]FIGURE 9 | TOC projected points of single-layer tuff thickness and adjacent shale.
3.2 Energy supply to hydrocarbon source rocks by deep fluids
The critical effects of deep fluid activities on hydrocarbon source rocks are also reflected by promoting the mature evolution of organic matter to oil and gas. The hydrocarbon formation of organic matter is also supported by the internal heat of the earth, and the hydrocarbon yield under certain conditions is also a function of temperature (Tissot and Welte, 1984). On the one hand, the heating action of deep fluids will cause the oil-generating window depth of hydrocarbon source rocks to narrower (Othman et al., 2001) and accelerate the mature evolution of peripheral hydrocarbon source rocks, forming premature oil reservoirs and increasing the hydrocarbon yields (Uysal et al., 2000; Othman et al., 2001; Jin et al., 2013). On the other hand, deep fluids also generate extremely high pressures and promote the discharge of abundant hydrocarbons formed by hydrocarbon source rocks, entering the reservoir aggregation to form reservoir formation (Wan and Jin, 2003; Jin and Wang, 2007). Based on the calculation of heat energy, Jin and Wang, (2007) found the heat brought by magmatic invasion in sedimentary basins will allow the surrounding hydrocarbon source rocks at 5 times its volume to rise in temperature by tens or even 200°C (Wan and Jin, 2003; Jin and Wang, 2007; Chang et al., 2019). Though the magmatic invasion will bring abundant heat, causing a significant temperature rise in the surrounding hydrocarbon source rocks, the acting time is relatively short and is generally only a few thousand to ten thousand years. But the cooling time of large-scale bedrocks is up to tens of thousands of years, and the influence range is directly proportional to the thickness of the intrusion, which is generally 1–2.72 times of the thickness of the intrusion (Jin, 1998). Hence, as for the medium and small-sized intrusive bodies in sedimentary basins, the magnitude of effects on hydrocarbon forming fluids should be further explored.
To sum up, the intrusive body has a significant impact on the thermal evolution of the organic matter of the surrounding rock, which makes the organic matter in it mature abnormally, but the impact time is very short. The influence range is about twice the thickness of the intrusive body in the vertical direction, and the distance from the center of the igneous rock in the horizontal direction is about the same as the diameter of the igneous rock. The huge heat brought by igneous rocks even makes the source rocks metamorphic, and even loses the ability of hydrocarbon generation. However, there is still a lack of research on the influence mechanism and influence range of the energy effect of extrusive rocks on the source rocks, especially the source rocks overlying the extrusive rocks.
3.3 Direct formation of reservoirs from deep fluids
The crystallized diagenesis of deep fluids will form magmatic rock reservoirs, and volcanic rock oil-gas reservoirs are a special type of oil-gas reservoirs. For a long time, it is believed that artificial volcanic activities will destroy oil-gas formation and aggregation, which is unfavorable for the formation of oil-gas reservoirs (Zerong et al., 1989). Recent research on volcanic rocks suggests that volcanic activities and volcanic rocks under certain conditions will contribute to oil-gas reservoir formation or namely the enrichment and hydrocarbon conversion of organic matter, and can act as oil-gas reservoirs and overlays, and ancient-uplift or synsedimentary anticline. East China extends from Heilongjiang and Inner Mongolia in the north to Guangdong in the south. Many faulted basins formed from North China ground cracking movements were found with volcanic rock oil-gas reservoirs that possessed high reserving and oil-producing activities. The magma, melted in the heat sources at above 1,000°C carried in large and deep fractures, will be condensed into volcanic rocks, which can provided the heat energy during heat loss needed by organic thermal metamorphism and evolution to form hydrocarbons, and act as a heat source focusing bodies. Moreover, during condensation, due to the thermal expansion, the condensed volcanic rocks will develop fissures, and some rocks contain pores after the escape of melt-out gases. From the aspect of oil geology, volcanic rocks with oil-gas reservoir abilities and oil-gas seepage abilities can form oil-gas reservoir strata, which usually include basalt, andesite, trachyte, rhyolite, and volcanic agglomerate, volcanic breccia, tuff, and other volcanic clastic rocks.
Why volcanic rocks can become oil-gas reservoir strata with commercial values can be explained by five reasons. 1) Volcanic lava is often developed with pores and abundant contraction fractures. 2) Volcanic clastic rocks are developed with abundant inter-gravel (inter-grain) pores. 3) After the volcanic lava spewed out of the surface, the physiochemical conditions will severely change, leading to extreme instability of rock structures and mineral composition, so the rocks can be easily weathered, corroded and metasomatic, forming abundant corroded pores, recrystallization pores, weathering/corroded fractures and other types of seepage spaces. 4) The Young’s modulus is larger in volcanic rocks than glutenite, and particularly large in acidic volcanic rocks than neutral or basic volcanic rocks, as manifested as high brittleness, so the rocks under tectonic forces can be easily fragmented into tectonic fissures. 5) Many volcanic rocks, due to crust activities and the long-term weathering/corrosion of the outcropped parts, are extensively developed with weathering and poured pore fractures, which fundamentally improve the reservoir performances. For this reason, the superficial intrusive rocks (also called secondary volcanic rocks, latent volcanic rocks) and metamorphic rocks that are related to the formation of volcanic rocks or accompany volcanic rocks (Jin et al., 2006; Chang et al., 2019), due to the weathering and corrosion of outcropped parts, also become oil-gas reservoir strata.
In short, in the deep horizons of basins, the physical properties of sandstone and glutenite are worsened, due to thermal metamorphism and compaction. Therefore, the sedimentary rock reservoirs in deep horizons are even worse than volcanic clastic rocks and volcanic rocks. From the aspect of oil-gas reservoirs, volcanic rocks are of favorable lithology. Thus, the unique and favorable geological conditions are the geological foundation for the formation of volcanic rock oil-gas reservoirs in the rift valley basins of East China.
3.4 Deep fluids and geothermal resources
The heat energy of hot dry rocks is stored in various metamorphic rocks or crystallized rocks, and some common hot dry rocks include biotite gneiss, granide, and granodiorite (Kumari et al., 2018; Ma et al., 2020; Wang et al., 2021). Hot dry rocks are featured by enormous heat energy storage, high utilization efficiency, and systematic stability. The hot dry rocks at 3–10 km account for 90% of geothermal resources in the world, so hot dry rocks are the major existing form of geothermal resources. The exploitation of hot dry rocks will open a huge thermal pool in the world. The exploitation and utilization of hot dry rocks depend on artificially fabricated heat storage, and high-pressure infusion of low-temperature water into injection wells (recharge wells) will cause fractures in rock masses. During the continual injection of low-temperature water, the fractures are gradually enlarged, expanded and connected, forming a roughly plane-shaped artificial hot dry rock heat storage structure (Kohl et al., 1995).
After crystallized diagenesis, deep fluids will become magmatic rocks or high-temperature granitoid rocks, further forming geothermal resources. In China, the Tengchong Volcanic Group is characterized by intense hydrothermal activities, such as boiling springs, intermittent fountains, hydrothermal explosions, high-temperature jet holes and steam emitting surfaces. It is a favorable area for geothermal research. The abundant geothermal resources coincide with the Tengchong volcano, indicating that there is a heat source in the crust in this area. Through three-dimensional resistivity inversion, three independent small-scale shallow magmatic chambers are found in the upper crust (10–20 km) of the Tengchong Volcanic Area, with an average temperature of 850–950°C (Tao et al., 2018). Three-dimensional resistivity inversion of the lower crust and deeper in the Tengchong Volcanic Area shows that there is a large basaltic magma reservoir with a volume of about 7,000 km3 in the lower crust (20–35 km depth). The deep crust magma reservoir is supplied by the partial melting of the uppermost mantle, and the shallow magma chamber is supplied by the lower crust magma reservoir (Zhao et al., 2021). The existence of shallow magma chamber not only provides heat source for high-temperature geothermal resources in the Tengchong area, but also provides a possibility for the existence of supercritical geothermal resources in the Tengchong area (Wang et al., 2022).
So far, research on hot dry rocks exploration is still at the starting stage. The geological exploration of hot dry rocks must be assisted by further geochemical and geophysical studies.
4 CONCLUSION
The deep fluids of sedimentary basins can be identified from three aspects of mineral composition, fluid inclusions, and geochemical characteristics. The relationship between deep fluid activity and basin oil-gas reservoir formation is all-dimensional, as deep fluid activity is involved in the diagenesis of hydrocarbon source rocks, reservoirs and overlays, and affects the whole formation, migration, aggregation, storage and destruction of oil-gas. Generally, the effects of deep fluid activities on oil-gas reservoir formation are manifested in two key aspects of matter and energy. As for the matter effects, deep fluids can improve the primary productivity of sedimentary basins, and can form favorable organic preservation environments. Deep fluids normally carry abundant inorganic hydrogen, so hydrocarbon production efficiency can be improved by hydrogenation. The energy effects are reflected by promoting the mature evolution of organic matter to oil and gas. The heating by deep fluids will narrow the oil-generating window depth of hydrocarbon source rocks. Deep fluids also generate extremely high pressures and promote the discharge of abundant hydrocarbons formed by hydrocarbon source rocks, entering the reservoir aggregation to form reservoir formation. Furthermore, the deep fluids can directly form volcanic rock oil-gas reservoirs. As for geothermal, deep fluids can directly form hot dry rocks. The geological exploration of hot dry rocks is at the starting stage, and must be assisted by further geochemical and geophysical studies.
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Over the years, shale oil has been at the leading edge of oil exploration and also become the hotspot of reserve increases for various oil fields. The Permian Lucaogou Formation in the Jimsar Sag has been less extensively researched in terms of, among others, lithologic interpretation of fine-grained mixosedimentite, identification and classification of sedimentary microfacies, and sweet spot evaluation. The present study identifies the classification of sedimentary microfacies, characteristic distribution of sedimentary reservoir, and spatial configuration distribution of facies-controlled sweet spot body based on core logging, cutting logging, and data while drilling, combined with logging information, experimental analysis data, and production data with respect to formation test and production test and through the lithology identification based on element logging. This study indicated the following: 1) Microfacies of the reservoir body include a shallow lacustrine sand bar, mixing beach, and dolomitic flat. Different microfacies are adapted to different lithologies or lithological associations. 2) The lower sweet spots P2l12−3, P2l12−2, and P2l12−1 evolved into the dolomitic flat from mixing beach from NE to W. Also, the dolomitic flat is mostly developed in the west of the work area, and the mixing beach is better developed in the east. The shallow lacustrine sand bar is highly developed in the middle location, and the mixing beach and shallow lacustrine sand bar are highly developed on the northern and southern sides. 3) Sedimentary microfacies have evident controls over sweet spots. The upper sweet spots P2l22−3 and P2l22−2 are dominated by Class I sweet spots followed by Class II and IV sweet spots, which are major sweet spot reservoirs. The upper sweet spot P2l22−1 is mainly suffused with Class IV sweet spots, and the Class I reservoir is feldspathic litharenite (shallow lacustrine sand bar microfacies accordingly).
Keywords: shale oil, sweet spot, sedimentary microfacies, continental mixosedimentite, Lucaogou Formation, Jimsar Sag
INTRODUCTION
Continental shale oil resources are important fossil energy, but their evaluation method and key parameters are still being explored (Yang and Zho, 2019; Hu et al., 2020; Jin et al., 2021). A recent exploration reveals that shale oil reservoirs are mainly found in the Songliao Basin, Bohai Bay Basin, Ordos Basin, and Junggar Basin, and the control reservoirs of them are 54.6 × 108 t, 27.4 × 108 t, 60.5 × 108 t, and 25.1 × 108 t, respectively. These are subsequently the focus of the exploration and development of continental shale oil in China. In particular, fine-grained mixosedimentite in the Permian Lucaogou Formation in the Jimsar Sag of the Junggar Basin is typically representative (Yin et al., 2021).
Since 2011, concerns have been increasingly raised about the exploration and development of tight oil (Guoxin Li et al., 2020; Zhang et al., 2021). The Lucaogou Formation in the Jimsar Sag of the Junggar Basin is the priority to explore and develop tight oil in the Jimsar Sag (Kuang et al., 2015; Wang 2021; Zhi et al., 2019). Recent explorations have achieved remarkable effects and made important breakthroughs; specifically, multiple wells have been successful in finding industrial oil outputs. However, the studies on sedimentary facies in the Lucaogou Formation in the Jimsar Sag to date remain disputable (Shao et al., 2015). The Lucaogou Formation may fall into shore shallow lacustrine facies and deep-semideep lacustrine facies in some scholars’ opinions (Li et al., 2020), while some scholars consider it a deep–shallow lacustrine facies (Ma et al., 2017), and possibly the combination of delta facies, deep lacustrine facies and volcanic facies by others (Zhang 2017). Due to limited data, sedimentary facies in the research area have been less studied to date, especially for microfacies and their sedimentary characteristics. Furthermore, the research on evolution laws is less comprehensive, and distribution characteristics of sedimentary facies need to be further clarified.
This study aims to identify the sedimentary characteristics and sedimentary environment of sweet spot sediments in the Lucaogou Formation of the Jimsar Sag and to definitely understand the changes of sedimentary facies in space and time and even the relationship between sedimentary facies and oil gas. It is necessary to study sedimentary facies in the research area, especially sedimentary microfacies. The influence of sedimentary microfacies on sweet spots is investigated by collecting and analyzing data to understand the paleogeographic environment and regional structure of sweet spots in the Lucaogou Formation in the Jimsar Sag. This is important to developing shale oil on the site and is significant to the theory of fine-grained sedimentology.
GEOLOGICAL SETTING
Located in the southeastern edge of the East Junggar Basin, the Jimsar Sag is a half-graben depression that is higher in the east and lowers in the west (Figure 1), the east to Qitai Uplift, the south to Santai Fault Zone, the west to Western Fault Zone, the north to Jimsar Fault Zone, with the area of tectonic unit being approximately 1,278 km2. The sag covers Carboniferous, Permian, Triassic, Jurassic, Cretaceous, Paleogene, Neogene, and Quaternary from bottom to top. Of those, Permian is divided into 3 formations from bottom to top, including the Jingjingzigou Formation, Lucaogou Formation, and Wutonggou Formation. The Lucaogou Formation is one of the pivotal oil-bearing reservoirs in the east of the Junggar Basin. The Lucaogou Formation is fully sagged to be thick in the west and thin in the east, as well as thick in the south and thin in the north, with the average thickness of about 200–350 m, featuring source-reservoir proximity and near-source box-type reservoir mode. The Lucaogou Formation is divided into the second member of the Lucaogou Formation (P2l2) and the first member of the Lucaogou Formation (P2l1) from top to bottom, between which the reservoir-cap assemblage is the sand shale normal cycle assemblage. The second member and first member are divided into 2 formations that develop the upper and lower “sweet spot bodies”. The upper “sweet spot body” is located in P2l22 sand formation of the second member and its lithology is dominated by gray-black dolomitic sandstone, dolerite, and gray feldspar lithic siltstone mixed with black-gray mudstone and dolomitic mudstone. It is mainly distributed on the east slope of sag with the thickness of 13.4–43.0 m and an average of 33 m, and the second member of Lucaogou as a whole is substantially saline lacustrine carbonate sedimentation; the lower “sweet spot body” is located in P2l12 sand formation of the first member and its lithology is principally earth yellow fine siltstone and gray-black (including) dolomitic siltstone mixed with argillaceous siltstone interbedded with black gray mudstone, gray-black (including) dolomitic siltstone or gray-black mudstone. It has fully sagged with a thickness of 17.5–67.5 m and an average of 42.8 m. P2l12 sand formation in the first member of the Lucaogou Formation as a whole represents delta-front facies and shallow lacustrine-semideep lacustrine subfacies sedimentation.
[image: Figure 1]FIGURE 1 | Schematic diagram of the work area location. Geological structure map of Jimusar depression (A). Lithologic Histogram of Jimusar Depression (B).
DATA AND METHOD
The 34 wells and 524 samples were collected by Xinjiang Oilfield Company. A total of 810 m of cores of the Lucaogou Formation from 34 wells in the Jimusar Sag were logged for the purpose of evaluating the source rocks and depositional characteristics. Combining the research results on the site, the comprehensive analysis of logging information, the analysis and laboratory data with respect to core observations, seismic logging characteristics, formation test, and production test, and through the comprehensive analysis method, we systematically analyzed the sedimentary facies types, dessert types, and their distribution characteristics of the Lucaogou Formation.
Sedimentary facies markers play pivotal roles in the research on sedimentary facies. Different colors of rocks are used to identify the oxidation–reduction property of the sedimentary environment, different rock types and differences in special minerals separately signify different sedimentary environments. Beyond that, the sedimentary sequence and sedimentary tectonics, etc. can also be used to determine the sedimentary environments (Zhang et al., 2013; Zhang et al., 2016; Liu, 2016). In addition, the paleontological characteristics and different morphological characteristics of logging curves are also conductive to the comprehensive research of sedimentary facies.
Color, as the most intuitive marker for core observation, is classified into original color and secondary color by the genesis. Original color is important to identify the sedimentary environment (Schnurrenberger et al., 2003; Matthiessen et al., 2010). An example is applying the color of mudstone to determine the depth of lacustrine basin water and sedimentary environment. In the work area, some colors of core tend to be transitional gradients, but some change drastically. Different colors imply different environments. Generally, it is acknowledged that red mudstone implies oxidation erosion that represents an oxidation environment, while gray, grayish-green and gray-black mudstone show that subaqueous deposit occurs in this period, which is a reduction-specific environment.
Typical wells in sweet spots of the Lucaogou Formation in the Jimsar Sag were made a core observation, indicating that the core of the upper sweet spot in the Lucaogou Formation is mainly black-gray, dark-gray, and gray. This means that the upper sweet spot in the Lucaogou Formation is the subaqueous deposit that occurs in a strong reduction environment. Red mudstone is rarely seen, which signifies the oxidation environment.
RESULT
Type of Mineral Components and Their Characteristics
From different reservoirs in the work area, 300 core samples were collected for the XRD mineral identification experiment to analyze the content of mineral components. The results show that: The upper sweet spot of the Lucaogou Formation has a variety of mineral components (Kuang et al., 2013; Xia et al., 2013) that are classified into terrigenous clastic minerals and carbonate minerals, including, among others, plagioclase, K-feldspar, quartz, clay minerals, dolomite, calcite, and pyrite. Their attitude and sources of genesis are complicated and varied (Zhang, 2000; Kuang et al., 2012; Xi et al., 2015; Shuqin Li et al., 2020). Feldspar having the maximum content comprises K-feldspar and plagioclase. Plagioclase has a higher content that is up to 58.1% and averages 26%, while K-feldspar has a lower content that is 0.5% to the lowest extent and averages 6.7%. Carbonate minerals consist of dolomite and calcite. Looking at the content, dolomite is far higher than calcite, with approximately twice the calcite content. Dolomite drastically changes in the content from 0.5% to 60%, with an average of 21%, only next to the content of feldspar. The content of feldspar is relatively lower within the range of 0–19%, averaging 11%. It can be seen that the content of feldspar is higher than that of quartz; the Lucaogou Formation has a higher degree of salinization during the development period, calcite is strongly dolomitized and carbonatite sediment is mostly dolomite (Fang et al., 2017; Qu, 2017; Qu et al., 2017; Ma et al., 2018; Zhang et al., 2019; Wang, 2020).
Type of Rocks and Their Characteristics
According to core observations and well logging and other information, the upper sweet spot of the Lucaogou Formation is identified in six basic rock types: mudstone, feldspar lithic fine sandstone, fine siltstone, dolomite sandstone, sandy dolomite, and dolomicrite (Figure 2).
[image: Figure 2]FIGURE 2 | Core of Six Types of Rocks in the Lucaogou Formation of the Jimsar Sag. (A) 33/38 1st Barrel No. J251 Well, dark grey calcareous mudstone; (B) 26/50 5th Barrel No. J10024 Well, dark grey argillaceous dolomite; (C) 1, 2/59 14th Barrel No. J10025 Well, light grey argillaceous dolomite; (D) 44/50 7th Barrel No. J10024 Well, dark grey marlite; (E) 58/70 1st Barrel No. J32 Well, light grey dolomitic siltstone; (F) 15/35 5th Barrel No. J305 Well, grey black dolomite mudstone; (G) 22/40 31st Barrel No. J10025 Well, grey black argillaceous siltstone; (H) 27/41 30th Barrel No. J10025, dark grey calcareous siltstone; (I). 63/74 5th Barrel No. J251 Well, dark grey silty mudstone.
Mudstone is widely and stably distributed across the work area with a large thickness, which is mainly developed in P2l22−3 and P2l22−4 small reservoirs, mostly in dark-gray and partially in gray-black. When the thickness increases, they are mostly in gray-black, and black, indicating that they are formed in a water environment with extremely weak hydrodynamic force and often semideep lacustrine facies. when the thickness is average, they are mostly in dark-gray and gray, indicating that they are formed in a weak or oscillating water environment and generally mixing shallow lacustrine facies and clastic shallow lacustrine facies.
Feldspar lithic sandstone is widely identified in P2l22−2 reservoir of the upper sweet spot and is also stably distributed across the work area, which is the major reservoir of the upper sweet spot with good physical properties and lithology specific to the major reservoir. They have also developed in P2l22−1 and P2l22−3 reservoirs, reflecting the process in which water becomes shallow.
Fine siltstone is widely developed in P2l22−2 reservoirs, relatively developed in P2l22−4 reservoir, and locally developed in P2l22−1. Its grain size is 0.01–0.1 mm, and its medium and semi-rounded shapes are screened. They are mostly argillaceous cement, and holes and horizontal fractures are occasionally seen, reflecting a shallow-water sedimentary environment. They generally have the shallow lacustrine sand bar facies and lithology of non-major reservoirs.
Dolomite sandstone as a transitional rock is mainly developed in P2l22−4 reservoir and also in P2l22−3 reservoir with good physical properties, representing a shallow and quiet water environment. They are mostly thin and interbedded with sandy dolomite and generally form a mixing beach in the shallow lake, showing better reservoir lithology.
Sandy dolomite has a high porosity and is mainly identified in P2l22−1, P2l22−3, and P2l22−4 reservoirs, mostly mixed with dolomicrite and frequently interbedded with dolomitic siltstone. They are mostly dolomitic flats and mixing beaches, representing a shallow-water sedimentary environment with good reservoir lithology.
Dolomicrite is mostly in dark-gray and gray with a small thickness. They mainly grow in P2l22−1 and P2l22−3 reservoirs and relatively in P2l22−4 reservoir, reflecting a shallow-water sedimentary environment with bad physical properties, which is not good reservoir lithology.
Type of Sedimentary Facies and Their Characteristics
The studies on the sedimentology of the Lucaogou Formation in the Jimsar Sag to date remain disputable. The Lucaogou Formation may fall into shore shallow lacustrine facies and deep–semideep lacustrine facies in some scholars’ opinions (Li et al., 2020), while some scholars consider it is a deep–shallow lacustrine facies (Ma et al., 2017), and possibly the combination of delta facies, deep lacustrine facies and volcanic facies by others (Zhang et al., 2013). Due to limited data, sedimentary facies in the research area have been less studied to date, especially for microfacies and their sedimentary characteristics. Further, the research on evolution laws is less comprehensive, and the distribution characteristics of sedimentary facies also need to be further clarified.
According to the detailed observations made on the core of key wells across the work area, based on sedimentary facies markers and combined with good logging and others, the Lucaogou Formation is divided into two sedimentary facies: lacustrine facies and delta facies, based on previous studies and considering the regional geological background of the research area. Generally, the focus is on lacustrine facies, and deltaic facies are mainly developed in the lower sweet spot. The Lucaogou Formation is further divided into three subfacies and six microfacies (Table 1). Of those, semideep-deep lacustrine subfacies consist of semideep lacustrine mud microfacies; mixing shallow lacustrine subfacies comprise dolomitic flat, mixing beach and mixing shallow lacustrine mud microfacies; clastic shallow lacustrine subfacies include a shallow lacustrine sand bar and clastic shallow lacustrine mud microfacies.
1) Semideep-deep lacustrine subfacies
TABLE 1 | Classification of sedimentary facies in the Lucaogou Formation of the Jimsar Sag.
[image: Table 1]Semideep-deep lacustrine subfacies are below the wave base and the water body is relatively deeper. The sedimentary environment is an anoxic weak reduction environment, and the lithology is mainly gray-black and dark-gray mudstone and dolomicrite. The horizontal bedding is developed with scattered and lump pyrite authigenic minerals.
2) Mixing shallow lacustrine subfacies
Mixing shallow lacustrine subfacies are found at a relatively shallow water level. The microfacies are dolomitic flat, mixed with beach and shallow lacustrine mud. The water body of a dolomitic flat has high salinity. When it is proximate to the input area of terrigenous clastic, chemical sedimentation will be formed; when the hydrodynamic force is weaker, dolomicrite. When the hydrodynamic force becomes stronger, the interbedding between sandy dolomite and dolomitic siltstone is formed. Horizontal bedding, liquefied deformation structure, stylolitic structure, bird-eye structure, and calcite vein are developed here.
The mixing beach is the transitional zone between dolomitic flat sedimentation and shallow lacustrine mud sedimentation. At the transitional beach, the water body is shallow and weak in hydrodynamic force. Affected by wave actions, the lithology is light grey dolomitic (calcareous) siltstone. Ripple bedding, calcite vein, and liquefied deformation phenomena are found and locally biological lumachelle seen. The sand body has good continuity and is widely distributed with good selectivity and rounding degree. This is a favorable reservoir in the upper sweet spot.
The lithology of mixing shallow lacustrine mud is mainly gray-black dolomite mudstone and dolomicrite. A shallow water body, weak hydrodynamic force, and high salinity are identified. The horizontal bedding dominated by liquefied deformation and calcite veins.
3) Clastic shallow lacustrine subfacies
Clastic shallow lacustrine subfacies are located in the shallowest water body between the deepest lacustrine level during the drought period and wave base, comprising shallow lacustrine sand bar and clastic shallow lacustrine mud microfacies.
Shallow lacustrine sand bar microfacies reflect a shallow water body, stronger hydrodynamic conditions, and wave actions. The lithology is mainly siltstone interbedded between light gray sandy dolomite and dolomitic siltstone. They are relatively thick and ripple bedding and wave-formed-into-ripple bedding. The grain size is large and the sand body has good continuity together with good selectivity and rounding degree. This is the most favorable reservoir in the upper sweet spot. The lithology of clastic shallow lacustrine mud microfacies is grey mudstone with horizontal bedding. The places with a stronger hydrodynamic force are accompanied by a small cross-bedding and also stylolite and liquefied deformation structures, which are locally fossilized fern leaves.
Analysis of Sedimentary Facies for a Single Well
Based on the analysis of facies markers of the upper sweet spot in the Lucaogou Formation of the Jimsar Sag, 15 important, representative, and typical wells are selected for the schematic diagram of single well sedimentary facies. For example, a detailed analysis of single well sedimentary facies was conducted for the upper sweet spot of one important well that is J10005 well (Figure 3). The well is located in the east-south direction of the research area and is near the source area. From top to bottom there are 3 types of sedimentary subfacies, i.e., clastic shallow lacustrine, mixing shallow lacustrine, and semideep-deep lacustrine mud, of which clastic shallow lacustrine and mixing shallow lacustrine dominate. A thin layer of shallow lacustrine sand bar is observed at the bottom of P2l22−3 reservoirs, mixing shallow lacustrine subfacies are mostly distributed at the upper part of P2l22−3 and the lower part of P2l22−2, and clastic shallow lacustrine subfacies mainly at the upper part of P2l22−2 and P2l22−1 and occasionally found at the bottom of P2l22−3. However, semideep-deep lacustrine subfacies are in the middle of P2l22−2. Various microfacies in the subfacies are fully developed. Specifically, mixing shallow lacustrine corresponds to mixing shallow lacustrine mud microfacies and clastic shallow lacustrine to clastic shallow lacustrine mud microfacies mixed with shallow lacustrine sand bar microfacies which are mainly identified in P2l22−2 reservoirs. Semideep-deep lacustrine adapts to semideep lacustrine mud microfacies that are in the middle of P2l22−2 reservoirs. During the whole P2l22−3 periods, the normal graded bed sequence having the gradually reduced grain size is seen from bottom to top. During the P2l22−2 periods, a lacustrine level first goes up and then drastically goes down, and during the P2l22−1, it begins to rise. Therefore, both normal graded bed sequence and inverse graded bed sequence occur, generally reflecting a lacustrine transgressive-lacustrine regressive process.
[image: Figure 3]FIGURE 3 | Schematic diagram of sedimentary microfacies with respect to the core of upper sweet spot in J10005 Well of the Lucaogou Formation in the Jimsar Sag.
Analysis of Interwell Sedimentary Facies
According to existing information, as there are different sedimentary systems between the upper and lower sweet spots, the interwell comparison was made between the upper and lower sweet spots. This profile is a section along the east-west direction towards the north and perpendicular to the source area direction (Figure 4), comprising six wells from the west to the east: J404, J10039, J10031, J10017, J10014, and J0028. In the interwell profile transverse across the source area direction in the sweet spot member P2l22−2, shallow lacustrine beach bar has good transverse continuity and a relatively uniform thickness, and is distributed from J404 to J10028 along the east-west direction. The sweet spot member P2l22−3 is found between J10039 and J10032 wells, but a single layer is thin and has poor transverse continuity. As the profile is extended to the west, the water body is deepened. The shallow lacustrine sand bar is intensively developed and dolomitic flat is mainly in the west of the work area, but not developed in the east of the work area.
[image: Figure 4]FIGURE 4 | Profile facies of J404∼J10039∼J10031∼J32∼J10017∼J10014∼J10028 wells in the upper sweet spots of the Lucaogou Formation in the Jimsar Sag.
This profile is a section along the south–north direction towards the east and parallel to the source area direction (Figure 5), comprising 7 wells from the north to the south: J34, J10017, J10016, J10015, J174, J176, and J31. In the above figure, during the P2l22−4 period, mixing shallow lacustrine sedimentation is mainly developed, including mixing beach sedimentation in the lower part and dolomitic flat sedimentation in the upper part, reflecting the lacustrine level going up. During the P2l22−3 period, dolomitic flat sedimentation dominates, mixed with a small amount of mixing beach sedimentation, which is mostly distributed in a laminar shape. During the P2l22−2 period, as it is close to the source area, the sweet spot member mainly presents shallow lacustrine sand bar microfacies, and the thickness is gradually thinned from the north to the south. However, the development of shallow lacustrine sand bars is average. During the P2l22−1 period, dolomitic flat sedimentation dominates, accompanied by shallow lacustrine sand bar sedimentation. In conclusion, the development of shallow lacustrine sand bar is average. Dolomitic flat is mainly developed in the middle part, i.e., close to J10015 Well, but not interbedded in the north and south (sandy dolomite is not developed). Substantially, the lacustrine level first becomes shallow and then deeper.
[image: Figure 5]FIGURE 5 | Profile facies of J34∼J10017∼J10016∼J10015∼J174∼J76∼J31 wells in the upper sweet spots of the Lucaogou Formation in the Jimsar Sag.
This profile is a section along the east–west direction towards the north and perpendicular to the source area direction (Figure 6), comprising 6 wells from the west to east: J404, J10039, J10031, J10017, J10014, and J0028. This profile indicates dolomitic flat is developed in the west, relatively far from the source area, especially near J10039 Well. The lithology is sandy dolomite accompanied by dolomicrite with a lower thickness and average transverse continuity, which is vertically distributed in each reservoir, especially in P2l11−3, P2l12−1, P2l12−2, and P2l12−3 reservoirs. In the east, the shallow lacustrine sand bar is less developed, and the thickness of a single layer is lower with poor transverse continuity. The prevailing lithology is siltstone that is identified in P2l12−4, P2l12−5, and P2l12−6 reservoirs. As the profile is extended to the west, the water body becomes deep, and sedimentary microfacies are transformed into dolomitic flats from the shallow lacustrine sand bar.
[image: Figure 6]FIGURE 6 | Profile facies of J404∼J10039∼J10031∼J32∼J10017∼J10014∼J10028 wells in the lower sweet spots of the Lucaogou Formation in the Jimsar Sag.
This profile is a section along the south–north direction towards the east and parallel to the source area direction (Figure 7), comprising seven wells from the north to the south: J34, J10017, J10016, J10015, J174, J176, and J31. The shallow lacustrine sand bar is better developed in J10015 Well and on the south and north sides. The lithology is siltstone with good transverse continuity. Mixing beach and dolomitic flat are thinly interbedded in other sites. Dolomitic flat is mainly in the upper formation of J10015 Well, and the lithology is sandy dolomite mixed with dolomicrite. Mixing beach prevails in the lower formation of J10015 Well, and the water body as a whole tends to be deeper gradually.
[image: Figure 7]FIGURE 7 | Profile facies of J34∼J10017∼J10016∼J10015∼J174∼J76∼J31 wells in the lower sweet spots of the Lucaogou Formation in the Jimsar Sag.
Characteristics of Plane Sedimentary Facies
Based on the clear classification of sediments and through the comparison between single good facies and interwell facies and research on sedimentary microfacies, vertical and horizontal distribution characteristics of different lithologies in different reservoir locations are drawn by using the isoline folding method. The plane distribution diagram can be acquired according to the detailed observations of cores in the Lucaigou Formation of the Jimsar Sag combined with a good position map (Figures 8, 9).
[image: Figure 8]FIGURE 8 | Sedimentary microfacies plane distribution in the lower sweet spot of the Lucaogou Formation in the Jimsar Sag. (A) sedimentary microfacies plane of P2l12−3. (B) sedimentary microfacies plane of P2l12−2. (C) sedimentary microfacies plane of P2l12−1.
[image: Figure 9]FIGURE 9 | Sedimentary microfacies plane distribution in the upper sweet spot of the Lucaogou Formation in the Jimsar Sag. (A) Sedimentary microfacies plane of P2l22−3. (B) Sedimentary microfacies plane of P2l22−2. (C) Sedimentary microfacies plane of P2l22−1.
The following shows the sedimentary facies plane of P2l12−3 small reservoir. The lacustrine level as a whole goes down. On the overall south side is a mixing beach, and on the north side is a clastic shallow lacustrine and developed the dolomitic flat and mixing beach that are widely distributed. Of those, dolomitic flat is identified in the north to west, and mixing beach in the Midwest part. The shallow lacustrine beach bar is also developed and becomes thick-thin-thick from the southeast to the northwest, but its sand body in the north is relatively thicker. It can be seen from the sedimentary facies plane of P2l12−2 small reservoir that the lacustrine level begins to go up. In the middle part is mixing shallow lacustrine and on the south and north sides is clastic shallow lacustrine. Dolomitic flat here is extremely developed and widely extended across the Midwest part. Mixing beach is developed in the Midwest part and narrowed in the range from the west to east, but developed to the largest extent in the west. The shallow lacustrine sand bar is better developed in the southeast part and scattered in the middle and north parts. Looking at the sedimentary facies plane of P2l12−1 small reservoir, the lacustrine level continues to rise during this period. Compared with P2l12−2 small reservoir, the area sums of mixing beach and shallow lacustrine beach bar on the part of mixing shallow lacustrine is greatly reduced. The shallow lacustrine sand bar in the southeast part is narrowed in the distribution range.
During the P2l22−3 period, the lacustrine level rises, and mixing shallow lacustrine is wholly prevailing, widely concurrent with dolomitic flat and mixing beach, the range and thickness of which are significantly increased. The dolomitic flat is mainly distributed in the west and the southeast part of the work area in a broad range. The shallow lacustrine sand bar is only developed in the northern part, for example, near J41 Well. During the P2l22−2 period, the lacustrine level quickly goes down, and a shallow lacustrine sand bar is extensively developed and distributed along the northwest-southeast direction with good transverse continuity and the largest thickness, which is the best reservoir rock in this area. The area of the dolomitic flat and mixing beach is greatly reduced and the thickness is also drastically reduced. The dolomitic flat is well developed near the western J10055-J10060 Wells. During the P2l22−1 period, however, the lacustrine level goes up again, and the north part mostly falls into mixing shallow lacustrine, widely accompanied by dolomitic flat. Mixing beach is better developed in low-altitude places, such as the middle to the west part of the lake basin, mainly distributed in the northwest. As it is less affected by the southern source area, the southern part falls into a clastic shallow lacustrine that is widely developed with a large thickness.
DISCUSSION
Criteria for Classification of Sweet Spots
Due to the particularity of the Lucaogou Formation in the Jimsar Sag, other criteria for reservoir evaluation are not suitable for classifying the reservoirs in this research area (Zou et al., 2013; Bao et al., 2016; Zhao et al., 2020). It is necessary to select representative parameters according to the fact that to establish a set of criteria appropriate to this area to classify and evaluate the reservoirs in this area.
With reference to the movable porosity and oil-bearing saturation interpreted from nuclear magnetic materials in oil field information, the classification and evaluation form of sweet spot reservoirs in the Lucaogou Formation of the research area is prepared on the basis of classification criteria for oil fields and combined with element, lithology, and sedimentary microfacies characteristics (see Table 2).
1) Criteria for classification of upper sweet spots
TABLE 2 | Criteria for classification of sweet spots in the Lucaogou Formation of the Jismar sag.
[image: Table 2]Class I sweet spot: this reservoir is mainly developed with shallow lacustrine sand bar microfacies in the clastic shallow lacustrine subfacies, so it is an excellent reservoir in the research area with a large pore permeability and good physical properties. The pore structure is mainly intergranular pore and intergranular corrosion pore. The formation thickness is large, the movable porosity is ≥ 6% and oil-bearing saturation is higher with a value ≥ 60%. It is the right reservoir for a well with good formation testing in the research area.
Class II sweet spot: this reservoir is mainly developed by mixing beach microfacies in the mixing shallow lacustrine subfacies that are widely distributed in the research area. The pore structure is mainly corrosion pore and intergranular corrosion pore. The pore permeability is slightly lower than that of the Class I reservoir. The movable porosity is within the range of 5%–(inclusive)6% (inclusive), oil-bearing saturation is better with a value ≥ 50%. This is a relatively good reservoir in this area.
Class III sweet spot: this reservoir is mainly developed with dolomitic flat microfacies in the mixing shallow lacustrine subfacies, which is a poor type in the research area in terms of comprehensive indicators, but widely distributed in this area. The pore structure is mainly intergranular corrosion pore and intercrystalline porosity. The pore permeability is relatively worse. The movable porosity is within the range of 4–5% (inclusive), oil-bearing saturation is average with a value ≥ 45%. This is an average reservoir in this area.
Class IV sweet spot: this reservoir is mainly developed by mixing shallow lacustrine mud, and semideep lacustrine mud microfacies with the worst pore permeability. Physical properties are the worst; the movable porosity is ≤ 4%, oil-bearing saturation is poor and the effective porosity is >7%. This is the worst reservoir in this area.
2) Criteria for classification of lower sweet spots
Class I sweet spot: this reservoir is mainly developed with shallow lacustrine sand bar microfacies in the clastic shallow lacustrine subfacies, so it is an excellent reservoir in the research area with a large pore permeability and good physical properties. The pore structure is mainly intergranular pore and intergranular corrosion pore. The formation thickness is large, the movable porosity is ≥ 7% and oil-bearing saturation is higher with a value ≥ 60%. It is the right reservoir for a well with good formation testing in the research area.
Class II sweet spot: this reservoir is mainly developed by mixing beach microfacies in the mixing shallow lacustrine subfacies that are widely distributed in the research area. The pore structure is mainly corrosion pore and intergranular corrosion pore. The pore permeability is slightly lower than that of the Class I reservoir. The movable porosity is within the range of 6–7% (inclusive), oil-bearing saturation is better with a value ≥ 55%. This is a relatively good reservoir in this area.
Class III sweet spot: this reservoir is mainly developed with dolomitic flat microfacies in the mixing shallow lacustrine subfacies, which is a poor type in the research area in terms of comprehensive indicators, but widely distributed in this area. The pore structure is mainly intergranular corrosion pore and intercrystalline porosity. The pore permeability is relatively worse. The movable porosity is within the range of 5–6% (inclusive), oil-bearing saturation is average with a value ≥ 50%. This is an average reservoir in this area.
Class IV sweet spot: this reservoir is mainly developed by mixing shallow lacustrine mud, shallow lacustrine mud, and semideep lacustrine mud microfacies with the worst pore permeability. Physical properties are the worst; the movable porosity is ≤ 5%, oil-bearing saturation is poor with a value ≥ 45% and the effective porosity is ≥ 7%. This is the worst reservoir in this area.
Classification Characteristics of Sweet Spots
This research indicates that the major oil-bearing lithologies in this area are feldspar lithic sandstone, dolomitic siltstone, and sandy dolomite (Feng et al., 2015; Song et al., 2017; Liu et al., 2019), but the pore permeability significantly differs between different lithologies under the same classification of sweet spots, especially in Class I and II sweet spots as major development objectives. According to the analysis of experimental data statistics, the pore permeability of dolomitic siltstone is the best, showing the permeability is 0.01–1.0mD with an average of 0.052mD and the porosity is 3%–19% with an average of 11.8%. In Class I sweet spots, however, the porosity of Class I dolomitic siltstone can reach 15.6%, and the permeability is 0.164md, while in Class IV dolomitic siltstone, the porosity is 8.88% and the permeability is 0.052md.
In the meantime, the lithology is subdivided to establish the sweet spot grading chart (Figure 10). The physical properties of dolomitic siltstone are the best as such, especially in Class I and II sweet spots as major development objectives.
[image: Figure 10]FIGURE 10 | Different lithology grading chart of the upper sweet spots in the Lucaogou Formation of the Jimsar Sag.
Parameter Distribution of Facies-Controlled Reservoirs
Sedimentary facies control the distribution of reservoirs in the plan and profile. The plane distribution diagram of NM porosity and NM saturation of major development members is drawn in the upper and lower sweet spots, laying a foundation for the research on plane distribution characteristics of sweet spots to identify the tendency of physical property changes on the plane in the Lucaogou Formation of the Jimsar Sag (Figure 11).
1) Parameter distribution characteristics of facies-controlled reservoirs in the upper sweet spot:
[image: Figure 11]FIGURE 11 | NM saturation distribution diagram of sweet spots in the Lucaogou Formation of the Jimsar Sag. (A) NM saturation distribution diagram of sweet spots in P2l22−3. (B) NM saturation distribution diagram of sweet spots in P2l22−2. (C) NM saturation distribution diagram of sweet spots in P2l22−1. (D) NM saturation distribution diagram of sweet spots in P2l12−3. (E) NM saturation distribution diagram of sweet spots in P2l12−2. (F) NM saturation distribution diagram of sweet spots in P2l12−1.
P2l22−1 reservoir: this reservoir is extensively developed with the dolomitic flat in the south and middle part of the work area, and some wells are accompanied by a shallow lacustrine beach bar and mixing beach. The shallow lacustrine beach bar covers a large area in the southwest of the work area and corresponds to the wells with high oil-bearing saturation.
P2l22−2 reservoir: this reservoir is widely developed with a shallow lacustrine beach bar in a flake shape across this area. Few wells in the east and west part of the work area are accompanied by a small area of dolomitic flat and mixing flat. The shallow lacustrine beach bar that is developed in the southwest has good continuity and covers a large area, fit for a high oil-bearing saturation.
P2l22−3 reservoir: this reservoir as a whole fall into mixing shallow lacustrine and is broadly developed with a dolomitic flat across this area. In the middle part of the work area, a massive flake-shaped mixing flat is found, while a small area of mixing flat is identified in other areas with poor continuity. According to the parameter distribution plane of facies-controlled reservoirs, mixing flat is very fit for the well locations with high oil-bearing saturation.
2) Parameter distribution characteristics of facies-controlled reservoirs in the lower sweet spot:
P2l22−1 reservoir: this reservoir is extensively developed with a dolomitic flat in the middle part of the work area, and some wells in the north and south are accompanied by a small area of shallow lacustrine beach bar sediments. A large area of flake-shaped mixing flat sediments is developed in the middle part together with multiple small-scale mixing flat sediments, well fit for a high oil-bearing saturation.
P2l22−2 reservoir: this reservoir is mixing shallow lacustrine in the middle part of the work area and is widely developed with dolomitic flat sediments to a large extent, also accompanied by a large area of mixing flat, which has a good continuity in the plane and mainly distributed in the dolomitic flat development area. A small area of shallow lacustrine beach bar sediment is developed in the south-north part, very fit for a high oil-bearing saturation.
P2l12−3 reservoir: a small area in the north for this reservoir is only located in clastic shallow lacustrine, and nearly the overall area is in mixing hallow lacustrine. In this area, the dolomitic flat is broadly developed, and the middle part of this work area is nearly brimming with dolomitic flat sediments that are covered with a large area of mixing flat with good continuity. Some wells are developed with a small area of shallow lacustrine beach bar sediments, very fit for a high oil-bearing saturation.
Distribution of Facies-Controlled Sweet Spots
Based on the aforesaid research of data, the sweet spot distribution plane diagram is drawn by different reservoirs of the upper and lower sweet spots in the Lucaogou Formation (Figure 12).
[image: Figure 12]FIGURE 12 | Sweet spot plane distribution of the Lucaogou Formation in the Jimsar Sag. (A) Sweet spot plane distribution of P2l12−3. (B) Sweet spot plane distribution of P2l12−2. (C) Sweet spot plane distribution of P2l12−1. (D) Sweet spot plane distribution of P2l22−3. (E) Sweet spot plane distribution of P2l22−2. (F) Sweet spot plane distribution of P2l22−1.
P2l22−1 reservoir: Class I and IV sweet spots of this reservoir are well developed across this area. Class I sweet spots are mainly distributed in the southeast and middle part of the research area in a flake shape with good continuity. They are shallow lacustrine sand bar microfacies that are developed with feldspar lithic sandstone and dolomitic siltstone; Class II sweet spots are mainly distributed in the west in an isolated shape. They are mixing beach microfacies that are developed with dolomitic siltstone and sandy dolomite; Class III sweet spots are widely developed in the east of the work area and distributed in a strip shape, showing a good continuity and large area. They are dolomitic flat microfacies that are developed with sandy dolomite and dolomicrite; Class IV sweet spots are distributed in the west of the research area and extensively developed, but less developed in the east. They are clastic shallow lacustrine mud, mixing shallow lacustrine mud and semideep lacustrine mud microfacies that are developed with dolomicrite and mudstone.
P2l22−2 reservoir: Class I sweet spots of this reservoir are the most developed and extensively distributed across the area, and have good continuity and large area in the southwest part, also with good continuity and extensive development in the east and south. They are shallow lacustrine sand bar microfacies that are developed with feldspar lithic sandstone and dolomitic siltstone.
P2l22−3 reservoir: this reservoir is dominated by Class I and IV sweet spots. Class I sweet spots are extensively distributed in the middle part of the work area and scattered in the southeast and east of the work area in an isolated shape. They are shallow lacustrine sand bar microfacies that are developed with feldspar lithic sandstone and dolomitic siltstone; No Class IV sweet spots are found here; Class III sweet spots are less distributed in the east and west of the work area. They are dolomitic flat microfacies that are covered with sandy dolomite and dolomicrite; Class IV sweet spots widely appear in the middle parts in a flake shape and occasionally in the southeast in a broad flake shape. They are clastic shallow lacustrine mud, mixing shallow lacustrine mud and semideep lacustrine mud microfacies that are covered with dolomicrite and mudstone.
P2l12−1 reservoir: this reservoir is dominated by Class IV sweet spots. Class I sweet spots only appear in J10046 and J10017 wells in the east and west; Class II sweet spots are only distributed in a few wells in the east and west; Likewise, Class III sweet spots are only found in a few wells; However, Class IV sweet spots are extensively distributed in the east and west in a flake shape with good continuity. They are clastic shallow lacustrine mud, mixing shallow lacustrine mud and semideep lacustrine mud microfacies that are covered with dolomicrite and mudstone.
P2l12−2 reservoir: this reservoir is dominated by Class I and IV sweet spots. Class I sweet spots are widely developed in the east of the work area in a flake shape with good continuity. They are shallow lacustrine sand bar microfacies accompanied by feldspar lithic sandstone and dolomitic siltstone and dolomitic siltstone; Class II sweet spots are continuously distributed in the east of the work area with a small area in some wells in the west of work area. They are mixing beach microfacies that are mainly developed with dolomitic siltstone and sandy dolomite; Class III sweet spots are only scattered in the middle part of the work area in an isolated shape; Class IV sweet spots are extensively distributed in a flake shape, which appear in the middle part of the work area.
P2l12−3 reservoir: this reservoir is dominated by Class I and IV sweet spots. Class I sweet spots are developed across the work area and widely distributed in a strip shape with good continuity. They are shallow lacustrine sand bar microfacies that are developed with feldspar lithic sandstone and dolomitic siltstone; Class II sweet spots are only more distributed in the west of the work area in an isolated shape without a continuity. They are mixing beach microfacies that are accompanied by dolomitic siltstone and sandy dolomite; Class III sweet spots only appear in some wells. There are dolomitic flat microfacies that are developed with sandy dolomite and dolomicrite; Class IV sweet spots are distributed like that in P2l12−2 reservoir, which is developed across the work area with good continuity. They are clastic shallow lacustrine mud, mixing shallow lacustrine mud and semideep lacustrine mud microfacies that are covered with dolomicrite and mudstone.
CONCLUSION
The conclusion of the research on sedimentary facies and reservoir characteristics of sweet spots in the Permian Lucaogou Formation of the Jimsar Sag is given as follows:
1) Upper sweet spots of the Lucaogou Formation are divided into 3 sedimentary subfacies and 6 sedimentary microfacies. Of those, semideep-deep lacustrine subfacies are divided into semideep lacustrine mud microfacies; Mixing shallow lacustrine subfacies are classified into dolomitic flat, mixing beach, and mixing shallow lacustrine mud microfacies; clastic shallow lacustrine can be further divided into a shallow lacustrine sand bar and clastic shallow lacustrine mud sedimentary microfacies;
2) The south and north sides of lower sweet spots are developed with a mixing beach and shallow lacustrine sand bar, which are transformed into the dolomitic flat from a mixing beach from the east to the west. Dolomitic flat of the lower sweet spots mainly occurs in the west, the shallow lacustrine sand bar is highly developed in the middle parts, and the mixing beach appears in the east;
3) Reservoirs of the upper sweet spots in the Lucaogou Formation of the Jimsar Sag comprise 4 types of sweet spots. It is acknowledged that Class I and II sweet spots are shallow lacustrine sand bar, mixing beach, and dolomitic flat microfacies, which are mainly distributed in P2l22−2 reservoir. Class III sweet spots are dolomitic flat microfacies, clastic shallow lacustrine mud, and mixing shallow lacustrine mud microfacies, which are distributed in P2l22−1, P2l22−2, and P2l22−3 reservoirs and locally distributed in P2l22−4 reservoir; Class IV sweet spots are clastic shallow lacustrine mud, mixing shallow lacustrine mud and semideep-deep lacustrine mud microfacies, being the poor sweet spots. Sedimentary fine siltstone in shallow lacustrine sand bar microfacies under clastic shallow lacustrine subfacies is preferable for future exploration (Si et al., 2013; Zhang et al., 2020).
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Fang-182 Klg4 1962.68  Sitstone Quartz crack 28 64.1 8156
Kig4 195268  Sitstone Quartz crack 6.2 87.5 105.4
Klg4 1952.68  Sitstone Quartz crack 53 98.4 125
Sheng- Kig4 17545  Sitstone Quartz crack 32 67.4 816
371 Kigd 17545  Sitstone Quartz crack 5 87.5 108.7
Kigd 17545  Sitstone Quartz crack 69 17.4 136.9
Sheng- Kig4 201258  Oilfine sandstones Quartz crack 29 59.4 7.7
554 Kig4 201258  Oilfine sandstones Quartz crack 6.1 87.8 105.7
Kig4 201258  Oilfine sandstones Quartz crack 6.2 104.3 127.4
Fang-182 Kig4 1933.5 Siltstone Quartz crack 6.2 919 1035
Klgd4 1933.5 Siltstone Quartz crack 54 99.3 1238
Tai-34 Klgd 1903.2 Oil siltstone Calcite 3 66.1 83.8
Kigd 19032  Oisitstone Calcite 6.3 92.7 105.4
Tai-121 Kigd  1,661.92  Oi sitstone Quartz crack 27 62.7 80.8

Klgd 1,661.92  Oil siltstone Quartz crack 49 85.2 104.3
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35.1
36.9
38.1
39.8
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42.1
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8y ithology type:1 represenits Grey maristone; 2 represents Black Shale, 3 represents Volcanic ash, the same in blow tables.

Lithology

N O O O I S ARSI 3 O S I I O O O IR IR N

TOC (wt%)

0.517
0.484
0.387
0.24
0.559
0.686
0.867
0.948
0.942
0.922
0.921
0.838
0.827
0.868
0.487
0.484
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0.769
113
1.08
1.06
1.14
1.07
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TS (%)
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(mg HC/g)
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0.016
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0.001
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(mg HC/g)

0.033
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0.005
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0.021
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0.045
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0.043
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(mg HC/g)

0.045
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0.040
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0.061
0.063
0.121
0.007
0.113
0.139
0.101
0.185
0.162
0.033
0.045
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0.122
0.086
0.087
0.120
0.003
0.123

HI

6.43
3.80
8.94
13.31
0.94
3.77
5.45
1.70
1.87
4.52
4.73
3.79
5.83
3.31
4.40
5.14
15.73
4.67
0.50
273
269
0.7
3.99
5.06
37

ol

8.75
10.86
11.49
53.45

7.16

9.02
11.19

6.38

6.67
1311
10.55
13.43
16.83
11.61
38.08
31.34
11.64
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13.97
11.32
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7.63
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Computing method of Mogs, Uer, and Viere: Xer = (X/Alsampie/ (Xpans/Alpass), where PAAS, indicates post-Archean Australian shales (Taylor and McLennan, 1986).

Lithology

L O S R Y SRR AR AN I O C I S OO O Ol NN NN

Al (%)

0.50
0.49
0.46
0.54
0.52
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1.36
1.01
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7.23
7.00
4.93
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0.70
0.64
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0.17

Cca (%)

20.30
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041
0.40
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038
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0.40
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031
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Mg (%)

6.38
5.06
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16.30
15.15
15.65
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16.00
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15.85
16.55
457

437

321
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15.55
16.20
16.10
16.55
17.50
9.42

K (%)

0.06
0.07
0.07
0.06
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0.08
0.08
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0.13
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0.92
0.1
0.07
0.07
0.06
0.08
0.06
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i (%)

0.028
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Fe (%)
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SEUN/SMN + GdN). Post-Archean Australian standardized data are taken from Tayior and McLennan (1986).
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Research Sample id Gross Area Area Gross Plane Effective  Filling Average

area area of solid  of pore plane porosity  residual degree plane
of image bitumen space  porosity of solid porosity** of solid  porosity
studied  (pixel) (pixel) (%) bitumen (%) bitumen of solid
(pixel) (%) (%) bitumen
(%)
The North Slope DB1-6409.43-3 5002624 1135204 273014 2815 2269 546 80.61 1275
DB1-6410.11-1 5002624 653448 187381 1681 13.06 375 7771
DB1-6411.01-2 5002624 515204 129158 1288 1030 258 79.96
PS17257.53-7257.73 6076416 28800 140947 279 047 232 16.97
PS1 7259.43-7259.63 6076416 29843 120472 247 049 198 19.85
PS1726241-726254 6076416 547669 204369 1238 901 337 72.82
PS1 726345726355 6076416 230146 290735 857 379 478 44.18
PT1-2-39-2- 1392640 356847 55012 29.57 2562 395 86.64
5729.44-01
ZJ2-2-5-6554.3-02 1392640 177119 24425 1447 1272 175 87.88
2)2-2-6-6553.56-01 1392640 408538 197677 4353 2934 14.19 67.39
The Gaoshiti-Moxi ~ MX9-5044.7-1* 4915200 146837 272647 853 299 554 35.05 2.52
o MX9-5044.7-2° 4915200 47240 60834 220 096 124 43.64
MX9-5044.7-3* 4915200 7728 401865 8.33 016 817 192
MX9-5044.7-4% 4915200 269473 606183 17.82 548 1234 3075
MX9-5044.7-5* 4915200 331165 554422 1802 674 1128 37.40
MX9-5047.2-6* 4915200 30745 390122 856 063 793 7.36
MX9-5047.2-7% 4915200 188002 113634 614 382 232 6221
MX9-5047.2-8* 4915200 42877 109933 311 087 224 27.97
MX9-5047.2-9° 4915200 76658 85288 329 156 173 47.42
MX9-5047.2-10* 4915200 98543 48038 298 200 098 67.11

“Data sourced from (Song et al., 2021).
**The Effective Residual Porosity = Gross Place Poros

Plane Porosity of Solid Bitumen.





OPS/images/feart-10-918244/feart-10-918244-g005.gif





OPS/images/feart-10-927903/feart-10-927903-t001.jpg
Wells

PT1

]2

Strata

D-2

D-2

Depth/m

5726.0-5817.0

6577.5-6723.0

Isotope 013CPDB/%o0

FEoN

-33.94
=33.95
-33.92
-33.90
-34.67
-35.09

§°C,

-2924
=29.19
-2931
~29.20
=323
<3315

8"Ccos

-0.16
-0.98
-0.14
-0.63
-19.38
-16.38





OPS/images/feart-10-918244/feart-10-918244-g004.gif
e, T

.52 8 2

S






OPS/images/feart-10-927903/feart-10-927903-g013.gif





OPS/images/feart-10-918244/feart-10-918244-g003.gif





OPS/images/feart-10-927903/feart-10-927903-g012.gif





OPS/images/feart-10-918244/feart-10-918244-g002.gif





OPS/images/feart-10-927903/feart-10-927903-g011.gif
BEIEEIEVE.

[RERRR]

S
S )






OPS/images/feart-10-918244/feart-10-918244-g001.gif





OPS/images/feart-10-927903/feart-10-927903-g010.gif
L \QU,!IIﬂ TUMTAT LT
C LI






OPS/images/feart-10-927903/feart-10-927903-g009.gif





OPS/images/feart-10-918244/feart-10-918244-g010.gif





OPS/images/feart-10-918244/feart-10-918244-g009.gif





OPS/images/feart-10-958315/feart-10-958315-g002.gif





OPS/images/feart-10-918244/feart-10-918244-g008.gif
[r—






OPS/images/feart-10-958315/feart-10-958315-g001.gif





OPS/images/feart-10-927903/feart-10-927903-g005.gif
an,

. o |
[ R B
Bitumen 17 o

W e g, m





OPS/images/feart-10-927903/feart-10-927903-g004.gif





OPS/images/feart-10-927903/feart-10-927903-g003.gif





OPS/images/feart-10-927903/feart-10-927903-g002.gif
I

12:

bl
il | 1] |

- E o
l!!!m E ==
3 Tetgen, [ S






OPS/images/feart-10-927903/feart-10-927903-g001.gif





OPS/images/feart-10-927903/crossmark.jpg
©

|





OPS/images/feart-10-956594/feart-10-956594-g014.gif





OPS/images/feart-10-927903/feart-10-927903-g008.gif





OPS/images/feart-10-927903/feart-10-927903-g007.gif





OPS/images/feart-10-927903/feart-10-927903-g006.gif





OPS/images/feart-10-920011/feart-10-920011-g014.gif





OPS/images/feart-10-932263/math_2.gif
Eu _ f X REEus x (), + (1- f) x REEgw x
Fu ” T REE,+ (1= ) * REEsy





OPS/images/feart-10-896629/feart-10-896629-g002.gif





OPS/images/feart-10-920011/feart-10-920011-g013.gif





OPS/images/feart-10-932263/math_1.gif
Ge _ f x e X (€)ye *+ (1= f) x o x (€)gy,

[0
Si






OPS/images/feart-10-896629/feart-10-896629-g001.gif
Yy

moeaization remmeraturct )





OPS/images/feart-10-920011/feart-10-920011-g012.gif





OPS/images/feart-10-932263/feart-10-932263-t001.jpg
Parameter

Eu* (HP)
S0z
Ge/Si (HT)
REE.+
S0z (sw)
Ge/Si (sw)
REEsw
Eu * (sw)
Aipha
Ge/Sio

To

Value

0.02
29
1.13
0.02
10
400

Unit

mm
pmolmol
ppb
mM
pmolmol
ppt

pmol/mol
‘c

Range

05-3.0
05-2.2
0.02-0.72

0.0054-0.023
5-15
300-400

Equation

@
“@
©)

Reference

Douvile et al. (1999)
Grerar and Anderson, (1971)

Evans and Derry, (2002)

Douville et al. (1999)

Siever, (1992); Conley et al. (2017)

King et al. (2000)

Germen and Elderfield, (1990); Douill et al. (1999)
Douwville et al. (1999)

Evans and Denry, (2002)
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Formation

Domanik formation (The
East-European platform)

iman-Pechora province

Volga-Ural province

Kuonam formation

Bazhenov formation

Khadum/Maykop
formations

Remaining volume of
oil and gas in the

formation (volumetric
geochemical method)

Oil,
billion
tons

934.5%
2242¢

176.5% 98.2*

7580
126.0¢

250.0% 28.0°

1700.0%
3620

197.0°

Gas,
trillion

532¢

242°

29.0°

56.0°

69.0°

“Bazhenova (Bazhenova, 2016), volume-balance method.
"Fortunatova (Fortunatova et al., 2019b), Varlamov (Varlamov et al., 2020), analogy method using geochemical data.

“Bazhenova (Bazhenova et al,, 2008), Prischepa (Prischepa et al, 2014; Prischepa et al,, 2018), geochemical balance method.
‘Complex geochemical method with estimation of free pore space (author's assessment).

Remaining
volume of
oil in the
formation
(analogy
method)

Oil, billion tons

841.1°

170.2°

670.9°

119.7°

150.0-500.0°

8.0°

‘ontorovich (Kontorovich et al., 2018), geochemical balance method.

Recoverable resources (0.03-0.05°
012-0.05%) (analogy method” and
volumetric geochemical method**)

Oil, billion
tons

252

5.11°

20.1°

35"

18.0-60.0 (0.12%)
37.5-250
(0.05%)°

11"

oil,
billion
tons

1.0

5354914

65%6.1¢

17

2645°

Gas,
trillion

5.9

4.8524°

3.5¢

1.2

9.4

0.3

Recoverable from the
pore space (0.03-0.05)°

oil,
billion
tons

9.64

6.39

3.25¢

not rated

1574

not rated

Gas,
trillion
3

4.02¢

167

235

not rated

478!

not rated
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Region
(OGR)

Anabarskaya
Vilyiskaya
Total

Area,
i

104,173
50,093
269,925

Volume of oil resources, million tons

Total geological Recoverable
resources resources
Cmy-5in-in ORR = 0.03
46,804 1,404

21,619 619

119,660 3452

Density, thousand
tons/km®

Cmy-2nin

449,294
431,569

Recoverable resources™,
million
tons

1700
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oGP

Buzulukskaya
South-Tatarskaya

Permsko-
Bashkirskaya
Melekessko-

Abdulinskaya

Sredne-
Preduralskaya

Total

Area,
Tt

43912
54,751
46,565

30357

45,264

3,98,187

Total geological resources,
tons Dydm-fm;

128,692
77,552
95,753

58,848
66,215

670,975

ORR*

0.05
0.03
0.03

0.03

0.03

0.03

Recoverable resources,
million tons

3861
2,327
2,873

1,765

1,986

20,129

Densities of geological
resources*, t/km*

2,931
1,416
2,056

1,939

1,549

Recoverable resources®,
million tons

124
075
0.92

053

0.64

650

*The ORR, coefficient is given from 0.03 to 0.05 from the work of Fortunatova (Fortunatova et al,, 2021) and 0.05 from the work of Prischepa (Gubin, 2004).
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oGP Total geological resources, Hydrocarbon recovery factor Recoverable resources, million
tons D3dm-fm; (accepted conditionally) tons

TPP 1,70,172 0.03 5,105
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Basin/total area

Shale formation

Geological age

Sedimentation

Proposed area (km?)

Formation thickness (m)

Depth (m)

Layer pressure

Middle TOC (%)
‘Thermal maturity by vitrinite reflectivity (% Ro)

Shaliness

Capacitive space’ (the porosity + fracture)

Oil phase

Geological resources total (generated), trillion m’
Geological ol resources total (generated), billion tons
Geological gas resources (generated), trillion m’

Geological resources of oil “residual” (dispersed in the
thickness)

Geological resources of gas “residual’, (trillion m’)

The volume of the matrix pore space in zones PK3-
MK4 (billion m’)

Recoverable oil resources considering oil recovery
rates (ORR) in a range of 0.05/0.03 (billion tons)

Recoverable oil resources from the volume of pore
space, considering ORR 0.08 (billion tons)

*Weighted average porosi

Timan-pechora (including its marine part)/450 thousand km*~

Domanik (south-
‘Western, Central,
Northern and Eastern
parts of the basin)

Middle Frasnian

Marine (relatively deep water)

25,000

Including enriched  0-50/20
OM/average

Effective thickness 10
average
Interval 0-2000
Average 1200
Reservoir properties
abnormally high abnormally
high
80 40
60-80 80-110
Low and middle Low and
middle
1% 3%
Resources
oil oil
400 840
360 564
10 276
2858 336
10 91
100 336
144 168
0.800 2690

1,40,000

10-30/15

2000-4,600
3,200

normal

20
7.8-11.0

low

25%

Oil-low
condensate

62.0
412
208
280

104
310

14

2480

el hu s knewteson: oo weomsie it ik aeammie anbamseomens filinsc warkcslor dimesnnes:

Domanikoid (Upper-frasnian,
famennian, tournaisian) (Central,
north-Eastern and Eastern parts of

the basin)

Upper Frasnian, Lower
Famennian

marine

155,000

10-100/20

10

1,600-4,400
3,000

normal

15
7.8-10.0

low

1.5%

Oil-low condensate

174
100
74
7.8

242
52

0.39

0.416

Upper Famennian,
Tournaisian

marine

58,000

10-60/20

1,400-4,400
2,800

Summed by
D3dm-CIt

2034
1436
59.8
982

79.8
491

295

6386

liceous limestones, etc.
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Formation, province

Domanik formation: Timan-Pechora
province

Volga-Urals province
Kuonam formation
Bazhenov formation

Khadum/Maykop formations

Volume of generated
hydrocarbons in the
formation*, billion
tons

176.5

758.0
250.0
1700.0
197.0

Technically recoverable
resources **

Oil, billion Gas,

tons trillion m*
53 46

65 35

17 112

26.45 938

Possible oil and gas of the oil and
gas system %

Oil, billion Gas,

tons trillion m*
203 167

325 235

157 47

45 59
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Catagenesis Cg % M, % Generation, % from the
initial mass of OM

Ra % Start of gradation Oil HC gas
6.0 PK 589 100 00 00
7.1 MK1 760 78.45 060 155
7.6 MK2 794 71.36 164 235
34 MK3 848 63.41 164 3.03
9.0 MK4 883 60.26 164 415
100 MK5 900 58.36 164 435
109 AK1 906 57.16 164 570
120 AK2 916 55.21 164 7.75
130 AK3 935 5276 164 885
170 AK4 943 5041 1.64 10.50

Graphite 100 44.17 1.64 1527
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Catagenesis Cg* % M® % Generation, % from the
initial mass of OM

Ra % Start of gradation 0il HC gas
6.0 PK 589 100 00 00
7.1 MK1 710 69.09 00 091
76 MK2 765 540 82 091
8.4 MK3 78.6 325 2924 133
9.0 MK4 822 270 2824 400
100 MKS 815 255 2624 450
109 AK1 813 243 2824 480
120 AK2 843 20 2824 630
130 AK3 88.2 205 2624 670
170 AK4 945 190 2324 7.20
Graphite 100 1752 2324 755

“Carbon content in OM, at this stage of catagenesis.

bRemaining mass of OM.
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Catagenesis substages

Protocatagenesis

Mesocatagenesis

Apocatagenesis

Catagenesis gradation

PK1
PK2
PK3

MK1
MK2
MK3
MK4
MKs

AK1
AK2
AK3
AK4

Coal
grade/scale (coal grade)

B1 soft brown coal
B2 matte brown coal

B3 matte brown coal

D—long flame
Ggas

J—fat

K—coke
0S—forge coal

T—thin
PL—semi-anthracite

A—anthracite

Reflectivity of vitrinite

In oil (R) In air (Ra)
Up 10 0.30 55-6.0
0.30-0.40 60-65
040-0.50 65-70
05-0.65 70-75
0.65-0.85 75-82
085-1.15 82:90
115-155 90-98
1.55-2.00 98-107
200-2.50 107-115
250-3.50 115-130
350-4.70 130-145

470 and more 145 and more

Approximate
paleotemperature,
’c

25-50
50-75
75-90

95-120

120-160
160-190
190-215
215-235

More than 240
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Main characteristics

Reservoir properties

Resources, billion tons

Shale formation

Geological age
Sedimentation
Proposed area (km?)
Thickness (m) Rich OM
effective thickness
Depth (m) interval

middle
Layer pressure
Average TOC (%)
‘Thermal maturity by vitrinite (% Ro)
Shaliness
Oil phase
Risk-based geological resources

Risk-based recoverable reserves

Basin/total area

Bazhenov formation (central
basin part)

Upper Jurassic-Lower Cretaceous
marine

301,000

30

26

1,980-3,660
2,500
Abnormally high
10.0

0.85

low

ail

131.6

79

West siberian/2,2 million km*

Bazhenov formation (northern
basin part)

Upper Jurassic-Lower Cretaceous

marine

192,700 38,300

30 30

26 26
1,980-3,960 1,980-3,960
2,990 3,660
Abnormally high Abnormally high
5.0 5.0

085 Lis

low Tow

ol condensate
B2 23

21 0.1
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Model Tectonic fractures Bedding + tectonic fractures

Test point Point 9 Point 10 Point 11 Point 5 Point 6
Initial oil saturation/% 80.2 80.2 80.2 79.0 79.0
Oil saturation after reaction/% 47.7 43.0 36.8 39.6 320
Difference of oil saturation/% 325 372 434 39.4 470

Efficiency/% 405 464 54.1 499 59.5
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Sample Length/ Diameter/ Mass/ Volume/ Density/ Porosity/ Permeability/ Pore

no. mm mm 9 om® glem® % ud volume/
cm®
Avt 3324 25.10 36.18 16.44 220 14.66 212 241
Av2 35.38 25.10 38.44 17.50 219 14.31 0.89 251
Bv1 36.55 25.28 42.95 17.84 24 5.87 1.00 1.05
Bv2 35.46 25.31 4351 17.84 2.43 533 081 094
ANt 35.32 25.16 38.33 17.56 218 15.18 358 267
Ah2 34.72 2511 37.41 1719 217 13.97 291 240
Bh1 34.03 25.25 40.85 17.04 239 657 1.26 112
Bh2 33.89 25.26 4105 16.98 2.41 589 046 1.00

1) V i the plunger sample drilled from the vertical plane; Nots 2) H i the plunger sample drilled from the parallel plane.
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Catagenesis Cg, % M, % Generation, % from the
initial mass of OM

Ra % Start of gradation oil HC gas
PK2 765 100 00 00
MK 780 93.37 055 090

7.6 MK2 80.0 8174 433 391

8.4 MK3 800 70.39 625 512

9.0 MK4 816 69.01 625 528

100 MK5 830 66.69 625 628

109 AK1 850 64.96 625 812

120 AK2 87.0 60.44 625 966

130 AK3 88.0 58.94 625 1056
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Borehole

03
a7
09
g19
g102
ms52

gkt
918
g125
620
g105
9109
m128
mi2
m117
g10
g127
m19
9129
ap1
9130
m131

F1

1.4101
0.87824
0.24197

-0.47935
0.23012
0.31662

-051132

0.8963
1.57508

-1.28455

1.1071

0.60189
-087747
-1.06646
-0.75384
-0.62251

2.36941
-1.34362
-0.40253

0.3123
1.18837

-1.18838
0.83362

F2

2.7087
1.7973
210013
1.39775
-0.46613
1.85417
-0.70625
-0.59651
1.02777
0.6433
0.52875
-0.24224
-0.05553
0.68366
1.36624
1.26335
-0.10043
-0.13461
-0.28874
-0.42538
-0.00787
-0.39891
-0.61361

F3

1.38285
0.8872
-1.08151
1.03042
4.17464
-0.38708
1.11897
3.09961
-0.96465
-0.79803
0.27157
-0.59089
0.52953
-0.90141
-0.35847
-0.36101
0.04722
-0.32818
0.97497
-0.85191
-0.95676
-0.07863
~1.00515

Fa

-0.20708
0.64696
1.97453
0.64199
0.00912
0.38422
3.15487
0.39353
0.49458
1.94836

-0.34411
1.43154
0.44964
0.64241

-1.14269

-1.12362
~1.1504
1.00659

-0.40977
0.83977

-0.11166
0.65258
0.69211

*

144
1.09
0.84
0.58
0.83
0.61
05
0.84
0.68
0
0.48
0.29
-0.09
-0.21
-0.16
-0.15
05
-0.33
-0.09
-0.03
0.15
-037
0.02

Top

95.76
105.65
126.66

62.63

Borehole

g108
mi26
m145
mo
mi107
g124
mé41
m146
g121
m8
m21
m148
mi147
m23
16
9103
gi11
m39
mi30
9120
m149
g101

F1

0.48705
-1.09178
0.17913
-0.4198
-0.8529
3.15912
~1.04497
-0.67363
0.64146
-1.03696
-0.44677
-0.7328
0.56659
-1.15471
0.71598
0.56845
-0.18395
-0.79208
-0.08114
-0.08865
-0.48492
-0.66273

F2

-0.09548
0.45188
-0.49699
0.25929
0.79416
-0.9366
0.79331
-0.73876
-0.80215
-0.49709
-1.04174
-0.48767
-0.96736
0.1133
-0.80719
-0.98552
-0.9033
0.3339
-1.3632
-1.30017
-1.00631
-1.53721

F3

-0.51042
-0.53645
0.24396
-0.45502
-0.3146
-0.89973
0.22795
-0.26931
-0.49475
0.20393
-0.31332
-0.11251
-0.70963
021274
-0.55112
-0.1685
0.08275
-0.17175
-0.14896
-0.36424
-0.35312
0.4888

F4

-0.41428
-0.44372
-0.4475
-0.68177
-1.5655
-0.62296
-2.03304
0.37092
0.09287
-0.29952
0.60885
-0.2534
0.31813
-1.26239
-0.32126
-0.5216
-0.49266
-1.95118
0.00613
0.04842
-0.39355
-0.70143
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Parameter

Mean stratum permeability (mD)
Reservoir quality index

Mean reservoir permeability (mD)
Reservoir/stratum ratio
Reservoir thickness (m)
Energy-storage coefficient
Slope gradient ()

Thickness of cave intervals
Thickness of vuggy intervals
Mean reservoir porosity (%)
Mean stratum porosity (%)

"M

0.937
0.932
0.905
-0.137
0.140
0.303
0.129
0.314
0.147
0.380
0.226

Factor
F2 F3
0133 0120
0020 0226
0049 0238
0914 0062
0909 0277
0809 0296
0303 0819
0222 0797
0054 0555
-0.182 0050
0397 0262
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Borehole

gkl
gt
g10
g102
9103
9105
g111
g121
916
g18
g19
920
63

97

99
m10
m107
mi17
m12
m19
m21
m23
m39
ma1
m52
mg

TOoVI

(m)

37.9
66.6
473
461
106
34.8
156
101
71
A7
50.6
26.0
5.7
373
343
6.9
29
8.0
42
31.5
121
99
0.0
3.0
108
12,9

TOCI
(m)

164
21
28

20.4
0.0
0.0
0.0
0.0
0.0
35
15
95

18.8
34
0.0
0.0
0.0
15
29
83
0.0
0.0
0.0
06
18
0.0

MSPOR
(%)

255
245
1.58
229
1.49
1.96
1.39
164
141
241
2.07
1.93
249
23
255
1.62
1.35
1652
149
17
221
1.44
11
125
215
1.62

MSPER
(mD)

0.334
0.133
0.593
0271
0.256
0.246
0.058
0.166
0.186
0.474
0.192
0.333
0.356
0.4

0.232
0.083
0.013
0.016
0.027
0.108
0.102
0.01

0.009
0.009
0.203
0.028

RT
(m)

1382
1039
1434
137.2
775
1141
904
719
827
163.1
2099
166.9
288.1
2221
2190
1342
163.56
193.1
2059
1802
540
1143
1426
168.6
2148
989

MRPOR
(%)

3.08
422
2.15
3.02
27
3.67
255
3.06
301
3.07
259
279
3.28
2.99
3.49
219
1.63
1.94
207
245
259
1.59
1.58
1.33
2,94
232

MRPER
(mD)

0617
0.468
0547
0513
0.246
0.441
0.181
0.381
0.339
0.481
0.252
0.406
0611
0.539
0.397
0.001
0.027
0.08
0.041
0.144
0.144
0.018
0.021
0.013
0.338
0.04

RQl

0.0141
0.01056
0.0158
0.0129
0.0095
0.0109
0.0084
00111
0.0105
0.0124
0.0098
0.0120
0.0136
0.0133
0.0106
0.0064
0.0040
0.0064
0.0044
0.0076
0.0074
0.0033
0.0036
0.0031
0.0106
0.0041

ESC

4.26
4.39
3.08
414
209
419
2.30
2.20
249
5.01
544
4.66
9.45
6.64
7.64
2.94
2.67
3.75
4.26
3.19
1.40
1.82
225
224
6.31
2.30

RSR

0.38
0.40
0.47
0.57
0.25
0.40
0.27
0.31
0.31
0.58
0.80
0.55
0.85
0.84
0.76
0.48
0.63
0.71
0.67
0.43
0.24
0.56
0.54
0.67
0.75
0.35

0

2.26
1.32
0.03
280
0.38
0.15
0.22
0.20
0.14
0.32
1.64
0.05
181
227
048
0.07
0.1
0.1
0.03
0.06
0.02
0.40
0.09
053
112
041
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Hold-out cross-validation

5-fold repeated
stratified cross-validation

5-fold repeated stratified cross-validation of
dummy classifier

Splits/folds

1
2
3
4
5

Mean acc. (%)

87.98
87.94
88.06
88.18
88.11
88.05

Testing acc.
(%)

88.56
88.46
88.39
88.08
88.40
88.38

Oob acc.
of the
whole dataset
(%)

88.96
88.94
89.08
89.05
88.98
89.00

Testing acc.
(%)

88.40
88.35
88.72
87.83
88.57
88.37

Most-frequent testing
acc. (%)

49.10
49.11
49.11
49.11
49.11
4911

Stratified testing
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Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Coarse-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite
Fine-sized calcite

78r/%Sr

0.708248
0.708295
0.708251
0.707398
0.707381
0.707425
0.7073561
0.707398
0.707425
0.707388
0.707321
0.707115
0.707101
0.707056
0.707003
0.706999
0.706815
0.706825
0.708226
0.708214
0.708336
0.707601
0.707611
0.707628
0.707633
0.707551
0.707523
0.707503
0.707486
0.707489
0.707423
0.707412
0.707211
0.707005
0.706991
0.706511
0.706198
0.706221
0.708489
0.708441
0.708135
0.707915
0.707936
0.707715
0.707688
0.707605
0.707618
0.707521
0.707158
0.707225
0.707008
0.707105
0.707002
0.706158
0.706568
0.706112

§1°0 (%)

26.11
26.28
27.63
17.33
16.58
20.11
15.11
13.68
13.77
13.05
12.89
12.31
12.85
12.03
11.25
10.25
9.88
9.41

27.35
27.15
26.55
16.75
16.52
16.23
15.12
15.36
12.58
12.44
11.06
11.18
11.86
10.59
10.48
10.56
9.98
9.62

9.12
9.06
26.78
25.98
26.88
17.68
18.88
18.01
14.58
14.99
14.31
13.78
12.89
1311
13.01
10.89
9.26
9.05
91

9.36
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Well Depth (m) Lithology Por-c (%) Por-m (%) Permeability (mD)

S-2 1898.05 Graywacke 18.35 14.89 2269
S-2 1908.55 Graywacke 17.52 16.88 33.56
S-2 1909.48 Graywacke 20.36 2221 45.89
S-2 1913.58 Metasandstone 1521 15.69 29.87
S-2 1918.61 Metasandstone 14.31 16.89 1669
S-2 1921.33 Metasandstone 17.01 16.55 3158
52 1928.88 Metasandstone 19.86 14.58 89.56
S-2 1937.98 Metasandstone 21.25 20.01 56.81

-2 1945.69 Metasandstone 11.36 15.36 4451

S-2 1951.09 Metasandstone 28.65 24.15 76.01

-2 1963.25 Metasandstone 2271 20.08 59.81

s-2 1975.33 Metasandstone 20.05 17.87 4555
-2 1980.12 Metasandstone 17.20 15.89 40.89
S-2 1988.56 Metasandstone 16.45 18.21 38.86
-2 1998.33 Metasandstone 15.23 16.33 65.23
S-2 2000.55 Diabase 10.89 11.56 2189
-2 2003.69 Diabase 8.98 4.59 1055
S-2 2008.01 Diabase 7.50 6.1 16.87
S-14 1848.53 Quartzwacke 30.59 28.97 105.88
S-14 1853.57 Quartzwacke 31.55 31.58 11847
S-14 1859.13 Quartzwacke 32.80 31.13 25112
S-14 1863.88 Metasandstone 21.89 2291 201.48
S-14 1869.12 Metasandstone 22.20 21.56 155.29
S-14 1875.93 Metasandstone 20.41 27.46 178.56
S-14 1883.69 Metasandstone 30.62 28.41 20881
S-14 1890.55 Metasandstone 19.48 17.54 17833
S-14 1896.78 Metasandstone 26.65 23.68 121.55
S-14 1902.12 Metasandstone 24.89 21.12 90.87
S-14 1908.15 Metasandstone 21.89 21.58 133.56
S-14 1921.58 Metasandstone 19.51 19.99 68.87
S-14 1929.56 Metasandstone 18.45 18.56 65.55
S-14 1937.12 Metasandstone 17.51 17.07 5081

S-14 1948.01 Metasandstone 15.55 15.78 5661

S-14 1955.56 Metasandstone 13.78 1215 40.71

S-14 1960.52 Metasandstone 19.78 16.89 98.98
S-14 1968.13 Diabase 5.23 4.33 10.88
S-14 1971.12 Diabase 9.84 9.05 15.59
S-14 1973.25 Diabase 6.65 6.78 19.87
S-3 1998.55 Graywacke 20.02 23.38 11399
S-3 2003.18 Graywacke 21.35 2137 165.81
S-3 2007.91 Graywacke 26.60 25.50 187.71
S-3 2013.15 Metasandstone 22.56 22.89 185.56
s-3 2018.66 Metasandstone 17.78 17.07 97.78
S-3 2024.91 Metasandstone 16.58 14.21 85.65
s-3 2028.05 Metasandstone 16.21 13.89 81.13
S-3 2031.38 Metasandstone 15.23 12.08 50.28
s-3 2035.63 Metasandstone 20.09 15.87 45.87
S-3 2039.14 Metasandstone 2113 17.89 3385
s-3 2043.14 Metasandstone 2258 20.87 185.45
S-3 2049.63 Metasandstone 18.78 18.88 167.25
S-3 2068.11 Metasandstone 16.58 16.41 80.56
S-3 2067.95 Metasandstone 18.68 17.56 11548
s-3 2076.15 Metasandstone 19.87 19.09 178.14
S-3 2086.53 Diabase 4.23 4.58 1651

S-3 2089.98 Diabase 4.98 471 10.24

s-3 2092.36 Diabase 387 4.39 9.89
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Architecture element

Lengttvm
Angle/”
Width/m
Angle/”
Width/m
Angle/”
Width/m
Angle/”

13443

L
256.0
8.49
167.4
59
161.8
7.8

1654.3
25
1124
857
148.5
15
197.6
7.63

806.3
a2
1932
3.95
2236
124
100.8
7.80

834.7
17

7.36

183.6
10.2
121.2
6.90

Tidal bar

2426.7

45

ol 549.3

8.02 6.25
165.5 367.5

179 9.0
129.2 2612
6.78 6.97

479.7
6.32
230.7
6.6
99.6
6.55

348.1
10.79
463.1

10.6
107.9
1.72

219.8
9.31
236.6
7.4

123

445.9
9.83

326.2
6.2
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Architecture element Sand flat

Length/m 2492.1 1723 314.8 669.5 677.7

Angle/” 28 18 37 28 23

Width/m 1225 207.6 498.8 677.3 69.2 189.8 4189
Angle/" 5.1 48 36 3.1 40 59 19
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Lithofacies association

Upper
McMurray

Middle
McMurray

FAQ: Offshore

FA8: Tidal bar

FA7: Sand fiat

FA6:
Mixed flat
FAS: Mud flat

FA4: Tidal flat
point bar

FA3: Salt
marsh

FA2: Fiuvial
point bar

FA1: Channel
filing

Lithofacies

F13: Glauconitic sand

F12: Bioturbated fine-grained
sitstone

F11: Cryptobioturbated medium-
grained sand

F10: Upper-fine to medium-grained
large scale cross-stratified sand

F9: Moderately bioturbated fine-
grained sand
F8b: Bioturbated sil, fine sand

F8a: Well burrowed inter-bedded
sand, silt and mudstone

F6: Chaotic, inter-bedded sitt- and
mud-stone

F5: Laminated very fine-grained
sand

F7: Rooted white to light grey
organic mudstone

F4: Well bioturbated heterolthics

F3: Ripple to massive sandstone

F2: Lenticular to wavy sandy
mudstone

F1: Low angle cross-bedded fine
sandstone

Sorting

Moderate to
good
Moderate to
good
Moderate to
good
Moderate to
good

Moderate

Moderate to
good
Moderate to
good

Very good
Moderate
Very good

Poor to
moderate
Poor to
moderate
Poor to
moderate
Moderate to
good

Sedimentary
structures

Parallel bedding, massive bedding
Wavy bedding, massive bedding

Low-angle cross-bedding, wavy
bedding, parallel bedding

Large-scale tabular cross bedding,
herringbone cross-bedding, parallel

bedding
Parallel bedding, herringbone cross-

bedding
Parallel bedding, wavy bedding

Flat beclding, wavy bedding

Lenticuiar bedding, flat bedding

Smal-angle parallel bedding, wavy
bedding, flaser bedding
Massive bedding, flat bedding

Wavy bedding, flat bedding

Wavy bedding, lenticular bedding, flat
bedding

Wavy bedding, lenticular bediding,
massive bedding

Herringbone cross-bedding, tabuiar
cross bedding

Bioturbation

Vertical bioturbation
Moderate bioturbation
A few carbon dust

Poor bioturbation

Poor to moderate
bioturbation
Moderate to severe
bioturbation
Severe bioturbation

Moderate bioturbation
Moderate bioturbation

Organic mudstone and
coal, rooted bioturbation
Moderate and rooted
bioturbation

Poor to moderate
bioturbation

Poor bioturbation

Moderate bioturbation

Facies

Offshore

Outer estuary

Tidal flat

Coastal plain
of estuary

Inner to
middle
estuary
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Region  Sample  Lithology T, (C) Tn(C) Salinity (wt.%)

NW HIL-5 Md2 89 -26 43
HIL-7 92 -46 73
HJL-8 94 -6.2 95
HJL-7 99 -49 I.F
K2 2446.9 100 -32 53
HIL-17 100 -48 76
K2-2416.3 103 -25 42
K2-2446.9 106 -39 6.3
HIL-5 109 -25 42
K2-2416.3 109 -32 53
HJL-16 112 -32 53
K2-2432.4 17 -53 83
K2-2432.4 118 -43 6.9
K2-2416.3 118 -42 6.7
K2-2432.4 119 -26 43
HJL-16 126 -45 72
HJL-11 Md3 107 -46 73
HJL-9 110 -56 8.7
HJL-9 118 -52 8.1
HJL-9 124 -43 6.9
HJL-13 125 -6.4 97
HJL-11 127 -6.4 o7
HIL-14 130 -45 72
HIL-11 122 -31 5.1
HJL-9 135 -48 76
HJL-14 138 -4.7 74
HJL-10 139 -76 12
HJL-13 136 -5.1 8.0
HJL-10 142 -52 8.1
HIL-14 144 -55 85
HJL-4C Cd 125 -55 85

NW HJL-6C Cd 129 -52 8.1
HJL-4C 129 -6.4 97
HJL-6C 131 -56 ar
HJL-4C 143 -6.1 93
HJL-6C 136 -5.7 8.8

sw ZC-16 Md2 96 -46 73
ZGC-16 102 -43 6.9
2c-16 115 -52 8.1
ZC-31 121 -66 100
ZC-31 99 -45 72
ZC-31 107 -6.1 93
ZGC-31 113 a7 88
XJQ-5-1 95 -44 70
XJQ-5-1 88 -55 85
XJQ-5-1 92 =57 8.8
XJQ-5-1 82 -59 9.1
HS1-4966 Md3 210 -3 153
HS1-4966 203 -108 148
HS1-49713 228 -145 18.2
HS1-49713 221 -16.3 19.7
HS1-4971.3 246 -134 173
ZC-13b Cd 220 =162 188
ZC-130 210 -84 122
ZC-13b 193 -124 16.3
ZC-13b 212 -189 216
ZGC-22b 187 =107 14.7
ZGC-22b 208 =121 16.1
ZC-220 204 -105 145
ZC-22b 176 -93 132
ZC-22b 243 -147 18.4

2C-220 236 -162 1838
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HS1-4966
HS1-
4971.3
7G-23a
2G-17
HS1-
4977.9
HS1-
49738
HS1-
4982.6
2G-13b
2C-220
2C-230

Lithology

Limestone

Mdt

Ma2

Ma3

La  Ce
064 146
340 777
143 277
170 292

3086 56.13
342 777
1082 1989
397 852
017 034
150 254
072 157
039 075
410 747
034 066
031 063
075 167
150 293
031 061
025 050
053 102
014 023
038 066
016 031

Pr

0.18
088
030
032
572
104
197
097
004
027
021
009
081
008
008

020
032
007
005
013
002

007
004

Nd

066
344
1.15
123

21.23
445
651
381
015
1.06
085
035
285
029
030

068
1.07
025
019
044
009
027
013

Sm

014
075
024
027
417
108
123
0.84
0.04
025
021
0.08
0.60
0.07
0.07

0.14
022
0.06
005
o1
0.02

0.07
0.03

0.02
0.08
0.04
0.06
079
021
022
0.16
001
0.04
0.04
001
0.13
0.02
0.03

0.03
0.05
0.02
001
0.03
001

0.03
0.01

ad

0.12
057
021
022
350
091
102
073
0.03
0.20
017
0.07
0.46
0.06
0.06

0.13
0.16
0.06
0.04
0.09
0.02

0.05
0.03

T

002
008
003
003
050
0.14
014
011
001
003
002
001
006
001
001
002
002
001

0ot
001
000

001
001

Dy

0.10
041
0.19
0.18
278
0.82
076
0.62
0.03
0.15
0.13
0.07
034
0.06
0.05

o1
0.14
0.05
0.04
0.08
0.03

0.05
0.04

Ho

002
007
004
003
053
0.15
015
0.12
001
003
002
001
007
001
001

002
003
001
0ot
002
001

001
001

Er

0.05
0.17
o1
0.08
1.41
038
0.42
030
0.02
0.07
0.06
0.04
0.19
0.03
0.03

0.06
0.07
0.03
0.02
0.05
002

003
003

001
003
002
001
023
006
007
005
000
001
001
001
003
001
000
0ot
001
001

000
001
000

000
000

005
017
012
008
1.66
0.41
051
033
002
007
006
004
0.19
004
003

007
007
004
002
005
002

008
003

L

001
0.02
0.02
001
0.25
0.06
0.08
0.05
0.00
001
001
0.01
0.03
001
0.01

001
001
001
0.00
001
0.00

0.01
001

0.94
316
209
1.43
2011
735
829
537
056
1.93
1.32
058
321
051
062

1.20
1.63
069
072
1.53
084
o7t
062

Y/Ho

a721
45.18
52.14
4752
37.94
48.97
5529
4478
56,09
6428
66.15
57.63
4579
5113
6174

59.82
54.18
69.46
7232
7654
8423

7091
6223

SREE

3.49
17.86
667
714
129.76
20.90
4378
2057
086
623
4.10
1.95
17.33
1.67
1.62

3.90
658
1,52
1.19
258
061

1.68
0.83

Ce/
Ce*

0.80
0.90
092
093
0.95
0.83
087
0.89
0.80
0.96
078
079
0.85
085
0581

077
0.82
0.83
083
075
0.90

0.85
0.84

Eut

079
057
0.80
1.01
091
093
089
094
1.04
077
099
082
1.06
1.42
222

089
1.05
125
094
136
1.30

247
124

sr

730

640

391
56
71
67

56

48
115

43
19

45
2
29
21
32
35

28
22

Mn

a7
48

74
152
91

122
110
89

122

315
112
186
191
287
157
182

226
328
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Sample

K2-2456.5
K2-2459.5
K2-2463.8
HIL-1
HIL-2
HIL-3
HIL-4
K2-2406.3
K2-2416.3
K2-2432.4
K2-2446.9
HIL-5
HIL-7
HIL-8
HIL-15
HIL-16
HIL-9
HIL-10
HIL-11
HL-12
HIL-13
HL-14
HIL-4C
HIL-5C
HIL-6C

Lithology  La

Limestone  2.10
070
0.41
Mdt 207
3.29
297
0.83
Md2 0.44
0.46
033
0.40
1.02
056
053
062
084
Md3 047
0.46
0.46
0.49
061
0.44
cd 031
031
047

Ce

407
142
078
399
6.12
562
159
083
0.87
064
0.80
195
107
102
114
160
0.86
0.86
0.84
102
141
0.80
058
0.66
0.85

Pr

0.46
0.17
0.10
0.46
071
065
0.18
0.10
o
0.07
0.09
0.23
0.12
o
0.13
0.18
0.10
0.10
0.10
0.12
0.12
0.10
0.06
0.08
0.09

Nd

184
063
034
173
258
239
071
037
0.40
027
035
0.86
048
0.44
049
068
0.40
037
037
047
049
0.38
024
027
034

sm

0.46
0.15
0.08
047
063
0.60
0.17
0.10
0.09
0.06
0.08
021
o
0.10
o1
0.15
0.09
0.09
0.09
o1
0.12
0.09
0.05
0.06
0.08

0.09
0.02
001
0.09
0.12
o1
0.03
0.02
0.02
001
001
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
001
001
0.02

ad

049
0.12
0.07
050
064
061
0.17
0.10
0.09
0.05
0.07
0.18
0.10
0.10
0.10
0.13
0.08
0.08
0.09
0.10
o
0.09
0.04
0.05
0.08

T

0.07
0.02
001
0.08
0.09
0.09
0.03
001
001
001
001
0.03
001
001
0.02
0.02
001
001
001
0.02
0.02
001
001
001
001

Dy

0.41
o
0.06
047
055
054
0.16
0.09
0.08
0.04
0.06
0.16
0.08
0.08
0.10
0.12
0.08
0.08
0.08
0.09
0.10
0.09
0.04
0.05
0.07

Ho

008
002
001
009
010
010
003
002
002
001
001
003
002
002
002
002
002
002
002
002
002
002
001
001
001

Er

021
0.06
0.03
024
025
025
0.09
0.05
0.04
0.02
0.03
0.09
0.05
0.04
0.05
0.06
0.05
0.05
0.05
0.04
0.05
0.05
0.03
0.03
0.04

Tm Yb Lu
003 017 002
001 007 001
001 003 000
003 021 003
004 023 003
003 022 003
001 008 001
001 005 001
001 005 001
000 002 000
000 003 000
001 010 002
001 005 001
001 004 001
001 006 001
001 007 001
001 004 001
001 004 001
001 004 001
001 004 001
001 005 001
001 004 001
000 002 000
000 002 000
001 004 001

Y

3.42
1.22
062
532
447
561
201
1.41
1.39
0.66
0.68
207
1.26
1.33
1.41
1.39
1.33
1.35
144
1.40
1.29
1.49
079
072
0.70

Y/Ho

4281
61.09
62.18
59.07
44.65
56.09
66.94
70.28
69.34
65.89
67.63
68.98
63.19
66.35
70.74
69.73
66.39
67.37
71.84
70.23
64.74
74.38
78.64
71.62
69.81

SREE

1049
351
1.95

1046

15.38

14.23
410
220
225
1.56
1.94
492
269
252
286
392
225
218
247
256
284
2.4
1.4
1.56
210

Ce/Ce*

090
0.80
076
085
0.82
0.82
091
0.82
0.80
0581
0.87
0.85
087
0.89
0.92
0.82
0.84
0.83
084
084
0.92
086
095
07
090

EwEu*

082
069
076
078
080
080
084
087
082
072
086
077
080
079
082
073
090
090
088
089
093
1.00
097
093
097

S Mn
307 38
289 11
313 a7
83 56
78 60
76 62
105 49
8% 74
9% 43
17 52
84 80
8 57
65 59
74 46
74 59
87 59
51 72
40 66
52 75
66 58
57 70
50 56
52 51
8 48
74 58
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Region

sw

Sample

K2-2456.5
K2-2459.5
K2-2463.8
HJL- 1
HJL-2
HIL-3
HJL-4
K2-2406.3
K2-2416.3
K2-2432.4
K2-2446.9
HJL-5
HIL-7
HIL-8
HJL- 15
HIL-16
HIL-9
HJL-10
HIL-11
HIL-12
HIL-13
HJL-14
HJL-4C
HJL-5C
HJL-6C
2C-12
ZC-28
XJG-5-1
ZC-5
c7
XJG-15-2
XJQ-2-2
XJG-21-2
XJQ-3-2
XJG-19-1
ZC-16
ZC-31

HS1 4966
HS14971.3
ZC-23a
ZC17
ZC-13b
ZC-22b
ZC-23b

Lithology

Limestone

Md2

Md3

Cd

Limestone

Md2

Md3

Cd

8'°C (%sVepe)

26
26
3.6
24
2.7
25
15
35
3
22
3
1
12
12
16
13
2.2
2
25
3
2.7
2
23
29
29
4.6
45
34
42
4.3
38
3.6
3.8
34
4.09
42
47
3.6
3.4
37
33
24
32
3.4

810 (%:Vpos)

-6.1
-6.2

-13
-1.2
-11.6
17
-11.4
-1.6

*Tsr/Pse

130.70707
0.70771
0.70727
0.70737
0.70762
0.70785
0.70769
0.70727
0.70742

0.70752
0.70769
0.70753
0.70758
0.70745
0.7076
0.7074

0.70738
0.70764
0.70769
0.70779
0.70753
0.70682
0.70709
0.70732
0.70754
0.70774
0.70801
0.70768
0.70786
0.70709
0.70754
0.70734
0.71065
0.70981
0.70870

0.71018
0.70958
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Number of samples Depth (m) 5"°0pps Land (1983)/'C Northrop and Clayton (1966)/'C

QX3 7060.34 -2.97 56.45 62.32
Qx10 7052.97 -3.45 59.21 65.18
Qx47 7064.40 -3.12 57.00 62.89
Qx14 7056.06 -3.94 62.04 68.11
Qx18 7067.26 -4.91 67.92 7421
Qx20 7058.00 -5.1 69.14 75.47
Qx4 7061.83 -5.49 7161 78.04
Qx25 7062.85 -5.30 70.37 76.75
QX30 7067.00 -5.30 70.37 76.76
Qxs3 7077.80 -4.33 64.36 70.51
QXs5 7078.96 -5.35 69.37 76.75
Qx42 7080.35 -5.11 69.14 75.47
Qxs7 7083.11 -4.67 66.13 7235
Qx44 7083.50 -5.88 74.14 80.66
Qxs9 7086.00 -4.91 67.92 7421
Qxe2 7088.00 -5.25 69.75 76.11
QXe5 7088.41 -4.85 67.32 73.59
Qxe8 7088.80 -4.71 66.72 7297

Qx46 7000.34 -5.59 7224 78.69
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Number of samples Depth (m) Lithology Degree of order

Qx10 7052.97 Dolomitic leopard-spot 049
Qx20 7058.00 Crystalline dolomite 0.56
Qxad 7083.50 Crystaline dolomite 068
Qx47 7054.40 Dolomitic leopard-spot 0.4
QX556 7078.96 Crystaline dolomite 056
Qxs7 7083.11 Crystaline dolomite 051
Qx58 7083.11 Crystaline dolomite 051
Qx61 7086.00 Dolomitic leopard-spot 05
Qx62 7088.00 Crystaline dolomite 05
Qx63 7088.00 Crystaline dolomite 05
QX85 7088.41 Dolomitic leopard-spot 056
Qx66 7088.41 Crystaline dolomite 053
Qx67 7088.41 Dolomitic leopard-spot 048

Qxe8 7088.80 Crystalline dolomite 0.51
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Number
of samples

X3

x4

x63
Qx70
Qx52
QxX58
Qx69
Qxa7
QxX53
Qxs6
Qx66
Qx42
Qxs7
Qx77
Qx76
QxX54
Qx62
Qx65
Qx67
Qxa4
QxXs5
Qx4g
Qx50
axs1
Qx61
Qx68
ox71
ox72

Lithology

Dolomitc leopard-spot
Bioclastic imestone
Crystaline dolomite
Crystaline dolomite
Dolomitic leopard-spot
Crystaline dolomite
Crystalline dolomite
Dolomiic leopard-spot
Dolomiic leopard-spot
Dolomitic leopard-spot
Crystalline dolomite
Crystalline dolomite
Crystalline dolomite
Dolomitc leopard-spot
Bioclastic imestone
Crystaline dolomite
Crystaline dolomite
Crystaline dolomite
Crystalline dolomite
Crystalline dolomite
Dolomiic leopard-spot
Bioclastic limestone
Bioclastic imestone
Bioclastic limestone.
Crystaline dolomite
Crystalline dolomite
Crystalline dolomite
Crystaline dolomite

K Na St Ba Rb* Ba® Th U Nb* lat  Ce* S* Nd* P* 2z HF  sm

% % W9 Holg Chondrite standardization; Boynton (1984)
004 004 1095 398 069 1651 828 2500 081 258 186 1508 100 002 028 093 067
003 003 1130 181 052 751 690 2125 081 25 161 155 100 001 021 083 092
001 003 550 63 013 261 138 2125 041 194 124 758 100 002 021 093 067
003 002 698 44 043 183 1517 14750 081 226 161 961 117 001 054 093 072
001 003 922 49 017 203 207 1875 041 194 111 1270 08 006 013 093 077
001 003 721 218 022 905 879 3126 041 290 210 993 1338 005 021 093 097
001 002 116 33 004 137 069 625 041 161 124 160 08 001 013 09 056
003 004 1095 166 047 689 345 2875 081 120 087 1508 050 002 028 093 031
009 005 1260 191 155 793 1586 3250 203 419 260 1736 167 007 103 093 082
003 003 1650 271 039 1124 414 3000 122 613 297 2273 267 004 078 093 154
002 004 1050 76 030 315 517 2000 081 452 248 1446 200 007 021 093 128
002 003 669 230 030 954 448 3875 081 387 223 921 18 007 044 09 108
001 003 92 625 034 2593 448 5126 081 355 347 1242 167 002 021 093 103
009 002 1170 56 129 232 1207 13250 244 355 235 1612 133 001 103 093 097
002 001 2080 28 034 116 793 3875 041 290 210 2865 117 001 026 093 067
015 004 1485 327 177 1357 2241 37875 1057 1000 582 2045 600 025 439 374 415
033 005 1305 321 871 1332 4586 27625 2602 1032 705 1798 483 020 1292 1121 349
003 004 1400 575 039 2386 483 1875 041 806 396 1928 400 006 016 093 205
063 006 997 588 672 2440 6172 6500 3740 1710 903 13738 617 028 1731 1402 436
070 005 1165 681 672 2826 5750 65250 3618 2097 1262 1605 1147 071 1628 1495 749
043 006 1340 305 379 1266 3897 40250 2520 1000 582 1846 433 022 1137 1121 28
002 003 1310 30 030 124 276 2875 041 097 074 1804 050 002 018 093 026
001 002 1035 80 013 124 138 1625 041 120 074 1426 050 002 013 093 041
001 002 1305 28 013 116 103 1750 041 120 074 1798 050 002 013 093 026
001 003 566 786 013 3261 241 1625 041 097 062 780 050 002 013 093 031
001 003 83 936 009 3884 103 4125 041 097 062 1106 033 002 016 093 026
001 003 466 23 009 095 276 11125 041 097 062 642 033 001 013 093 026
001 002 697 23 009 095 207 6375 041 161 087 960 050 001 013 093 046
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Number Depth Lithology 5°C(PDB)  5'°O(PDB)  Number  Depth Lithology 5'°C(PDB)  5'°O(PDB)

of samples  (m) of samples  (m)
QX8 7060.34 Dolomitic leopard-spot 360 -2.97 QX36 7073.2 Dolomitic leopard-spot 3.19 -4.17
x5 7051.08  Bioclastic imestone 363 -375 e 7074.63  Dolomitic leopard-spot 232 -4.30
QxX5-1 7051.08  Dolomitic leopard-spot 256 -398 Qxs2 7077.8  Biockastic limestone 228 -5.49
ax10 7052.97  Dolomitic leopard-spot 392 -3.46 Qxs3 70778  Biodlastic imestone 1.99 -5.40
axi1 705297  Biodastic imestone 333 414 Qxs4 7078 Bioclastic mestone 229 -2.10
x2 705363  Bioclastic imestone 344 327 Qxs5 707896 Biodlastic imestone 1.33 -520
axi6 70544 Dolomitic leopard-spot 364 -355 Qx56 707896  Bioclastic mestone 2.44 -5.49
ax17 70544 Biodlastic imestone 285 -a14 Qa2 7080.35  Biodlastic imestone 248 -5.11
axi62 70544 Dolomitic leopard-spot 397 -2.68 axs7 7083.11  Bioclastic imestone 208 -4.43
ax14 7056.05  Dolomitic leopard-spot 384 -394 Qxs8 7083.11  Biodlastic imestone 231 491
axis 7056.05  Biodlastic imestone 280 —4.43 Qxa4 70835  Biockastic limestone 1.98 -5.88
ax18 7057.25  Dolomitic leopard-spot 325 -491 Qxs9 70862 Bioclastic imestone 230 472
axi9 7057.25  Biodlastic imestone 246 -5.98 QX860 708655  Bioclastic imestone 216 482
ax20 7058 Crystaline dolomite 235 -5.11 axet 70868  Biockastic limestone 352 -5.20
x24 7061.83  Crystaline dolomite 275 -5.49 axe2 7088 Bioclastic mestone 2.43 -5.20
ax2s 7062.85  Dolomitic leopard-spot 165 -5.30 Qx63 708825  Bioclastic imestone 263 -5.30
x26 7062.85  Biodiastic imestone 388 227 Qx65 7088.41  Bioclastic imestone 260 462
axe7-1 706340  Dolomitic leopard-spot 444 -1.99 Qx66 708841  Bioclastic mestone 263 -4.43
Qx30 7067 Dolomitic leopard-spot 1.86 -5.43 Qxe7 708862  Bioclastic mestone 1.80 -5.49
x31 7067 Biodlastic imestone 344 327 axe2 70888  Biockastic limestone 282 472
Qx32-1 706822 Biodastic imestone 396 67 Qx4s 709034 Bioclastic imestone 2.44 -5.59

QX34 7070 Dolomitic leopard-spot 192 -5.87 QX35 707125  Bioclastic imestone 214 -5.40
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Depth Aqueous fluid inclusions HC-bearing

(m) Th(C) Tm(C) Salinity (%) Te (C) Th (C)
1949.81 n 23 7 4 L n 17
Ag 1197  -154 18.9 510 Avg 490
sD 108 16 13 - D 75
Max 1414 -134 21.0 510 Max 733
Mn 929  -181 173 510 Mn 412
2055.06 n 3 0 0 0o n 39
Ag 1296 - - - Ag 493
SO 203 - - - D 11
Max 1494 - - - Max  87.2
Mn 1088 - - - Min 360
21586 n 21 4 4 2 n 9
Ag 1318 173 204 520 Avg 451
D 91 18 13 01 sD 16
Max 1454  -160 224 519 Max 479
Mn 1078  -200 19.4 620 M 431
2,165.1 n 22 4 4 4 n 3
Ag 1197 -160 19.4 510 Avg 440
SO 114 13 1.0 14 sD 18
Max 1412 -154 21.0 500 Max 458

Min 980 -180 187 530 Min 422
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Well no.

HE6
HY
H7
H11
H10
H13
HBO01
H12
H701
H11-1
HB01-2
H11-2
H12-1
H12-2
H15
H16
H702
H7-3
H902
XK4
XK6
XK7
XK7C
XK9c
RP13
RP3-1
RP301
RP6C

Horizon

0000000000000 000000000000000

Depth/m

5,953-5,954
6,598.11-6,710
6,622.41-6,645.24
5,668-5,748
6,618.5-6,700.83
6,668.5-6,800
6,598.23-6,677
6,615.5-6,726
6,557.89-6,618
6,598-6,697
6,656.08-6,664.72
6,653.63-6,719.08
6,507.6-6,715
6,697.56-6,745
6,612.61-6,668
6,616-6,646
6,594-6,660
6,605-6,666
6,666-6,690
6,834.05-6,850
6,831-6,920
6,880-6,980
6,900-6,935
6,757-7,011
6,853-6,890
6,966-7,066
7,006-7,069
6,634-7,220

Carbon isotope/(VPDB) %o

SCH,

-42.8

-50.7
-46.3
-52.2
-46.9
-487
—-48.5
-50.9

—47.2
-45.9

-47.9

-48.3

-49.2

-48.2

-50.3

-51.4

-475

—-45.7

-46.3

-45.6

-46.8
-47.76
-47.28
-45.22
-46.83

8CzHe

-358
-41.4
-40
-36.1
-39.8
-372
-40.1
=377
-40.2
-354
-36.8
-383
-354
-37.5
-39.6
-39.9
-383
-399
-40.6
-37.7
-35.1
-35.6
-36.1
-37.7
-36.84
-34.4
-39.35
-37.05

8CsHs

-327
-36.6
-36
-34.0
-36.6
-33.5
-37.8
-36.5
-7
-31.9
-36.2
-32.3
-32.8
-34.4
-36.4
-36.7
-36.3
-36.4
-36.4
-33.8
-32.6
-32.7
-32
-32.4
-32.34
-26.90"
-31.49
-34.24

8CaH1o

315
348
338
=311
366
322
-34.2
322
385

31
32
305
314
328
325
389
383
344
325
-31.4
306
308
283
304
-30.24

-30.96
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Well
no.

He-1
H6C
H7
H8
HY
HBO01
HB02
HB02-1
HB03
XK4
XK4
XK5
XK6
XK601
RP11
RP12
RP13
RP14
RP2
RP3
RP3001
RP8

Horizon

<

Qoooogooocooog

<

e}
oco@fo

o
e

08

Gas composion/%

CH,4

66.80
82.80
53.20
49.70
58.50
65.80
83.50
73.90
36.60
66.90
57.90
67.60
78.40
59.80
78.10
81.80
63.40
63.00
70.40
83.60
83.30
71.70

CzHg

14.90
8.43
15.80
6.85
16.30
16.10
7.18
244
7.33
16.60
14.20
11.50
7.07
418
7.96
3.82
9.76
10.10
12.80
6.63
6.13
10.70

C3Hg

6.82
228
8.57
282
4.36
6.45
3.96
0.48
4.19
249
10.50
6.08
4.21
1.03
4.33
0.91
5.96
8.90
6.89
279
296
6.09

iCaHio

1.20
0.24
113
0.62
0.37
0.75
0.94
0.05
0.89
0.59
242
1.39
1.07
0.06
0.92
0.10
1.56
265
187
0.65
0.73
1.33

NnC4H4o

215
0.38
3.05
1.07
0.83
165
162
0.09
1.87
0.90
363
213
168
0.14
1.40
017
235
4.42
1.82
081
0.99
1.87

iCsHiz

054
0.07
087
031
0.10
030
043
0.02
061
024
0.89
0.60
056
0.03
0356
0.04
0.78
146
0.44
021
026
044

nCsHy,

0.54
0.06
0.69
0.30
0.10
0.34
0.38
0.02
0.67
021
0.78
0.55
0.47
0.02
0.31
0.04
0.64
1.31
0.39
0.15
0.20
0.32

CeHia

0.36
0.03
053
0.20
0.03
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